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Using high-resolution X-ray computed tomography (X-CT) of sediment cores from International Ocean Discovery Program Expedition 372 offshore New Zealand, we identify a network of near-vertical, low-density structures interpreted as relics of gas hydrate-filled fractures. These fractures occur at shallow depths near the sulfate-methane transition zone (SMTZ), with widths (thickness) ranging from 0.5 to 5 mm and vertical extents between 7 and 60 mm. They are characterized by diffuse boundaries and steep dip angles. In contrast to previously documented hydrate-filled fractures, which are typically larger (centimeter to meter scale) and located deeper within the sediment column, these findings suggest that hydrate fracture formation can initiate at much shallower depths. We propose that these fractures represent early-stage hydrate formation; these fractures may increase in size over time as microbial methane production increases. The formation, dissociation or dissolution of hydrate-filled fractures may alter sediment structure, fluid migration pathways, and microbial community dynamics during early diagenesis. Moreover, the existence of shallow, fracture-hosted gas hydrate could facilitate rapid methane transport to the seafloor if dissociated, with significant implications for climate-sensitive environments such as the Arctic. Similar features identified in other settings support the hypothesis that shallow hydrate-filled fractures may be widespread but remain underreported due to limited X-CT imaging of shallow sediment intervals in scientific drilling. Expanding the application of high-resolution X-CT scanning, particularly across the SMTZ, is crucial to improve detection and understanding of near-seafloor hydrate systems and their potential environmental impacts.
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1 INTRODUCTION
The formation of gas hydrate in marine sediments results from a complex interplay among microbial activity, thermodynamic conditions, fluid migration, and sediment properties. Gas hydrate is an ice-like solid composed of H20 and CH4 that forms under high-pressure and low-temperature conditions typically found within marine sediments on continental margins (Kvenvolden, 1993). Methane within gas hydrate systems can originate from two different sources: 1) biogenic methane produced by microbial degradation of organic matter (Dickens, 2001), or 2) thermogenic methane migrating from mature source rocks (Milkov, 2011). Most hydrate systems, especially systems with low hydrate saturation, are likely sourced via microbial methanogenesis (You et al., 2019). For hydrate formation to occur, methane concentration must exceed the solubility threshold within the gas hydrate stability zone (GHSZ) (Davie and Buffett, 2001).
In general, gas hydrate does not appear above the sulfate-methane transition zone (SMTZ), where upward-diffusing methane meets downward-diffusing sulfate. This interface fuels anaerobic oxidation of methane (AOM) by microbial communities (Boetius et al., 2000; Egger et al., 2018). Below the SMTZ, methane can be generated and accumulated in pore waters either through local microbial methanogenesis or by methane advection. On continental slopes, the SMTZ is located at shallow depths–typically between 5 and 50 m below the seafloor (mbsf) – and in most cases within the GHSZ. Thus, this zone represents a potential site for early-stage hydrate formation when methane concentration exceeds solubility (Bowles et al., 2014; Malinverno and Pohlman, 2011).
1.1 Gas hydrate in fractures
In coarse sands or silts, gas hydrate typically forms within primary pore spaces (Waite et al., 2009). In contrast, in clay-rich sediments, gas hydrate forms in secondary porosity as nodules, veins or fractures, with fractures being the most commonly observed morphology (Weinberger and Brown, 2006; Cook et al., 2014; Daigle and Dugan, 2010). Hydrate-filled fractures have been observed at both gas venting sites, where active fluid advection occurs (Kim et al., 2011), and at non-venting sites lacking evident fluid or gas advection (Cook and Goldberg, 2008; Cook et al., 2014).
Oti et al. (2019) identified and described relic gas hydrate-filled fractures using X-ray computed tomography (X-CT) scans of sediment cores from a non-venting site in the Gulf of Mexico. X-CT is a non-destructive imaging technique that reconstructs three-dimensional images of a sediment core’s internal structure based on variations in X-ray attenuation. In their data, Oti et al. (2019) observed that relic gas hydrate-filled fractures appeared as low-density, planar features dipping at ∼40° to near-vertical, with wispy or diffuse boundaries. These relic fractures are distinguishable from sharp, horizontal, drilling and coring-induced fractures. In addition, the relics of gas hydrate filled-fractures often exhibit branching or bifurcating patterns and tend to occur perpendicular to bedding planes. The fractures described by Oti et al. (2019) were located within a known zone of gas hydrate-filled fractures first described by Cook et al. (2008) using logging-while drilling resistivity images.
