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Methane emissions from cold seeps play an important role in oceanic carbon
cycling and climate regulation, yet their temporal dynamics and controlling
mechanisms remain poorly understood. We conducted long-term in situ
monitoring at the Formosa Ridge (Site F), southwest of Taiwan, using a self-
developed ocean observation platform that integrates an acoustic Doppler
current profiler (ADCP), conductivity—temperature—depth (CTD) sensors,
current meters, and other instruments, enabling multi-parameter correlation
analysis. The observations revealed pronounced temporal variability in gas
emissions, with emission intensity closely correlated with bottom pressure
fluctuations controlled by tidal cycles. The results suggest that hydrostatic
pressure changes promote or inhibit hydraulic fracturing, thereby modulating
gas release. These findings support a conceptual model of the seep’s fluid
system, characterized by a constant subsurface methane supply and tidally
modulated episodic bubble discharge, a mechanism likely applicable to other
cold seep environments globally and offering new insights into the dynamics of
marine methane emissions.
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1 Introduction

Natural marine gas bubble emissions have been found at numerous sites around the
world’s ocean margins, providing an effective transport pathway for light hydrocarbons
from the sediments into the water column. Several studies focused on quantifying the
amount of emanating gas entering the hydrosphere, e.g. in the Black Sea (Nikolovska et al.,
2008; Sahling et al., 2009; Romer et al., 2012a), the Makran continental margin (Rémer
etal, 2012b), the Cascadia margin at southern Hydrate Ridge (Torres et al., 2002), as well as
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the Hakon Mosby mud volcano (Sauter et al., 2006). The fraction of
released methane reaching the sea-air boundary was studied to
evaluate its contribution to climate warming as a powerful
greenhouse gas in the atmosphere. Most studies providing
methane flow quantifications do not account for spatial and
temporal variability since short-term observations and
measurements were usually acquired during research cruises,
limiting the time for experiments. However, natural gas emissions
have been most often observed to be highly transient in a variety of
time scales (Tryon et al., 1999; Boles et al., 2001; Varadharajan and
Hemond, 2012; Kannberg et al., 2013).

To date, the spatial variability and temporal fluctuations of
methane gas bubble emissions from seabed sources are scarcely
investigated due to the technology limits, leaving global estimates
poorly constrained (Ferré et al, 2020). Methane gas bubble
emissions might be controlled by fluid flow rates mediated by
microbial processes in marine sediments or physical changes in
bottom pressure (Fechner-Levy and Hemond, 1996; Leifer and
Boles, 2005; Scandella et al., 2011), which can be influenced by,
e.g., bottom water currents, storms, tides, or swell. Furthermore, a
correlation of fluid emissions with earthquakes has been postulated
in several studies (Kessler et al., 2005; Mau et al., 2007; Lapham
et al., 2008; Fischer et al., 2013) and even hypothesized for the study
area (Lapham et al.,, 2013), although possibly due to the lack of large
earthquakes in the time series, such a correlation could not be
proven. Lapham et al. (2013) also discussed a possible tidal
influence on fluid flow activation, but unfortunately, the pore
fluid sampling frequency did not allow for resolving tidal cycles.

