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Abstract 15 
The role of solid Earth tide in fault reactivation has significant implications for understanding earthquake 16 
triggering, carbon sequestration, and the global carbon budget. Despite extensive research on this topic 17 
over the years, the relationship between Earth tide and fault reactivation remains unclear. In this study, 18 
we investigate the potential influence of solid Earth tide on the reactivation of sub-seabed fractures and 19 
faults, which may lead to the release of methane from the seabed. For a period of two weeks, we 20 
monitored the sub-seabed temperature and pore-fluid pressure at two sites on an over-pressured fault 21 
system located in the Black Sea. Our observations revealed that, despite the ~790 m distance between 22 
the two sites, the response in terms of methane discharge was synchronous during the measurement 23 
period. Our analysis showed that the presence of over-pressured fluid promotes fault reactivation under 24 
solid Earth tide cycles, resulting in synchronized degassing events. We also showed that that these 25 
faults can be reactivated with relatively low stresses, no greater than 2 kPa, illustrating the fragile 26 
equilibrium of these greenhouse gas laden systems. 27 
Introduction 28 
Solid Earth Tide (SET) is a global phenomenon that may influence the water level in wells (Elkhoury et 29 
al., 2006), control and modulate volcano activities (Dzurisin, 1980) and geyser eruptions (Hurwitz et al., 30 
2014). It is however, less obvious which role the SET may mechanically play on existing fractures and 31 
faults. Several studies have analyzed the correlation between SETs and fault reactivation causing 32 
earthquakes, leading to contradictory results (Beeler and Lockner, 2003; Cochran et al., 2004; Heaton, 33 
1982; Ide et al., 2016). Faults and fractures are the main paths for fluid migration and therefore the 34 
sensitivity of these preferential paths to the SET can promotes and modulates seabed CH4 emissions a 35 
greenhouse gas with high-global-warming potential (Holmes et al., 2008). 36 
In this study, we analyze the impact of SET on seabed methane (CH4) emissions. Two sites widely 37 
investigated in the Black Sea (Ker et al., 2019; Riedel et al., 2020) with different degrees of gas hydrate 38 
(GH) accumulation affected by the presence of shallow faults were monitored using sub-seabed pore-39 
pressure and temperature sensors. Our objective is to determine if SET cycles affect CH4 emissions. 40 
Results 41 
On the Romanian margin, between 680 and 850 m water depth (Fig. 1A), the ~N-S crests, subsequently 42 
referred to as Hydrate-Ridge Crests (HRC), is a relief with an average height of 40 m. The HRC is within 43 
the GH stability zone (GHSZ), as evidenced by recent cartography of the bottom-simulating reflector 44 
(BSR) and by recovered GH cores (Riboulot et al., 2018; Riedel et al., 2021) (Fig. 1B). Along the 45 
Romanian margin, GH shallower than 750 mbsl are undergoing dissociation due to salt diffusion through 46 
the sediment (Riboulot et al., 2018) which partly explains the occurrence of gas flares in the water 47 
column (Fig. 1A). Outside the HRC area, the GH accumulations close to the base of the GHSZ, prevent 48 
gas from reaching the seafloor (Fig. 1A). At the position of the HRC and in its vicinity, inside the GHSZ, 49 
large gas flares rise from the seafloor (Riboulot et al., 2017). 50 
The sedimentary column below the HRC is characterized by different seismic facies with a low to high-51 
amplitude subparallel seismic reflectors related to hemipelagic layers (Fig. 2A). Transparent seismic 52 
facies with very few internal reflectors (transparent green in Fig. 2A) is related to a free gas front 53 
hampering acoustic wave propagation. Chaotic seismic facies with high-amplitude reflectors is related 54 
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to the presence of GHs and possibly to the co-existence of free gas and GH. Two distinct reflectors 55 
(thick orange lines) in Fig. 2 correspond to the boundaries between clay and coarser grain layers. Below 56 
the HRC, a fault system shifts subparallel layers and affects the sedimentary column providing migration 57 
pathways to the free gas through the GHSZ (Ker et al., 2019).  58 

Free-gas and GH in the GHSZ 59 
Acoustic data from water column indicate that gas emissions are persistent through time in the GHSZ 60 
(Fig. 1B) with a spatio-temporal variability of gas emissions on different time scales.  61 
In-situ piezocone soundings (CPTu) along the HRC and coring (Gas-CS14) show the occurrence of GH 62 
in the first meters of sediment (blue stratigraphic profiles in Fig. 2B). The coexistence of free-gas and 63 
gas-hydrate was detected thanks to in-situ P-wave velocity (Vp) measurements acquired from both 64 
monitoring sites: at PZG2-05 and PZG2-06, the coexistence occurs respectively below 18 mbsf and at 65 
several intervals in the first meters (fig. S1b). The visual observations from submersible dives on the 66 
seafloor along the main HRC confirm the coexistence of free gas and GH (Riboulot et al., 2021). Dives 67 
reveal the occurrence of massive-GH outcrops and meter-scale fractures and cracks associated with 68 
gas-bubble emissions (Fig. 2C). 69 