Oti et al. (2019) hypothesized that these fractures are the result of gas hydrate initially forming within burrow networks, sourced by in situ microbial methanogenesis. Continued methanogenesis then sustained gas hydrate growth, which in turns generated sufficient stress to propagate fractures that are oriented approximately vertically, which is the direction of the maximum stress.
1.2 Difficulty of studying gas hydrate in deep-marine environments
Studying gas hydrate in deep-marine environments remains a challenge due to both the logistical difficulty and high cost of accessing these settings, as well as the difficulty of preserving gas hydrate samples in their natural state. Most hydrate-bearing sediments lie hundreds of meters below the seafloor, where high-pressure and low-temperature conditions maintain hydrate stability. However, during core recovery, the rapid decrease in pressure and temperature often causes gas hydrate to dissociate, leading to partial or complete dissociation before they can be analyzed (Weinberger and Brown, 2006).
Downhole resistivity logs are sensitive to the presence of gas hydrate (Waite et al., 2009), and when resistivity is coupled with accurate in situ porosity or bulk density measurements, hydrate saturation can be reliably calculated. However, in most scientific drilling holes, the upper 50 to 100 mbsf of the hole are held open using drilling pipe, preventing the collection of well logging data in this interval. As a result, this unlogged interval likely means that many shallow gas hydrate accumulations are not detected.
1.3 Study area
The Hikurangi subduction zone, located off the northeastern coast of New Zealand (Figure 1A), is a tectonically active region along the Pacific-Australian plate boundary, characterized by frequent seismic activity and recurrent sedimentary mass-transport processes (Wallace et al., 2009; Barnes et al., 2020; Strachan et al., 2022). The region also hosts widespread gas hydrate systems, which may play a role in slope stability, either by enhancing sediment strength through cementation or by preconditioning slopes for failure when gas hydrate dissociate (Burton et al., 2020; Kroeger et al., 2019; Plaza-Faverola et al., 2012; Pecher et al., 2019; Claussmann et al., 2023).
[image: Map and cross-sections depicting seismic and geological features of the Tuaheni Landslide Complex (TLC) at the Tuaheni Ridge, New Zealand. Panel A shows location context. Panel B illustrates tectonic features with faults, ridges, and drill sites marked. Panel C provides a detailed map of South Tuaheni Deposits with U1517 drill site and gas flare locations. Panel D displays a seismic line highlighting compressional and extensional deformations in subsurface strata. Panel E zooms in on seismic reflections near U1517. Thrust faults, gas-charged strata, and bathymetry are detailed across panels.]FIGURE 1 | (A) Study area location in the Hikurangi margin, north-east of North Island of New Zealand; (B) Bathymetric map showing North and South Tuaheni location with thrust faults offshore and drill site U1517 from IODP Expedition 372 (November 2017 – January 2018, Pecher et al., 2019); (C) Zoom on the two South Tuaheni lobes and their rough surficial morphology, displaying uncommon extensional deformation (slight white) downstream displaying uncommon extensional deformation (slight gray) downstream and compressional deformation (slight gray) upstream. Drill site U1517 is located into the extensional deformation zone. Gas flares detected on the edges of Tuaheni South Deposit during the RV Tangaroa cruise TAN1404 (Gross et al., 2018); (D) Seismic line crossing the Tuaheni South Deposit from NW to SE, illustrating both the compressional and extensional deformations zones, location of drill site U1517, the intra-debris reflector from Gross et al., 2018 (dashed purple line), base of the Tuaheni South Deposit (turquoise blue line) and the Basal Gas Hydrate Surface (BGHS; dashed black line). Gas-charged strata are identified below the BGHS so as seafloor undulations at deposits’s surface; (E) Zoom on the U1517 drill site which cored key structural interfaces. Bathymetric (C) and seismic (D, E) illustrations modified from Mountjoy et al. (2014).A key feature of this margin is the Tuaheni Landslide Complex (TLC), located on the upper slope near Poverty Bay (Figures 1B, C). The TLC is one of the most extensive and well-documented submarine landslide systems offshore New Zealand, comprising a series of mass-transport deposits that exhibit morphological and geophysical evidence of past - and potentially ongoing - slope failure (Mountjoy et al., 2014; Couvin et al., 2020).