Previous studies have shown that natural gas emissions from
the seafloor are not only spatially heterogeneous but also temporally
variable across a range of timescales (Tryon et al., 1999; Boles et al.,
2001; Varadharajan and Hemond, 2012; Kannberg et al., 2013).
Among the controlling factors, tidal forcing has emerged as a key
driver of short-term variability in gas bubble fluxes. For example,
increased gas emission rates have been observed during falling tidal
pressure at sites such as Coal Oil Point (Boles et al., 2001), Hydrate
Ridge (Torres et al., 2002), oftshore Taiwan (Hsu and Kuan, 2013),
and Cape Lookout Bight (Martens and Klump, 1980). These studies
suggest a dynamic coupling between hydrostatic pressure variations
and subsurface gas venting activity. Measurements using benthic
flux meters further support this association, revealing episodic
methane release events that correlate with tidal cycles. In
particular, acoustic imaging in offshore SW Taiwan has shown
that the most intense gas emissions—accompanied by elevated CH,4
and CO, concentrations and tremor-like signals—occur during the
rising phase of high tides. These findings support the hypothesis
that tidal-scale sea level fluctuations can significantly modulate
methane fluxes at seep sites. Building on these insights, our study
aims to explore the extent to which tidal constituents influence gas
emissions at Site F, using long-term data from the LOOP and
MINI-LOOP platforms. By resolving temporal variations in seep
activity, we seek to clarify the physical mechanisms that control gas
release from the seabed and improve predictive understanding of
these dynamic systems.
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In this study, we use long-term monitoring data of gas bubble
observations by a long-term ocean observation platform (LOOP) at
a seep site in Site F to characterize the gas emission variability and
analyze the factors influencing its activity (Figure 1). In addition, we
repeated the experiment using a novel next-generation “mini” long-
term ocean observing platform (MINI-LOOP). By providing
detailed long-term observations, we aim better to understand the
significance of naturally driven hydrocarbon gas emissions. Further,
the seafloor installations equipped with numerous sensors enable
the correlation of the methane gas emissions with bottom pressure
changes, which helps to elucidate the possible trigger mechanisms at
the studied seep site. Our results from gas emissions of Site F might
be transferred to similar seep sites and should provide a better
understanding of controlling factors in such fluid systems.

2 Study area

The South China Sea lies at the convergence of the Eurasian,
Pacific, and Indo-Australian plates, encompassing both passive and
active continental margins characterized by high sedimentation
rates (Chen et al, 2016). Formosa Ridge, located on the northern
continental margin of the South China Sea, offshore southwestern
Taiwan, features a canyon incised into the eastern margin of the
basin (Figure 1A). The ridge extends approximately 30 km in length
and 5 km in width, with elevations ranging from 200 m to 2800 m.
Notably, active venting is restricted to the southern summit, where
chemosynthetic cold seep communities were first documented in
2008 (Liu et al., 2008) (Figure 1B).

Seismic profiles reveal a prominent and continuous Bottom
Simulating Reflector (BSR) underlying the ridge, except within the
cold seep area (Zhang et al., 2016). These profiles also record a pull-
up reflection beneath the active seep and identify a 110 m-wide
seafloor mound. An apparent gas chimney beneath the cold seep
provides a conduit for gas migration from deeper sediments to the
seafloor. The BSR is disrupted by this chimney structure, indicating
vertical fluid migration and active gas bubble release at the seabed
(Wang et al.,, 2018). Furthermore, previous studies have shown that
gas hydrates beneath the seafloor serve as a substantial methane
source for venting (Chen et al, 2010; Feng et al, 2018; Lv
et al., 2022).

In addition to its tectonic and sedimentary features, the
Formosa Ridge region is subject to strong ocean tidal forcing,
which plays a crucial role in controlling the temporal variability
of methane emissions. Tidal records from the nearby Xiaoliuchiu
tide gauge station in the south west of Taiwan indicate a mixed tidal
regime dominated by diurnal (O1, K1) and semidiurnal (M2, K2)
constituents, with higher-order constituents (M3, MK3, M6)
contributing to complex tidal stress patterns on the seabed (Zhao
et al, 2015). Although the associated pressure variations are
relatively small (a few kilopascals), such fluctuations are sufficient
to influence methane transport in over pressured sediments by
modulating effective stress, fracture permeability, and gas hydrate
stability (Zhao et al,, 2015). Observations at Site F in this study
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FIGURE 1

(A) Location of the study site (modified from the GEBCO world map 2014, https://www.gebco.net). (B) Seabed relief map of the southern summit of
the Formosa Ridge. (C) Methane-rich bubbles captured by LOOP observations. (D) Schematic illustration of the equipment deployed on MINI LOOP.

