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Abstract Vast amounts of carbon are stored beneath the seafloor in the form of methane hydrate. Hydrate is
stable at moderate pressure and low temperature at a depth extending several hundred meters beneath the
seafloor to the base of gas hydrate stability (BGHS) often marked by bottom simulating reflections (BSRs) in
seismic profiles. However, data from logging-while-drilling and coring during Integrated Ocean Discovery
Program Expeditions 372 and 375 offshore New Zealand identified hydrate ~60 m beneath the BSR. This
hydrate appears to be dissociating over thousands of years following a gradual temperature increase from
sediment burial modulated by changes in bottom-water temperature and sea-level fluctuations. Slow hydrate
dissociation significantly buffers the release of methane and therefore, carbon through glacial cycles.
Dissociating hydrate beneath the BGHS may also increase estimated global budgets of methane stored in
hydrate.

Plain Language Summary Frozen methane or methane hydrate is commonly present in sediments
on continental slopes. Methane hydrate occurs from the seafloor to several hundred meters beneath the seafloor;
the base of hydrate stability is controlled by pressure, temperature, and salinity. However, hydrate was observed
~60 m below the base of stability in data collected from scientific ocean drilling offshore New Zealand. This
hydrate appears to be melting over thousands of years following sediment deposition, probably also influenced
by sea-level and temperature fluctuations through glacial cycles. Slow hydrate melting may buffer any release of
methane from hydrates into the ocean. Melting hydrate below the base of hydrate stability, if commonly present
elsewhere, may also increase estimates of the amounts of methane stored in hydrate globally.

1. Introduction

Methane hydrate is an ice-like substance containing methane and water and is commonly present at moderate
pressures and low temperatures beneath the seafloor on continental slopes. Because of the geothermal gradient,
hydrate is only stable to the base of gas hydrate stability (BGHS), usually a few hundred meters below the
seafloor. Free gas may be present at the BGHS, causing bottom simulating reflections (BSRs) in seismic data that
are sub-parallel to the seafloor. The thickness of the free-gas zone (FGZ) beneath BSRs has been found to range
from less than a few meters (Bangs et al., 1993; I. A. Pecher et al., 1996; Singh et al., 1993) to 500-600 m (A. M.
Tréhu & Flueh, 2001).

Methane hydrate sequesters on the order of ~10°-10% Gt of carbon, comprising 5%—-25% of Earth's mobile
exogenic carbon (Buffett & Archer, 2004; Dickens, 2003; Milkov et al., 2003; Ruppel, 2011; Wallmann
et al., 2012). A bottom-water temperature increase or sea-level decrease, including from tectonic uplift, may
destabilize submarine hydrate releasing some of this carbon (Kennett et al., 2000; Oluwunmi et al., 2022).
Methane from hydrate dissociation may be bound as near-seafloor carbonate but if released into the ocean, it is
expected to be oxidized to CO, and potentially contribute to ocean acidification of marginal seas (Biastoch
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et al., 2011). Dissociation of solid hydrate to water and pressurized gas may also destabilize the seafloor (Maslin
et al., 2010).

Constraining the timescales for the dissociation of hydrate in response to pressure and temperature changes is
critical for understanding how this carbon capacitor will buffer the release and uptake of carbon through glacial
cycles and, potentially, in response to human-induced climate change (Dickens, 2003; Kennett et al., 2000). It is
often implicitly assumed that the time required for hydrate systems to respond to perturbations is short relative to
geologic processes. This assumption may be based on the observed fast dissociation of hydrates in relatively small
sediment samples following a sudden pressure drop during core recovery or in the laboratory.

