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A B S T R A C T

Seismicity associated with hydrothermal systems (e.g., submarine volcanoes, mid-oceanic ridges, oceanic
transform faults, etc.) share a complex relationship with the tidal forcing and induced fluid flow process under
different tectonic settings. The hydrothermal circulation drives the deformation at the brittle-ductile transition
zone within a permeable brittle crust. Although the tidal loading amplitudes are too small to generate a brittle
deformation, the incremental pressure exerted by the tidal loading can modulate the flow of hydrothermal fluid
circulation and trigger the critically stressed faults or fracture zones. We present a compelling case of tidal
modulation in seismicity along the Blanco Ridge Transform Fault Zone (BRTFZ), in the northeast Pacific. The
strong diurnal and fortnightly periodicity has been observed in the deeper seismic swarm (7–15 km), whereas the
shallow seismic swarm (0–7 km) does not exhibit any such tidal periodicity. The dominance of diurnal and
fortnightly periodicity in the deeper seismic swarm is explained by the high amplitude tidal cycles providing
additional stress on the fluid circulation at the crust-mantle boundary. Moreover, our robust statistical corre-
lation of seismicity with tidal stress and resonance destabilization model under rate-and-state friction formalism
suggests that the fault segments are conditionally unstable and more sensitive to periodic tidal stress
perturbation.

1. Introduction

The gravitational attraction force from the Sun and moon during
rotational cycles in particular orbits create deformations leading to pe-
riodic fluctuations on Earth’s surface. Following the law of gravitational
attraction, the mass of the Moon is much less (~27 million times) than
that of the Sun, however the moon generates a stronger lunar tidal effect
due to the much greater distance of the Sun (~400 times) from the Earth
(Lowrie, 2011). The unequal attractions from the celestial bodies pro-
duce tidal-loading deformations at respective periodic tidal constituents,
exerting displacement, acceleration, tilt, and strain effects on the Earth’s
surface (Agnew, 1997). Moreover, the amplitude of the lunar constitu-
ents is always greater than the solar and lunisolar counterparts. Pre-
dominantly, there are 37 major tidal constituents with 32 short-period
(J1, K1, K2, L2, LAM2, M1, M2, M3, M4, M8, MK3, 2MK3, MN4, MS4,
MU2, N2, 2 N2, NU2, O1, OO1, P1, Q1, 2Q1, R2, RHO, S1, S2, S4, S6,

2SM2, T2) and 5 long-period constituents (SSA, SA, MM, MF and MSF)
(Matsumoto et al., 2001). These lunisolar gravitational forces produce
periodical tidal loading at various stress intensities and periods on the
critically stressed fault systems. The varying periods of tidal loading,
also known as the tidal constituents, are the greatest during the diurnal
and semi-diurnal cycles (Agnew, 1997, 2012). It has been observed that
the amplitude of the tidal cycles varies at different geographical regions
around the globe, which has been extensively explored using satellite
altimeter data from Topex/Poseidon (Ray, 1999). The periodic stress
perturbations due to tidal cycles reveal that, under certain conditions,
the amplitude of stress can be significantly lower or higher during
alternate low and high amplitude tidal cycles. This can be observed at
alternate low and high amplitude semidiurnal cycles, appearing at a
diurnal period (Wilcock, 2009). Therefore, it is crucial to probe the
ability of this periodic higher tidal forcing to modulate, induce or trigger
earthquakes in a diverse type of tectonic setting. This can be also helpful
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in providing important information related to the condition of state-of-
stress on the seismogenic fault system deep underneath the oceanic
basin.

The tidal loading and modulations related to triggering were
recognized more than a century ago, despite the equivocal relationship
between earthquakes and the specific triggering mechanism (Schuster,
1897). However, seismicity at multiple regions associated with diverse
tectonic settings has been reported with tidal triggering. The regions are
commonly marine or coastal in nature where the ocean tidal loadings
are higher such as coastal subduction zones (Cochran et al., 2004;
Tanaka et al., 2006; Thomas et al., 2009; van der Elst et al., 2016), and
deep sea mid-ocean ridges (Sahoo et al., 2021; Wilcock, 2001, 2009;
Tolstoy et al., 2002; Wilcock et al., 2016; Bhatnagar et al., 2016; Tan
et al., 2018; Scholz et al., 2019). The modulations are also commonly
reported in volcanic and hydrothermal systems where the fluid pressure
is maximum (McNutt and Beavan, 1984; Petrosino et al., 2018; Sahoo
et al., 2022; Petrosino and Dumont, 2022). The extraterrestrial examples
of tidal modulations can also be found in deep and shallow moonquakes
(Goulty, 1979; Lammlein, 1977; Lognonné, 2005; Minshull and Goulty,
1988; Senapati et al., 2024). Although in many cases signatures are re-
ported to be absent for tidal modulations of seismicity of large samples
(Heaton, 1975; Vidale et al., 1998). Enhancement of significant tidal
triggering signatures from shallow focus and low magnitude seismic

events was reported by Métivier et al. (2009), analyzing a global seismic
event dataset of ~442,412 low magnitude and shallow events. Estab-
lished on the laboratory experiments and the rate-and-state friction
modeling (Lockner and Beeler, 1999; Perfettini and Schmittbuhl, 2001),
the correlation between tides and seismicity events (mostly micro-
seismic in nature) are significant if the seismic event has a nucleation
event is similar to the tidal loading perturbation period (Beeler and
Lockner, 2003; De Lauro et al., 2013; Ader et al., 2014; Heimisson and
Avouac, 2020). It is noted that transient stress perturbations in porous
materials, can change the mobility of fluids and associated permeability
(Manga et al., 2012). Under critically stressed conditions of a fault
system, the fault frictional parameters are case sensitive and slight
variations can produce scatterings. Also, the phase lags between the
period of external stress perturbation and the periodic response of the
fault system may produce absence of correlations in the resonance sig-
natures (Perfettini and Schmittbuhl, 2001). This disturbs the tidal
modulation signatures of the particular seismicity dataset.

Following these observations, we can infer the complexity of the non-
linear correlation between the earthquake modulations and the tidal
loading amplitude on the fault system (Rydelek et al., 1992; Lockner and
Beeler, 1999; Beeler and Lockner, 2003). Hence more scientific attention
is needed for understanding the mechanism of tidal triggering and
associated seismicity modulation. Further, prominent periodicities of

Fig. 1. Tectonics and bathymetry map of the Blanco transform fault system. The Blanco Ridge (BR) region has been marked by a blue rectangle (enlarged panel in
Fig. 2a). The location of the ocean-bottom seismometers (OBS) stations is marked by squares. The white triangle along the transform fault marks the location (43.5◦N,
− 128◦E) over which tidal stress has been calculated.The bathymetric depressions from west to east are West Blanco (WBD), East Blanco (EBD), Surveyor (SD),
Cascadia (CD) and Gorda (GD). The bathymetry base map is generated using the data archived from the General Bathymetric Chart of the oceans (https://download.
gebco.net/). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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diurnal (24 h) and weekly basis (7 days), have been reported from the
seismicity observed in continental tectonic settings. It is often observed
due to ambient cultural disturbance from man-made ground traffic,
operating machinery, and building shaking as apparent artificial/
anthropogenic periodicities (Atef et al., 2009; Díaz et al., 2017), which
leads to difficulties in discriminating the natural periodicities. However,
the seismicity associated with the submarine volcanoes, mid-oceanic
ridges, or oceanic transform fault systems in the oceanic counterparts
can be regarded as the ideal one to investigate the mechanism of tidal
triggering more efficiently, as the regions are usually devoid of ambient
cultural noise. Further presence of magmatic (or hydrothermal) fluid
circulation makes this region more sensitive to tidal-induced stress
perturbation (Lockner and Beeler, 1999).

