1. Description of Ulleung Basin
	The East Sea is a semi-enclosed marginal sea in the northwestern Pacific Ocean and is bordered by Korea, Japan, and Russia. It comprises three major basins, the Japan, Yamato, and Ulleung basins, each exceeding 2,000 m in depth [1]. Particularly, the Ulleung Basin, which is located in the southwestern part of the East Sea near the Korean Peninsula, is influenced by upwelling and eddies that enhance biological and geochemical processes; hence, it exhibits higher biological productivity compared with those of the Yamato and Japan basins [2]. Furthermore, these processes are closely linked to the surface sediments of the Ulleung Basin, which are enriched with organic carbon and manganese oxides. Under suboxic conditions, this sediment composition facilitates carbon oxidation pathways and nutrient cycling through microbial processes, which further enhances the geochemical dynamics in the Ulleung Basin [3]. Additionally, multi-channel seismic data have indicated the abundant presence of acoustic chimneys in this basin. These structures serve as gas migration pathways from deep sediment layers to the sea floor where they potentially feed massive gas hydrate accumulations [3-6]. These unique sedimentary and geophysical features provide ideal conditions for methane hydrate formation and stability in this basin [7]. Thus, the Ulleung Basin serves as a natural laboratory for studying the complex interplay of biological and geological processes in methane-rich marine sediments [8]. As a marginal basin in the temperate zone, the Ulleung Basin also experiences pronounced seasonal stratification, vertical mixing, and episodic changes in water column structure [9-11]. These hydrographic dynamics, along with its high organic carbon load and gas hydrate occurrence, suggest that the basin may be particularly sensitive to environmental changes such as ocean warming [10], hydrate destabilization, and altered methane flux [12].

2. Seismic profiles across the study sites 
	The multi-channel seismic (MCS) profiles were acquired in 2000 and 2005 in the Ulleung Basin of the East Sea during gas hydrate research conducted by the Korea Institute of Geoscience and Mineral Resources (KIGAM) using the R/V Tamhae II. The seismic source consisted of an array of six air guns with a total volume of 1035 in3 operated at 2000 psi. For data acquisition, the 2000 survey used an 84-channel streamer, whereas the 2005 survey employed a 240-channel streamer with a group interval of 12.5 m and a shot interval of 25 m.
 In the seismic profiles (Graphic Abstract), the vertical axis represents two-way travel time (TWT, seconds), corresponding to the time required for the seismic wave to travel from the source to a reflector and back to the receiver. The horizontal axis is shown in common depth point (CDP) numbers, which represent the spatial sampling of seismic traces along the survey line. Although the nominal CDP spacing in the acquisition geometry was 6.25 m, the data were processed with a spacing of 12.5 m.
 The reference profile across Site P01 shows parallel and continuous reflections with no evidence of chimney structures or fluid-escape features, representing background stratigraphy unaffected by fluid migration. In contrast, the profile across Site P03 displays a chimney structure in the central part of the section, characterized by disrupted and attenuated reflections (acoustic blanking), interpreted as evidence of upward migration of free gas and/or fluids disturbing the overlying strata. A similar feature is observed at Site P04, where disrupted and weakened reflections also indicate upward fluid/gas migration pathways comparable to those at P03

