Appendix
Extended Data Table 1
Length of national operating nature gas pipelines exposed to different seismic hazard levels (km).
	Countries
	SHEL 1
	SHEL 2
	SHEL 3
	SHEL 4
	SHEL 5

	United States
	115,206.184
	102,303.416
	54,163.546
	25,222.902
	10,902.215

	China
	11,002.512
	22,168.743
	42,648.059
	35,652.684
	9,588.266

	Mexico
	1,355.157
	1,505.589
	1,802.714
	2,514.242
	7,831.229

	Turkey
	0.000
	2.690
	498.869
	1,493.401
	7,064.343

	India
	0.000
	1,693.750
	6,699.775
	1,852.943
	5,681.292

	Argentina
	9,777.718
	68.844
	906.940
	2,631.093
	3,271.343

	Russia
	89,464.340
	14,613.996
	3,698.882
	2,176.811
	2,199.289

	Chile
	16.810
	441.760
	0.000
	0.000
	2,190.842

	Bolivia
	914.732
	97.653
	481.956
	1,676.361
	2,180.422

	New Zealand
	0.000
	0.000
	0.000
	281.180
	2,047.834

	Japan
	0.000
	0.000
	31.201
	1,245.869
	1,984.149

	Peru
	0.000
	0.000
	0.000
	0.000
	1,408.284

	Greece
	0.000
	0.000
	23.352
	416.731
	1,382.160

	Azerbaijan
	0.000
	0.000
	0.000
	523.525
	1,224.597

	Romania
	0.000
	573.567
	55.188
	1,055.073
	1,149.817

	Colombia
	0.000
	90.743
	79.930
	4,632.747
	1,065.463

	Uzbekistan
	351.704
	2,618.504
	752.990
	2,898.007
	1,043.330

	Georgia
	0.000
	0.000
	0.000
	862.799
	881.539

	Myanmar
	0.000
	149.889
	0.000
	152.107
	764.350

	Israel
	0.000
	1.498
	79.892
	0.000
	548.065

	Iran
	0.000
	0.000
	19.859
	12,184.778
	409.177

	Armenia
	0.000
	0.000
	0.000
	98.129
	341.547

	Papua New Guinea
	0.000
	0.000
	0.000
	0.000
	297.298

	Pakistan
	0.000
	0.000
	1,527.978
	5,328.535
	282.245

	Bangladesh
	0.000
	0.000
	318.448
	2,232.922
	243.778

	Algeria
	4,130.972
	0.000
	2,486.760
	9,530.092
	230.601

	Albania
	0.000
	0.000
	0.000
	0.000
	214.471

	Kazakhstan
	5,612.523
	2,901.618
	2,510.586
	5,666.179
	166.414

	Italy
	0.000
	514.354
	3,075.407
	5,178.955
	113.054

	Trinidad and Tobago
	0.000
	0.000
	0.000
	4.654
	69.224

	Jordan
	0.000
	0.000
	23.051
	391.249
	56.232

	Syria
	0.000
	0.000
	0.000
	263.083
	51.472

	Iraq
	0.000
	259.719
	1,327.574
	796.629
	41.808

	Philippines
	0.000
	0.000
	0.000
	0.000
	41.693

	Dominican Republic
	0.000
	0.000
	0.000
	0.000
	40.126

	Palestine
	0.000
	0.000
	0.000
	0.000
	9.844

	Ecuador
	0.000
	0.000
	0.000
	0.000
	6.330

	Canada
	35,914.679
	4,083.516
	5,179.085
	2,033.558
	0.000

	France
	1,969.626
	34,630.553
	380.983
	0.000
	0.000

	Australia
	16,557.020
	9,333.541
	44.166
	53.501
	0.000

	Ukraine
	7,035.480
	3,655.004
	888.601
	393.843
	0.000

	Germany
	5,513.148
	3,695.807
	1,417.797
	0.000