Based on this motivation, we have investigated the seismicity asso-
ciated with the Blanco Ridge Transform Fault Zone (BRTFZ), a promi-
nent linear segment that exhibits relatively higher seismic coupling in
the northeast Pacific, where hydrothermal circulation in the upper
mantle/lower crust plays a critical role which is again highly suitable for
tidal triggering and modulations (Braunmiller and Nábělek, 2008; Kuna
et al., 2019) (Fig. 1). Although, tidal triggering and seismicity modula-
tion have been extensively reported around the western coast of North
America (Wilcock, 2001; Tolstoy et al., 2002; Wilcock et al., 2016;
Bhatnagar et al., 2016; Tan et al., 2018; Scholz et al., 2019; Sahoo et al.,
2021), tidal modulations process at BRTFZ has not been explored yet.
Moreover, the seismicity at the in-general normal faults in the region of
the north-west Pacific is prone to compressive forces during the low
tides (Wilcock, 2009).

In the study region of BRTFZ, we have investigated the existence of
tidal triggering and associated mechanisms as well as the exact frictional
condition and sensitivity of the tidal triggering potential of the seismic
swarms. In order to explore, we have analyzed the seismicity modula-
tion by tidal triggering and a resonance phenomenon explaining the
modulation process with the concept of fault destabilization, consid-
ering rate-and-state friction-governed fault interfaces. In this article, we
have presented the tectonic framework of the Blanco Ridge Transform
Fault Zone (BRTFZ), and the precisely located seismicity by ocean-
bottom seismometers (OBS) experiments along the full length of
BRTFZ, the tidal model and resonance destabilization models are
described in the materials and methods. In the results section, we have
used systematic statistical analysis, and tidal correlation and tried to
model the rate-and-state frictional conditions by the resonance desta-
bilization process to present our key findings. We have also discussed the
possible explanations for the observed signatures of tidal loading-
induced seismicity modulation and the importance of hydrothermal
fluid circulations at the crust-mantle transition zone of the BRTFZ,
comparing them with the reported global tidal correlations before
arriving at a conclusion.

2. Tectonic framework of Blanco ridge transform fault zone
(BRTFZ)

The Blanco Transform Fault in the western Pacific coast is a right
lateral transform fault zone of about 350 km long, lying between Juan de
Fuca and the Pacific plate. It runs northwest off the coast of Oregon in
the northeast Pacific plate, extending from the Gorda Ridge in the south
to the Juan de Fuca Ridge in the north (Fig. 1). This seismo-tectonically
active oceanic transform fault zone is divided into a number of morpo-
hologically and seismologically distinct segments (Embley and Wilson,
1992; Braunmiller and Nábělek, 2008; Kuna et al., 2019). However, the
Blanco Ridge Transform Fault Zone (BRTFZ) represents a ~ 130 km
long, northwest-southeast trending prominent linear segment of Blanco
Transform Fault, that exhibits a significantly higher coupling for seis-
micity (Braunmiller and Nábělek, 2008). It has been reported that along
the BRTFZ, two prominent asperities break quasi-periodically with
earthquake moment magnitude 6.0 < M < 6.5 (Braunmiller and
Nábělek, 2008). A prominent 10 km long bathymetrically and

geometrically anomaly zone demarcates especially those two asperities
along BRTFZ (Kuna et al., 2019) (Fig. 1). The association of seismicity
along BRTFZ represents a significant spatial concentration between 3
and 7 km depth range in the oceanic crust and in the mantle depth be-
tween 8 and 13 km, leaving a quiet aseismic zone prominently at 7–8 km
depth range, which is below the Moho and along the strike-wise vertical
fault cutting across the lithosphere (Fig. 2). Further, the thermal
modeling approach predicts the depth limit of seismicity along the
BRTFZ (i.e., by the 600 ◦C isotherms in Fig. 2) (Kuna et al., 2019). Hy-
drothermal circulation is attributed to the brittle-ductile transition zone
present at depths marginally shallower from 600 ◦C isotherms. The
serpentinized mantle that is present above 600 ◦C isotherms provides
the pathway for hydrothermal circulation with the presence of perme-
able and fractured rheology (Kuna et al., 2019).

3. Material and methods

3.1. Seismicity catalog

From September 2012 to October 2013 an ocean-bottom seismic
(OBS) experiment was done by deploying Güralp CMG3T seismometers
with 30 broadband and L-28LB seismometers with Mark Product of 25
short-period ones. These were also co-located with differential pressure
sensors of Scripps Institution of Oceanography along the full length of
the Blanco Transform Fault (Kuna et al., 2019) (Fig. 1). This experiment
has located more than 1650 earthquake events with local magnitude
(ML) of 0.8–5.5 at the BRTFZ. From the recorded catalog during that
experiment, elimination of events has been processed for the events with
first arrivals missing at 1 of the 3 closest stations, fewer than six arrivals
at the 13 closest stations, and azimuthal gap between stations at larger
than 110◦. Therefore, here we have considered only the best-recorded
seismicity catalog containing 1626 events for subsequent investigation
of tidal triggering (Kuna et al., 2019).

3.2. Magnitude completeness, b-value estimation, declustering and
clustering approach

In order to find out the threshold of completeness (Mc), we have also
analyzed the entire catalog during the study period with Gutenberg-
Richter (GR) law by maximum curvature method. To analyze the seis-
micity catalog, the clustered events (only seismic swarms excluding af-
tershocks) and declustered events (only master events excluding swarms
and aftershocks) were found out using the nearest neighbourhood
method by Zaliapin and Ben-Zion (2013) and declustering method by
Reasenberg (1985). Both depth-wise clustered and declustered catalogs
were analyzed with GR law for Mc estimation and b-value estimation
using the maximum likelihood approach (Aki, 1965). We have also
distributed the catalog for depth wise variations as above and below the
aseismic zone at around 7 km.

3.3. Periodicity analysis using power spectrum

To establish the tidal periodicity in the seismicity catalog during the
OBS experiment, we have implemented a power spectrum analysis, by
adapting the dataset format in the hourly event numbers, for the entire
period of the seismicity time series. The Power spectrum Sxx(w)of a time
series x(t) described the distribution of power into frequency compo-
nents composing that signal and expressed as:

P = lim
T→∞

1
T

∫ T

0
|x(t) |2dt

Sxx(w) = lim
T→∞

E
[
|x̂ (w) |2

]

⎫
⎪⎪⎬

⎪⎪⎭

(1)

where P = average power, x(t) = time series, Sxx = power spectrum and
E = energy of a signal.
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3.4. Tidal model

For quantification of tidal loading from the ocean loading as well as
solid earth loading, we have estimated longitudinal strains with di-
rections of north-south 0◦ and east-west 90◦, along with shear strains
acting on the directions of north-east, and the volumetric strain acting
on the vertical direction on the major fault azimuth. The strains were
estimated for both ocean tides and combined ocean tides along with
body tides by calculating the estimated total tides and ocean tides using
the widely accepted SPOTL program (Some Programs for Ocean Tidal
Loading) (Agnew, 1996, 1997, 2012). This program is widely accepted
for the calculation of tidal loading stress which adopts a model of
spherical and elastic Earth with second-degree Love numbers (i.e. h =