In-situ pore fluid pressures and temperatures 70 
Two piezometers were deployed for a two-week period on two selected segments of the HRC (Fig. 1). 71 
The PZG2-05 and PZG2-06 water depths are 818 m and 732 m respectively. PZG2-06, is located along 72 
the main HRC inside the surficial hydrate deposits (Fig. 2A). The PZG2-05 piezometer was deployed 73 
along the second less extensive fault where CPTu data (fig. S1) reveal the presence of GHs at around 74 
24 mbsf inside a chaotic seismic facies. The top of this seismic facies is located around 15-16 mbsf. 75 
Excess pore pressure (∆u) and temperature data are shown in Fig. 3. Continuous seabed temperature 76 
measurements show a quasi-stable value at both sites eliminating the role of a surface disturbance 77 
during the monitoring period (Fig. 3). The pressure and temperature peaks and subsequent decay 78 
periods recorded immediately after the installation are caused by the piezometer penetration. For ∆u 79 
sensors, behavior differs drastically between the two sites: more than four days were needed for the 80 
pressure sensors to reach equilibrium at PZG2-05 while less than one day was needed for the ∆u decay 81 
at PZG2-06. The high ∆u recorded during piezometer installation is a function of the stiffness of the 82 
sediment (Burns and Mayne, 2002). The very high ∆u values recorded by the two deepest sensors at 83 
PZG2-06 confirm the occurrence of GH at a shallow depth. 84 
At PZG2-05, the temperatures at the deepest five sensors were almost constant throughout the 85 
monitoring period whilst the uppermost two sensors recorded an important deviation towards warmer 86 
temperatures (Fig. 3A). ∆u data from the seven pressure sensors fluctuated throughout the monitoring 87 
period (Fig. 3). Negative ∆u as low as -280 kPa were measured by the shallowest sensor. At PZG2-06, 88 
only the temperature at 3.19 mbsf was almost constant throughout the monitoring period (Fig. 3B). The 89 
uppermost three sensors recorded an important deviation towards warmer temperatures. ∆u data from 90 
the four pressure sensors fluctuated modestly when compared to PZG2-05 (Fig. 3B). Negative ∆u 91 
(pressure lower than hydrostatic pressure) is an indicator of upward gas emissions (Sultan et al., 2020). 92 
The thermal gradients at PZG2-05 and PZG2-06 are determined from the sensors within the gray areas 93 
in Fig. 3 and are 31.4 and 52.5°/km, respectively (Fig. S2 and Fig. S3). In Fig. 3B, the temperature data 94 
from PZG2-05 recorded at 2.34 mbsf was superimposed on the temperature data from PZG2-06. Fig. 95 
3C indicates the occurrence of at least five different concomitant events (numbered from 1 to 5). The 96 
duration of events varies between 12 and 24 hours, which at first glance may suggest a tidal effect on 97 
these fluctuations. 98 

Tidal cycles 99 
Ocean tide and SET were calculated during the monitoring period using the EarthTide-package (Kennel 100 
et al., 2021). The NS displacement of the SET was calculated for the five-month period preceding 101 
piezometer deployment indicating that a period of around 135 days separates the peak recorded during 102 
piezometer deployment from a previous comparable peak (Fig. S4).  103 
  104 
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Discussion 105 
Synchronicity between SET and fluid activities 106 

PZG2-05 sensors recorded on 5 September 2021 the start of small temperature perturbations (Fig. 3A) 107 
followed by negative ∆u values indicating upward gas emissions. The main gas emission episode 108 
occurred between the 8 and 11 September 2021. This corresponds to an important decrease in ∆u and 109 
a general trend of increasing temperature. The main degassing slowed down on 11 September 2021. 110 
Results in Fig. 3D and 3E suggest a possible interaction and concomitance between the main degassing 111 
event and the SW component of the SET. 112 
Fig. 4A shows the SET normal (σn) and shear stresses (τn) for the fault underlying PZG2-05 with a 113 
superimposed ∆u negative envelope from PZG2-05. Comparison of the synchronicity between σn and 114 
τn reveals that this evolves strongly during four different periods reaching a phase shift of almost 180° 115 
during period 4. In Fig. 4B are plotted σn and τn for PZG2-05 in three different Griffith–Coulomb diagrams 116 
corresponding to the four periods. An arbitrary tangential envelope of failure using Griffith-Coulomb 117 
criteria (Brace, 1960) was added to the diagrams. Fig. 4B demonstrates that the stress path touches the 118 
Griffith locus under extension mainly in periods 2 and 3. The Griffith locus was positioned with respect 119 
to an unknown in-situ stress state but the presence of seabed fractures (dives in Fig. 2C) suggests the 120 
occurrence of pure tensile failure during degassing events. Since the pure tensile failure occurs in the 121 
positive normal stress region (Woodcock et al., 2007), we argue that the reservoir holds an excess pore 122 
pressure equal to or higher than the lithostatic stress and that the initial effective stress in the reservoir 123 
is expected to be near zero. Therefore, excess stress (normal and shear) between 1 to 2 kPa generated 124 
by the SET could trigger the release of a highly over-pressured fluid thus feeding all overlying fractures 125 
and preferential paths. The small change in stress caused by SET between periods 2 and 3 and period 126 
4 shows that the GH system is very sensitive to external perturbations. The synchronicity between shear 127 
and normal stresses seems to strongly affect fluid emissions (Fig. 4B). Temperature versus ∆u data 128 
acquired by PZG2-05 (sensor at 2.34 mbsf) are plotted for the four different periods in three different 129 
diagrams in Fig. 4C. The data indicate an acceleration in temperature increase and in ∆u decrease 130 
(degassing) when the stress path touches the Griffith failure envelope during periods 2 and 3. For period 131 
4, the negative ∆u and high temperature probably correspond to residual values and data indicate a re-132 
equilibrium with time. The Griffith-Coulomb diagrams for PZG2-06 confirm the behavior previously 133 
observed for PZG2-05 and demonstrate a synchronicity between the two measurement sites (Fig. S7). 134 