(E) Operating interface of the MINI LOOP system.

reveal that gas plume activity varies systematically with tidal cycles,
particularly during rising tides toward higher high water and falling
tides toward lower low water, underscoring the importance of tidal
stress fluctuations as a key driver of methane release in the Formosa
Ridge cold seep system.

3 Materials and methods
3.1 Experimental settings

The first-generation long-term ocean observation platform was
developed for in situ, long-term monitoring of deep-sea ecosystems
and is described in detail by Du et al. (2023); Zhang et al. (2023).
While effective in continuous environmental monitoring, its
deployment and recovery required complex equipment, large
oceanographic vessels, and specialized crews, resulting in high
operational costs.

To address these challenges, a second-generation “mini” long-
term observation platform was developed. This upgraded system
incorporates an automatic floating recovery function and improved
deployment instrumentation, enabling cost-effective operations
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from smaller research vessels and expanding opportunities for
repeated field campaigns.

To investigate the long-term variability of methane bubble
emissions at Site F, we collected echo intensity and current
velocity data using upward-looking Acoustic Doppler Current
Profilers (ADCPs) mounted on both the first-generation (LOOP)
and second-generation (MINI-LOOP) platforms. And we infer the
presence of methane bubbles using acoustic contrast signals
reflected in the ADCP’s echo intensity. Such an application has
been presented in previous studies to detect methane bubbles
(Wiggins et al., 2015; Philip et al.,, 2016). Because a bubble has
much a lower density than the surrounding seawater, the bubble-
seawater interface has high impedance contrast. As a result, an
ADCP would record high signal intensities of echos returning from
the bubbles when they intersect the ADCP beams (Figure 2).

3.2 Platform design and observation
strategy

In both deployments, the ADCPs were configured with a
vertical resolution of 8 m, starting 15.88 m above the seafloor
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FIGURE 2
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Temporal variations of key oceanographic parameters recorded during the MINI-LOOP deployment (2022). From top to bottom: chlorophyll-a,
salinity, dissolved oxygen, temperature, pressure, ADCP backscatter intensity (beam 4), and vertical seawater velocity. Grey shaded areas indicate the
tidal downturn phase. Black pentagrams denote the occurrence of gas emission events.

(after correcting for transducer depth) and transmitted acoustic
pulses every 20 s. In addition to measuring vertical current profiles
via Doppler frequency shift, they recorded high-resolution acoustic
backscatter data to assess the frequency, vertical extent, and
variability of bubble plumes.

As shown in Figure 1, both platforms were deployed near the
summit of Formosa Ridge, an active seepage area on the northern
continental slope of the South China Sea. The LOOP deployment
occurred from 2 to 18 July 2016 at a depth of ~1174 m, while the
MINI-LOOP was deployed from 13 to 19 May 2022 at a depth
of ~1133 m, approximately 20 m northwest of the 2016 site. Both
were positioned close to the main bubble plume axis; however, local
bottom currents—particularly a northwestward flow—occasionally
deflected the bubble stream away from the ADCP’s vertical
beam path.

Instrumentation differed between deployments: LOOP carried
turbidity, CTD, dissolved oxygen, and ADCP sensors, whereas
MINI-LOOP lacked a turbidity sensor. This difference is noted in
Section 4.2 and was considered when interpreting the time-series
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data. A schematic diagram (Figure 1B) illustrates the deployment
sites, bubble plume location, and influence of bottom currents on
plume trajectory relative to the ADCP.

3.3 Data processing

In the context of this study, backscattered volume scattering
strength refers to the intensity of acoustic energy reflected back to
the transducer from suspended particles or gas bubbles in the water
column. It is a function of the acoustic impedance contrast between
bubbles and surrounding seawater. Because methane bubbles have
significantly lower density and sound speed than water, they
strongly reflect acoustic signals, resulting in elevated backscatter
levels. Thus, backscattered volume backscattering strength (Sv)
serves as a proxy indicator for the presence and temporal
variability of methane bubble plumes in the water column, and
received intensities can be converted into backscattering strength by
the equation presented (Christie and Neill, 2022) (Equation 1):
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TABLE 1 Parameters for equipment setting.