	0.000

	Brazil
	7,641.276
	0.000
	1,314.577
	480.015
	0.000

	United Kingdom
	8,523.686
	0.000
	0.000
	0.000
	0.000

	Spain
	3,808.329
	1,936.908
	1,598.815
	455.950
	0.000

	Egypt
	920.913
	145.323
	3,148.183
	1,582.102
	0.000

	Poland
	4,913.596
	51.318
	54.249
	0.000
	0.000

	Turkmenistan
	467.027
	1,868.194
	1,327.344
	986.127
	0.000

	Indonesia
	68.330
	584.861
	1,798.821
	1,587.039
	0.000

	Libya
	1,561.817
	341.690
	429.747
	1,470.905
	0.000

	Oman
	3,544.002
	74.761
	0.000
	63.846
	0.000

	Belgium
	92.886
	3,457.580
	1.240
	0.000
	0.000

	Belarus
	2,962.609
	367.369
	0.000
	0.000
	0.000

	Thailand
	2,447.482
	391.184
	0.000
	0.000
	0.000

	Bulgaria
	0.000
	13.047
	1,103.865
	1,668.247
	0.000

	Saudi Arabia
	1,116.756
	1,188.997
	0.000
	0.000
	0.000

	Nigeria
	2,106.613
	30.768
	0.000
	0.000
	0.000

	Netherlands
	1,801.765
	310.197
	16.438
	0.000
	0.000

	Austria
	94.346
	783.764
	1,205.175
	0.000
	0.000

	Malaysia
	0.000
	1,717.152
	0.000
	0.000
	0.000

	Hungary
	305.377
	876.732
	414.335
	0.000
	0.000

	Ireland
	1,583.993
	0.000
	0.000
	0.000
	0.000

	Croatia
	0.000
	25.454
	457.131
	958.237
	0.000

	Venezuela
	0.000
	233.495
	456.516
	571.127
	0.000

	United Arab Emirates
	884.073
	246.419
	0.000
	39.687
	0.000

	Serbia
	0.000
	178.309
	876.702
	101.260
	0.000

	Czech Republic
	1,036.807
	53.803
	0.000
	0.000
	0.000

	Slovakia
	49.089
	550.262
	364.412
	0.000
	0.000

	South Africa
	589.747
	314.835
	0.000
	0.000
	0.000

	Latvia
	805.337
	0.000
	0.000
	0.000
	0.000

	Portugal
	0.000
	333.477
	454.825
	0.000
	0.000

	Qatar
	758.368
	0.000
	0.000
	0.000
	0.000

	Estonia
	757.711
	0.000
	0.000
	0.000
	0.000

	Tanzania
	0.000
	0.000
	693.977
	0.000
	0.000

	Finland
	691.377
	0.000
	0.000
	0.000
	0.000

	Tunisia
	0.000
	303.380
	369.747
	0.000
	0.000

	Ghana
	584.628
	9.912
	0.000
	0.000
	0.000

	Mozambique
	82.386
	507.971
	0.000
	0.000
	0.000

	Lithuania
	585.525
	0.000
	0.000
	0.000
	0.000

	Morocco
	0.000
	0.000
	10.607
	546.285
	0.000

	Moldova
	0.000
	0.000
	322.284
	172.818
	0.000

	Switzerland
	0.000
	305.140
	178.337
	0.000
	0.000

	Sweden
	442.595
	0.000
	0.000
	0.000
	0.000

	Denmark
	396.915
	0.000
	0.000
	0.000
	0.000

	Slovenia
	0.000
	0.301
	54.016
	305.385
	0.000

	North Macedonia
	0.000
	0.000
	0.000
	341.241
	0.000

	Uruguay
	333.510
	0.000
	0.000
	0.000
	0.000

	Kyrgyzstan
	0.000
	0.000
	0.000
	214.547
	0.000

	Ivory Coast
	204.097
	0.000
	0.000
	0.000
	0.000

	Luxembourg
	141.159
	27.540
	0.000
	0.000
	0.000

	Afghanistan
	0.000
	0.000