SET promoting methane emissions 135 
The two normal faults (Fig. S1) provide migration pathways for over-pressured fluids. The presence of 136 
superficial coarse sedimentary layers (Fig. 2B) play an important role in the storage of free gas. The 137 
rapid expulsion of gas through existing faults and fractures can isolate free gas from the surrounding 138 
seawater by forming a hydrate covering in the GHSZ (Sultan et al., 2014). The measured in-situ 139 
temperature confirms this hypothesis. At site PZG2-05, the temperature peaks reaching 9.33°C indicate 140 
that the source of the expulsed fluid originates from 12.4 mbsf while for site PZG2-06 the temperature 141 
peaks reach 9.31°C suggesting a fluid source from 11.0 mbsf. For an average sediment unit weight of 142 
6 kN/m3 (Ballas et al., 2018), fluid pressure within the intermediate reservoir (between 11 and 13 mbsf) 143 
is expected to reach 66 and 78 kPa to induce gas discharge. Fluid pressure from the main gas reservoir 144 
underlying the BSR may be much higher (> 1600 kPa for an average sediment unit weight of 8 kN/m3 145 
(Riedel et al., 2020)) and it is very likely that degassing was initiated at this level and that the deep fluid 146 
(below the BSR) has expelled the intermediate reservoir fluid to the surface. The lack of detailed seismic 147 
imaging in the free-gas/GH coexistence zone (chaotic facies in Fig. 2 and Fig. S1) prevents defining the 148 
complex geometry of the shallow plumbing network. The evidence for this complexity lies in the 149 
piezometric data, which demonstrate the presence of lateral preferential fluid flow paths as already 150 
described for comparable structures (Sultan et al., 2016). Indeed, the deepest sensor of PZG2-06 was 151 
not affected by degassing and only the two shallowest sensors at PZG2-05 recorded degassing phases 152 
(Fig. 3). The synchronous response of the two piezometers (Fig. 3), despite the distance of ~790 m 153 
between the two sites suggests a common deep source feeding both sites. 154 
The triggering of degassing was shown to be mainly the SW component of the SET (Fig. 3). A modest 155 
increase in stress seems able to trigger the on/off free gas release by generating pure tensile failure 156 
along the normal faults connecting the free-gas reservoir below the BSR to the shallow subsurface. Our 157 
date show that this tensile failure generated by an excess shear and normal stresses of 1 to 2 kPa is 158 
able to connect the over-pressured deep reservoir (> 1600 kPa) below the BSR to neighboring segments 159 
of the fault network and has therefore the capacity to induce the advection of highly over-pressured 160 
fluids up to the free-gas/GH complex system. Positive excess pore-pressure data measured by both 161 
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piezometers (around 50 kPa at PZG2-05 and 20 kPa at PZG2-06 – Fig. 3) is strong evidence of the 162 
occurrence of such fluid advection intersecting the degassing episodes. 163 

Implications 164 
Marine CH4 seeps are the seabed expression of over-pressured geological formations (Judd, 2003) and 165 
are often the consequence of overpressure release following hydrofracturing (Crutchley et al., 2013) 166 
and tensile failures (Konno et al., 2016). Methane seepage activities are often modulated through on/off 167 
sequences (Sultan et al., 2020) or alternatively through a variability of seep intensities (Marcon et al., 168 
2022). Plausibly, the small stress generated by the SET should not significantly affect the variability of 169 
already active seeps. For the on/off mechanism, the instantaneous shut-in pressure (=leakage off) is 170 
may closely match the fracture re-opening pressure (=leakage on) when considering multiple cycles of 171 
leakage (Sano et al., 2005). In this case, it is the effect of the SET on degassing that is expected to be 172 
the most pronounced. An applied low tensile stress can make the shift between shut-in pressure and 173 
re-opening pressure. The consequence is reactivation of the gas seepage where the burst duration is 174 
controlled by the gas source internal pressure and the available quantity of gas. 175 
The very-low-stress perturbations generated by the SET are unlikely to reactivate faults promoting 176 
earthquakes. However, as our in-situ data show, the SET stress can reactivate an on/off mechanism 177 
allowing an over-pressured segment of a fault or a fracture to initiate pore-pressure propagation to 178 
adjacent segments. A mechanical reactivation of the adjacent segments becomes plausible (Matthai 179 
and Fischer, 1996) due to the important decrease in normal effective stress (Fan et al., 2016; Tobin and 180 
Saffer, 2009). Therefore, it becomes possible that a small pressure perturbation promotes earthquakes 181 
by the release, thanks to an on/off mechanism, of highly over-pressured fluid along a fault. 182 
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 264 
Figure 1. (A) Bathymetric map showing the predicted GHSZ deeper than 660 mbsl and the seepage activity 265 
detected in 2015 (Riboulot et al., 2017). (B) Bathymetric map of the HRC with the location of the seismic 266 
profile presented in Fig. 2. 267 
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 269 

