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Abstract Determining how gas hydrate distribution evolved along continental margins in the past is
essential to understanding its evolution in the future. Moreover, hydrate decomposition has been linked to
several catastrophic events, including some of the largest submarine landslides on Earth and the massive release
of greenhouse gases into the ocean. Offshore Romania, the presence of a second bottom-simulating reflector
(BSR) provides an opportunity to gain valuable insights into hydrate dynamics since the Last Glacial Period
(LGP). We conducted transient modeling of hydrate thermodynamic stability by merging in-situ observations
with indirect assessments of sea-bottom temperature, thermal conductivity, salinity, sedimentation rate, and sea-
level variations. We reveal a strong correlation between the BSRs and the base of the Gas Hydrate Stability Zone
(GHSZ) during both the present and LGP periods. The gradual evolution of the GHSZ over the past 34 ka
presented here supports a conceptual model that excludes catastrophic environmental scenarios.

Plain Language Summary Methane hydrate is an ice-like compound composed of a cage of water
molecules enclosing a methane molecule. Hydrates can form in marine sediments along continental margins
where water and methane are present under high pressure and low temperatures. As a result of climate change,
hydrate melting has been linked to catastrophic events, including submarine landslides and the release of
greenhouse gases into the ocean. Offshore Romania, the presence of a relic of the base of the hydrate layers
formed in sediments during past glacial conditions, reveals the evolution of the hydrate stability zone since the
last glacial period. The 2D modeling results have enabled us to define the area where hydrates alternately melt
and reform in response to environmental changes such as rising temperatures and sea levels. Our results show
that the evolution of gas-hydrate accumulations generates multiple, slow chain reactions, preventing the system
from disastrous destabilization, sequentially provoking catastrophic events.

1. Introduction

Gas hydrates (GH) naturally store a considerable volume of methane in marine sediments where the pressure-
temperature (P-T) conditions, pore-fluid salinity, and gas composition are among the main parameters control-
ling their stability (Sloan & Koh, 2007). Seaward shifts of GH stability conditions, leading to methane venting
into the ocean are due to contemporary warming of bottom waters (e.g., Phrampus & Hornbach, 2012), sea level
variations (e.g., Nisbet & Piper, 1998), and changes in salinity (Riboulot et al., 2018). So, climate changes can
significantly impact the GHSZ (Andreassen et al., 2017; Davies et al., 2017). Conversly, methane from GH
dissociation could be a potential greenhouse agent following the “clathrate gun hypothesis” (Kennett et al., 2003),
and triggering hyperthermal maximum events across geological times (Dickens et al., 1997; Jahren et al., 2001).
But, this contribution to the climate change remains debated (Ruppel & Kessler, 2017) and improved, constrained
knowledge of hydrate dynamics following changes in environnemental conditions is necessary.

Evidence of GH in marine sediments can be inferred through the identification of a BSR in seismic data. Some
BSRs occur at or close to the current Base of the GHSZ (BGHSZ) in response to the acoustic impedance contrast
between GH accumulations and underlying trapped free gas (e.g., Somoza et al., 2022; Xu & Ruppel, 1999).
Sometimes, more than one BSR can coexist (e.g., Davies et al., 2021; Popescu et al., 2006), due, for instance, to
the layering of various gas compositions (Geletti & Busetti, 2011), or other diagenetic processes (Berndt
et al., 2004; Somoza et al., 2022). But, changes in the GH stability field may result in the preservation of a certain
amount of GH in a state of disequilibrium (e.g., due to water-temperature warming, re-equilibration of thermal
gradients, or sea-level fluctuations, rapid sedimentation, tectonic uplift), implying migration process of the
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BGHSZ (Colin et al., 2020) and resulting in the formation of a paleo-BSR (Auguy et al., 2017; Posewang &
Mienert, 1999). The insights into the existence of a paleo-BSR would be of crucial importance to assess the
dynamics of the GHSZ after variations in environmental conditions. To verify this theory, we investigated the GH
system of the western Black Sea (BS), where a large GH occurrence zone has been reported on the slope, sup-
ported by BSR on seismic data (Colin et al., 2020; Haeckel et al., 2015; Popescu et al., 2006, 2007; Vasilev
et al., 2013) or by sampling (Yefremova, and Zhizchenko, 1974; Riedel et al., 2020), as well as an active gas flare
area located upslope of it (e.g., Riboulot et al., 2017) (Figure 1).