0.6114, k= 0.3040, and l= 0.0832) bymeans of Green’s functions taken
from the earth model as Gutenberg-Bullen (Farrell, 1972), including the
Cartwright-Tayler constituent amplitudes. The model significantly
computes the tidal strains and appropriate time-series straight from the
expected sites of the Sun and the Moon (Agnew, 1997). For this calcu-
lation, the strains (extension positive) were estimated by using the
model for global oceans (GOT4.7) for tides combined with the tidal
model for the regional ocean by Oregon State University (OSU) used for
the United States Western coast (Egbert and Erofeeva, 2002). Calculated
estimations included the effects of major tidal constituents (K1, K2, M2,
N2, O1, P1, Q1, and S2) which are short-period (<24 h) in nature. For

the estimation of strain to stress conversion, we have adopted a standard
Poisson ratio of 0.25 and an effective Elastic modulus of 30 GPa (Sahoo
et al., 2021). During the conversion of strains to stress, linear elastic
constitutive equations were adopted. Using strain rotation, the tidal
Fault normal stress (FNS) and Right lateral shear stress (RLSS) has been
resolved on the steeply dipping transform fault plane (strike: 292◦, dip:
85◦, rake: +180◦) at a central point over the BRTFZ (43.5◦N, − 128◦E)
(Figs. 1, 2). Further, the Coulomb failure stress (CFS) was estimated by
considering a friction coefficient (μ) of 0.3 with the effects from both the
shear and normal stress. We have computed tidal stress contribution for
both total tidal (ocean+solid earth) and ocean tidal loading effects. For
the quantification of the respective seismicity and tidal stress correlation
amount, we have undertaken the the excess event percentage (Nex)
approach (Sahoo et al., 2021; Thomas et al., 2012). We have explained
our analysis further in Section 4.3.

3.5. Tidal stress-induced resonance destabilization model

The resonance destabilization model has been well-studied theoret-
ically (Perfettini et al., 2001; Perfettini and Schmittbuhl, 2001), using
natural observations (Lowry, 2006; Panda et al., 2018; Senapati et al.,
2023a) and analyzing through the laboratory-based experiment and
observations (Boettcher, 2004). It has been proposed that the fault
system may change from a stable domain to a stick-slip domain due to

Fig. 2. (a) Bathymetric map of the Blanco Ridge Transform Fault Zone (BRTFZ) with the spatial distribution of earthquake epicenters (Mc 2.0, spanning from
September 2012 to September 2013). The white triangle along the transform fault marks the location (43.5◦N, − 128◦E) over which tidal stress has been calculated.
The white star marks the January 30, 2013, ML5.5 earthquake, so far the largest event captured by the OBS experiment. (b) Depth wise distribution of seismicity (i.e.,
along-strike cross-sectional view). Note spatially, mantle earthquakes occur in small clusters or swarms. The dashed green line indicates the 600 ◦C isotherm
estimated by the thermal models based on the tectonic slip rate of 56 mm/yr. (For interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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the slight variation in the amplitude of periodic external stress. Although
periodic tidal load-induced stress perturbation is varying at a smaller
range of Pa to kPa, the amount of stress is sufficient to modulate the
seismic swarms under the conditions of rate-and-state friction by
destabilizing the fault system. The oscillatory (or harmonic) amplitude
of fault parallel shear stress τ1 and fault normal stress σ1 with stress
perturbation of period T, generating the response velocity V (Perfettini,
2000; Senapati et al., 2022; Senapati et al., 2023a), is expressed by:

V = VL + Im[V1exp(iωt) ] (2)

where V1 = ρv exp( − iγv), VL is the long-term velocity (or plate veloc-
ity), the imaginary part is represented by Im, and ω = 2π

T . The parameters
ρv and γv are given by:

ρv=VLqτss
kdc

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
{

q
(

ϵσ

(

1 − α
μss

)

− ϵτ

)}2

+(ϵσ − ϵτ)
2

⎛

⎜
⎜
⎜
⎝
1 −

kc

(
q
qc

)2

k

⎞

⎟
⎟
⎟
⎠

2

+

(

q
(

1 − kc
k

))2

√
√
√
√
√
√
√
√
√
√
√
√
√

tan (γv)=

q2
(

1 −
kc
k

)[(

ϵσ

(

1 −
α

μss

)

− ϵτ

)]

− (ϵσ − ϵτ)

⎛

⎜
⎜
⎜
⎝
1 −

kc
(

q
qc

)2

k

⎞

⎟
⎟
⎟
⎠

q
[(

ϵσ

(

1 −
α

μss

)

− ϵτ

)]

⎛

⎜
⎜
⎜
⎝
1 −

(
q
qc

)2

k
kc

⎞

⎟
⎟
⎟
⎠

− q

⎛

⎜
⎜
⎝1 −

1
k
kc

⎞

⎟
⎟
⎠(ϵσ − ϵτ)

⎫
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭

(3)

where q = VL
dc

2π
T is the non-dimensional frequency, effective normal

stress is termed as σ*, ϵσ = σ1
σ* is the applied FNS to the effective FNS ratio,

ϵτ =
τ1

μssσ*
is the applied external RLSS to the steady-state RLSS ratio, the

critical slip distance is termed as dc, parameters of rate-and-state friction

are termed as a and b, μss = μ* + (a − b)log
(
VL
V*

)

is the frictional coeffi-

cient in the steady-state, kc = (b− a)σ*
dc is the critical stiffness, whereas the

slipping segment stiffness is k, and the constant is α (Dieterich, 1987;

Perfettini et al., 2001), qc =
̅̅̅̅̅̅̅
b− a
a

√

is critical non-dimensional frequency.

Tc = 2π
̅̅̅̅̅̅̅a
b− a

√ dc
VL is termed as the critical periodic constituent of the

contributing external stress variation, and therefore T is the external
stress perturbation period. In order to address further tidal load induced
seismicity modulation process associated with the BRTFZ at different
tidal constituents, we have adopted and used the rate-and-state friction
formalism with this resonance destabilization model (Senapati et al.,
2023a).

4. Results

4.1. Analysis of the seismic catalog

The Blanco ridge transform fault Zone (BRTFZ) associated seismicity
is characterized by the clustered nature of seismic swarms, mainshock-
aftershock sequences, and other un-clustered earthquakes distributed
from crust to mantle along the fault plane, cutting across the lithosphere
(Fig. 2). Further, the BRTFZ ruptured on January 30, 2013, of ML5.5
strike-slip earthquake, so far the most significant event during ocean-
bottom seismometers (OBS) experiment. Moreover, this strongest
event reportedly gave rise to a sequence of aftershocks containing
around 37 events, focused in the barrier area (Kuna et al., 2019).
Therefore, to establish tidal load-induced seismicity modulation along
BRTFZ and to represent depth-dependent characterization of tidal

modulation for clustered seismic swarms and other un-clustered master
events, we have implemented the nearby neighbourhood clustering
approach (Zaliapin and Ben-Zion, 2013) and declustering method by
Reasenberg (1985) respectively. The clustering analysis has revealed
that the clustered events with a unimodal distribution show the char-
acteristics of swarm events due to the linear linking of the spanning trees
(Fig. 3). Hence the clustered events are separated as the seismic swarms
and the declustered events are separated as the master or single events
according to the nearest neighbourhood distance (Fig. 3a). The distri-
bution of the clustered and unclustered events in particular time-space
can be observed through the presence of the event pairs in the
rescaled time and distance (Fig. 3b) and the linear linking of the clus-
tered black circles and red circles with the help of dashed lines (Fig. 3c).
Here the blue circles are the unclustered events and black circles are the
last generation of the clustered events. The darkness of the red circles
gives an idea about the higher number of events in each circle. Fig. 3d
shows the aftershock distribution for each magnitude bin. The white
circles correspond to the main event magnitude and number of after-
shocks for the event. The distribution shows that the number of after-
shocks for the large magnitude event (M5.5) is greater than for the
smaller magnitude events, which also follow the general linear trend
between the main event and aftershocks. The gray error bars associated
with the white circles correspond to the standard deviations for each
point. The distribution falling within either part of the slope (fitted curve
of linear trend as red line) suggests the confidence levels of the slope.
Therefore, the aftershock events were removed from the seismic swarms
(clustered events) and the master (declustered) events, which have been
analyzed for possible tidal modulations in the subsequent section.