	18.519
	122.816
	0.000

	Bosnia and Herzegovina
	0.000
	0.000
	106.703
	0.000
	0.000

	Tajikistan
	0.000
	0.000
	0.000
	92.394
	0.000

	Kuwait
	2.930
	0.000
	88.295
	0.000
	0.000

	Baikonur
	0.000
	0.000
	80.524
	0.000
	0.000

	Vietnam
	59.577
	0.000
	0.000
	0.000
	0.000

	Democratic Republic of the Congo
	33.147
	0.000
	0.000
	0.000
	0.000

	Norway
	10.506
	0.000
	0.000
	0.000
	0.000

	Angola
	10.084
	0.000
	0.000
	0.000
	0.000

	Monaco
	0.000
	5.749
	0.000
	0.000
	0.000

	Benin
	0.000
	2.647
	0.000
	0.000
	0.000

	Togo
	0.000
	1.968
	0.000
	0.000
	0.000

	Brunei
	1.638
	0.000
	0.000
	0.000
	0.000

	Liechtenstein
	0.000
	0.000
	1.288
	0.000
	0.000




Extended Data Table 2
Number of fault-crossing risk points in different countries.
	Countries
	SHEL 1
	SHEL 2
	SHEL 3
	SHEL 4
	SHEL 5

	United States
	4
	17
	21
	126
	134

	China
	2
	26
	119
	107
	52

	Turkey
	0
	0
	27
	64
	31

	New Zealand
	0
	0
	0
	29
	23

	Japan
	0
	0
	1
	52
	18

	Iran
	0
	0
	0
	85
	15

	Chile
	0
	0
	0
	0
	13

	Azerbaijan
	0
	0
	0
	22
	11

	Peru
	0
	0
	0
	1
	9

	Russia
	0
	1
	0
	6
	8

	Georgia
	0
	0
	0
	38
	7

	Armenia
	0
	0
	0
	3
	6

	Mexico
	6
	6
	4
	2
	6

	Pakistan
	0
	0
	0
	35
	5

	Myanmar
	0
	1
	3
	1
	4

	Colombia
	0
	4
	5
	52
	3

	Albania
	0
	0
	0
	3
	3

	Greece
	0
	0
	3
	15
	2

	Argentina
	1
	0
	1
	2
	2

	Israel
	0
	0
	0
	0
	2

	Italy
	0
	0
	30
	62
	1

	Algeria
	0
	0
	0
	18
	1

	Bolivia
	0
	0
	0
	6
	1

	India
	0
	0
	1
	4
	1

	Jordan
	0
	0
	0
	2
	1

	Philippines
	0
	0
	0
	0
	1

	Trinidad and Tobago
	0
	0
	0
	0
	1

	Bulgaria
	0
	6
	29
	14
	0

	Bangladesh
	0
	0
	2
	8
	0

	Slovenia
	0
	0
	2
	8
	0

	Croatia
	0
	0
	19
	5
	0

	North Macedonia
	0
	0
	4
	4
	0

	Spain
	8
	0
	12
	3
	0

	Turkmenistan
	0
	0
	7
	2
	0

	Egypt
	0
	0
	1
	2
	0

	Venezuela
	0
	1
	12
	1
	0

	Morocco
	0
	0
	1
	1
	0

	Tajikistan
	0
	0
	1
	1
	0

	Iraq
	0
	0
	0
	1
	0

	Syria
	0
	0
	0
	1
	0

	Australia
	55
	14
	2
	0
	0

	Austria
	2
	10
	14
	0
	0

	Uzbekistan
	6
	6
	9
	0
	0

	Kazakhstan
	0
	3
	16
	0
	0

	Germany
	0
	7
	11
	0
	0

	Portugal
	0
	3
	5
	0
	0

	France
	0
	7
	0
	0
	0

	Netherlands
	4
	3
	0
	0
	0

	Mozambique
	0
	6
	0
	0
	0

	Republic of Serbia
	0
	0
	4
	0
	0

	Slovakia
	0
	1
	3
	0
	0

	Bosnia and Herzegovina
	0
	0
	2
	0
	0

	Indonesia
	0
	0
	1
	0
	0

	Malta
	0
	0
	0
	0
	0

	Thailand
	0
	1
	0
	0
	0

	Tunisia
	0
	0
	1
	0
	0





[bookmark: OLE_LINK47][bookmark: OLE_LINK38]Extended Data Table 3
Annualized seismic failure probabilities at 1,731 valid fault-crossing risk points.
	[bookmark: OLE_LINK37]Instances
	