C Tx LDBM PDBW o ke Er
-140.87 o —-0.4576 0.025 0.45 dB/ 40
dB 3a4°C dB 14.0 dB dB/m count count

S, = C + 10log ((Tx + 273.16)R2) “Lpsy — Pogw + 20R "
1
+10log(10%:(E-EN/10 _ 1)

where C is a constant that depends on each measuring
equipment, T, is the water temperature (°C), Ris the distance
between the acoustic sensor and scatterers (m), Lpgy, is a term
related to pulse length (dB), and Ppgy represents the
transmission output (dB). Furthermore, o is the acoustical
absorption coefficient (dB/m), k. is the correction term to
convert the measured amplitude counts on the ADCP to
decibels (dB/count), E is the RSSI (returned signal strength
indicator) for each beam (count), and E, is the RSSI for noisy
environments without signal (count). Therefore, the
backscattering strength can be very easily calculated using
Equation 1 with the measured echo intensity by applying the
equipment parameters summarized in Table 1.

However, there are many cases where the operator does not
know the equipment parameters. To deal with this situation, we also
tried to calculate the backscattering strength S, directly from the
volume reverberation using the sonar (Equation 2) (Bae et al.,
2022).

S, =RL +2TL - SL — 10logV (2)

where the received level (RL) reflected from the bubble cluster
can be expressed as (Equation 3):

RL = 10log(105k:/10 _ 10F-k:/10) (3)
and the source level (SL) can be expressed as (Equation 4):

SL = 170.8 + 10logP + DI; (4)

Here, 10logV is the volume steering by the transmitted beam.
TL is the transmission loss containing the absorption. This varies
according to the marine environment, so there are several formulas
to define it. Teledyne RD Instruments suggested 2TL = 20logR + 2R
(Mullison; Deines, 1999). Flagg and Smith (1989) and Kang and Na
(1994) suggested 2TL = 20logR + 20(R — 10log(107°D) (Flagg and
Smith, 1989; Kang and Na, 1994). Instead, Jurng (1996) applied 2
TL = 40logR + 2aR — 10log(10 D) as a TL formula for the
environment (Bae et al.,, 2022). In this paper, we followed Jurng
(1996)’s approach. D is the bin size for the ADCP. P represents the
output voltage (115 W) and DI represents the transmission
directivity index (19.32 dB). V is the geometrically calculated
steering volume induced by the beam, which is obtained by
applying 2.20 of a 3 dB beamwidth and 0.9 m of pulse length.
Finally, the volume scattering strength for the bubble can be
estimated using the depth-dependent echo intensity acquired by
the ADCP and the above-described sonar equation.
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4 Results

4.1 In-situ observation of LOOP

From July 2 to July 18, 2016, CTD measurements at Site F
recorded bottom water pressures between 1172.66 and 1176.06 dbar
(mean + SD: 1174.43 + 0.57 dbar; Figure 3). Bottom water
temperatures ranged between 3.04°C and 4.22°C, with a mean of
3.54°C and a standard deviation of 0.18°C. Salinity values varied
between 34.44 and 34.59 PSU (mean + SD: 34.52 + 0.01 PSU), and
dissolved oxygen concentrations ranged from 2.75 to 3.48 ml 1"
(mean + SD: 2.88 + 0.07 ml I'"). Turbidity values ranged from 28.11
to 28.46 FTU (mean *+ SD: 28.24 + 0.04 FTU). All parameters
displayed semi-diurnal variability.

ADCP data indicated that current velocities in the upper 200-
400 m of the water column were higher than those at greater depths
(Figure 4). Near the seafloor, currents were primarily aligned with
the northwestward flow. Vertical velocities were generally non-
negative, showing semi-diurnal fluctuations between near-zero
values (0 to +250 mm s™') and upward motions exceeding 150
mm s™'. These upward motions extended up to ~400 m above the
seafloor and were associated with intermittent gaps in ADCP
velocity profiles across all four beams.