IODP Site U1517 intersects the TLC and lies within the gas hydrate stability zone (GHSZ). The GHSZ defines the depth range within which gas hydrate is thermodynamically stable; at Site U1517, this zone extends from 650 m below sea level to ∼162 m below seafloor, as constrained by geophysical and geochemical data (Figure 1D; Mountjoy et al., 2014; Gross et al., 2018; Pecher et al., 2019).
In this study, we combine geochemical and X-CT datasets from sediment cores collected during the IODP Expedition 372 to investigate gas hydrate occurrence in the TLC offshore New Zealand (Figure 1E). We report, for the first-time, evidence of gas hydrate-filled fractures at very shallow depths within the SMTZ, and we discuss this unique observation regarding (1) the potential for similar fractures in other gas hydrate systems worldwide, (2) the analytical implications for future marine gas hydrate investigations, and (3) the possible consequences for climate-sensitive regions.
2 MATERIALS AND METHODS
2.1 Sediment cores from IODP expedition 372
IODP Expedition 372 Site U1517 was designed to log and sample through both the Tuaheni Landslide Complex and the gas hydrate stability zone (Figure 1; Pecher et al., 2019; Wallace et al., 2019). This study utilizes data from two holes drilled at the site. Hole U1517-A was drilled in 725 m of water depth using logging-while-drilling (LWD) tools to a depth of 205 mbsf. In Hole U1517-C, 188.5 m of sediments were recovered using the advanced piston corer (APC) and half-length APC (HLAPC). These two holes crossed the entire thickness of the TLC, from the seafloor down to the base at approximately 70 mbsf, and intersected the bottom simulating reflection (BSR) at ∼162 mbsf. High-resolution core photographs from the Expedition were modified and enhanced applying histogram equalization in Corel PHOTO-PAINT® software. This processing method improves the visibility of color contrasts, thus helping in the identification of lithofacies, deformation structures and sedimentary features. It may also produce slightly artificial colors. The processed images were used for visual interpretation of the core sedimentology.
2.2 Pore water geochemistry analyses
During IODP Expedition 372, pore water geochemistry analyses included chloride concentration (Cl−), sulfate (SO42−) and methane (CH4). Pore water was extracted from sediment cores using Rhizon samplers or a hydraulic press for squeezing, depending on sediment compaction and water content (Manheim, 1966; Dickens et al., 1995). Chloride concentrations were measured using ion chromatography, with deviations from seawater values used as indicators of gas hydrate presence or dissociation (Egeberg and Dickens, 1999). Sulfate concentrations were determined using spectrophotometric methods, allowing for the identification of the sulfate-methane transition zone (SMTZ), which marks the depth at which microbial anaerobic oxidation of methane (AOM) occurs (Borowski et al., 1996; Treude et al., 2003). Methane concentrations were quantified using gas chromatography (GC), where headspace gas samples were taken immediately after core recovery to minimize methane loss (Claypool and Kvenvolden, 1983; Pimmel and Claypool, 2001). These geochemical measurements provided crucial insights into gas hydrate occurrence and associated biogeochemical processes along the Hikurangi subduction margin (Crutchley et al., 2018; Pecher et al., 2019).
2.3 X-ray computed tomography (X-CT)
X-CT is a non-destructive imaging technique that generates high-resolution, three-dimensional representations of internal structures based on the differential attenuation of X-rays by the materials of varying density and composition. This method is particularly effective for sediment cores analysis, as it reveals micro-scale deformation structures, subtle density variations, and sedimentary features that are often invisible to the naked eye (Cnudde and Boone, 2013).
For this study, the archival half core from Hole U1517-C was scanned using a Neurologica CereTom system at Ohio State University, to image the sediment interval from 0 to 71 mbsf. The scanner resolution is 0.5 × 0.5 × 0.625 mm. All scans were performed with a peak energy of 100 keV, providing sufficient contrast to resolve density variations associated with subtle lithological changes and deformation features. On the selected display scale, high-density materials appear white, while low-density materials such as air appear dark, making density contrasts–particularly between sediments and air-filled features–clearly visible.
The X-CT data were processed and visualized using the open-source software FIJI®. Pre-processing steps included image alignment, noise reduction, and contrast enhancement to optimize the visibility of fine-scale features. Three-dimensional reconstructions and orthogonal slices were generated to facilitate the identification of fluid escape features and other sedimentary structures.
To estimate hydrate content, fracture volumes were quantified by segmenting the fractures using a thresholding approach. The area of the thresholded regions was divided by the total image area to calculate the relative hydrate fraction. This ratio was then applied to the total bulk volume of the core segment to estimate the absolute volume of hydrate-filled fractures.