During its recent geological history (the late Quaternary Period), the BS was totally disconnected from the world
oceans (Major et al., 2006; Soulet et al., 2011). This long-term isolation induced a drastic change in the BS water
salinity (Soulet et al., 2010) and modified the sediment pore water salinity and therefore, the hydrate equilibrium
conditions (Sloan & Koh, 2007). Prior to the reconnection of the BS with the Mediterranean Sea at approximately
9,000 calendar year before present (9 Kyr cal BP), the BS evolved as a fresh to brackish water lake with a water
characterized by a salt concentration of 2 psu (Practical Salinity Unit) and a sea bottom temperature of ~4°C
(Soulet et al., 2010). During the reconnection, via the Bosphorus Strait (Figure 1a), hydrological changes were
drastic. Consequently, the sea bottom water warmed up to the current conditions at 8.9°C (Riboulot et al., 2017)
and bottom water salinities increased up from a couple of psu to ~22 psu and remained stable for the last
2,500 years of the reconnection (Soulet et al., 2010).

In this context, we addressed three key points related to this system by: (a) assessing the nature of a second BSR
observed in the investigated zone, close to an area where Popescu et al. (2006) have already evidenced the
presence of five stacked BSRs (b) defining how the GHSZ evolves over time and space and (c) determining why a
second BSR still imprints the sediments.

Based on exhaustive knowledge on the hydrological and thermal conditions of the BS, and on new chro-
nostratigraphic constrains from Martinez-Lamas et al. (2020) informing about the seafloors evolution since the
last 33.5 ka in the study zone, we tested the dynamic response of the GH to the environmental changes which have
characterized the western BS since the end of the LGP. This was performed by dynamic 2D multi-parametric
modeling allowing to assess past positions of the BGHSZ through time and compare them with the observed
secondary BSR.

2. Results
2.1. The Double BSR, Geophysical Observations and Characterization

High-resolution seismic lines (GHASS cruise (2015); https://doi.org/10.17882/96701, Thomas et al., 2023; see
section Text S1 and Figure S1 in Supporting Information S1) reveal the presence of two stacked BSRs in the study
area (Figure 2a). The primary, shallower BSR (BSR1), and the secondary, deeper (BSR2), cross cut stratigraphic
layers and mimic the seafloor, while exhibiting a polarity reversal. Their positions can be identified through
aligned amplitude terminations (Colin et al., 2020), and by the presence of both attenuation of high frequencies
and lower velocity below the distinct BSRs (Figures 3 and 4). BSR2 is patchy, 130 m beneath the BSR1, weaker in
amplitude in comparison with BSR1 and attenuation is stronger under BSR2.

BSR2 is amplified along two well-defined patches: (a) seaward, BSR2 is parallel and located 130 m below BSR1
(Figures 2a(b) and 2a(c); (b) landward, a second patch, is characterized by aligned high amplitude terminations
(Figures 2a(d) and detailed view in Figure S1B in Supporting Information S1). This patch exhibits a highly
incurved shape that mimics an old head-scarp, which still imprints the current slope morphology (Figure 1).

The upper limits of BSR1 and BSR2 show distinct pinch-out on the seafloor (Figure 2a). The landward termi-
nation of BSR1 was detected down to 660 m water depth (projection on present-day bathymetry). However, we
lose track of it above 25 mbsf. The termination of BSR2 is most perceptible at the extremity of the landward
segment (Figure S1B in Supporting Information S1), which reaches almost 520 m water depth (projection on
present-day bathymetry). We lose track of it at 50 mbsf (Figures 2a(d)).

The amplitude section of the HR reference profile highlights high-amplitude reflections below the two BSRs,
particularly enhanced below the BSR1, indicating varying free-gas concentrations (Figure 3a). We notice lateral
amplitude variations along the BSR particularly expressed along the BSR1 reflector; highest amplitudes exist
where faults cross-cut the stratification and BSR2. The variation of signal frequency content can be used to
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Figure 1. (a) General view of the BS (b) Bathymetric map of the western BS (c) Morphology and detailed features characterizing the study zone. The bold black line
represents the location of seismic lines presented in Figure 2 and S1 in Supporting Information S1.

evidence the presence of seismic attenuation due to the presence of free gas. Focusing on the second BSR,
Figure 3b shows a threshold effect at both BSR interfaces, expressed by an attenuation of high frequencies below
the distinct BSRs, particularly stronger under BSR2. Such an effect on the amount of seismic attenuation can be
due to the presence of low-density fluids in the sediment (Anderson & Bryant, 1990; Ruppel et al., 2005), and
indicates in our case that high concentrations of free gas are still present under BSR2.