Recent modeling, however, suggests hydrate dissociation in sub-seafloor sediments may take thousands of years.
Goto et al. (2016) modeled the thermal effects of hydrate dissociation during repeated tectonic uplift by
considering endothermic dissociation a heat sink. Temperatures were arrested at the hydrate phase boundary until
they had fully dissociated. Depending on uplift rates, it took ~6,000 to ~40,000 years for a 10-m thick layer with a
hydrate saturation of 60% to fully dissociate. Models of hydrate dissociation in porous media that include
multiphase fluid migration show that in addition to endothermic cooling, slow dissipation of pressure and salinity
slow down hydrate dissociation during uplift even further (Oluwunmi et al., 2022). Pore-scale models of hydrate
dissociation following burial predict co-existence of hydrate with gas over extended times (Nole et al., 2018; You
& Flemings, 2021). Because of capillary forces, hydrate stability decreases with decreasing pore size and thus,
dissociation during burial is predicted to progress from smaller to larger pores. This results in a three-phase zone
with water and free gas in smaller and hydrate in larger pores that may be tens of meters thick, equivalent to
thousands to tens of thousands of years of burial.

Herein, we provide observational evidence for such slow hydrate dissociation within a thick FGZ beneath a BSR.
Our observations are from downhole logs and cores from International Ocean Discovery Program (IODP) Site
U1519 on the Hikurangi Margin east of New Zealand's North Island (Figure 1). On this margin, the Pacific Plate is
being subducted beneath the Australian Plate at ~45 mm/yr (DeMets et al., 1990). Gas hydrate is widespread
along this margin as indicated by BSRs (I. A. Pecher & Henrys, 2003). Gas for hydrate formation was found to be
almost entirely microbial with the exception of limited thermogenic input near the southern end of the margin
(Kroeger et al., 2015). At several locations along this margin, double BSRs have been identified, with the deeper
BSRs marking a paleo-position of the BGHS, thus indicating past changes in pressure-temperature conditions
resulting from tectonic uplift or burial (Han et al., 2021; 1. A. Pecher et al., 2017).

2. Data
2.1. Seismic Data and IODP Expeditions

Seismic line 05CM-04 was acquired in 2005 by the New Zealand Government's Crown Minerals to encourage
exploration of marine resources (Multiwave, 2005) (Figure 1a). IODP Expeditions 372 and 375 in 2017 and 2018
collected logging-while-drilling (LWD) data and sediment cores at Site U1519 (Wallace et al., 2019) positioned
on Line 05CM-04 to reveal a broad suite of petrophysical and lithological properties.

2.2. Logging and Coring

Forty meters of Schlumberger LWD tools were attached behind the bit and collected measurements during
drilling of Hole U1519B. Sediment cores were retrieved later at selected intervals in a separate Hole U1519C,
~20 m to the east-south-east (Barnes et al., 2019).

Natural gamma-ray intensity, measured in API (American Petroleum Institute) units, was used to distinguish
qualitatively between clay- (high intensity) and quartz-rich sediments. Neutron porosity has been measured based
on the amount of hydrogen in formations (Ellis & Singer, 2007). Ring resistivity, based on a radial flow of current
into the formation, was selected from the various resistivity measurements because it has the best-suited vertical
resolution (~5-8 cm) (Barnes et al., 2019). P- and S-wave velocities were measured using a monopole and a
quadrupole source, respectively, at frequencies of 1-20 kHz yielding a vertical resolution of ~10 cm. Velocities
were determined at the Lamont Doherty Earth Observatory using Leaky P and Leaky Q processing (Saumya
et al., 2019). Pore-water chemistry, in particular, chlorinity, 5'%0 and 8D (see below) was measured on sediment
cores.
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Figure 1. (a) Location map with seismic data track. Plate convergence vector after DeMets et al. (1990). Red segments shown
in panel (b) and Figure S7 in Supporting Information S1. See Text S1 for log-seismic ties. (b) Seismic line 05CM-04,
processed for high resolution (Navalpakam et al., 2012). BSR-2 interpreted as paleo-BSR (Han et al., 2021). (c) Enlargement
at Site U1519. Yellow-dashed part at the bottom of the borehole marks 40-m long tool string above the deepest position of the
drill bit. This interval was not logged with all tools (“rat hole”). R1: Gas-bearing sand, R2: Newly forming BSR, see text and

Figure 3g.