[image: ][image: ]
Fig. S1. Depth profiles and principal component analysis (PCA) of porewater geochemical properties from sediment cores (Sites P01, P03, and P04). Depth is shown in meters below seafloor (mbsf). Depth profiles are color-coded by site: P01 (reddish pink), P03 (green), and P04 (sky blue), with the same color scheme applied in the PCA plot. In the PCA plot, the red circle marks samples that were separated as an outlier group, highlighting their distinct geochemical characteristics compared to the other sediments. The PCA was conducted to visualize environmental heterogeneity among the cores, and the variables included represent distinct geochemical properties.
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Fig. S2. Measurement of grain size in sediment samples. The NMDS patterns generated using the mode values (i.e., the most frequently occurring grain size within each sample). Distribution (%) of clay, silt, and sand particles in sediments. Numbers shown on sample labels correspond to sample IDs, indicating the combination of site and depth for each sediment sample. A significant difference of sediment samples among the sites (P01, P03, and P04) on the NMDS was determined by PERMANOVA (P > 0.05).
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Fig. S3. Concentration of eDNAs and sequencing coverage validation. (A) Concentrations of eDNA in sediment samples. Values are shown as log10-transformed concentrations; as a result of the transformation, no physical units are retained. The original measurements were expressed as nanograms per gram of sediment (ng g⁻¹ sediment). Numbers shown on sample labels correspond to sample IDs, indicating the combination of site and depth for each sediment sample. (B) Rarefaction curves showing observed ASV richness (Sobs) as a function of sequencing depth for all samples. Most curves approached asymptotic trends at approximately 7,000–10,000 reads, indicating sufficient sequencing coverage across all sites and depths. A few surface and mid-depth samples (P01_0 and P01_65) showed slightly increasing trends at the highest read numbers, consistent with locally elevated eDNA concentrations observed in panel (A).
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[bookmark: _Hlk208436913][bookmark: _Hlk208436957]Fig. S4. Microbial diversity. Alpha diversity pattern with Chao and Ace indexes. Pearson correlation analysis confirmed significant negative correlations between diversity indices and depth at P01 (Chao: -0.89, P < 0.05; Ace: -0.89, P < 0.05) and P04 (Chao: -0.82, P < 0.05; Ace: -0.77, P < 0.05), whereas correlations at P03 were weak and not significant (Chao: -0.41, P > 0.05; Ace: -0.41, P > 0.05).
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Fig. S5. Microbial beta diversity pattern visualized in NMDS. A significance of differences in microbial communities between each pair of cores was estimated using AMOVA. A dashed ellipse highlights the upper layer of P03 sediments (0.60–3.34 mbsf), which was significantly different from other layers in AMOVA (P < 0.05).
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Fig. S6. Microbial community composition at class level. Microbial taxa with a relative abundance of less than 1% within each sample were classified as other groups.
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Fig. S7. Correlation of microbial taxa (class level) with HS−, SO42−, CO2, and CH4. Correlation coefficients are colored according to the value scale. Positive correlations are displayed in a blue scale while negative correlations are displayed in a red scale. Coefficients not statistically significant (P > 0.01) are marked with X.
Table S1. Site information of the 17GH expedition
	Site
	Latitude
	Longitude
	Water Depth
	Total Core Length

	
	(oN)
	(oE)
	(m)
	(m)

	17GH-P01
	36°41′18.147″
	130°35′17.694″
	2041
	7.45

	17GH-P03
	36°39′14.881″
	130°36′58.961″
	2018
	3.65

	17GH-P04
	36°42′39.604″
	130°31′44.786″
	2032
	5.81





Table S2. Measured values of the dissociated gas hydrate in Site P03 (mbsf, meters below seafloor; psu, practical salinity unit; Cl⁻, chloride; SO42-, sulfate; NH4+, ammonium; PO43-, phosphate; δ18O, oxygen isotope ratio; δD, hydrogen isotope ratio; δ13CCH4, carbon isotopic composition of methane; δDCH4, hydrogen isotopic composition of methane; VPDB, Vienna Pee Dee Belemnite; V-SMOW, Vienna Standard Mean Ocean Water). The symbol “―” indicates that values were measured but were below the detection limit of analysis.
	Depth (mbsf)
	Salinity
(PSU)
	Cl⁻ 
(mM)
	SO42- 
(mM) 
	Alkalinity
(mM)
	NH4+
(mM)
	PO43- 
(µM)
	δ18O                          (‰ V-SMOW)
	δD                               (‰ V-SMOW)
	δ13CCH4
(‰ V-PDB)
	δDCH4
(‰ V-SMOW)

	3.21
	2.43
	40.07
	―
	2.06
	0.23
	10.29
	2.17
	15.50
	―
	―

	3.60
	6.32
	100.18
	0.32
	6.68
	0.06
	11.28
	1.88
	16.00
	―
	―

	3.65
	―
	―
	―
	―
	―
	―
	―
	―
	-66.5
	-200.0




Table S3. The isotopic composition of headspace gas samples (mbsf, meters below seafloor; δ13CCH4, carbon isotopic composition of methane; δDCH4, hydrogen isotopic composition of methane; δ13CCO2, carbon isotopic composition of carbon dioxide; VPDB, Vienna Pee Dee Belemnite; V-SMOW, Vienna Standard Mean Ocean Water). The symbol “―” indicates that isotopic values were measured but were below the detection limit of the isotopic analysis.
	Site
	Depth 
(mbsf)
	δ13CCH4
(‰ V-PDB)
	δDCH4
(‰ V-SMOW)
	δ13CCO2
 (‰ V-PDB)