Velocity analysis was performed every 150 m laterally, permitting to compare the depth-converted seismic
section with the velocity field (Figure 4). It shows varying velocity in sediments (1,470-1,950 m/s), and
particularly lower values below BSR1 and BSR2. An inversion of the velocity below BSR2, combined with the
persistence of high impedance contrast at the BSRs interfaces and the attenuation of high frequency (Figure 3b),
support the hypothesis of the presence of excess free gas in sediments below the BSR2. The lower velocity under
BSR2, suggests higher concentrations of free gas below BSR2 in comparison with BSR1. Lastly, a local rapid gas
migration process through observed faults (in contrast with the long-lasting gas diffusion process in sediments)
could explain high free gas concentration below BSR1, and the low velocity zone.

2.2. Spatio-Temporal Modeling of the GHSZ Since the Last —34 ka

We calculated the depths of phase equilibria of GH at different time steps based on ongoing environmental
parameters. For the 34,000-year-period calculations, a dynamic 2D multi-parametric GH stability model
developed by Sultan et al. (2010) was used to simulate the evolution of the GHSZ. Modeling was performed using
the NW-SE depth-converted seismic HR profile presented in Figure 2 with a time step of 1 year for each
calculation. Further details on modeling inputs and the scenarios tested are reported in sections Modeling Method
(Text S2, Figures S2, S3, S4, S5 in Supporting Information S1) and Tested scenarios (Text S3, Table S1 in
Supporting Information S1) in Supporting Information.

All modeling results (Figures S6 and S7 in Supporting Information S1) predict consistent general patterns spe-
cifically showing a seaward migration trend of the GHSZ between —33.5 ka and the present-day (Figure 2b).
During the LGP, the GHSZ calculated between —33.5 and —20 ka (purple envelope, Figure 2b), remains stable,
and the upper limit of the GHSZ extended from ~495 m £5-525 m 5 water-depth (projected on present-day
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Figure 2. (a) Depth converted HR seismic profile showing two BSRs along the study area. The reflection of BSRs (insets b, ¢) presents a polarity reversal compared to
the seafloor (inset a). Inset d is shown in Figure S1B in Supporting Information S1 (b) Modeling results are calculated from different scenarios (Figures S2, S6, S7 and
Table S1 in Supporting Information S1). Each envelope represents the positions of BGHSZ computed at different time ranges (colored arrows provide information on
the general trend of GHSZ since the LGP) and results from computed modeling results detailed in Figures S6 and S7 in Supporting Information S1 (c) Modeled GHSZ
pinch outs are reported on the bathymetric map.

seafloor). The modeling results show strong correlation with the position of BSR2, particularly along its two
expressed patches in seismic data (Figures 2a(b) and 2a(d)).

After —20 ka, the modeling results show a sudden back-and-forth movement of the GHSZ upper limit along the
slope. This is illustrated by an upward displacement (yellow envelope Figure 2b) in response to a sea-level rise of
<4100 m at —16 ka, before returning to its LGP position at —15 ka (orange envelope, Figure 2b) due to a sea-level
drop episode (Figure S2A in Supporting Information S1). This was followed by a landward extension of the GHSZ
reaching its maximum extent at —9 ka (again yellow envelope, Figure 2b), in response to the last sea-level rise.

After —9 ka, the extension of the GHSZ drastically decreased due to the warming and re-salinization of the BS.
Simultaneously, the thickness of the GH layer decreased by 130 m caused by the upward migration of the BGHSZ
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Figure 3. Geophysical characterization of the two BSRs on the presented high-resolution seismic profile (Figure 2). (a) Amplitude section (b) mean frequency section.

Observed faults appear along thin black lines. Location of the sections is reported on Figure 2a.