To find out the threshold of completeness (Mc), we have also
analyzed the entire catalog during the study period with Gutenberg-
Richter (GR) law in the maximum slope curvature method of seis-
micity distribution. The method was performed in addition with the b-
value approximation for the depth-wise swarms (and master event)
catalog, by maximum likelihood approach (Aki, 1965). From the anal-
ysis of GR-law for Mc and b-value estimation, it has been observed that
the b-value for the total catalog is 0.95 ± 0.06 with Mc = 2, which is
consistent with the regional global average b-values for seismic swarms
at hydrothermal systems (Gutenberg and Richter, 1944). However,
depth-wise systematic analysis of clustered seismic swarms and master
events show inconsistency in b-values estimation (Fig. 4). The un-
certainties related to Mc and b-value estimations were calculated by the
slope fitting of the curves to the natural observation of the seismicity
distribution and universal values for the maximum likelihood of the b-
value (Aki, 1965; Kundu et al., 2012) Clustered seismic swarms have a
relatively higher b-value (1.12 ± 0.11 with Mc = 2), in contrast to the
master events (0.78 ± 0.06 with Mc = 2). Even, deeper seismic swarms
at 7–15 km depth show much higher b-values (1.29± 0.15 with Mc= 2)
(Fig. 4). However, the magnitude completeness is almost constant for all
the differentiated catalogs for the study period (i.e., Mc = 2) for all the
cases of analysis (Fig. 4).

4.2. Characterization of seismic periodicity

To find out the presence of tidal periodicity signal for the events, the
seismic swarms and master events, at shallow (0–7 km) and deeper
depth (7–15 km) regime were analyzed considering the catalog
completeness. This systematic analysis shows a significant difference in
tidal periodicity in the seismic swarms at the shallow region and deeper
region (Fig. 5). It has been observed that the seismic swarms that
occurred in the mantle at deeper depth (7–15 km), exhibit a significantly
strong diurnal periodicity of K1 tidal constituent (~365 yr− 1, 23.93 h,
larger lunar elliptical diurnal constituent) and a fortnightly periodicity
(~28 yr− 1, MF = 13.66 days, lunisolar fortnightly constituent) (Fig. 5).
However, tidal periodicity is completely lacking for the swarm occurred
at shallow depth 0–7 km (Fig. 5).

Although the dominant semi-diurnal tidal periodicity as M2 tidal
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constituent is not prominent in the seismicity catalog, the presence of
strong diurnal K1, and Fortnightly MF periodicity in the deeper seismic
swarms cannot be considered an artifact. Unlike the continental tectonic
settings, the seismicity associated with the submarine hydrothermal
regions is devoid of anthropogenic cultural noise. We have also analyzed
the magnitude completeness of the catalog with depth and time change
and found that it was overall consistent. Hence, the diurnal (K1) peri-
odicity exhibited in the deeper seismic swarms can be considered nat-
ural. To confirm the tidal modulation in the deeper depth seismicity, we
have further analyzed the correlation between the tidal loading and
seismicity occurrence.

4.3. The seismicity and tidal load correlation

To check the robustness of the tidal triggering from tidal load phe-
nomena, we have computed tidal stresses exerted by the tidal loading at
a general point over the BRTFZ (43.5◦N, − 128◦E) and correspondingly,
tidal stresses have been resolved on the fault planes, considering
contribution from both ocean tide and solid-earth tide (Fig. 6a). The
resolved stress on the fault plane has been presented as Fault Normal

Stress (FNS), Right Lateral Shear Stress (RLSS), and Coulomb Failure
Stress (CFS) in the representative tidal time series (Fig. 6a), considering
contribution from both total tide (ocean+solid earth) and ocean tide.
Further, the corresponding phase of seismicity are estimated by defining
phase angles with two peaks representing 0◦ and 360◦ and alternate
peak and trough cycles between 0◦ to 360◦ of tidal stress perturbations
(Fig. 6b). For the quantification of the respective seismicity and tidal
stress correlation amount, we have computed the excess event per-
centage (Nex). Adopting approaches from Thomas et al. (2012) and
Sahoo et al. (2021), Nex numbers can be defined as:

Percentage of excess event (Nex) =
Nactual − Nexpected

Nexpected
×100 (4)

where Nexpected and Nactual are the expected and actually occurring
events under a positive tidal stress domain respectively. Here earth-
quake occurrence times are under assumptions of random distribution
where the events are expected to be occurring under positive tidal stress
domain. The expected events are calculated on the basis of the ratio of
positive stress domain available from the total time series and the dis-
tribution of the expected event according to the ratio of the positive

Fig. 3. Clustering analysis of the seismic events showing the distribution of the events with the number of total, clustered and master events separated by the red
dotted line in the nearest neighbourhood distance (NND) vs No. of evnts graph (a). The nearest neighbor in the distance vs. time graphs shows the distribution of the
clustered events (b). The spanning tree of the clusters shows that the nature of the clusters is mostly swarm-like due to the chain appearance of the linked clusters (c).
Distribution of a number of aftershocks for magnitude-wise main events along with the standard deviations (white circles and gray lines) shows the average trend of
the number of aftershocks for the main events (clustered events or swarms and declustered or master events) in the red fit curve (d). (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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domain. The difference between actual and expected number of events is
either the excess or depleted number of events and thus can be positive
or negative. Hence, higher values suggest a greater correlation of the
events to the respective stress domain. Also, positive values suggest the
presence of an excess number of events under the positive domain, and
negative values show a depleted number of events under the positive
domain. The negative values also imply an excess number of events in
the negative domain as the total number of events is constant (Sahoo
et al., 2021, 2024; Thomas et al., 2012). After that, we have presented a
polar bar chart for the respective depth-wise catalogs of seismic swarm.
For the smooth presentation, we have adopted 10◦ bins where the phases
are grouped, and each bin is consequently normalized by Nexpected under
the respective tidal stress range of the bins (Fig. 6c-d-e). The ratio of the
Nactual and Nexpected is represented by the specific radius present in the
polar bar chart, which can be also defined as Nex + 1 of respective range
of bins (Fig. 6c-d-e). Strong cases of tidal triggering are suggested with
more than 100 % Nex + 1 radius values in each chart and vice versa.