	P01
	0.00
	―
	―
	―

	
	0.65
	―
	―
	―

	
	1.85
	―
	―
	―

	
	3.05
	―
	―
	―

	
	4.25
	-62.0
	―
	-24.3

	
	5.45
	-81.0
	―
	-25.1

	
	6.65
	-83.9
	-187.0
	-23.1

	
	7.45
	-80.7
	―
	-21.7

	P03
	0.60
	-62.8
	―
	-21.2

	
	1.76
	-64.0
	―
	-22.9

	
	3.05
	-64.2
	-188.0
	-22.6

	
	3.35
	-66.9
	-197.0
	-19.7

	
	3.65
	-68.5
	-196.0
	-25.9

	P04
	1.01
	―
	―
	―

	
	1.61
	―
	―
	―

	
	2.21
	-92.0
	―
	-25.0

	
	2.81
	-81.7
	-196.0
	―

	
	3.41
	-78.7
	-196.0
	-19.2

	
	4.61
	-75.8
	-197.0
	-22.7

	
	5.81
	-74.6
	-197.0
	-18.0





	Taxonomy
	PO1 (cmbsf)
	PO3 (cmbsf)
	PO4 (cmbsf)

	Domain
	Phylum;Class;Order;Family
	0
	65
	185
	305
	425
	545
	665
	745
	60
	175
	304
	334
	364
	100
	160
	220
	280
	340
	460
	580

	Bacteria
	Caldatribacteriota;JS1;JS1_or;JS1_fa
	1.9
	25.4
	34.2
	67.0
	35.7
	44.6
	51.8
	71.6
	53.8
	54.7
	67.0
	54.3
	61.8
	30.0
	46.5
	46.2
	45.4
	66.3
	72.0
	84.7

	
	Planctomycetota;Phycisphaerae;MSBL9;SG8-4
	6.7
	10.3
	8.3
	4.3
	3.8
	7.8
	12.2
	9.4
	7.6
	5.4
	5.6
	7.5
	4.9
	7.0
	4.1
	4.7
	1.5
	4.7
	7.8
	2.4

	
	Chloroflexi;Dehalococcoidia;GIF3;GIF3_fa
	0.7
	9.2
	4.0
	6.1
	9.5
	13.2
	6.5
	1.4
	6.5
	5.2
	3.6
	4.2
	3.8
	10.4
	9.8
	15.9
	1.6
	2.3
	1.7
	0.7

	
	Chloroflexi;Anaerolineae;Anaerolineales
;Anaerolineaceae
	3.0
	5.2
	4.6
	0.3
	1.0
	3.1
	1.4
	1.1
	2.5
	6.6
	0.6
	0.8
	1.1
	3.3
	2.5
	3.2
	0.6
	9.6
	1.1
	1.1

	
	Bacteroidota;Bacteroidia;Bacteroidia_uncl.
;Bacteroidia_uncl.
	0.1
	0.1
	0.3
	0.1
	0.2
	0.3
	3.7
	0.1
	2.7
	0.2
	0.4
	0.0
	2.7
	0.9
	0.8
	1.6
	25.2
	0.0
	2.6
	1.4

	
	Acidobacteriota;Aminicenantia;Aminicenantales
;Aminicenantales_fa
	0.9
	6.3
	3.0
	0.6
	4.4
	3.9
	1.2
	0.7
	3.4
	2.1
	1.7
	0.6
	1.0
	3.6
	4.3
	3.5
	1.1
	0.8
	0.8
	0.1

	
	Patescibacteria;CPR2;CPR2_or;CPR2_fa
	0.1
	0.1
	0.9
	1.1
	5.5
	3.5
	3.9
	1.3
	0.4
	0.3
	2.6
	6.5
	2.5
	1.6
	3.9
	2.5
	1.7
	0.1
	0.3
	0.2

	
	Chloroflexi;Dehalococcoidia;vadinBA26
;vadinBA26_fa
	0.2
	1.8
	2.0
	1.5
	3.4
	1.9
	1.1
	0.7
	1.7
	1.8
	1.1
	1.2
	1.5
	2.8
	2.2
	1.7
	0.7
	1.1
	0.7
	0.2

	
	Others
	86.6
	41.6
	42.7
	19.0
	36.5
	21.7
	18.0
	13.5
	21.4
	23.7
	17.2
	25.1
	20.8
	40.6
	25.9
	20.8
	22.0
	15.2
	13.1
	9.2

	Archaea
	Asgardarchaeota;Odinarchaeia;Odinarchaeia_or
;Odinarchaeia_fa
	4.0
	16.2
	27.3
	36.4
	44.0
	22.9
	44.9
	33.5
	54.5
	38.3
	49.8
	51.7
	30.9
	38.8
	35.9
	48.6
	28.0
	31.5
	29.8
	22.7

	
	Asgardarchaeota;Lokiarchaeia;Lokiarchaeia_or
;Lokiarchaeia_fa
	6.0
	9.2
	36.1
	21.9
	26.5
	28.2
	32.3
	60.4
	23.7
	38.6
	34.6
	16.9
	16.0
	22.8
	22.5
	28.2
	45.4
	45.8
	16.3
	54.5