	
	
	
	
	

	[bookmark: OLE_LINK31]
	4.830E-06
	2.082E-03
	1.370E-04
	4.195E-05
	7.776E-04
	3.177E-04

	
	4.923E-06
	2.085E-03
	1.490E-04
	4.668E-05
	8.695E-04
	3.339E-04

	
	5.008E-06
	2.086E-03
	1.619E-04
	5.217E-05
	9.624E-04
	3.496E-04

	
	6.054E-06
	2.087E-03
	1.779E-04
	6.458E-05
	1.040E-03
	3.597E-04

	
	6.195E-06
	2.089E-03
	1.963E-04
	7.406E-05
	1.151E-03
	3.782E-04

	
	6.321E-06
	2.090E-03
	2.179E-04
	8.561E-05
	1.259E-03
	3.966E-04

	
	7.724E-06
	2.091E-03
	2.366E-04
	1.035E-04
	1.325E-03
	4.053E-04

	
	8.023E-06
	2.093E-03
	2.726E-04
	1.279E-04
	1.467E-03
	4.316E-04

	
	8.295E-06
	2.107E-03
	3.261E-04
	1.617E-04
	1.635E-03
	4.683E-04

	
	9.676E-06
	2.093E-03
	2.925E-04
	1.531E-04
	1.500E-03
	4.359E-04

	
	1.011E-05
	2.094E-03
	3.393E-04
	1.886E-04
	1.635E-03
	4.647E-04

	
	1.049E-05
	2.107E-03
	4.323E-04
	2.402E-04
	1.882E-03
	5.348E-04


500 Monte Carlo samples were adopted per point to propagate uncertainty in random variables, resulting in 865,500 predictions for each instance.  denotes the annualized pipeline failure probability caused by potential seismic fault displacement. Min and Max indicate the minimum and maximum values among all sample-level predictions for a given instance.  denotes the arithmetic mean;  and  denote the 50th and 95th percentiles, respectively; and  denotes the standard deviation.  is the hydrogen blending ratio, [%], and  is the hydrogen exposure time, [year].


Extended Data Table 4
Time-dependent amplification of seismic risk across global fault-crossing risk points.
	Exposure Interval, [yrs]
	Hydrogen Blending Ratio, [%]
	
	
	
	
	

	10 to 20
	5%
	1.001
	1.110
	1.115
	1.173
	1.303

	10 to 20
	10%
	1.001
	1.139
	1.155
	1.246
	1.472

	[bookmark: OLE_LINK49]10 to 20
	15%
	1.001
	1.188
	1.218
	1.337
	1.758

	[bookmark: OLE_LINK50]10 to 20
	20%
	1.001
	1.192
	1.277
	1.356
	1.967

	10 to 30
	5%
	1.002
	1.243
	1.264
	1.439
	1.752

	10 to 30
	10%
	1.002
	1.334
	1.382
	1.584
	2.475

	10 to 30
	15%
	1.002
	1.534
	1.616
	2.019
	10.042

	10 to 30
	20%
	1.002
	1.782
	1.920
	2.793
	11.989


 denotes the geometric mean, which is used to characterize the central tendency of a set of positive . 


Extended Data Table 5
Combined amplification of seismic risk across fault-crossing risk points exposed to different seismic hazard levels.
	Seismic Hazard Exposure Levels
	N
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	SHEL 1
	88
	4.733
	6.237
	7.224
	7.596

	SHEL 2
	123
	4.962
	6.387
	8.833
	38.476

	SHEL 3
	373
	2.852
	6.059
	6.957
	34.174

	SHEL 4
	786
	1.063
	5.538
	20.671
	24.930

	SHEL 5
	361
	1.008
	1.393
	2.923
	8.368


N denotes the number of valid fault-crossing risk points within each seismic hazard exposure level. 14 risk points excluded during data-completeness screening were not included, and the values of N across the five exposure levels sum to 1,731.