It has been suggested that stress from tidal loadings is predominantly
volumetric. Hence, fault azimuth selection has negligible effect on Nex
value for the FNS, while considerably effective on the RLSS (Thomas
et al., 2009). However, with predominantly linear segments and uniform
fault azimuth, associated with the Blanco Ridge Ocean transform fault
zone (BRTFZ), we can avoid such complexity in the present case. From
this robust statistical analysis to correlate tidal stress and seismicity
(Fig. 6), the radius of the phase plots for deeper seismic swarms are
almost entirely observed to be more than 100 % of expected value
contours (Fig. 6d-e) in comparison to clustered shallow seismicity. This
represents the extreme sensitivity of deeper seismic swarms to tidal
stress. Further, the deeper seismic swarms appear to be induced by FNS
with more events at a negative stress domain or negative Nex value.
Whereas, the same swarms represent excess events at the positive stress
domain or positive Nex value with the RLSS. The presence of excess
events during negative stress domain of FNS indicates that the seismo-
genic events predominantly occur during negative FNS or peak low tides
(i.e. compressional normal stress) whereas, RLSS sensitivity on deeper
seismic swarms the represents the signatures of high fluid pressure
(Lockner and Beeler, 1999; Cochran et al., 2004). Further, the CFS
observed with a higher percentage of encouraging or positive values of
the Nex imparts effective unclamping on the fault plane system. Simi-
larly, we have also presented Nex number percentages of respective
catalog and polar bar charts representing each shallow level of seismic
swarms (Fig. 6d-e), however, we have observed either weak or insig-
nificant correlation of tidal stress modulation in a comparison with the
deeper seismic swarms (Fig. 6d-e). Moreover, the time-series correlation
of Fault normal stress (ocean tidal loading) and deeper seismic swarms
(7–15 km) also exhibit the abundance of events at higher amplitude low
tidal cycles (Fig. 7). The histogram of events under particular tidal stress
suggests a higher distribution of events during the higher compressional
stress (Negative normal stress) (Fig. 7). This also indicates the amplitude
sensitive effectiveness of tidal stress on the seismic swarms.

4.4. Tidal stress induced resonance destabilization and seismicity
modulation

To probe the exact frictional condition and sensitivity of the tidal
triggering potential of the seismic swarm, we have developed a tidal
induced resonance destabilization model (modeling approach described
in corresponding section). In other words, we have investigated the
chances of amplification for resonance process under rate-and-state
friction and supporting model parameters for possible seismicity mod-
ulation along the BRTFZ (Fig. 8). For the resonance related destabili-
zation getting induced by the tidal stress perturbations, some criterias
should be fulfilled. i.e. The fault portion length (R), should be near to
fault portion critical length (Rc), excitation period or perturbation
period (T) should be near to period of critical excitation (Tc), and the
cost function (C) should be nearly equal or very close to zero. For the

Fig. 4. (a) Magnitude of completeness (Mc) of the total seismicity catalog,
seismic swarm and other seismicity events spanning from September 2012 to
September 2013. (b, c) Magnitude of completeness estimation by considering
depth wise distribution of the seismic swarm and other seismicity events (i.e.,
shallow: 0–7 km and deeper: 7–15 km). Note the high b-value of the swarm
seismicity, which possibly suggests presence of magmatic (or hydrothermal)
fluid circulation. Overall the Mc value remains the same (i.e., 2.0) for all
seismicity catalogs.

Fig. 5. Power spectra analysis for seismic swarm catalogs considering different
depth intervals. Note significant diurnal (K1) and fortnightly (MF) tidal peri-
odicities in the seismic swarm catalog. However, shallow seismic swarms (0–7
km) no significant tidal periodicities are observed.
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respective analysis, the specific periods of perturbation as the periods of
resonance modulation are taken as fortnightly and diurnal (i.e. T as MF
= 13.66 days, K1 = 23.93 h), the corresponding modulation depth z as
10 km, and contemporary velocity of the plate motion (VL) for Blanco
ridge Transform Fault as 56 mm/yr respectively (Wilson, 1993). The
observations from the analysis are shown in Fig. 8 where we can observe
the values of ε, dc, T/Tc, R/Rc, and C as a function of A. The parameter
A = aσ*, where a is the rate-and-state dependent frictional parameter,
determined from the rock friction experiments in the laboratory
(Marone, 1998). Its value ranges from 10− 4 − 10− 2 (Marone, 1998). σ* is
the effective normal stress. The cost function C can be expressed as:

C =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

1 − T
Tc

)2

+

(

1 − R
Rc

)2

2

√
√
√
√
√

(5)

Where, critical period of external stress perturbation (Tc), the period
of external stress perturbation (T), critical dimension of the slipping
zone (Rc) and dimension of the slipping zone (R).

The red circles in each panel are the best-fit model parameters and
blue circle ranges are values, with considerably low cost function
(Fig. 8). The panels in Fig. 8 show only lesser values for cost function C
represented by the limited range of A. Also, we have observed that, the

Fig. 6. (a) Representative tidal stress (FNS: Fault Normal Stress and RLSS: Right Lateral Shear Stress; CFS: Coulomb failure stress) of Julian days of 2012 for both
Total tide (Ocean+Solid Earth) and Ocean tide. (b) Schematic diagram showing the variation of Total tidal stress and the phase of seismic events associated with it.
The peak and trough of the time series are assigned phase values of 0◦ and 180◦ respectively. Dashed lines indicate the region of positive and negative tidal stress
domains. Yellow stars represent hypothetical earthquakes, which correspond to either positive/negative stress fields. (c) Gray shaded areas indicate the ratio of
observed to the expected number of events in each 10 degree phase bin. Thin red lines are 50 %, 100 % and 150 % expected value contours. Polar phase plots and
percent of the excess (Nex) values of both seismic swarms and other events (Mc 2.0, spanning from September 2012 to September 2013) with varying depth by
considering FNS, RLSS, and CFS components of Total tidal stress(d) and Ocean tidal stress(e). Note that in case of seismic swarms, the Nex of CFS shows higher
positive values, indicating a possibly increase of pore fluid pressure which facilitates tidal triggering of seismic swarms. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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dc parameter supports the range of variations in a very narrow domain i.
e. from 10− 6 to 10− 5 m (Fig. 8, Fig. 9, Table 1). Further, the estimated
value of dc is consistent with the laboratory value of dc derived from the
rock friction experiments (Marone, 1998). ε was varying roughly in the
range 7× 10− 3 to 2× 10− 3 (Fig. 8, Fig. 9, Table 1). As ba = 1 + ε, we can
state that ba is near to 1. From the resonance theory it is also accepted that
resonance destabilization can become sensitive only at the fault seg-
ments in neutral stability zone (i.e., where b > a and a ≈ b). Now,
following the framework of rate-and-state friction, the region is believed
to be in a velocity neutral zone which can be defined as a stability
boundary or transition boundary present between regions of active

seismicity and mostly aseismic (Scholz et al., 2019).
Further, the parameters VL, T, R, and z are strategically varied,

considering natural values of contemporary plate velocity (VL) which is
suggested to be ranging in the values 0.1 to 100 mm/yr (Gordon, 1998;
Zatman et al., 2001), and modulation periods of perturbation (T), which
are again in the range of 0.001 to 10 years (Senapati et al., 2022). We
have assumed the zone of slipping of fault portion (R) and depth (z) as 2
km and 10 km, respectively according to the seismicity present in the
zone. In Fig. 9, the domains of resonance destabilization are character-
ized by T

Tc→1, R
Rc→1, where the cost function (C) value is also minimum.