(blue envelope, Figure 2b). The predicted present-day GHSZ reaches its termination close to the seafloor at 660 m
water depth, delimiting the current upper limit of the GHSZ which fits well with BSR1. It displays a tongue-like
shape at the GH pinch-out (Figure 2b), which expresses GH decomposition near the seafloor in response to the

progressive diffusion of salt within the sediment (Riboulot et al., 2018).
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Figure 4. Overlay of depth-converted seismic section and velocity model performed every 150 m corresponding to the lateral resolution of the resulting velocity field.
Details on the velocity decrease at the two BSR interfaces (inversion). Lower velocity was identified below the two BSRs, particularly well pronounced under BSR2,
suggesting high concentrations of free gas in sediments. The faults (black thin lines) have been represented to evidence their role on the migration process (black arrows)

and the consequence on the velocity field. GHSZ: Gas Hydrate Stability Zone. Location of the sections is reported on Figure 2a.
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3. Discussion
3.1. Origin of the Double BSR

In the study area, BSR1 represents the current BGHSZ (Popescu et al., 2006). BSR2 is more questionable. As
below BSRI1, the presence of low-velocity zones beneath BSR2 (Figure 4) indicates the existence of free gas
beneath this reflector, clearly differentiating it from a diagenetic opal-A/opal-CT BSR (Berndt et al., 2004) or
smectite-illite BSR (Srodon & Eberl, 1984).

Instead, along continental margins, a double BSR can be theoretically explained by the following distinct hy-
potheses: (a) the presence of GH with a distinct gas composition, (b) a former position of the BGHSZ. The
tectonic uplift in relation to subduction processes, as a mechanism for the formation of a double BSR (Han
et al., 2021), can be ruled out of the discussion.

3.1.1. Distinct Gas Composition Hypothesis

Multiple BSRs can represent the bases of successive layers of GH with distinct compositions. The presence of a
mixture of gases could explain the existence of two BSRs as a deeper GHSZ as demonstrated worldwide (Geletti
& Busetti, 2011; Posewang & Mienert, 1999). In the study area, the composition of the hydrate-forming gas at
BSR1 offshore Romania is 99.6% methane of microbial origin as demonstrated by sampling (Riboulot
etal., 2018) and geochemical analysis (Riedel et al., 2020). Thermogenic sources have also been detected offshore
Crimea but far from the study area (Starostenko et al., 2010).

3.1.2. Paleo-BSR Hypothesis

Alternatively, stacked BSRs could represent relics of former positions of the BGHSZ which can be regarded as
potential frozen proofs of environmental conditions for distinct cold climatic episodes (Bangs et al., 2005; Davies
et al., 2021; Popescu et al., 2006). Our modeling provides new insights by demonstrating that BSR2 correlates
with the position of the BGHSZ at the LGP when BS was a freshwater lake. Its landward termination seems to
pinch just under a reflector dated back to 33.5 ka by Martinez-Lamas et al. (2020), considered as the paleo-
seafloor calculated for the LGP (Figure S5 in Supporting Information S1).

Between —33.5 ka to —20 ka, the GHSZ appears to be spatially stable (Figure 2b), suggesting it was thermo-
dynamically in steady state for at least 13.5 ka (Figures 5(1)). Then, the positions of predicted BGHSZ migrated
over time, probably punctuated by alternating GH recrystallization (Figures 5(2 and 4)) and dissociation pro-
cesses in sediment (Figures 5(3 and 5)). This reveals that the GH was highly sensitive to the sea-level fluctuations
that characterized the BS before —9 ka, demonstrating a strong response of the GHSZ to two episodes of sea-level
rise (Figures 5(2—4). This sensitivity led to a back-and-forth movement of the narrowest upper part of the GHSZ
along the slope which may have acted as a buffer zone. The effect of salinity and temperature diffusion clearly
prevailed after —9 ka to present as evidenced by the upward migration of the BGHSZ from the BSR2 to the BSR1
position. This migration was accompanied by a reduction in the extension of the GHSZ which occurred more or
less progressively depending on the scenario of sea-bottom temperature re-equilibration (Figures 5(5), S2b and S6
in Supporting Information S1).

3.2. Preservation of a Paleo-BSR

One of the reasons why a paleo-BSR still imprints within sediments could be the effect of diagenetic processes
(Posewang & Mienert, 1999) due to physical changes of bearing sediments at the exact position of old BGHSZ
(Nimblett & Ruppel, 2003, and references therein). However, this hypothesis alone cannot explain the
geophysical signature of BSR2 characterized by a polarity reversal (Figures 2a(c)), lower velocity and a larger
attenuation of high frequencies below the BSR2 interface (Figures 3b and 4). These characteristics could be
explained by a higher concentration of free gas under the old BGHSZ leading to the persistence of a negative
acoustic impedance contrast at the BSR2 (Auguy et al., 2017).