 270 

Figure 2. (A) VHR seismic reflection profile PL03PR4 acquired along the main fault track with its 271 
interpretation correlate with the in-situ piezocone soundings (CPTu). Acoustic signatures of the water 272 
column are superimposed on this seismic profile. The multibeam data are displayed as longitudinal 273 
sections with maximum water-column amplitudes, 350 m on both sides of the navigation path along the 274 
~N-S- oriented profile PL03PR04. (B) Two examples of cone penetration tests with pore pressure 275 
measurements (CPTu). Piezocones provided continuous vertical readings of cone tip resistance (qt), sleeve 276 
friction (fs), and penetration pore pressure (Δu2). (C) Near-bottom photography at the Hydrate Ridge crest 277 
(720 m water depth) taken the 14/08/2021 aboard the Nautile submersible during GHASS2 marine expedition 278 
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(Riboulot et al., 2021). The picture shows escaping gas bubbles, gas-hydrate interbedded with sediments, 279 
small-scale chimneys of methane-derived authigenic carbonates and a fractured seafloor with several 280 
conjugate cracks. 281 
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 284 
Figure 3. Piezometer data from (A) site PZG2-05 and (B) site PZG2-06. The temperature time-series data 285 
from PZG2-05 recorded at 2.34 mbsf superimposed on the temperature time-series data from PZG2-06 286 
indicate the occurrence during the monitoring period of at least five different concomitant events 287 
(numbered from 1 to 5). (C) Temperature versus time from PZG2-05 (2 sensors) and PZG06 (3 sensors) 288 
showing the five main events (1 to 5) observed by both piezometers. (D) Envelope of the SW component of 289 
the SET versus time and (E) Excess pore pressure (∆u) versus time from PZG2-05 (2 sensors) and PZG06 290 
(3 sensors). 291 
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 293 
 294 
Figure 4. (A) Normal (σn) and shear (τn) stresses at PZG2-05 site. The shear and normal stresses on the fault 295 
plane are shown in the right-hand diagram in (A). The envelope of the negative pore pressure measured by 296 
PZG2-05 at 2.34 mbsf is added to the plot. (B) Normal and shear stresses along the fault underlying PZG2-297 
05 plotted in three different Griffith–Coulomb diagrams corresponding to the four different periods. (C) 298 
Temperature versus ∆u from PZG2-05 (2.34 mbsf) for the four different periods. The color in (B) and (B) 299 
reflects the time (from dark blue to yellow). Data from period 1 are added to period 2 (black dots). 300 
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Methods 317 

Acquired data 318 
Seabed and water column data 319 

Ship-borne multibeam surveys were conducted in the HRC area (Riboulot et al., 2021) with the use of 320 
a Reson 7150 echosounder. The emitted frequency of 24 kHz at these water depth ranges (600-1000 321 
m) provides a bathymetry map with a resolution of 5 m. In addition to seafloor cartography, multibeam 322 
acquisition provided seawater backscatter data. These data are crucial for identifying any target that 323 
presents an impedance contrast with surrounding seawater, in particular gas bubbles (Medwin and Clay, 324 
1998) emitted from seeps at continental margins (Dupre et al., 2015; Dupré et al., 2020). The gas 325 
emission distribution in Fig. 1B corresponds to the processing and interpretation of 49 multibeam profiles 326 
(60-km-long profiles acquired in ~7 h and corresponding to ~18 000 pings) providing full insonification 327 
of the hydrate ridge area, including the surroundings of the piezometers (PZG2-05 and PZG2-06). 328 
Multibeam data processing was performed with SonarScope and Globe software (Poncelet et al., 2019). 329 

Subseabed seismic data 330 
We used VHR deep-towed multichannel seismic data to investigate the surficial sedimentary column in 331 
sufficient detail (the first 200 meters below the seafloor) at around 800 m water depth. The two profiles 332 
acquired during the GHASS cruise (Ker et al., 2015) with Ifremer seismic equipment (SYstème SIsmique 333 
de Fond, SYSIF) are parallel (Fig. 2A) and perpendicular (Fig. S1) to the main fault track. SYSIF is 334 
composed of a Janus-Helmholtz acoustic source (220–1050 Hz) and a 52-channel streamer with a 335 
maximum offset of 110 m, tailored for working in high-hydrostatic pressure environments (Ker et al., 336 
2010; Marsset et al., 2014). Recent developments based on wave-equation datuming allowed for fine-337 
scale velocity analysis on SYSIF seismic data sets down to 50-100 m below seafloor (Colin et al., 2020). 338 
Seismic resolution of the SYSIF profiles PL03PR04 (Fig. 2A) and PL01PR07 (Fig. S2) is less than 1 m 339 
vertically and 3 m horizontally. 340 

Piezometer 341 
The piezometer is designed to measure in-situ excess pore pressure (i.e., above hydrostatic) and 342 
temperature. In-situ excess pore pressure and temperature measurements were made using a cable-343 
deployed piezometer equipped with a sediment lance of 60 mm diameter carrying differential pore 344 
pressure (pore pressures in excess of hydrostatic pressures or excess pore pressure) and temperature 345 
sensors, ballasted with lead weights (up to 1000 kg). The piezometer pore pressure and temperature 346 
sensors have an accuracy of ±0.5 kPa and 0.05 °C, respectively. The length of the piezometer lance 347 
(9.07 m for PZG2-05 and 3.67 m for PZG2-06 – Table S1) was adapted to the studied site and the 348 
expected stiffness of sediment with mainly the presence of soft sediments at site PZG2-05 and shallow 349 
massive hydrate at site PZG2-06 (Fig. 2B and fig. S1). The thermal gradients at PZG2-05 and PZG2-350 
06 are derived from the sensors showing a stable signal after the piezometer deployments (Fig. S2 and 351 
Fig. S3). 352 