4.2 In-situ observation of MINI-LOOP

Between May 13 and May 19, 2022, CTD measurements at Site
F recorded bottom water pressures between 1131.76 and 1133.60
dbar (mean + SD: 1132.71 + 0.02 dbar; Figure 2). Bottom water
temperatures ranged between 3.38°C and 4.11°C, with a mean of
3.73°C and a standard deviation of 0.14°C. Dissolved oxygen
concentrations ranged from 3.21 to 3.31 ml I, Temperature,
salinity, and pressure variability during this period showed the
same semi-diurnal pattern described in Section 4.1.

ADCP data revealed relatively high current speeds at ~200 m
depth (Figure 5). Near the seafloor, currents were oriented
predominantly northwestward. Vertical velocities below 400 m
were mainly non-negative, with intermittent upward velocities
exceeding 170 mm s that extended up to ~400 m above the
seafloor. Above this height, upward velocities were markedly
reduced. As in 2016, upward velocity events coincided with
intermittent gaps in ADCP beam data.

During both deployment periods (2016 and 2022), elevated values
of backscattering strength were observed near the known active seep
location. Peaks in echo intensity consistently coincided with tidal lows,
suggesting that methane bubble emissions increase during falling tide
phases. The backscatter values ranged from 0-240 dB in 2016 and 30-
247 dB in 2022, consistent with previous characterizations of bubble
plumes. These observations confirm that the backscattering strength
measured by the ADCP is a reliable indicator of episodic methane
release, with clear tidal modulation. Furthermore, no significant
increases were observed in background periods, supporting the
specificity of this method for active seepage detection.
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FIGURE 3

Physical and oceanographic parameters recorded simultaneously during the LOOP deployment (July 2-18, 2016). From top to bottom: chlorophyll-
a, turbidity, salinity, dissolved oxygen, temperature, pressure, ADCP backscatter intensity (beam 4), and vertical seawater velocity. Grey shaded areas
indicate the tidal downturn phase. Black pentagrams denote the occurrence of gas emission events.

5 Discussion

During the LOOP deployment in 2016, a total of 49 gas
emission events were recorded, of which 34 events (69.38%)
occurred during low tide, and 15 events (30.62%) during high
tide. Among the low-tide emissions, 93.33% occurred below the
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mean tidal pressure, highlighting that reduced hydrostatic pressure
provides favorable conditions for gas escape from the seafloor
(Figure 6). In contrast, during the MINI-LOOP deployment in
2022, 18 gas emission events were observed, with 14 events
(77.78%) occurring during high tide and only four events during
low tide (Figure 6).
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FIGURE 4

ADCP velocity measurements. White areas in the velocity plots represent data gaps, primarily caused by the interference of bubble plumes with the

ADCP acoustic beam (Philip et al,, 2016).

Comparative analysis of the two observation periods
demonstrates notable temporal variability in the tidal dependence
of methane emissions. While there is a general tendency for
emissions to occur during low-tide phases, the proportion of
high-tide events varied between deployments, indicating that tidal
forcing alone does not fully govern the timing of bubble plume
initiation or high ebullition events. This variability suggests that
additional environmental and geological factors—such as local
bottom currents, pressure anomalies, or sediment characteristics—
also modulate gas release from the seafloor.

Figure 6 further illustrates the relationship between tidal stage
and methane emissions at Site F. Low-tide events (blue) are more
frequent, corresponding to periods of reduced seafloor hydrostatic
pressure, whereas high-tide events (orange) are less frequent due to
elevated confining pressure. Within the high-tide category, two
lighter orange segments denote the proportion of events occurring
above and below the mean seafloor pressure, providing additional
insight into the influence of pressure variations during high tide.
The accompanying bars show the relative seafloor pressure at the
time of high-tide events, emphasizing the combined role of tidal and
pressure dynamics in modulating methane emissions.