In response to environmental changes, the re-equilibration of the old BGHSZ from BSR?2 to its current position
suggests a decomposition of GH in a mixture of free gas and dissolved gas in the GH destabilization zone (GHDZ)
(Sultan, 2007) (Figures 5(5)). Experimental studies show that grain size and connectivity between micro-
structures of the host sediment determine how gas is transported toward the surface (Jain & Juanes, 2009;
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diffusion process (green arrows) which governs free gas accumulation zones (in green). In the free gas domain (white zone)
excess free gas is trapped below the BGHSZ which hampered vertical fluid migration.
Plaza-Faverola et al., 2023). In the study zone, the very low permeability of the host sediment containing high
amounts of clay-silt (Ballas et al., 2018; Riedel et al., 2020) suggests that the fluid flow regime induced by hydrate
dynamics is dominated by a gas diffusion process.
Locally, the presence of isolated sets of faults may provide gas migration pathways between the two BSRs
(Figure 2a), suggesting that advection through discontinuities related to local excess pore pressure below the
BSR2 is a mechanism that cannot be ruled out, particularly during GH dissociation (Figures 5(5)). A vertical gas
migration from BSR2 to BSR1 though faults could explain the patchy geometry of BSR2, and the heterogeneous
distribution of gas concentration detected below BSR2 (Figures 2a and 3a).
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3.3. Why Only One Preserved Paleo-BSR?

The modeling results reveal more BGHSZ positions over time than observed BSRs in seismic data. The most
likely explanation would be the time the BGHSZ spent at given positions. By examining the position of the
BGHSZ over time, the position of BSR2 fits with the paleo-BGHSZ during the longest steady-state period (33,5—
20 ka time frame), suggesting a significant accumulation of gas during this phase of stagnation to form BSR2
(Figures 5(1)).

The long-lasting process of gas diffusion in sediment has already been proposed by Ker et al. (2019) and Colin
et al. (2020) in the study zone, due to the conjunction of low permeability in fine-grained sediment, and the
process of hydrate re-crystallisation during decomposition, which can slow down the dissipation process below
the BGHSZ (Sultan, 2007).

Accordingly, in contrast with the stable lowstand LGP period, we suppose that the fast migration of the BGHSZ
that occurred between —20 ka and —9 ka (Figures 5(2—4)), most probably compromised the formation of a ho-
mogenous GH layer in view of the low gas volumetric concentrations of 4%—6% in the sediment (Ker et al., 2019),
and prevented free-gas accumulations under the successive BGHZs to preserve another paleo-BSR.

4. Implications

This is the first attempt to model the evolution of the GHSZ with a short time step calculation applied here to the
western BS since the LGP, where GH dynamics is difficult to consider due to the complexity and debated
evolution scenarios of paleo-environmental conditions. Our modeling results show that the observed deeper
secondary BSR is mostly consistent with a paleo-BSR that developed during LGP. Geophysical analysis shows
that this paleo-BSR is still trapping free gas in depth. A slow gas diffusion rate coupled with likely diagenetic
transformation of host sediments and the duration of the stagnation of BGHSZ over time is the most likely
explanation for the preservation of a unique LGP paleo-BSR.

More generally, in GH systems where gas diffusion in sediment dominates, the long-lasting migration mechanism
following environmental changes and associated hydrate dissociation leads us to minimize the catastrophist
Clathrate gun hypothesis (Kennett et al., 2003), which argues for a massive gas emission directly into the ocean,
and a predisposition of slope sediment instabilities. We now understand that the release of methane during a
hydrate dissociation phase is slow due to the overpressure generated by their decomposition leading to re-
crystallization (Colin et al., 2020; Ker et al., 2019) and the slow gas diffusion process in clayey sediments.
Although environmental changes can be rapid as observed in the BS since the LGP, the hydrate-free gas system
reacts much more slowly preventing any catastrophic destabilization.

Data Availability Statement

The seismic data (depth migrated seismic profile) and the velocity model used for the study will be available using
the repository SeaNoe via a doi identifier link (https://doi.org/10.17882/96701, Thomas et al., 2023). All the files
relative to the model calculations and modeling results will be available using the Zenodo repository (https://doi.
org/10.5281/zenodo.8417400, Fabre, 2023).
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