Penfeld piezocone and Vp 353 
Cone penetration testing with pore pressure measurements (CPTu) were carried out with pressure-354 
compensated piezocones pushed into sediment with the Penfeld penetrometer during the GHASS (Ker 355 
et al., 2015) and GHASS2 (Riboulot et al., 2021) cruises. Piezocones provided continuous vertical 356 
readings of cone-tip resistance (qt), sleeve friction (fs), and penetration pore pressure (Δu2). Following 357 
the approach proposed by Schneider and co-authors (Schneider et al., 2008) the contrasted responses 358 
of clay, silt and sand sediments during piezocone penetration were used to obtain detailed continuous 359 
stratigraphic profiles (Fig. 2B and Fig. S1). The determination of stratigraphy was refined by considering 360 
the criteria to detect the presence of GHs in clayey sediments from simultaneous increases in piezocone 361 
readings above the trends commonly exhibited by their hydrate-free counterparts (Taleb et al., 2018). 362 
These trends were derived from the combined analyses of sediment cores and piezocone data carried 363 
out by Ballas and co-authors (Ballas et al., 2018) in the vicinity of the study area. Accordingly, a simple 364 
algorithm was developed (equation 1) to automatically detect the presence of GHs in clayey sediments.  365 

𝑞𝑞𝑡𝑡 (𝑘𝑘𝑘𝑘𝑘𝑘) > 58 𝑧𝑧 + 70
𝑓𝑓𝑠𝑠 (𝑘𝑘𝑘𝑘𝑘𝑘) > 1.1 𝑧𝑧 + 2

∆𝑢𝑢2  (𝑘𝑘𝑘𝑘𝑘𝑘) > 24 𝑧𝑧 + 20
       (1) 366 

where z is depth in meters below seafloor 367 
A sonic fork was used to measure the in-situ P-wave velocity (Vp). As for the CPTu measurements, the 368 
Vp fork is pushed into sediment with the Penfeld penetrometer. The sonic fork measures every 2 cm by 369 
producing a 1-MHz compressional wave and the amplitude ratio between the input and received signals 370 
provides attenuation (Taleb et al., 2018). Thanks to this sonic fork, it is possible to detect hydrate‐bearing 371 
sediments (high Vp values, often > 1800 m/s), gassy sediments (low Vp values, often < 1000 m/s) and 372 
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sedimentary layers with the coexistence of free gas and GHs (alternating low and high Vp values) (Fig. 373 
1B). 374 

Calculations 375 
Generation of synthetic Earth Tides  376 

Ocean tides and the SET are determined using the EarthTide-package (Kennel et al., 2021) based on 377 
the R (Team, 2013) programming language. The EarthTide-package is a parallel implementation of the 378 
Earth tide software ETERNA 3.40 (Wenzel, 1996a). The synthetic Earth tide data are obtained for a 379 
given date and location. 380 
Fig. S4A and Fig. S4B shows the NS and EW displacements of the SET indicating a phase shift between 381 
the two components. Fig. S4B shows the two in-phase behaviors between the SET vertical displacement 382 
and the ocean tides. One of the positive peaks of the vertical SET underlined by a vertical arrow in Fig. 383 
S4B was added to Fig. S4A to illustrate the phase shift between the three components of the SET. The 384 
NS displacement of the SET was also calculated for the five-month period preceding piezometer 385 
deployment. Fig. S4C indicates that a period of around 135 days separates the peak recorded during 386 
piezometer deployment from a previous peak of comparable magnitude. It is important to note that the 387 
phase shift between the main SET displacement components (Fig. S5) prevents any direct spectral 388 
correlation analysis between the SET data and piezometer records. Indeed, piezometer data are 389 
expected to be affected by the 3D-dephased-SET perturbations. 390 

Strain induced by SET perturbations 391 
For a SET displacement vector (𝑢𝑢𝑟𝑟, 𝑢𝑢𝜃𝜃, 𝑢𝑢𝜙𝜙) in spherical coordinates (𝑟𝑟,𝜃𝜃,𝜙𝜙) and under small 392 
deformations, the components of the strain tensor are given in Fig. S6 and equations 2 to 7. 393 

𝜀𝜀𝑟𝑟𝑟𝑟 = 𝜀𝜀𝑍𝑍𝑍𝑍 = 𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝜕𝜕

        (2) 394 

𝜀𝜀𝜃𝜃𝜃𝜃 = 𝜀𝜀𝑁𝑁𝑁𝑁 = 1
𝑟𝑟
�𝜕𝜕𝑢𝑢𝜃𝜃
𝜕𝜕𝜕𝜕

+ 𝑢𝑢𝑟𝑟�      (3) 395 

𝜀𝜀𝜙𝜙𝜙𝜙 = 𝜀𝜀𝐸𝐸𝐸𝐸 = 1
𝑟𝑟 sin𝜃𝜃

�𝜕𝜕𝑢𝑢𝜙𝜙
𝜕𝜕𝜕𝜕

+ 𝑢𝑢𝑟𝑟 sin𝜃𝜃 + 𝑢𝑢𝜃𝜃 cos𝜃𝜃�    (4) 396 

𝜀𝜀𝑟𝑟𝑟𝑟 = 𝜀𝜀𝑍𝑍𝑍𝑍 = 1
2
�1
𝑟𝑟
𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑢𝑢𝜃𝜃
𝜕𝜕𝜕𝜕