3 RESULTS
3.1 Fluid geochemistry
3.1.1 Gas hydrate occurrence
Chloride concentration measurements at Site U1517 provide clear evidence of gas hydrate presence below 81 mbsf. During core recovery, gas hydrate dissociates due to pressure and temperature changes, releasing freshwater that dilutes pore water chloride. At Site U1517, a notable decrease in chloride concentrations between 81 and 179 mbsf is interpreted as a signal of gas hydrate intervals above ∼162 mbsf and free gas below, consistent with the base of the hydrate stability zone established as approximately 162 mbsf (Figure 2A; Pecher et al., 2019). Gas hydrate saturation (Sh, expressed as a percentage of pore space; Figure 2B) was estimated using the LWD data. Calculated saturation values range from 2% to 68% between 136 and 165 mbsf, with gas hydrate predominantly concentrated in centimeter-thick, coarse-grained sand layers.
[image: Three-panel graph showing geochemical measurements at various depths (mbsf). Panel A: Chloride concentration (two methods), showing a steep increase below 150 mbsf. Panel B: Hydrate saturation from chloride, peaking near the surface. Panel C: Methane and sulfate concentrations, depicting a red line labeled SMT intersecting methane and sulfate trends at 20 mbsf.]FIGURE 2 | (A) Chloride profile at Site U1517 (titration and IC: Ion chromatography). Gas hydrate dissociation is indicated by low chloride values (due to core retrieval) and are used to estimate (B) Values of gas hydrate saturation from chloride. (C) Sulphate and methane profiles in the upper 40 m of Hole U1517C. The SMT (Sulphate Methane Transition) is illustrated by a dashed line and is indicative of where sulfate is consumed and methane is produced and increases with depth (Pecher et al., 2019).3.1.2 Headspace methane analyses
At Site U1517, methane concentrations in headspace gas samples remain indistinguishable from instrumental blanks (approximately 2 ppmv) from 0 to 15 mbsf, indicating limited methanogenesis in the shallow sediments. This interval corresponds to the sulfate-rich zone, where microbial sulfate reduction inhibits the accumulation of biogenic methane.
Below approximately 17 mbsf, methane concentrations rise sharply, reaching up to 10,000 ppmv at 24 mbsf, indicating active microbial methanogenesis (Figure 2C). This depth coincides with the approximate location of the base the sulfate-methane transition zone, where sulfate becomes depleted and allows methane production to dominate (Borowski et al., 1996; Dickens, 2001). It is important to note that methane measurements provide only qualitative estimates of the in situ methane concentrations, as gas loss during core recovery, expansion, and hydrate dissociation can significantly alter the original methane content.
3.2 X-CT scans
No macroscopic evidence of gas hydrates was observed during core description, which motivated further investigation using X-CT scanning to detect sedimentary structures and features that are not discernible through conventional visual inspection alone.
3.2.1 Low-density, near-vertical structures
From 17 to 19.6 mbsf (cores U1517C-3F2 to U1517C-3F4), X-CT data reveal a large number of small, low-density, near-vertical structures (Figures 3, 4). Most of these structures exhibit wispy or diffuse boundaries–on our selected grayscale display, low-density materials such as air appear dark, while high-density materials appear white. The structures vary in size, with widths ranging from 0.5 to 5 mm, vertical extents between 7 and 60 mm, and dip angles between 45° and 90°. A total of approximately 150 fractures were identified, although structures near or thinner than the scanner’s minimum voxel size are difficult to detect, making it likely that not all structures were identified.