Frontiers in Marine Science

5.1 Gas plume distribution at site F

Extensive research has underscored the significance of
chemosynthetic communities at cold seep sites in elucidating the
characteristics and dynamics of cold seep fluids (Sibuet and Olu,
1998; Hovland, 2002; Vanreusel et al., 2009; Levin et al., 2016; Sen
et al,, 2018). At the Site F cold seep, the remarkable density and
biomass of these communities, coupled with high methane (CH4)
levels, suggest active and substantial seepage (Zhang et al., 2023). The
authigenic carbonate mound at this Site F offers an efficient pathway
for the sustained release of cold seep fluids to the seabed, thus
supporting these ecosystems. The spatial distribution and forms of
the benthic communities act as precise indicators for the discharge
points of seep fluids, especially at the intersections of gas conduits
within the carbonate mound and the seabed. Notably, Site F shows
advanced ecological development, characterized by a well-formed
carbonate hardground that facilitates the growth of bathymodiolin
mussels. This environment, enriched by continuous seepage, harbors
a diverse assemblage of chemosymbiotic mussels, galatheid crabs, and
an array of grazers and predators (Feng and Chen, 2015; Feng
et al,, 2018).
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FIGURE 5
ADCP velocity measurements. White regions in the plots represent data gaps, primarily caused by interference from bubble plumes with the ADCP
acoustic beam (Philip et al.,, 2016).
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FIGURE 6

Distribution of gas emission events relative to tidal stage and seafloor pressure at Site F. Blue segments of the pie charts represent events occurring
at low tide. Orange segments represent events at high tide, with darker orange indicating the total high-tide events and two lighter orange segments
showing the proportion of events occurring above and below the mean seafloor pressure during high tide. The bars indicate the relative seafloor
pressure at the time of gas emission events during high tide. This visualization highlights the role of tidal forcing and pressure variations in
modulating methane release patterns.
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Recent integrations of acoustic and visual data, along with in-
situ geochemical analysis, have led to a conceptual model of the
subsurface cold seep fluid conduits at Site F (Wang et al., 2021).
Essentially, the authigenic carbonate mound contains conduits that
channel cold seep fluids, causing focused discharge at conduit-
seabed junctions, which sustains the dense benthic communities.
Furthermore, these carbonate formations divert some fluids to
peripheral seeps, resulting in altered sediment composition.
Additional studies, such as carbonate oxygen isotope analysis
(Feng and Chen, 2015) and observations of gas hydrate formation
along venting channel walls (Zhang et al., 2017), support the
hypothesis that gas hydrates may form and be stored within
the mound’s cavities and conduits, as well as in adjacent
sediment layers.

5.2 Temporal variations

In their study, Kunath et al. (2022) employed high-resolution
3D seismic data to visualize stratigraphic and structural
relationships related to fluid expulsion. This analysis offered
insights into the temporal and spatial constraints of the gas
hydrate system at various depths, as well as the occurrence of
methane seepage in both contemporary and ancient seafloor
settings. The accumulation of gas beneath the gas hydrate stability
base reached a critical thickness, leading to hydraulic fracturing,
vertical gas conduit propagation, and the formation of
morphological features (referred to as “mounds”) at ancient
seafloor horizons. These mounds document multiple distinct gas
migration episodes occurring between 300,000 and 127,000 years
ago, interspersed with dormant periods. Notably, episodic seepage
continues to occur today, as indicated by the presence of two
separate fronts of ascending gas within the conduits (Kunath
et al., 2022). This gas release at the Site F summit alternates
between active and inactive phases and is supplied with free gas
from the hydrate reservoir through a network of fractures.