− 𝑢𝑢𝜃𝜃
𝑟𝑟
�      (5) 397 

𝜀𝜀𝜃𝜃𝜃𝜃 = 𝜀𝜀𝑁𝑁𝑁𝑁 = 1
2𝑟𝑟
� 1
sin𝜃𝜃

𝜕𝜕𝑢𝑢𝜃𝜃
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑢𝑢𝜙𝜙
𝜕𝜕𝜕𝜕

− 𝑢𝑢𝜙𝜙 cot𝜃𝜃�     (6) 398 

𝜀𝜀𝜙𝜙𝜙𝜙 = 𝜀𝜀𝐸𝐸𝐸𝐸 = 1
2
� 1
r sin𝜃𝜃

𝜕𝜕𝑢𝑢𝑟𝑟
𝜕𝜕𝜕𝜕

+ 𝜕𝜕𝑢𝑢𝜙𝜙
𝜕𝜕𝜕𝜕

− 𝑢𝑢𝜙𝜙
𝑟𝑟
�     (7) 399 

Stress induced by SET perturbations 400 
The relationship between stresses and strains for an isotropic elastic material is given by the following 401 
constitutive equation: 402 

𝛔𝛔 = 2𝜇𝜇𝛜𝛜 + 𝜆𝜆𝜆𝜆𝜆𝜆(𝛆𝛆)𝐈𝐈         (8) 403 
where σ and ε are respectively the stress and strain tensor, I the identity matrix and tr the trace function. 404 
λ and µ are Lamé's constants. 405 
Equations 2 to 8 clearly show that the stress along a given direction does not depend only on the 406 
displacement along this same direction (Emter, 1997). Moreover, the stress applied on a geological 407 
structure is affected by the geometric characteristics of the structure. 408 
For shallow geological structures (< 200 km), the radial stress component can be neglected (Varga and 409 
Grafarend, 2019). The stress-strain relationship can thus be analyzed in a 2D plane (latitude-longitude). 410 
Therefore, for 𝜎𝜎𝑁𝑁𝑁𝑁 >  𝜎𝜎𝐸𝐸𝐸𝐸, the normal stress 𝜎𝜎𝑛𝑛 and the shear stress 𝜏𝜏𝑛𝑛 acting on any plane, making an 411 
angle α with the horizontal (fig. 6b), can be determined by using equations 9 and 10. 412 

𝜎𝜎𝑛𝑛 = 𝜎𝜎𝑁𝑁𝑁𝑁+𝜎𝜎𝐸𝐸𝐸𝐸
2

+ 𝜎𝜎𝑁𝑁𝑁𝑁−𝜎𝜎𝐸𝐸𝐸𝐸
2

 cos 2𝛼𝛼 + 𝜎𝜎𝑁𝑁𝑁𝑁  sin 2𝛼𝛼    (9) 413 

𝜏𝜏𝑛𝑛 = 𝜎𝜎𝑁𝑁𝑁𝑁−𝜎𝜎𝐸𝐸𝐸𝐸
2

 sin 2𝛼𝛼 − 𝜎𝜎𝑁𝑁𝑁𝑁  cos 2𝛼𝛼     (10) 414 

The strain tensor generated by the SET is calculated using equations 2 to 8 (Kennel et al., 2021). Under 415 
the hypothesis of isotropic elastic Earth undergoing small deformations, an elastic constitutive law 416 
(equation 8) can be used to derive the 3D stress tensor. Lamé’s constants (λ and µ) are considered 417 
equal to 32 GPa (Matsumoto et al., 2001). The high values of Lamé’s constants are usually used for stiff 418 
rocks but the presence of massive GHs and the depth of the free gas below the BSR, which is expected 419 
to be one of the main reservoirs feeding the degassing phenomenon, justify their use. Equations 8 and 420 
9 are used to determine the normal (σn) and shear (τn) stresses generated by the SET on the two main 421 
faults underlying PZG2-05 and PZG2-06 (Fig. 4 and Fig. S7). These faults are N344 (PZG2-06) and 422 
N333 (PZG02-05) oriented (respectively 106° and 117° anticlockwise from the horizontal). It should be 423 
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noted that the stress tensor is calculated in the field of linear elasticity where the superposition principle 424 
is valid. Therefore, for changed values of Lamé’s constants, one may expect a change in the stress 425 
tensor values but not in the tendency of the plots shown in Fig. 6b. 426 