[image: Line scan, modified line scan, and X-CT scan images display geological features. The first row shows relics of gas hydrate-filled fractures with arrow annotations on X-CT. The second row illustrates cracks and split bedding. Each feature is labeled with a core sample identifier and depth measurement.]FIGURE 3 | Illustrations of relics of gas hydrate filled-fractures (indicated by red markers) differing from coring disturbances such as cracks and split bedding identified in U1517-C core. Typical example is a composite of line scan, modified line scan (histogram equalization) and X-ray CT frontal view images. Corresponding cores and depth below seafloor (mbsf) are notified.[image: X-CT images of a geological core sample from site U1517C 3F2, showing core depths from 16.7 to 18 meters below the seafloor. Sections are displayed at varying distances from the split core surface, with labels for sediment, bioturbation, and air. Insets highlight two types of fractures: coring artifact fractures with horizontal sharp boundaries, and gas hydrate bearing fractures with high-angle and diffuse boundaries. Density scale ranging from low to high is used.]FIGURE 4 | Composite illustration of the U1517-C 3F2 core photo next to series of 2D X-CT image slices progressing farther from split core surface. Density scale shows low-density features in dark and high-density features in bright. The surface (top slice) and bottom (rounded bottom slice) image display larger dark areas because of the irregular surface of the core. Interpreted gas hydrates-filled fractures are outlined in red based on specific identification criteria: diffuse boundaries, low-density and high-angle fractures (Oti et al., 2019), while coring-induced fractures are outlined in are outlined in blue. Note: The Sulphate Methane Transition (SMT) measured at 17 mbsf at site U1517 (Pecher et al., 2019) is annotated by a red dashed line.These structures are most developed around 17 mbsf (Figures 3, 4), coinciding with the top of the sulfate-methane transition zone (SMTZ). Three-dimensional reconstructions of fractures (Figure 5) show a network of small, thin, subvertical structures with wispy edges, consistent with previous descriptions of hydrate-filled fractures (e.g., Oti et al., 2019). These fractures are clearly distinguishable from coring-induced artifacts, which typically appear as sub-horizontal, sharp fractures (Figure 3), and are colored in blue for comparison in Figure 5.
[image: 3D reconstruction images of gas hydrate bearing fractures at different rotation angles: 0 degrees, 45 degrees, 90 degrees, 135 degrees, and 180 degrees. The images display vertical, striped patterns with highlighted blue sections corresponding to coring-induced horizontal fractures, at various positions. The scale indicates 6.5 centimeters.]FIGURE 5 | 3D reconstruction of relic gas hydrate-bearing fractures segmented from X-CT scans in the U1517-C 3F2 core. Core orientation is indicated from 0° to 180°. The coring-induced fracture is shown in blue, consistent with Figure 3. The reconstruction highlights typical features of gas hydrate-bearing fractures as described by Oti et al. (2019): near-vertical orientation, thin geometry, and wispy, diffuse edges. X-CT slices, acquired at 500 µm intervals, are also displayed.4 DISCUSSION
4.1 Hydrate filled-fractures forming at the SMTZ
At Site U1517, the gas hydrate stability zone extends from approximately 650 m below sea level (mbsl) to 162 m below seafloor (mbsf), as constrained by geophysical and geochemical data (Mountjoy et al., 2014; Gross et al., 2018; Pecher et al., 2019). In Hole U1517-C, we identified potential relic of gas hydrate filled-fractures between 17 and 19.6 mbsf, well within the gas hydrate stability zone (Figure 6). These fractures are observed in fine-grained, clay-rich sediments (Figures 3, 4, 6) and exhibit distinct characteristics consistent with features previously described gas-hydrate-filled fractures (Oti et al., 2019). These planar features are characterized by near-vertical angles, diffuse edges and localized low-density relative to the surrounding sediment matrix, as the fractures are now open and air-filled. Based on the dimensions of the observed fractures, we estimate that the fractures occupy approximately 2.2% of the bulk volume, which is equivalent to a hydrate saturation of ∼5%, assuming a porosity of 45%.
[image: Geological chart showing data from a well log. It includes columns for depth, core samples, log codes, and structures. Geochemistry is displayed with methane and sulphate graphs, identifying sulfate reduction and methanogenic zones. Other columns show ring resistivity, compressional velocity, gamma ray, neutron porosity, bulk density, and magnetic susceptibility. A legend explains lithofacies and deformation structures. Various patterns and colors distinguish data types, highlighting geological variations with depth.]FIGURE 6 | Synthetic illustration integrating lithological, structural and geochemical analyses of U1517-C cores down to 71.5 mbsf. Sedimentological facies, deformation structures are also indicated. Physical properties measured on core U1517-C including compressional wave velocity, Natural Gamma Radiation (NGR), porosity (MAD), Gamma Ray Attenuation (GRA), bulk density (MAD), and magnetic susceptibility are illustrated. In addition, Logging-While-Drilling (LWD) data from Site U1517-A, such as ring resistivity, gamma ray, neutron and NMR porosity, and bulk density (RHON), are shown for comparison.At Site U1517, the SMTZ was identified at approximately 17 mbsf (Pecher et al., 2019; Figures 2, 6). Methane can accumulate below this depth, where sulfate is depleted and microbial oxidation is no longer active, creating favorable conditions for gas hydrate formation (Borowski et al., 1999; Ruppel and Kessler, 2017). Although we did not measure microbial activity directly, methanogenesis rates reported from sulfate-depleted marine sediments typically range from 0.1 to 10 nmol CH4 cm−3 day−1 (e.g., Egger et al., 2018). At such rates, sufficient methane could accumulate locally over timescales of hundreds to thousands of years to reach saturation and allow for hydrate formation under favorable pressure-temperature conditions. This supports the plausibility of local methane production as a contributing source, particularly near the SMTZ. We suggest that in this setting, hydrate formation may result from the combined effects of short-range methane migration via fractures and localized microbial production. In addition, the co-occurrence of these relic fractures and the SMTZ strongly suggests that hydrate formation occurred in situ during early diagenesis. Although gas hydrate was not physically recovered from the core, the morphology of these relic fractures is similar to that of gas bearing fractures observed in other settings. It is likely that the gas hydrate dissociated shortly after core recovery.