3. Methods

Gas hydrate saturation was constrained from resistivity, velocities, and chlorinity (Cl).
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3.1. Resistivity

Hydrate saturation was calculated from resistivity using Archie's Equation (Cook & Waite, 2018) based on
neutron porosity ¢. Pore-water resistivity was assumed to be 0.24 Qm (Shkvorets, 2025) for a salinity of 3.3%, a
temperature of 15.7°C, and hydrostatic pressure at 540 mbsf. This depth is in the interval from 492 to 563 mbsf
that was used to calibrate the resistivity of fully water-saturated (hydrate-free) sediments (Table S1 in Supporting
Information S1) yielding a cementation exponent of m = 2.76 (Text S2, Figure 2, Figure S3 in Supporting In-
formation S1). An Archie saturation exponent of n = 2.5 (Cook & Waite, 2018) with an n range of £0.5 was used
for calculating hydrate saturation. This range does not affect our interpretation of hydrate-bearing intervals, only
the saturation in these intervals (Text S3 in Supporting Information S1).

3.2. P- and S-Wave Velocities

An empirical approach, the modified Biot-Gassmann Theory by Lee (BGTL) (Lee, 2002, 2008; Lee &
Collet, 2005), was used to constrain hydrate saturation from velocities. Properties of the solid material are
calculated using the Hill average (Hill, 1952) of the mineral constituents with a composition based on shipboard
X-Ray Diffraction analyses (Wallace et al., 2019). Effective pressure, that is, the difference between lithostatic
and hydrostatic pressure, is calculated using neutron density.

We defined a porosity-velocity relationship using V,,, V,, and ¢ in the hydrate-free reference section between 492
and 563 m. In this interval, we calibrated the Biot-/ factor as 4 = 0.98 and the Biot-m factor as m = 3.0. It then is
possible to predict V,, and V; as a function of porosity and differential pressure. V, and V, of hydrate-bearing
sediments are then predicted by including hydrate as a part of the modal assemblage in the Hill average,
reducing porosity accordingly. The weight percentage of mineral constituents are averages over the coring in-
terval beneath 520 mbsf consisting of clays (44.6%), quartz (25.9%), feldspar (15.7%), and calcite (13.8%)
(Wallace et al., 2019). Values from the literature were used for density and elastic moduli (Helgerud et al., 1999,
2009; Mavko et al., 2020; Pabst & Gregorova, 2013). Density from clay minerals in the literature is highly
variable. Here, it was modified such that grain density of all mineral phases combined matched that measured on
cores in the interval >520 mbsf (2,667 kg/m*) (Wallace et al., 2019) yielding 2,680 kg/m>. Refer to Text S4 and
Table S2 in Supporting Information S1 for further details.

3.3. Chlorinity

Hydrate excludes ions during formation and thus, hydrate dissociation during core recovery releases fresh water
decreasing chlorinity. Hydrate is furthermore enriched in '®0 and *H (Deuterium: D) isotopes leading to an
enrichment in §'%0 and 8D in pore water during dissociation (Kastner et al., 1991; Ussler & Paull, 1995).

Chloride concentrations were measured in sediment cores shipboard via titration with silver nitrate with an
analytical precision better than 0.3%. Oxygen and hydrogen isotope ratios were measured using a Picarro L2130-i
cavity ringdown spectrometer at the University of Washington. Uncertainties in the 5'®0 and 8D measurements
are 0.07 and 0.2%o, respectively.

Background chlorinity, determined as average chlorinity in the hydrate-free interval of 492—-563 mbsf, outside the
interval of a long-wavelength Cl-excursion (Figure 2b), was 525.3 mM, slightly less than standard seawater
(559 mM) (Text S5 in Supporting Information S1). Hydrate saturation was calculated from Cl-excursions from
the background chlorinity (Malinverno et al., 2008). The average 8'0 and 8D isotope ratios are also lower than
for seawater, —1.6%0 and —1.9%o, respectively, and were investigated qualitatively.

3.4. Temperature

Subseafloor temperatures were constrained using a bottom-water temperature of 5.6°C from CTD data (Mountjoy
etal., 2014), BSR depth (581 mbsf, see below), and assuming methane hydrate in seawater (Sloan & Koh, 2007),
resulting in a predicted geothermal gradient of 0.0181 K/m.