Following this, we have marked the regions of possible destabilization

Fig. 7. Representative time series of tidal Normal stress (Ocean tidal loading) variations at the Blanco transform fault and deeper (7–15 km) seismicity histogram of
hourly bins showing the correlation of events with low tidal stress amplitudes (highest amplitude compression) during diurnal, monthly and fortnighly stress
perturbations. Inset histogram of corresponding stress values of each events shows a higher distribution of events (41 %) during lower amplitude negative tidal stress
than total negative tidal stress (65 %).

Fig. 8. Variations of the resonance parameters of T
Tc ,

Rc
T and C considering semi-diurnal and diurnal periods through a function of the A parameter. The red square

symbols and blue circle symbols are best-fit parameters and the range of values from accepted model respectively (Table 1). We considered forcing fortnightly period
T = 13.66 days (i.e., MF Tidal constituent) and Diurnal period T = 23.93 h (i.e., K1 Tidal constituent),characteristic slipping zone size R = 2 km, depth (z) =10 km
and loading velocity VL = 56 mm/year. Inset shows a schematical representation of the single block where an external stress perturbation acting on the block moving
on a plane with velocity V and pulled by the loading velocity VL. The stiffness of the spring k, normal stress (σn) and shear stress (τ) on the plane. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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for each VL vs. T plot (i.e., denoted by the represented gray lines in
Fig. 9). From the comparisons, it is suggested that the stress perturba-
tions due to tidal loading can modulate the seismicity at BRTFZ by the
mechanism of resonance destabilization.

Moreover, the parameter A = aσ* varies in the particular range of
103–104 Pa (Fig. 8, Table 1). From that, we have calculated the effective
normal stress as σ* = A

a, where a = 10− 4–10− 2 derived from laboratory
experiments (Marone, 1998). It has been observed that the effective
normal stress is very low as compared to the lithostatic stress (Table 1),
which suggests of high pore-fluid pressure in the BRTFZ. Therefore, we
can also infer that the hydrothermal circulation process in the fluid-rich
serpentinized mantle makes the respective segments conditionally stable
(i.e., falling under neutral stability), hence making this crust-mantle
transition segment of the BRTFZ marginally sensitive towards the peri-
odic tidal stress perturbation. Hence, we suggested that the mechanism
of resonance destabilization is a favorable mechanism for the tidal
triggering and seismicity modulation at this frictional transition zone
(Fig. 8).

5. Discussions

5.1. High b-values in GR-law

The relatively low b-values associated with the seismicity in the

shallow crust or un-clustered seismicity (Fig. 4) suggest that it is
dominated by the larger magnitude of earthquake populations, as
compared with the mantle, which is dominated by smaller magnitude
(Fig. 4) (Kuna et al., 2019). All recorded five events of ML > 4.5,
including January 30, 2013, of ML5.5 earthquake occurred at the
shallow depth (0–7 km) in the oceanic crust however, smaller magni-
tude seismic swarms are dominated at the deeper depth (7-15 km) in the
mantle. At the BRTFZ, our observations regarding b-values for seismic
swarms are considered to be relatively higher (1.12 ± 0.11 for seismic
swarms and 1.29 ± 0.15 for deeper swarms), which supports the global
values of swarms at active hydrothermal systems (Francis, 1968, 1974;
Hill, 1977; Wiemer and McNutt, 1997; Kundu et al., 2012). It is also
observed that the shallow seismic swarms have a comparatively lower b-
value (0.88 ± 0.15) than the deeper swarms which is also consistent
with the values in previous reports (Kuna et al., 2019). Although the
uncertainties in the b-values can determine the actual range of the
values that might range around the values of 1–1.25 for the seismic
swarms and 1.1–1.5 for the deeper seismic swarms, the b-values still
remain on the higher side of the smaller magnitude distribution. Also,
considering the uncertainties values of the shallow swarms, it can
actually range between 0.7 and 1, which is closer to the lower thresholds
of the b-value ranges for all swarms and deeper swarms (i.e., 1 and 1.1,
respectively). However, the higher b-values for the deeper seismic
swarms can certainly be considered to be on the higher side despite the

Fig. 9. (Top panel) Variation in the parameters of the fault resonance that are estimated to have resulted from the destabilization process in the presence of rate-and-
state dependent friction. The gray line served as a dividing line between the zone of potential resonance instability and the zone of no potential resonance desta-
bilization. With the decrease in the dimension of slipping zone (R) and depth (z), the area of no resonance destabilization zone would also decrease (Senapati et al.,
2022). The gray dots represent possible documented destabilization zones and the red dots represent the BRTFZ, which falls under the resonance destabilization zone
for diurnal as well as fortnightly tidal modulation. (Bottom panel) Variation of dc and ε as a function of stress perturbation period (T) and fault velocity (VL),
considering the same parameters of R and z. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of
this article.)
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uncertainties. This confirms the presence of a high number of lower-
magnitude events in the deeper swarms observed at the crust-mantle
boundary zone.

On the other hand, various hypotheses are widely proposed for the
explanation of higher b-values in the GR-law. The higher b-value may be
attributed to various phenomena and hypothesis which include higher
fluid and temperature activities (Warren and Latham, 1970; Kundu
et al., 2012), nature of the corresponding rock materials in structure (e.
g., higher b-values are observed in a ductile rock rather than a brittle
rock) or may be the materials subjected to the respective mechanical
loading being highly heterogeneous (Mogi, 1962) or else amplitude
decrease of the corresponding stress field (Scholz, 1968). However, at
the BRTFZ, higher b-values (1.29 ± 0.15) are observed in the deeper
seismic swarms compared to the shallow region (0.88 ± 0.15). There-
fore, it is assumed that, in the deeper region at BRTFZ, the serpentini-
zation of mantle peridotites offers a brittle-ductile transition zone that
provides sufficient permeability for the hydrothermal circulation of
fluids for generation of a higher number of low-magnitude seismic
swarms.

5.2. Dominance of diurnal tidal periodicity and possible explanations

The seismic swarms that occurred deeper at the mantle and brittle-
ductile transition zone appear to be tidally sensitive; however, the sig-
nificance of semi-diurnal M2 tidal periodicity is absent in the present
study region (Fig. 5). The absence of semi-diurnal component though
can be explained with the amplitude variance of tidal forcing by
different major tidal components (Barreyre et al., 2014). Moreover, the
semi-diurnal tidal cycles contain alternate low and high amplitude tidal
cycles, which appears during a diurnal period. So, it is also acceptable
the seismicity triggered during the high amplitude tidal cycles can
possibly show strong diurnal periodicity (Wilcock, 2009).

It has been reported that there is an enhanced hydrothermal activity
during higher hydrostatic pressure condition at the ocean bottoms (Jupp
and Schultz, 2004). Here, the fluid flow depends on the contrast of pore
fluid pressure and confining pressure (lithostatic/hydrostatic) i.e.
effective pressure. The fluid flow occurs when the confining pressure is
near hydrostatic pressure experiencing decompression from diurnal

tidal relaxation and the brittle deformation takes place when the
confining pressure is near to the lithostatic pressure during the high
amplitude diurnal tidal compressions (Glasby and Kasahara, 2001). The
contrast among the confining pressure (lithostatic and hydrostatic) in-
creases with depth and is highest at the brittle-ductile transition zone
which indicates the zone of highest effective pressure for fluid flow
under tidal decompression (Sohn et al., 1995).