While we interpret these vertical, low-density structures as relics of hydrate-filled fractures based on their planar morphology, vertical orientation, and occurrence near the SMTZ, we acknowledge that similar features may potentially result from other processes. Gas hydrate formation within biomineralized burrows, for instance, has been shown to generate stress and propagate fractures (Oti et al., 2019), complicating the distinction between biogenic and fracture-related features when observed with X-CT alone. We are not aware of specific diagenetic processes that would generate such regular, vertically aligned structures in these sediments. Future work involving mineralogical and porewater analyses will be essential to further constrain the origin of these features.
4.2 Comparisons to other sites
In comparison to other locations where hydrate filled-fractures have been documented, the fractures at Site U1517 are significantly smaller in size and occur at significantly shallower depths. At Site U1517, fractures only extend up to 60 mm in length, whereas previously described relic hydrate-filled fractures commonly cut across the entire core, implying that the full extent of such fracture may not have been captured during coring (Oti et al., 2019). Similarly, gas hydrate filled-fractures identified in LWD data must cut across the borehole and extend beyond the borehole to be imaged by resistivity tools (e.g., Cook et al., 2014). These features are often hydrate filled-fractures visible for tens of centimeters to several meters as they intersect the borehole. In contrast, small-scale fractures like the ones observed in core U1517-C would likely not be captured in resistivity logs or resistivity images because the electrical current can bypass these narrow features and preferentially travel through the more conductive sediment matrix.
Hydrate filled-fractures at sites without active or paleo methane venting are typically found at significantly greater depths than those at Site U1517 (Table 1). The shallowest previously reported hydrate filled-fractures were identified in logging-while drilling resistivity images at 55 mbsf offshore India (Cook and Goldberg, 2008), while most occurrences of fractures are reported between 100 and 300 mbsf (Cook et al., 2014; Oti et al., 2019; Boswell and Collett, 2011). We hypothesize that the fractures observed at Site U1517 represent the early stages of gas hydrate filled-fractures development, which would explain their relatively small in size and unusually shallow depth. Over time, as sediments continue to accumulates on the seafloor and burial depth increases, these fractures may progressively deepen and evolve into larger structures (Figure 7).