4. Results and Interpretation

In seismic data, the BSR at Site U1519 is a weak, near-horizontal reflection at ~580 mbsf that marks the upper
termination of dipping high-amplitude reflections (Figures 1b and 1c) and aligns with BSRs elsewhere in the
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Figure 2. (a) Key logs and pore-water profiles with hydrate and gas interpretation between 505 and 645 mbsf. Coring for this depth interval was only conducted at depths
>520 mbsf. Hydrate-free sediments are interpreted from smooth resistivity and sonic profiles. Gas-bearing layers are expected to be marked by elevated resistivity and
lower V,,, hydrate-bearing layers by elevated resistivity and sonic velocities, lower Cl and higher 5'80 and 8D. The BSR in the seismic data coincides with the top of free

gas interpreted from a decrease in slowness coherence and V),. (b) Enlarged Cl-profile between 550 and 580 mbsf (see text).
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study region (Han et al., 2021; Navalpakam et al., 2012). A ~200 m thick zone of high amplitudes beneath the
BSR is interpreted as a thick FGZ. Near the base of the FGZ at ~780 mbsf, a second BSR (BSR-2, Figures 1b and
Ic) is interpreted as a paleo-BSR from gas remaining at a previous position of the BGHS (Han et al., 2021).
Individual high-amplitude layers extend well below the FGZ and are interpreted as being gas-charged similar to
sub-BSR high-amplitude reflections elsewhere (Navalpakam et al., 2012).

In the LWD data, the 563-567 mbsf interval beneath the hydrate-free reference section shows a decrease of
porosity, gamma ray, V,,, and coherence, a loss of the S-wave signal, and an increase of resistivity (Figure 2). This
is the typical signature for gas-bearing sands. Because of its lower density, free gas contains fewer hydrogen
atoms per volume than water. Therefore, the decrease in neutron-porosity readings may partly reflect the presence
of gas rather than an actual porosity decrease. Below this interval, from 567 to 581 mbsf, sediments are water-
saturated with thin layers of hydrate (e.g., at 574 mbsf). At 581 mbsf, we interpret a lowering of coherence
indicating signal degradation of P-waveforms and a long-wavelength decrease of V), as the top of the FGZ and
depth of the BSR (Figures 1 and 2).

Between 559 and 573 mbsf, four sediment cores from Hole U1519C display slightly decreased CI values of 512—
519 mM (Figure 2b). 8'%0 and 8D were measured in two of these cores and were found to be slightly elevated. A
decrease of Cl combined with an increase of 5'0 and 8D suggests hydrate dissociation. The smoothness of the Cl
profiles, unlike the spikes typical of dissociation during core recovery, suggests hydrate dissociation has occurred
in situ, rather than during core recovery, with sufficient time elapsed such that any discrete Cl anomalies are
smoothed by diffusion (Text S5 in Supporting Information S1). We therefore suggest in this depth interval, above
the regional BSR, gas hydrate is dissociating.

Within the FGZ below the BSR, we observe indications of hydrate at 588 mbsf with elevated V,,, V,, and re-
sistivity. Between 592 and 612 mbsf, less pronounced increases in V,,, V,, and resistivity may also indicate hy-
drate, whereas low V,, accompanied by an increase of resistivity is interpreted as free gas. At 613 mbsf, V,,, V, and
resistivity increase significantly while porosity remains almost constant. This is a typical pattern indicating the

presence of hydrate.

Below the maximum depth of the velocity logs, three significant chlorinity minima are present at 625, 628, and
634 mbsf with CI concentrations as low as 345 mM (34% less than background) as well as an enrichment in 3%0
and 8D of up to 1.3 and 5.6%0 above background values, respectively. The combination of a significant depletion
in Cl and enrichment in 8'®0 and 8D is unequivocal evidence for the presence of hydrate. We are not aware of any
other, for example, diagenetic process in this environment with such a signature. The less pronounced Cl anomaly
at 634 mbsf coincides with an increase of resistivity indicative of hydrate. The absence of resistivity increases
associated with the other two CI anomalies is probably caused by the 20-m distance between logging and coring
boreholes and the often heterogenous distribution of hydrate (Saumya et al., 2019). Finally, the high-resistivity
interval from 636 to 642 mbsf near the bottom of the borehole is also interpreted to be caused by hydrate. The
most likely alternative, a high saturation of free gas, would cause an artificial decrease in neutron porosity.
Another possibility, carbonate cementation, would lead to a decrease of porosity, which the logs do not display.