Extended Data Table 6
Seismic risk landscape of global operating natural gas pipelines ().
	[bookmark: _Hlk232691746]Countries
	
	
	
	
	
	

	China
	306
	153,000
	0.258 
	1.202E-04
	4.156E-05
	5.711E-04

	United States
	302
	151,000
	0.384 
	1.953E-04
	5.116E-05
	1.252E-03

	Turkey
	122
	61,000
	0.318 
	1.141E-04
	4.108E-05
	5.475E-04

	Iran
	100
	50,000
	0.347 
	7.664E-05
	3.939E-05
	2.186E-04

	Italy
	93
	46,500
	0.259 
	8.408E-05
	3.784E-05
	2.195E-04

	Japan
	71
	35,500
	0.382 
	3.123E-04
	7.242E-05
	1.848E-03

	Australia
	71
	35,500
	0.037 
	3.469E-05
	2.633E-05
	7.807E-05

	Colombia
	64
	32,000
	0.284 
	1.678E-04
	4.954E-05
	9.941E-04

	New Zealand
	52
	26,000
	0.381 
	1.429E-04
	5.031E-05
	8.088E-04

	Bulgaria
	49
	24,500
	0.171 
	5.328E-05
	3.008E-05
	1.158E-04

	Georgia
	45
	22,500
	0.319 
	1.826E-04
	5.291E-05
	1.153E-03

	Pakistan
	40
	20,000
	0.317 
	2.779E-04
	6.866E-05
	1.782E-03

	Azerbaijan
	33
	16,500
	0.359 
	1.126E-04
	4.736E-05
	5.295E-04

	Austria
	26
	13,000
	0.115 
	3.860E-05
	2.733E-05
	9.073E-05

	Mexico
	24
	12,000
	0.264 
	1.330E-04
	3.382E-05
	9.253E-04

	Croatia
	24
	12,000
	0.168 
	6.134E-05
	3.037E-05
	1.370E-04

	Spain
	23
	11,500
	0.126 
	4.386E-05
	2.819E-05
	9.957E-05

	Uzbekistan
	21
	10,500
	0.115 
	3.804E-05
	2.720E-05
	8.888E-05

	Greece
	20
	10,000
	0.269 
	8.637E-05
	3.978E-05
	2.707E-04

	Algeria
	19
	9,500
	0.358 
	1.171E-04
	4.276E-05
	5.471E-04

	Kazakhstan
	19
	9,500
	0.119 
	4.036E-05
	2.857E-05
	9.169E-05

	Germany
	18
	9,000
	0.103 
	4.108E-05
	2.745E-05
	9.544E-05

	Russia
	15
	7,500
	0.447 
	1.391E-04
	5.467E-05
	6.490E-04

	Venezuela
	14
	7,000
	0.135 
	5.356E-05
	2.983E-05
	1.174E-04

	Chile
	13
	6,500
	0.918 
	6.464E-04
	2.138E-04
	1.981E-03

	Peru
	10
	5,000
	0.583 
	4.807E-04
	1.212E-04
	1.915E-03

	Bangladesh
	10
	5,000
	0.226 
	1.348E-04
	4.610E-05
	6.491E-04

	Slovenia
	10
	5,000
	0.247 
	7.700E-05
	3.437E-05
	1.913E-04

	Myanmar
	9
	4,500
	0.305 
	1.330E-04
	4.385E-05
	7.983E-04

	Armenia
	9
	4,500
	0.392 
	1.412E-04
	5.205E-05
	7.517E-04

	Turkmenistan
	9
	4,500
	0.204 
	4.852E-05
	3.121E-05
	1.086E-04

	North Macedonia
	8
	4,000
	0.209 
	1.117E-04
	3.880E-05
	4.103E-04

	Portugal
	8
	4,000
	0.130 
	4.756E-05
	2.830E-05
	1.066E-04

	Bolivia
	7
	3,500
	0.336 
	2.984E-04
	7.014E-05
	1.886E-03

	Netherlands
	7
	3,500
	0.056 
	3.417E-05
	2.592E-05
	7.746E-05

	France
	7
	3,500
	0.063 
	3.365E-05
	2.574E-05
	7.633E-05

	Argentina
	6
	3,000
	0.281 
	2.077E-04
	5.695E-05
	1.333E-03

	Albania
	6
	3,000
	0.391 
	1.095E-04
	5.142E-05
	5.522E-04

	India
	6
	3,000
	0.280 
	9.271E-05
	4.047E-05
	3.423E-04

	Mozambique
	6
	3,000
	0.073 
	3.520E-05
	2.649E-05
	7.865E-05




Extended Data Table 7
Seismic risk landscape of global operating natural gas pipelines ().
	Countries
	
	
	
	
	
	