TABLE 1 | The location, the depth and sulfate methane transition zone at sites with gas hydrate filled fractures.	Site	Depth of gas hydrate filled-fractures or relic fractures (mbsf)	Depth of SMTZ (mbsf)	References
	KC151 Gulf of Mexico	111–116; 220–254; 264–300	∼9	Cook et al. (2008), Oti et al. (2019), and Chatterjee et al. (2011)
	WR313-H Gulf of Mexico	180–282; 298–312	12	Cook et al. (2014) and Flemings et al. (2024)
	GC955-H Gulf of Mexico	156; 191–312; 337–360	Not measured	Cook et al. (2014)
	NGHP Site 5 Indian Continental Margin	55–95; 57–91	23	Cook and Goldberg (2008), Cook et al. (2014), and Collett et al. (2015)
	NGHP Site 6 Indian Continental Margin	123–195	Not measured	Cook et al. (2014)
	NGHP Site 7 Indian Continental Margin	73–94; 137–185	∼29–36	Cook et al. (2014) and Collett et al. (2015)
	IODP Site U1517 Hikurangi margin, New Zealand	17–20	17	This study and Pecher et al. (2019)
	IODP Site M0089 Japan Trench	15–18	∼7	This study and Ikehara et al. (2023)


[image: Three-panel illustration showing a conceptual model of methane concentration and hydrate formation in seafloor sediment. Panel A: No hydrate forms as solubility is not reached. Methane concentration is below solubility for mud. Panel B: Solubility is reached, and hydrate starts forming in fractures. Panel C: Hydrate-filled fractures propagate as hydrate formation continues. The sulfate-methane transition zone (SMTZ) is indicated in all panels.]FIGURE 7 | Cartoon showing hydrate filled fracture system formation at the sulfate-methane transition zone (SMTZ). (A) Below the SMTZ, annotated by a red dashed line, the solubility level of methane is not yet reached. (B) Once the methane exceeds the solubility needed for hydrate to form in mud, hydrate slowly starts forming in open pore space, creating small fractures. (C) As sedimentation continues, the hydrate filed fracture move deeper and propagate vertically.To investigate whether similar hydrate filled-fractures may occur at or near the SMTZ in other locations, we reviewed all available X-CT scans of sediment cores from the publicly accessible archives of the International Ocean Discovery Program (IODP). Most expeditions either do not perform X-CT scanning on sediment cores or, when they do, rarely include shallow intervals encompassing the SMTZ. To our knowledge, only four other expeditions provided X-CT core scans that covered both the GHSZ and the SMTZ. Notably, all of these expeditions were conducted offshore Japan: one site from Expedition 315 (Ashi et al., 2009), one site from Expedition 322 (Underwood et al., 2010), one site from Expedition 358 (Tobin et al., 2020), and fifteen sites from Expedition 386 (Strasser et al., 2023).
We identified potential relic hydrate-filled fractures at six of these sites, all are located along the Japan Trench and recovered during IODP Expedition 386. Site M0089 provided the most compelling evidence for the presence of relic of gas hydrate-filled fractures. These fractures were observed in core M0089B-1H, specifically in sections 16, 17, and 18, between 15.9 and 17.9 mbsf, within clayey-silt sediments. These fractures (Figure 8) are slightly larger than those found at Site U1517, measuring 60.1 and 49.5 cm in length, and exhibit the same diffuse edges characteristic of hydrate filled-fractures previously discussed (Oti et al., 2019). Although these fractures are larger than the ones identified at Site U1517, they are located closer to the SMTZ than any previously documented hydrate-filled fractures (Table 1). The fractures occur at 8.7 m below the SMTZ, which is positioned at approximately 7 mbsf based on pore water geochemistry (Ikehara et al., 2023). The occurrence of such fractures along both the Japan and New Zealand subduction margins, near the SMTZ, suggests that hydrate filled-fractures may commonly develop in proximity to this diagenetic boundary, but remain underreported due to the limited availability of X-CT core data.
[image: X-CT images of a core sample from depths 16.0 to 17.9 meters below seafloor show varying densities. The slices at 4.0 cm, 4.8 cm, 5.2 cm, 5.6 cm, and 6.4 cm from the top highlight air in black, sediment in gray, and high-density material in white. Red and blue boxes indicate relic hydrate-filled fractures with high-angle fractures and diffused boundaries. The sulfate-methane transition zone is noted at approximately 7 meters below seafloor. Measurement scales for depth and image segments are included.]FIGURE 8 | A composite illustration of the M0089B core photo next to series of 2D X-CT image slices progressing farther from top of the whole core surface. The density scale shows low-density features in black and high-density features in white. Interpreted relics of gas hydrate-filled fractures are identified based on specific identification criteria diffuse boundaries, low-density and high-angle fractures (Oti et al., 2019). Note: The sulfate-methane transition zone (SMTZ) measured at 7 mbsf at site M0089 (Ikehara et al., 2023) is annotated by a red dashed line.4.3 Implications for near-seafloor fractures
We hypothesize that small, hydrate-filled fractures may commonly form at or near the SMTZ in clay-rich sediments. If more methane is available, these fractures could progressively grow over time. If this fracture-hosted mode of gas hydrate formation is widespread - particularly near-vertical fractures forming close to the SMTZ - it could have significant implications in climate-sensitive regions such as the Arctic, where shallow gas hydrates are more susceptible to dissociation due to environmental change.