From the observed Nex values of FNS, RLSS and CFS (Fig. 6), we can
infer that the extensional normal stress indicated a dilatation which may
have reduced the crack closure level and facilitated the movement of
fluid into the crack. This leads to a temporary increase of the effective
pore pressure under compressional stress conditions and consequently
increased the fluid flux and diffusion at the serpentinized mantle or
crust-mantle transition along the fault plane. The seismic swarms at the
brittle-ductile transition zone of oceanic transform faults are also
believed to be produced from the aseismic slip (Liu et al., 2020; Kuna
et al., 2019; McGuire, 2019). The deeper zone is believed to be in
aseismic slip or creep movement which generate the swarms at the as-
perities present in the transition zone (Kuna et al., 2019). Moreover, the
presence of increasing fluid flux and effective fluid pressure due to the
tidal compressions, made this frictional transition zone conditionally
stable sliding (i.e., velocity weakening to velocity strengthening fric-
tion), promoting the transient slip and the occurrence of seismic swarms.
The seismic swarm, thus, can become more sensitive to tidal stress
perturbation. Previously, it has been also reported that the aseismic slips
are encouraged by the dilatation of the slip zone due to the increase in
pore-spaces from particle rotations and hydrothermal circulations (Liu
et al., 2020; Kuna et al., 2019). However, the presence of tidal period-
icity and strong tidal correlation of only the deeper seismic swarms gives
an indication of the effect of tidal stress perturbations.

Further, in high pore fluid pressure conditions, the incremental
pressure due to compressions from tidal loading drives a flux of inter-
stitial fluid according to Darcy’s law in the permeable host or the ser-
pentinized mantle (Jupp and Schultz, 2004). The pressure exerted by the
tidal forcing, hence modulates the flow of hydrothermal fluid in the
brittle-ductile transition zone that conditionally promotes the seismic
swarms. The pressure generated by tidal forcing is highest during the
highest tidal compressions during the higher amplitude of the low tidal
cycles, which is around 0.5–1 kPa higher during the diurnal perturba-
tion period as compared to the semi-diurnal perturbation period (Fig. 7).
Tidal modulations in buoyancy derived hydrothermal flow require
pressure modulation of as less as 0.02 MPa, which can be produced by
the tides under different perturbation periods (Glasby and Kasahara,
2001). It is also noticeable that the major distribution of the events in the
deeper swarms is during the higher amplitude low tidal cycles (higher
compression during higher amplitudes of low tides) (Fig. 7). Therefore,
the incremental pressure during the higher compressions from diurnal
perturbations highly influences the flow of hydrothermal fluids that
modulate the occurrence of seismic swarms.

The swarms at the BRTFZ are probably clustered around the small
asperities present in the transitional zone (Kuna et al., 2019). The
swarms being very similar in nature show similar number of events for
each cluster. In this study, we have treated the whole catalog of the
swarms as a group for the tidal analysis as we focus on the tidal
responsiveness of the events, thereby supporting our hypothesis of the
tidal correlation of deeper events, which probably results from the
continuous aseismic slip or creep (Kuna et al., 2019). Nevertheless, we
also acknowledge that analyzing the clustered swarms as a single group
without discrimination of timeframe or particular zone of occurrence (e.
g. around barrier zones in Liu et al., 2020) may have suppressed or
influenced the tidal signatures. This also recommends that we can expect
variable tidal signatures for individual cluster of swarms (Thomas et al.,
2012) that can provide some idea about the associated asperity char-
acteristics. Still, for the respective study we have focused on the swarms
as a group that occur in the deeper part (i.e. deeper than the transitional
zone at the depth of 7kms). Therefore, we have stuck to the idea of

Table 1
Best fit and range of acceptable parameters (columns 2 and 3). Column 5 is the

lithostatic stress (σlitho) from average 3000 kg/m3 dense oceanic crust, σ* =
A
a

from column 2 and taking a = 10− 4 − 10− 2. The
σ*

σlitho
is the effective normal

stress to lithostatic stress ratio. Note, σ* is some magnitudes lower compared to
σlitho, which indicates high pore fluid pressure. In this tidal induced fault reso-
nance model, we considered fortnightly and diurnal forcing periods (i.e., MF and
K1 component respectively), R = 2 km, z = 10 km and VL = 56 mm/year which
are the effective radius, depth and loading velocity respectively.

Best fit
parameters

Best fit
Value

Range of
acceptable value

Stress
parameters

Calculated
stress value

Fortnightly Period (MF)

ϵ =
b
a
− 1 7.640 ×

10− 3
1.968 ×

10− 3–9.41
σlitho (MPa) 2.943 × 102

dc (m) 1.091 ×

10− 6
1.091×
10− 6–3.829×
10− 5

σ* (MPa) 0.2943–29.43

A¼ aσ* (Pa) 2.943 ×

103
83.8–2.943 ×

103
σ*

σlitho
1× 10− 3–1×
10− 1

Diurnal Period (K1)

ϵ =
b
a
− 1 2.305 ×

10− 3
2.305 ×

10− 3–9.98
σlitho (MPa) 2.943 × 102

dc (m) 1.0.553
× 10− 6

1.091×
10− 6–7.601×
10− 5

σ* (MPa) 1.033–103.3

A¼ aσ* (Pa) 1.033 ×

104
1.570 ×

102–1.033 × 104
σ*

σlitho
3.51×
103–3.51×
10− 1
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finding the tidal responsiveness of the deeper swarms and focused on the
swarms as a single group. In contrast, at the deeper depths, it is difficult
to generate unstable slip on the small asperities. So, this improvisation
would require additional statistical and observational analysis for a clear
idea. However, based on the established tidal statistical analyses it is not
recommended to check the correlations based on the small number of
events for each cluster, but we have also checked for the single cluster
characteristics but we did not find any significant difference in the
cluster characteristics. Therefore, it is difficult to comment on the
dominance of the individual clusters on the overall results.

5.3. Fault resonance and critical triggering threshold in support of diurnal
modulations

The fault resonance destabilization model only explains the essential
conditions required for the destabilization of a fault system by the tidal
resonance process. However, this model does not explain for respective
period of excitation (T) for which the fault system is more sensitive to
the resonance process. Therefore, to quantify the sensitivity of the fault
system to the resonance process for different periods of excitation, we
have estimated the CFS induced by FNS and RLSS perturbations, which
is expressed as (Senapati et al., 2023b, 2024):

|ΔCFS| =

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

q
qc

μssσ1 − τ1
k
kc

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

×

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
(

q
qc

)2

+ q2c
(

1 −
(

q
qc

)2
kc
k

)2

+ q2
(

1 − kc
k

)2

√
√
√
√
√
√
√
√
√

(6)

We have considered periods of excitation as 23.93 h and 12.42 h (i.e.,
periodicities associated with the BRTFZ), dc as 10− 6 m, μss as 0.3, (b-a)
as 10− 4 and VL as 56 mm/yr (Wilson, 1993) and estimated the CFS
induced by tidal stress perturbations (Fig. 10). It has been suggested that
the amplitude of ΔCFS is greatest around Tc when k is close to kc
(Fig. 10). The modeling suggests, ΔCFS is greatest at diurnal tidal phase
(23.93 h) as compared with the semi-diurnal tidal phase (12.42 h) which
is also consistent with our tidal periodicity results (Fig. 5). Hence, we
suggest that, the presence of serpentinized mantle and circulation of
hydrothermal fluids in the deeper BRTFZ makes it more susceptible for
seismicity modulation by the fault resonance process. The modeling

results also support the strong diurnal periodicity of seismicity associ-
ated with the deeper BRTFZ.