	China
	306
	153,000
	0.258 
	2.743E-04
	1.533E-04
	1.317E-03

	United States
	302
	151,000
	0.384 
	3.814E-04
	1.789E-04
	1.772E-03

	Turkey
	122
	61,000
	0.318 
	2.592E-04
	1.494E-04
	1.247E-03

	Iran
	100
	50,000
	0.347 
	1.991E-04
	1.440E-04
	6.735E-04

	Italy
	93
	46,500
	0.259 
	2.112E-04
	1.394E-04
	7.371E-04

	Japan
	71
	35,500
	0.382 
	5.806E-04
	2.738E-04
	2.036E-03

	Australia
	71
	35,500
	0.037 
	1.004E-04
	8.348E-05
	2.200E-04

	Colombia
	64
	32,000
	0.284 
	3.675E-04
	1.880E-04
	1.706E-03

	New Zealand
	52
	26,000
	0.381 
	3.145E-04
	1.763E-04
	1.459E-03

	Bulgaria
	49
	24,500
	0.171 
	1.434E-04
	1.062E-04
	3.105E-04

	Georgia
	45
	22,500
	0.319 
	3.852E-04
	1.955E-04
	1.760E-03

	Pakistan
	40
	20,000
	0.317 
	5.446E-04
	2.684E-04
	2.028E-03

	Azerbaijan
	33
	16,500
	0.359 
	2.665E-04
	1.669E-04
	1.186E-03

	Austria
	26
	13,000
	0.115 
	1.116E-04
	8.992E-05
	2.476E-04

	Mexico
	24
	12,000
	0.264 
	2.603E-04
	1.218E-04
	1.628E-03

	Croatia
	24
	12,000
	0.168 
	1.609E-04
	1.098E-04
	3.763E-04

	Spain
	23
	11,500
	0.126 
	1.257E-04
	9.683E-05
	2.760E-04

	Uzbekistan
	21
	10,500
	0.115 
	1.093E-04
	8.953E-05
	2.449E-04

	Greece
	20
	10,000
	0.269 
	2.118E-04
	1.431E-04
	7.960E-04

	Algeria
	19
	9,500
	0.358 
	2.616E-04
	1.549E-04
	1.253E-03

	Kazakhstan
	19
	9,500
	0.119 
	1.148E-04
	9.697E-05
	2.480E-04

	Germany
	18
	9,000
	0.103 
	1.163E-04
	9.119E-05
	2.610E-04

	Russia
	15
	7,500
	0.447 
	3.291E-04
	1.900E-04
	1.299E-03

	Venezuela
	14
	7,000
	0.135 
	1.525E-04
	1.093E-04
	3.476E-04

	Chile
	13
	6,500
	0.918 
	9.993E-04
	7.917E-04
	2.067E-03

	Peru
	10
	5,000
	0.583 
	7.890E-04
	4.305E-04
	2.052E-03

	Bangladesh
	10
	5,000
	0.226 
	3.215E-04
	1.791E-04
	1.451E-03

	Slovenia
	10
	5,000
	0.247 
	1.937E-04
	1.249E-04
	5.642E-04

	Myanmar
	9
	4,500
	0.305 
	2.893E-04
	1.548E-04
	1.448E-03

	Armenia
	9
	4,500
	0.392 
	3.182E-04
	1.809E-04
	1.392E-03

	Turkmenistan
	9
	4,500
	0.204 
	1.347E-04
	1.107E-04
	2.873E-04

	North Macedonia
	8
	4,000
	0.209 