Acoustic data 427 

Water-column acoustic data recorded in the hydrate ridge area in 2015 (Ker et al., 2015) and 2021 428 
(Riboulot et al., 2021) were investigated to i) address and characterize the spatio-temporal variability 429 
of gas emissions from the seafloor into the water column (Fig. S1) and ii) check if this variability is 430 
related to SET cycles (Fig. S8 and Fig. S9). Both datasets were acquired aboard the research vessel 431 
Pourquoi pas? with a Reson 7150 ship-borne multibeam echosounder. Data analysis focused on 432 
comparisons of gas-emission events recorded along similar ship tracks with identical acquisition and 433 
survey parameters (i.e., frequency, range, gain, power and pulse length) (Table S2). These conditions 434 
are necessary to avoid biases related to insonification geometry (e.g., distance from the transducers to 435 
the gas bubbles, incidence angle) and to target only the acoustic variations related to changes in gas 436 
bubbling dynamics. To best illustrate this variability, echo-integration maps of the water-column 437 
acoustic signal are displayed in Fig. S8 (instead of water-column polar echograms). The amplitude of 438 
the acoustic signal is integrated within a horizontal water-column slice (Dupre et al., 2015) similarly to 439 
what is performed in fishery acoustics (Dragesund and Olsen, 1965). 440 

Sensor accuracy, calculation uncertainties and inconsistency 441 

The piezometer pore-pressure sensors have an accuracy of ±0.5 kPa. This good sensor accuracy has 442 
a negligible effect on the interpretation since, as shown in Fig. 3, the ±0.5 kPa is almost within the 443 
thickness of the plot curves. However, the piezometer temperature sensors have an accuracy of 0.05°C, 444 
which may affect the calculated depth of the source of the expulsed fluid at sites PZG2-05 and PZG2-445 
06. The vertical depth error lies between ±1 (site PZG2-06) and ±1.5 m (site PZG2-05) and is 446 
comparable to the vertical resolution of the SYSIF seismic profiles, which provide the depth of the coarse 447 
sediment layers (thick orange reflectors in Fig. 2) considered as the intermediate reservoir of the 448 
expulsed fluids. Although it would be interesting to improve this depth error, it should be noted that a 449 
higher precision of the depth of these layers would not affect the described process. 450 
Uncertainties concerning the SET calculation are well described by Wenzel (Wenzel, 1996b) who 451 
showed that the prediction of SET signals is obtained with an accuracy better than 1 ngal (1 ngal = 0.01 452 
nm/s²). In terms of displacement, this gives, for instance, an accuracy in the order of 2 10-4 m for the 453 
vertical components, largely suitable for the analysis carried out in this manuscript. 454 
Water-column acoustic records did not confirm the correlation between SET cycles (e.g., N component, 455 
Fig. S9) and gas emissions into the water column. Although an increase in gas emissions was observed 456 
following a period during which the N component of the SET reaches a maximum (e.g., events 39 and 457 
41 in fig. S1 and fig. S9), spatio-temporal variability of gas emissions was also observed on the contrary 458 
in periods of presumably quiescence (e.g., events 1 and 24 in Fig. S8 and Fig. S9). It is worth noting 459 
that the number of possible comparisons of acoustic gas events is relatively limited by the discontinuous 460 
dataset (i.e., similar acquisition and survey parameters). It becomes therefore more appropriate to focus 461 
the interpretation on a continuous time-series data akin to that acquired using the piezometers. 462 
  463 
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 464 
 465 
Fig. S1. (A) The VHR seismic reflection profile PL01PR07 crossing the main fault track with its interpretation 466 
correlate with the in-situ CPTu and Vp readings confirming the coexistence of free gas and gas hydrates 467 
beneath the HRC. Acoustic signatures of the water column are superimposed on this deep-towed seismic 468 
profile. The multibeam data are displayed as longitudinal sections with maximum water-column amplitudes, 469 
350 m on both sides of the navigation path. The multi-ping insonification (x4) of the 24 kHz 7150 Reson 470 
echosounder allows high-resolution display of the water column with identified echo amplitudes caused 471 
by the presence of gas bubbles escaping from the seafloor into the water column. (B) P wave velocity 472 
profiles at sites Gas-Vp02-02 and Gas-Vp02-04 showing several intervals (dashed blue) with coexistence of 473 
free-gas and gas hydrate. 474 
  475 
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 476 

 477 
 478 
Fig. S2. PZG2-05: (A) temperature and (B) pressure versus depth. The thermal gradient in (A) is determined 479 
from the period and the sensor data obtained within the gray areas shown in Fig. 3. Triangles indicate 480 
minimum and maximum values during the degassing phase. 481 
  482 
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 483 
 484 
Fig. S3. PZG2-06: (A) temperature and (B) pressure versus depth. The thermal gradient in (A) is determined 485 
from the period and the sensor data obtained within the gray areas shown in Fig. 3A and Fig. 3B. Triangles 486 
indicate minimum and maximum values during the degassing phase. 487 
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 489 
 490 
Fig. S4. Ocean tides and solid Earth tides calculated for the Black-Sea hydrate ridge site. (A) NS and EW 491 
components of the SET (positive for displacement towards the north and the east). (B) Ocean tides and 492 
vertical component of the SET (positive for upward displacement). One of the peaks of the ocean tide and 493 
the vertical SET indicated by a vertical arrow in (B) is added to (A) to illustrate the phase shift between the 494 
three components of the SET. (C) NS displacement of the SET calculated for the 5-month period preceding 495 
piezometer deployment. A period of around 135 days separates the peak recorded during piezometer 496 
deployment (gray area) from a previous comparable peak. 497 
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 499 
 500 

Fig. S5. Spectral analysis of time-series data obtained from PZG2-05 (sensor at 2.34 mbsf), PZG2-06 (sensor 501 
at 2.39 mbsf) and the three components of the SET - Diurnal tides (period T = 1 day), Semidiurnal tides 502 
(period T = 1/2 day) and Terdiurnal tides (period T = 1/3 day) are indicated. 503 
 504 
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A 