5. Discussion and Conclusions

Hydrate has previously been observed below BSRs in an industry borehole offshore Borneo (Paganoni
et al., 2016) and in the Pearl River Mouth Basin (Qian et al., 2018; Qin et al., 2020). Offshore of Borneo,
thermogenic higher-order hydrocarbon gases led to the formation of Structure-II hydrate that is stable to higher
temperatures than Structure-I methane hydrate (Paganoni et al., 2016). LWD at several sites and the second gas
hydrate production test at Site GMGS6-SH02 and SHSC-4J1 in the Pearl River Basin indicated the coexistence of
gas hydrate and free gas below BSRs (Kang et al., 2020). With a methane content of 97.76%, it is unclear if
thermogenic gases may be involved in hydrate formation in the Pearl River Mouth Basin (Qian et al., 2018).

At Site U1519, only traces of higher-order hydrocarbon gas (ethane and propane) were detected (Barnes
etal., 2019) at concentrations far too low to form Structure-II hydrate (Sloan & Koh, 2007). Therefore, hydrates in
the FGZ at Site U1519 are Structure-I methane hydrate occurring below the regional base of methane hydrate
stability.

We observe evidence for hydrate ~60 m beneath the regional BSR. This is near the base of the borehole and does
not rule out the occurrence of hydrate even deeper. The co-existence of hydrate and free gas, combined with
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evidence for in situ dissociation of hydrate above the BSR, suggests that hydrate is in the process of dissociation
following an upward movement of the BGHS.

Burial will lead to such an upward movement of the BGHS by changing the near-seafloor geothermal conditions.
An addition of 43 m of sediments would shift the BGHS from the deepest layer with interpreted hydrate
(currently, at 640 mbsf) to the BSR level (Figure 3a). These estimates ignore compaction and assume hydrostatic
pore pressure. For an average sedimentation rate of ~1 mm/yr (Crundwell & Woodhouse, 2022), this would occur
within 43,000 years, noting that sedimentation rates were highly variable. This suggests hydrate dissociation at
the current depth of 640 mbsf, if caused by burial, has been ongoing for tens of thousands of years.

This upward movement of the BGHS is likely to be modulated by bottom-water temperature and hydrostatic-
pressure changes from sea-level variations through glacial cycles. A decrease of in situ temperature by 0.76°C
would shift the BGHS down from the current BSR to 640 mbsf (Figure 3b). The pressure drop associated with
sea-level lowering of 120 m, on the other hand, shifts the BGHS up by 174 m to 407 mbsf (Figure 3c). In situ
temperature would then need to be lower by 1.39°C for a BGHS at 640 mbsf (Figure 3d). To estimate the
amplitude of seafloor temperature variations in order to achieve in situ temperature changes of +0.38°C (0.76°C
peak-to-trough), the skin depth of a sinusoidal temperature signal was calculated (Fowler, 2005) (Figure 3e; Text
S6 in Supporting Information S1). We used a bulk thermal conductivity of 1.4 W m~" K™, a porosity of 0.4
(Barnes et al., 2019), as well as specific heat capacities of 4180 J kg™ K" and 1000 J kg~' K™ for pore water and
grains, respectively (Schoen, 1996) (Table S3 in Supporting Information S1). For a period of 100,000 years,
reflecting glacial cycles, the skin depth is 556 mbsf, that is, slightly shallower than the BSR. At this depth, the
amplitude of seafloor temperature fluctuations decreases by 1/e, meaning, in situ temperature fluctuations of
+0.38°C around the BSR would require temperature variations at the seafloor of ~+1.1°C, which is conceivable
through glacial cycles (e.g., Waelbroeck et al., 2002) (at the skin depth, the signal is phase reversed, i.e., it is
warmest at the skin depth when it is coldest at the seafloor, which we ignore here since the seafloor temperature
signal is unlikely sinusoidal). The propagation of a temperature step from the seafloor to the BSR was calculated
to demonstrate that slow hydrate dissociation is not predominantly caused by a time lag of this thermal signal
(Fowler, 2005; Text S6 in Supporting Information S1). The highest rate of temperature change at 640 mbsf occurs
after ~6,300 years (Figure 3f), less than glacial cycles or the elapsed time since the last glacial maximum at ~19
ka (Clark et al., 2012). This suggests that if hydrate dissociation at 640 mbsf is linked to glacial-interglacial
bottom-water temperature changes, this dissociation has taken place over thousands of years.