Furthermore, the critical value of stress perturbation due to external
stress is also important for understanding seismicity modulation. It is
suggested that triggering of an event due to external stress occurs during
the build-up of tectonic stress and well defined critical stress values
(Rydelek et al., 1992; Curchin and Pennington, 1987; Emter, 1997).
Further, the critical threshold values for modulations by tidal stress
perturbation range in about 0.002MPa to 0.004MPa for coulomb failure
stress under experimental conditions (Beeler and Lockner, 2003), and
under observations from reported tidal modulations as 0.15–0.3 kPa for
shear stress (Thomas et al., 2009), more than 0.7 kPa for normal stress
(Stroup et al., 2007). However, Ziv and Rubin (2000) suggested that,
there is no lower threshold existing for earthquake triggering. Although
the external tidal stress perturbation during different tidal periods at the
BRTFZ is relatively low, it is also sufficient to destabilize the fault system
by fault resonance process and modulate the seismicity to exhibit the
variations in the periodicity of the seismicity (Fig. 11).

5.4. Comparison with global tidal modulations

In the last decade, tidal modulations of seismicity have been reported
around the world in different tectonic settings and geographic locations,
e.g., seismicity at the Axial seamount of Juan de Fuca Mid oceanic ridge
(Wilcock, 2001; Scholz et al., 2019; Sahoo et al., 2021), Volcanic
tremors at Campi Flegrei caldera (Petrosino et al., 2018), Tremors at
Cascadia subduction zone (Cochran et al., 2004; Tanaka et al., 2006;
Thomas et al., 2009), seismicity at East pacific rise (Wilcock, 2009;
Tolstoy et al., 2002; Tan et al., 2018), etc. In most of these cases, the
strongest semidiurnal tidal periodicity (i.e., M2) is observed as the sig-
nificant periodicity. However, the diurnal and fortnightly tidal period-
icity has also been reported in Campi Flegrei caldera, TAG hydrothermal
field of the Mid-Atlantic Ridge, San Andreas fault, East Pacific Rise etc.
(Bhatnagar et al., 2016; Petrosino et al., 2018; van der Elst et al., 2016;
Glasby and Kasahara, 2001). Moreover, The presence of diurnal peri-
odicity in the seismicity associated to submarine hydrothermal systems
is influenced by several factors i.e., effect of fluid flow along fault zones
(Glasby, 1998; Sibson et al., 1975) effect of compression and dilatation
of micro-cracks due to tidal effect (Prioul et al., 2000), effect of the

Fig. 10. Variation of Coulomb failure stress change (ΔCFS) as a function of normalized periods of excitation (T/Tc) and normalized fault stiffness (k/kc) for diurnal,
fortnightly, tidal phases, respectively. Blue circle and red circle indicates the respective points of ΔCFS profiles for diurnal (K1) and fortnightly (MF) periods, that are
shown as inset figures. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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physical and chemical parameters of the hydrothermal fluid (Shock,
1992), effects of tidal loading on the temperature of diffuse hydrother-
mal flow (Little et al., 1988) etc. The dilatation and compression of the
oceanic crust due to the tides may increase the diameter of the pores and
fissures of the ocean crust and significantly change the rate of flow of the
hydrothermal fluid and modulate the seismicity. Moreover, the pressure
from rising magma, degassing of magma and associated fault orienta-
tions may also be crucial for seismicity modulations (Glasby and Kasa-
hara, 2001). Therefore, we suggest that the high amplitude diurnal
stress perturbations cause dilatation and compression of the oceanic
crust, which may increase the diameter of the pores and fissure of the
serpentinized mantle and significantly increase the fluid flux to modu-
late the seismicity at deeper seismic swarms of the BRTFZ. We have also
acknowledged that the fault orientation, pressure and gas content of the
hydrothermal system also play an important role in seismicity modu-
lation at BRTFZ.

6. Conclusions

From this robust analysis, our study concludes with the following key
statements :

1. The seismicity associated with the Blanco Ridge Transform Fault
Zone (BRTFZ) at deeper depth (7–15) exhibits strong diurnal tidal
and a weak fortnightly periodicity with higher seismic b-values. This
indicates the effect of magmatic (or hydrothermal) fluid circulation
at this depth (i.e., crust-mantle transition zone).

2. The deeper seismic swarm appears to be very sensitive to the effec-
tive tidal normal stress on the fault plane (FNS) at higher percentages
of negative Nex (compressive) and higher percentages of positive Nex
of shear stress (RLSS). The Coulomb failure stress (CFS) with corre-
sponding encouraging or positive Nex percentages imparts effective
unclamping on the fault plane system.

3. The higher amplitude of ΔCFS induced by the FNS and RLSS
perturbation for the diurnal period as compared to the semi-diurnal
period possibly explains the dominance of diurnal periodicity at the
BRTFZ.

4. During the decompression at extensional (positive) stress, the host
rock undergoes a dilatation which may reduce the crack closure level
and assist the fluid movement. Further, Higher compressions during
high amplitude low tidal cycles raise the tidal CFS and effective pore
pressure, making fault portions conditionally stable and this crust-
mantle transition portion of the BRTFZ more susceptible to peri-
odic tidal stress perturbation. Thus, the process of destabilization due
to fault resonance appears as a favorable mechanism for BRTFZ tidal
triggering and seismicity modulation.

Datasets and codes availability

Topographic map presented in Fig. 1 has been generated using the
General Bathymetric Chart of the oceans by rectangular area search with
GeoTIFF output (https://download.gebco.net/). The tidal stress is
computed using SPOTL: Some Programs for Ocean-Tide Loading, SIO
Technical Report, Scripps Institution of Oceanography(Agnew, 2012)
(version 3.3.0.2 URL: https://igppweb.ucsd.edu/~agnew/Spotl/spotl
main.html). The Figs are generated by Grapher graphical application
(version 8.7.844 URL: https://www.goldensoftware.com/products/
grapher), Surfer graphical application (version 8.7.844 URL: https://
www.goldensoftware.com/products/surfer), Generic Mapping Tools
(Wessel et al., 2019)(version 5.2.1; URL: https://www.generic
-mapping-tools.org/) and Corel Draw graphical application (version
18; URL: https://www.coreldraw.com/en). The seismicity catalog was
taken from the original representation in the published article by Kuna
et al. (2019) (doi:https://doi.org/10.1038/s41561-018-0287-1), which
is an OBS dataset archived at the IRIS Data Management System
(http://www.iris.edu).
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Fig. 11. Schematic representation of the occurrence of seismicity/seismic swarm along the Blanco Ridge Transform Fault Zone (BRTFZ), frictional condition and
possible modulation by the tidal stress perturbations at the serpentinized mantle and associated brittle crust zone. (a) Shows variation of fault stiffness (k) with depth.
(b) Shows the vertical cross-section along the Blanco Ridge Transform Fault Zone (BRTFZ). Seismic swarms are mainly concentrated along the crust-mantle transition
boundary, which corresponds to the conditionally stable frictional segment. Tidal attraction induces periodic displacements on the Earth’s surface leading to high
vertical stress variations on the fault plane and making the transition boundary (or conditionally stable zone) more sensitive to external tidal stress oscillations and
seismicity modulation.
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