Modeling studies and observational data suggest that even minor increases in bottom water temperature can lead to gas hydrate dissociation in shallow settings (Archer, 2007; Portnov et al., 2014; Ruppel and Kessler, 2017). If low saturation hydrate occurs in the primary pore space of sediment and dissociates, the resulting methane may not form a buoyant phase and would remain in the sediment (Daigle et al., 2019). Moreover, if methane forms a buoyant phase that moved through the pore space towards the seafloor, it would most likely be consumed by anaerobic oxidation of methane (AOM) within the sediment column (Beulig et al., 2018; Reeburgh, 2007). In contrast, methane released from hydrate-filled fractures is already present as a buoyant gas phase and may become over-pressurized upon dissociation. This over-pressured gas could rapidly propagate upward through the sediment, potentially fracturing its way toward the seafloor. In such a scenario, methane bypasses the AOM filter because gas-filled fractures can traverse the sediment column in a matter of seconds (Jin et al., 2004), increasing the likelihood of direct methane release into the ocean.
The presence and dissociation of hydrate-filled fractures challenges the classical view of methane migration as a purely diffusion-dominated process in fine-grained sediments. These fractures may create preferential pathways that promote focused methane transport and lead to spatially heterogeneous patterns of AOM activity. While our observations suggest that fractures may serve as focused conduits for methane transport leading to localized hydrate formation near the SMTZ, we recognize that this mechanism likely operates alongside slower, diffusive methane migration. The relative contribution of fracture flow versus diffusion may vary spatially and temporally, depending on factors such as sediment permeability, methane flux, and fracture connectivity. Our interpretation emphasizes the potential for transient, fracture-controlled pathways to deliver methane rapidly to shallow depths, without excluding the importance of diffusion in broader sedimentary settings. Over time, the gas hydrate growth in fractures and subsequent dissociation can alter the sediment fabric, porosity, and permeability, thereby influencing fluid flow and geochemical exchange in early diagenetic environments (Nimblett & Ruppel, 2003). Additionally, the formation, growth and eventually dissociation or dissolution of hydrate-filled fractures may impact the spatial distribution of microbial habitats and redox gradients, with potential consequences for microbial community structure and biogeochemical cycling (Treude et al., 2003).
4.4 Implications for future analytical approach of shallow gas hydrate activity
The present findings emphasize the need and importance of incorporating X-CT into sediment core analyses protocols, particularly in near-seafloor intervals at and around the SMTZ, where microbially sourced methane is abundant and early diagenetic processes are actively shaping the sedimentary record. Relic fractures preserve indirect evidence of past gas hydrate occurrence and dissociation, even when intact gas hydrate samples are no longer preserved. Moreover, high-resolution X-CT data in this interval can reveal sedimentary features such as bioturbation structures that are not discernible through conventional visual core description (e.g., Hovikoski et al., 2025).
Although small-scale fractures like those observed at Site U1517 are below the detection threshold of standard downhole logging tools (Figure 6), larger hydrate-filled fracture systems - such as those reported offshore India and in the Gulf of Mexico (Table 1) - may be identifiable through logging if present.
However, this study suggests that fractures can initiate much closer to the seafloor than previously documented, challenging current assumptions. In most cases, the first 50–100 m below the seafloor are not covered by logging data because the drill pipe is inserted to stabilize the borehole prior to logging. We propose that this standard practice has likely led to the oversight and consequent underestimation of the occurrence and extent of near-seafloor gas hydrate systems.
5 CONCLUSION
This study documents relic gas hydrate-filled fractures at unusually shallow depths, coinciding with the sulfate-methane transition zone (SMTZ), based on X-Computed Tomography (X-CT) scans of marine sediment cores from IODP Expedition 372 offshore New Zealand. These small, near-seafloor fractures likely represent early stages of hydrate formation, at and near the SMTZ. These fractures may continue to increase in size and in depth over time as microbial methane accumulates. The formation, dissociation or dissolution of hydrate filled fractures may alter sediment structure, influence fluid flow and shape microbial activities during early diagenesis. In addition, the presence of gas hydrate in fractures–unlike pore-filling hydrate–could rapidly release methane to the seafloor upon dissociation, especially in climate-sensitive regions like the Arctic. Similar features identified in sediment cores from Expedition 386 in the Japan Trench suggest such shallow hydrate-filled fractures may be more widespread than currently documented, but remain underreported due to the limited application of X-CT imaging in shallow intervals of scientific ocean drilling cores. While our interpretation is supported by geometry and context, it is primarily based on non-destructive imaging. Additional constraints such as direct sampling, geochemical analysis, and mineralogical validation are required to confirm the hydrate origin of these structures. Future research should also explore the relative roles of microbial methane production and fracture-mediated gas migration in shallow marine sediments.
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