Based on their model, Kunath et al. (2022) suggest that venting
at the Site F is periodic, alternating between quiescent and active
phases over decades. However, this model does not fully explain the
high-frequency variability observed in local gas release. Our study,
along with Wang et al (2021), has observed simultaneous bubble
release at multiple points across the Site F summit, with activation
and intensity of each plume showing variations within a day. This
pattern is particularly evident from our systematic monitoring,
which reveals that individual plumes can start and stop within as
little as a few hours, sometimes less than two hours. Despite such
localized variations, the broader scale of gas release at the Site F
summit appears to be persistent and continuous. According to
Zhang et al. (2023), gas emission has likely been ongoing
throughout both our current and past monitoring periods,
influenced by bottom pressure changes associated with the
barotropic tide. Intriguingly, this tidal influence is also observed
at the level of individual vents and bubble plumes, which often
exhibit rapid temporal fluctuations in sync with bottom pressure
changes. Yet, the pattern of alternating active and inactive phases in
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venting is not clearly defined and cannot be solely attributed to tidal
influences. Our data indicate potential interactions among vents.
This section further explores the role of tides in actively triggering
bubble release, while recognizing that tidal forces are not the only
factors influencing the commencement and termination of bubble
plumes and high ebullition events.

5.2.1 Tidal modulation

The possibility of a tidal control over the gas emissions at Site F
has been subject to discussion, but previously could neither be
confirmed nor rejected due to the lack of systematic observations
over multiple tidal cycles. Our study demonstrates that even in
long-lived seep systems, methane emissions can exhibit intermittent
activity at both long (e.g., glacial-interglacial) and short (e.g., tidal to
seasonal) timescales. While regional-scale processes—such as sea-
level fluctuations and bottom-water warming—are known to trigger
gas hydrate dissociation over geological timescales (Biastoch et al.,
2011; Boetius and Wenzhofer, 2013; Levin et al., 2016), these factors
may not be necessary triggers for the short-term variability
observed in our high-resolution time series. Instead, our results
reveal a clear and consistent correlation between gas bubble
emissions and ocean tides (Figure 6), particularly with the diurnal
and semidiurnal constituents, consistent with earlier observations
(Hsu et al., 2013).

The prevailing understanding in the field indicates that
methane bubble fluxes generally increase when bottom pressure
decreases, as evidenced by the findings of Boles et al. (2001); Jackson
et al. (1998); Leifer and Boles (2005); Martens and Klump (1980);
Romer et al. (2016); Von Deimling et al. (2010), and Tryon et al.
(1999). This trend is attributed to the effect of tidal loading and
unloading cycles on sediment pore pressure and permeability, as
described by Wang et al. (1998), which in turn affects the rate of gas
release. During low tides, the reduction in hydrostatic pressure eases
the dilation of fractures, enabling pore gas pressure to exceed the
total stress, leading to rapid gas discharge. This process is detailed in
studies by (Tryon et al., 1999, Tryon et al., 2002; Leifer and Boles,
2005; Liu and Flemings, 2009; Scandella et al.,, 2011).

This understanding is further supported by recent in-situ pore
pressure measurements in gas-rich sediments at the Vestnesa Ridge
in NW Svalbard, at depths ranging from 910 to 1,330 meters. The
study by Sultan et al. (2020) confirmed that tidal variations in
hydrostatic pressure induce local pore pressure gradients, which
facilitate the release of gas into the water column during periods of
decreasing tide. These findings are consistent with our observations,
where an increase in gas emissions is frequently noted during
periods of tidal unloading, reinforcing the concept of pressure
control overactive gas emissions.

Scandella et al. (2011) suggest that the volume of gas released
into the water column is contingent upon the depth at which flow
conduits dilate, a process largely influenced by the extent of
hydrostatic pressure reduction. Observations of free gas both
beneath the BSR and within conduits throughout the Gas
Hydrate Stability Zone (GHSZ) at Southern Hydrate Ridge
(SHR). Wang et al. (2021)and Kunath et al. (2022) demonstrated
similar models of conduits expansion at Site F. This model aligns
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Conceptual model of long-term bubble emission behavior at Site (F) Bubble density is positively correlated with emission intensity. (A) Under tidal
control, bubble emissions are strongest at low tide, weaken at mid tide, and are weakest at high tide. (B) When additional factors—such as bottom
currents, storms, earthquakes, and swells—interact with tidal forcing, tidal influence becomes secondary, and bubble emissions display more random
patterns. This conceptual model highlights the interplay of multiple environmental drivers, with tides acting as an important but not exclusive factor.

with our findings that gas emissions intensify during low tides, in
contrast to high tides. High tides, distinguished by larger
hydrostatic loading/unloading cycles, are likely to induce deeper
dilation in flow conduits than neap-tides, potentially leading to a
more substantial release of gas.