 

B 

 

 507 
Fig. S6. (A) strain tensor in spherical coordinates. r is the radial distance and φ and θ are respectively the 508 
longitude and latitude. The three components of the displacement vector (𝒖𝒖𝒓𝒓, 𝒖𝒖𝜽𝜽, 𝒖𝒖𝝓𝝓) are in the positive 509 
direction (upwards, to the east and to the north). (B) Normal (σn) and shear (τn) stresses on a plane at an 510 
angle α to the horizontal plane. 511 
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 514 

 515 
 516 
Fig. S7. Normal (σn) and shear (τn) stresses at site PZG2-06 versus time on the fault creating an angle of 517 
106° with the horizontal (344N). (A) The shear and normal stress vectors on the fault plane are shown in the 518 
diagram on the right in (A). The envelope of the negative pore pressure measured by PZG2-06 at 1.59 mbsf 519 
is added to the plot. (B) Normal (σn) and shear (τn) stresses along the fault underlying PZG2-06 plotted in 520 
three different Griffith–Coulomb diagrams corresponding to the four different periods. The color in (B) 521 
reflects the time (from dark blue to yellow). Data from period 1 are added to period 2 (black dots). 522 
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 524 
Fig. S8. Water-column echo-integration maps (Dupre et al., 2015) derived from processed polar echograms 525 
at the hydrate ridge in the PZG2-05 and PZG2-06 areas (used multibeam profiles diagram on the left) 526 
illustrating the spatio-temporal variability of gas emissions. (A, B) yearly basis between 14/09/2015 and 527 
28/08/2021. (C, D) monthly basis between 28/08/2021 and 29/09/2021 and (E, F) hourly basis between 528 
09/09/2021 at 14:58:00 and ~1 hour later. Each couple (A, B), (C, D), (E, F) corresponds to the same 529 
insonification area at two indicated different times. fl, gh and af stand for fluid-related echo, ghost of fluid-530 
related echo and artefact-related echo, respectively. The height of the echo-integration slice is set to 10 m 531 
for A, B, E and F (with an upper limit at 25 m above the seafloor) and 100 m for C and D (with an upper limit 532 
at 300 m above the seafloor). To avoid biases in water-column acoustic response to insonification 533 
geometry, only multibeam data profiles with the same acquisition setting were compared with each other 534 
(Table S1). The gas-emission events are labelled from A to F as 1, 24, 26-27, 30-31, 39 and 41. 535 
  536 
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 538 

 539 
 540 
Fig. S9. Predicted SET (N component, Fig. 4A) during GHASS (Ker et al., 2015) and GHASS2 (Riboulot et al., 541 
2021) multibeam surveys with gas-emission events recorded in the vicinity of PZG2-05 and PZG2-06 542 
piezometer deployments (WC_SET). Several multibeam profiles (29), corresponding to 44 main gas events, 543 
were thus used to compare the acoustic signatures of escaping gas bubbles between periods of presumed 544 
gas-circulation (considering a possible threshold on the N component of ~-0.07) and quiescence periods 545 
before and after (blue and green bars). Six of these gas events (1, 24, 26-27, 30-31, 39 and 41, Table S1) and 546 
associated comparisons are reported in fig. S1. 547 
  548 
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 549 

Names # of sensors 
T: temperature 
sensor 
P: pressure 
sensor 

Coordinates Water depth 
(m) 

Length 
(m) 

Recording 
period 
MM/dd/yyyy 
HH:mm 

PZG2-05 8T - 7P 43.9341 - 
30.8443 

~ 818 9.07 09/02/2021 06:41 
- 
09/14/2021 16:00 

PZG2-06 5T - 4P 43.9395 - 
30.8507 

~ 732 3.67 09/02/2021 13:05 
- 
09/13/2021 14:45 

 550 
Table S1. Piezometer stations. Characteristics of piezometers used in the present study. 551 
 552 
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File name 
(date_time) 

Gas-
emissio
n event 
number  
(in Fig. 

S7) 

Numbe
r of 

beams 

Main 
frequenc
y (kHz) 

Numbe
r of 

swaths 

Angula
r range 
(deg) 

Interpin
g 

distance 
(m) 

Headin
g (deg) 

Directio
n 

Ship 
spee
d (nd) 

Signa
l 

lengt
h 

(ms) 

Rang
e (m) 

Powe
r (dB) 

Gai
n 

(dB) 

20150914_11520
3 1 880 24.0 1 116 10.8 165 N-S 8.1 3 1600 222 11 

20210828_18435
6 24 880 24.0 1 117 6.5 161 N-S 5.0 3 1600 222 11 

20210828_19152
1 26, 27 880 24.0 1 117 6.8 255 E-W 5.3 3 1600 222 11 

20210926_02101
8 30, 31 880 24.0 1 117 8.1 254 E-W 6.0 3 1600 222 11 

20210909_14511
0 39 880 22.5 4 116 1.3 64 SW-NE 2.2 3 1600 222 11 

20210909_15531
1 41 880 22.5 4 116 1.3 61 SW-NE 2.3 3 1600 222 11 

 554 
 555 

Table S2. Acquisition parameters of multibeam profiles used in Fig. S8. 556 
 557 
  558 
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