	
	Thermoplasmatota;Thermoplasmata;SG8-5
;SG8-5_fa
	3.2
	6.9
	9.0
	2.0
	1.5
	13.8
	2.4
	1.0
	6.4
	7.7
	3.5
	3.9
	18.0
	5.0
	8.0
	6.3
	8.0
	1.4
	18.9
	1.5

	
	Crenarchaeota;Bathyarchaeia;Bathyarchaeia_or
;Bathyarchaeia_fa
	1.2
	6.8
	4.9
	1.6
	4.5
	7.7
	5.1
	0.6
	2.2
	2.4
	1.6
	1.9
	7.9
	7.4
	7.2
	3.4
	2.4
	3.5
	31.3
	2.0

	
	Crenarchaeota;Nitrososphaeria;Nitrosopumilales
;Nitrosopumilaceae
	46.0
	1.6
	1.5
	15.6
	8.1
	1.6
	1.0
	1.7
	0.6
	0.9
	3.2
	2.1
	1.5
	14.7
	1.9
	1.1
	0.9
	0.7
	1.2
	1.4

	
	Crenarchaeota;Thermoprotei;Thermoproteales
;Thermoproteaceae
	3.0
	26.5
	2.3
	3.3
	5.0
	6.6
	4.5
	0.1
	0.6
	0.3
	0.8
	3.5
	1.0
	1.1
	0.8
	3.0
	1.1
	3.5
	0.1
	0.1

	
	Crenarchaeota;Thermoprotei;Thermoprotei_uncl.
;Thermoprotei_uncl.
	3.2
	7.6
	6.9
	7.4
	2.2
	3.0
	2.1
	0.0
	0.7
	0.4
	0.3
	5.1
	1.0
	2.1
	1.8
	3.0
	3.0
	10.5
	0.0
	0.0

	
	Halobacterota;ANME-1;ANME-1_or;ANME-1_fa
	2.9
	0.1
	0.0
	0.0
	0.0
	0.0
	0.0
	0.0
	3.2
	0.8
	1.0
	8.8
	1.3
	0.0
	13.8
	0.0
	5.8
	0.0
	0.0
	7.5

	
	Korarchaeota;Korarchaeia;Korarchaeales
;Korarchaeaceae
	2.6
	2.6
	0.5
	0.7
	1.0
	2.5
	1.0
	0.1
	4.5
	5.5
	3.3
	1.7
	13.0
	1.2
	1.2
	0.8
	2.6
	0.8
	0.3
	0.8

	
	Halobacterota;Halobacterota_uncl.
;Halobacterota_uncl.;Halobacterota_uncl.
	7.6
	4.7
	2.2
	5.8
	2.5
	5.1
	0.8
	1.0
	0.4
	0.5
	0.2
	1.2
	1.5
	2.4
	2.3
	1.0
	0.4
	0.5
	0.3
	0.6

	
	Others
	20.3
	17.8
	9.2
	5.3
	4.7
	8.6
	6.0
	1.5
	3.3
	4.6
	1.7
	3.2
	7.9
	4.4
	4.8
	4.7
	2.3
	1.7
	1.7
	9.0


Table S4. Relative abundance of microbial taxa at family level. Microbial taxa with a relative abundance of less than 1% within each sample were classified as other groups.



Table S5. List of ASVs selected based on LDA scores.
	Pairs
	ASVs
	Class
	LDA
	P-value

	P01-P03-P04
	ASV101
	All
	3.05
	0.01

	P01-P03
	ASV3
	P03
	4.49
	0.01

	P03-P04
	ASV3
	P03
	4.47
	0.01

	P01-P03
	ASV12
	P03
	4.09
	0.01

	P03-P04
	ASV12
	P03
	4.07
	0.01

	P03-P04
	ASV26
	P03
	3.80
	0.03

	P01-P03
	ASV32
	P03
	3.62
	0.02

	P01-P03
	ASV45
	P03
	3.62
	0.00

	P03-P04
	ASV45
	P03
	3.53
	0.01

	P01-P03
	ASV50
	P03
	3.54
	0.02

	P03-P04
	ASV50
	P03
	3.48
	0.01

	P01-P03
	ASV58
	P03
	3.52
	0.02

	P03-P04
	ASV58
	P03
	3.45
	0.03

	P01-P03
	ASV81
	P03
	3.29
	0.02

	P01-P03
	ASV127
	P03
	3.15
	0.02

	P03-P04
	ASV127
	P03
	3.13
	0.03

	P01-P03
	ASV187
	P03
	2.98
	0.02
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