Changes of pressure-temperature conditions around the BGHS as a function of time through glacial cycles will be
an interplay between three processes: (a) Burial leads to a gradual upward shift of the BGHS with respect to given
sub-seafloor layers (Figure 3a). (b) Bottom-water warming after glacial maxima results in an upward movement
of the BGHS (Figure 3b), but with a significant delay (Figure 3f). (c) Pressure changes from sea-level fluctuations
are thought to be transmitted near-instantaneously through the sediment column. In combination, it is therefore
likely that the BGHS will initially move downwards with respect to the sediment column at the last glacial
termination by 54 m (Figure 3c) over the ~8,000 years (6.75 mm/yr) during which sea-level rose by ~120 m
(Lambeck et al., 2014). This signal will be counteracted by an initially slow upward migration following bottom-
water warming reaching a maximum rate of upward movement ~6,300 years after the onset of a temperature
increase at the seafloor (Figure 3f). Bottom-water temperatures need to increase by more than 1.39°C in order to
offset the downward movement of the BGHS from sea-level rise (Figure 3d). While temperature changes of this
order are common globally (Waelbroeck et al., 2002), a reconstruction of benthic paleo-water temperatures in the
study area is still the subject of on-going analyses. These signals are superimposed on a gradual upward
movement of the BGHS at the rate of burial of ~1 mm/yr, under the simplified assumption of a constant sedi-
mentation rate. The lack of a time series for bottom-water temperatures precludes any further thermal modeling of
the movement of the BGHS as a function of time. The considerations above ignore hydrate formation and
dissociation, which will arrest local pressure-temperature-salinity conditions at the phase boundary until hydrate
has entirely formed or dissociated.

In summary, our estimates show that burial as well as sea-level and bottom-water temperature fluctuations may
contribute to a movement of the BGHS at similar, glacial timescales. Glacial processes will thus modulate the
overall upward movement of the BGHS with respect to the sediment column from burial leading to hydrate
dissociation that has been ongoing for thousands to tens of thousands of years.
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Figure 3. (a—d) Shift of predicted BGHS following burial (a), in situ temperature changes (b), sea-level lowering (c), and
combined sea-level lowering and temperature changes (d). hyd. layer: Hydrate-bearing layer at 640 mbsf. mbsl: Meters
beneath sea-level. Assuming hydrostatic pressure (see text for details). (e) Skin depth as a function of period of a sinusoidal
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change occurs after ~6,300 years. (g) Conceptual model of the adjustment of the gas hydrate system to an upward movement
of the BGHS due to burial. R1, R2: Reflections labeled in Figure 1. Slowly dissociating hydrates are present beneath the
BSR. Hydrate dissociation has started above the current BSR where a new BSR is being formed. Highly permeable sand
layers may transport gas across the current BSR.
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Hydrate in layers that are crossed by the upward migrating BGHS dissociates to water and free gas, which may
then migrate upward to the new BGHS to form hydrate, that is, hydrate recycling (Nole et al., 2018; Paull
etal., 1994; You & Flemings, 2021). A weak and patchy sub-horizontal reflection (R2 in Figure 1c) at ~560 mbsf
may be a newly developing BSR (Figure 1c). Partially gas-saturated dipping high-permeability sand layers like
the one identified on the logs at 567 mbsf (tied to Reflection R1 in the seismic data, Figures 1c and 3g) may
facilitate gas transport upward (Liu & Flemings, 2007).