Our time-series analysis of methane emissions reveals that
bubble activity systematically varies with tidal stage, as illustrated
in the revised conceptual model (Figure 7). During high tide,
elevated hydrostatic pressure at the seafloor suppresses gas escape,
resulting in minimal bubble emissions. At mid tide, as tidal pressure
decreases, the overlying stress on sediments is reduced, allowing
moderate bubble release. The highest emission frequency occurs
during low tide, when tidal pressure is at its minimum and
accumulated pore pressure is most readily released. Following low
tide, tidal pressure begins to rise again, reducing bubble flux and
allowing pore pressure to accumulate beneath the gas hydrate
stability zone, completing the cycle.

5.2.2 Non-periodic variability

Our data largely supports the theory that tidal forces impact
methane emissions, yet it is important to recognize that not all
emission peaks can be attributed solely to variations in bottom
pressure. Our observations reveal that sudden ebullition events,
marked by rapid bubble release, sometimes begin during flood tides,
albeit less frequently than during ebb tides (Figure 6). ROV
investigations have discovered that gas flares, typically indicated
by bubbles emerging from centimeter-sized openings, primarily
occur within authigenic carbonate mounds surrounded by dense
biological communities. This finding points to a key aspect of
variability: gas flares observed in earlier dives were absent in
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subsequent dives during the same expedition, despite similar
activity levels recorded on two different research cruises two years
apart (Wang et al., 2021). This suggests that gas emissions at these
sites are dynamic and transient, indicating that factors beyond tidal
forces are influential.

Episodic seepage in the northern South China Sea has been
documented previously (Liang et al., 2017; Feng et al., 2018), with
some studies correlating seepage events to sea-level lowstands and
bottom-water warming—both of which can destabilize gas hydrates
and promote methane release over longer timescales. In our
context, however, we observe that short-term variability in
seepage appears to be modulated by more dynamic and local
mechanisms. For instance, strong bottom currents (as indicated
by ADCP data, Figures 2 , 6) may erode shallow hydrate layers,
enhancing their dissolution and weakening the physical barriers to
gas migration (Thomsen et al., 2012). Similar processes have been
reported elsewhere [e.g (Nash and Moum, 2001)];, where seabed
turbulence alters pore pressure regimes and increases sediment
permeability. Additionally, variations in seafloor morphology,
carbonate mound structure, and biological cover could locally
influence seep activity. These non-periodic mechanisms—distinct
from both long-term climate forcing and short-term tidal
modulation—may account for irregularities in emission patterns

that cannot be attributed to tidal loading alone.

6 Conclusion

Our observations of gas emission activity at the cold seep site,
Site F, revealed a predominant tidal influence on seep activity. We
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propose a conceptual framework for Site F in which gas emissions
are regulated over short timescales (hours to days) by tidal forcing,
as well as by longer-period variations in the surrounding
oceanographic regime (spanning months to possibly years). Our
findings indicate that the same seep site can exhibit highly variable
behavior, ranging from nearly continuous gas release to periods of
minimal activity with only brief bursts of emissions. Quantifying
gas fluxes from such dynamic systems is extremely challenging.
While estimating the total carbon flux from the seafloor to the
ocean remains a critical objective, such estimates must be
approached with caution due to substantial uncertainties. To
reduce these uncertainties, additional long-term monitoring at
similar seep sites over extended periods is necessary. Such efforts
are essential to better constrain the contribution of seafloor carbon
flux to the global ocean and to address its implications for broader
issues such as ocean acidification and the effects of ocean warming.
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