Our findings support earlier modeling studies that predict hydrate dissociation to take thousands of years because
of endothermic cooling (Goto et al., 2016) and additional slow salinity and pressure dissipation (Oluwunmi
et al., 2022). Our results are also compatible with pore-scale models that predict hydrate to co-exist with gas
following burial (Nole et al., 2018; You & Flemings, 2021). These processes result in a significant buffer for the
release of methane and thus, carbon from the hydrate “capacitor” (Dickens, 2003) through glacial cycles, and
potentially following future bottom-water temperature changes (Kennett et al., 2000).

Slow hydrate dissociation resulting in low rates of methane release and thus, low methane flux, may have im-
plications for other mechanisms that buffer methane release from hydrates into the ocean. The ability of methane
to migrate as free gas through the hydrate stability zone without being “trapped” as hydrate generally increases
with methane flux (A. Tréhu et al., 2004). Slowly released methane is thus more likely to be recycled into the
hydrate stability zone without reaching the ocean. The formation of authigenic carbonates near the seafloor,
which sequesters carbon from methane, is also affected by methane flux (Boetius & Wenzhofer, 2013). Ocean
acidification of marginal seas from methane that does reach the ocean is intuitively alleviated if methane flux rates
are low compared to the exchange of water masses.

We have detected hydrate in a thick FGZ beneath the regional BSR level. Thick FGZs, typically identified by
zones of high-amplitude reflections in seismic data, have been observed beneath hydrate in several locations
worldwide (Crutchley et al., 2015; Holbrook et al., 1996; Portnov et al., 2019). These FGZs are distinct from
“sharp” BSRs without underlying zones of high reflectivity, which are thought to be caused by thin layers of gas at
the BGHS (Singh et al., 1993). On the Hikurangi Margin, thick FGZs are evident elsewhere in seismic lines (Text
S7 in Supporting Information S1). A ~250 m thick FGZ beneath hydrates was studied during scientific drilling on
the Blake Ridge, US Atlantic Margin (Holbrook et al., 1996; Paull et al., 2000). Although no evidence for hydrate
was found in the FGZ there, we speculate that other thick FGZs globally may host dissociating hydrate.

A widespread presence of hydrate in FGZs would increase the estimated amount of carbon bound in hydrate
globally. The density of carbon in hydrate, however, is similar to that in free gas at these depths (Boswell &
Collet, 2011) (Text S8 in Supporting Information S1). If counting gas trapped by capillary forces toward the
carbon buffer of hydrate systems, the difference between the pore-space saturation of hydrate and that of
immobile free gas needs to be considered. We measured 40%—60% hydrate saturation at several levels in the FGZ
whereas gas mobility increases significantly already at saturations <20% (Jang & Santamarina, 2014). Disso-
ciating hydrates in the FGZ may therefore bind more carbon than immobile free gas but their effect on carbon
budgets of hydrate systems is difficult to constrain.

In summary, at Site U1519, we observe strong evidence for hydrate within the FGZ down to ~60 m below the
regional BSR. Our findings suggest gas hydrate is in the process of dissociation that is taking place over thousands
of years.

Data Availability Statement

Logging data are archived at the Lamont—-Doherty Earth Observatory's Division of Marine and Large Programs
(https://mlp.ldeo.columbia.edu/data/iodp-usio/exp372/U1519A/). Results from coring are archived at the Inter-
national Ocean Discovery Program (https://web.iodp.tamu.edu/OVERVIEW/?&exp=372&site=U1519). Line
05CM-04 raw and industry-processed data are available from the New Zealand Petroleum and Minerals' Geodata
database (https://geodata.nzpam.govt.nz/, Petroleum Report 05CM:PR3136). Codes and data are accessible as a
tar archive at Zenodo (I. Pecher, 2025).
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