	2.626E-04
	1.470E-04
	1.170E-03

	Portugal
	8
	4,000
	0.130 
	1.355E-04
	9.892E-05
	3.063E-04

	Bolivia
	7
	3,500
	0.336 
	5.604E-04
	2.693E-04
	2.050E-03

	Netherlands
	7
	3,500
	0.056 
	9.747E-05
	7.991E-05
	2.135E-04

	France
	7
	3,500
	0.063 
	9.633E-05
	7.860E-05
	2.132E-04

	Argentina
	6
	3,000
	0.281 
	4.383E-04
	2.226E-04
	1.825E-03

	Albania
	6
	3,000
	0.391 
	2.661E-04
	1.755E-04
	1.155E-03

	India
	6
	3,000
	0.280 
	2.255E-04
	1.458E-04
	9.678E-04

	Mozambique
	6
	3,000
	0.073 
	1.004E-04
	8.348E-05
	2.156E-04





[bookmark: OLE_LINK133]Extended Data Table 8
[bookmark: OLE_LINK70][bookmark: OLE_LINK71]Seismic risk landscape of global operating natural gas pipelines ().
	Countries
	
	
	
	
	
	

	China
	306
	153,000
	0.258 
	1.441E-04
	5.235E-05
	7.412E-04

	United States
	302
	151,000
	0.384 
	2.270E-04
	6.207E-05
	1.421E-03

	Turkey
	122
	61,000
	0.318 
	1.390E-04
	5.269E-05
	7.102E-04

	Iran
	100
	50,000
	0.347 
	9.690E-05
	5.077E-05
	3.027E-04

	Italy
	93
	46,500
	0.259 
	1.014E-04
	4.646E-05
	2.996E-04

	Japan
	71
	35,500
	0.382 
	3.607E-04
	9.420E-05
	1.920E-03

	Australia
	71
	35,500
	0.037 
	4.153E-05
	2.872E-05
	9.903E-05

	Colombia
	64
	32,000
	0.284 
	1.994E-04
	6.289E-05
	1.203E-03

	New Zealand
	52
	26,000
	0.381 
	1.723E-04
	6.097E-05
	9.886E-04

	Bulgaria
	49
	24,500
	0.171 
	6.427E-05
	3.436E-05
	1.473E-04

	Georgia
	45
	22,500
	0.319 
	2.151E-04
	6.685E-05
	1.334E-03

	Pakistan
	40
	20,000
	0.317 
	3.247E-04
	8.990E-05
	1.874E-03

	Azerbaijan
	33
	16,500
	0.359 
	1.381E-04
	5.855E-05
	6.875E-04

	Austria
	26
	13,000
	0.115 
	4.633E-05
	2.980E-05
	1.138E-04

	Mexico
	24
	12,000
	0.264 
	1.532E-04
	4.068E-05
	1.093E-03

	Croatia
	24
	12,000
	0.168 
	7.241E-05
	3.481E-05
	1.720E-04

	Spain
	23
	11,500
	0.126 
	5.280E-05
	3.134E-05
	1.242E-04

	Uzbekistan
	21
	10,500
	0.115 
	4.557E-05
	2.973E-05
	1.108E-04

	Greece
	20
	10,000
	0.269 
	1.048E-04
	4.742E-05
	3.540E-04

	Algeria
	19
	9,500
	0.358 
	1.380E-04
	5.174E-05
	6.994E-04

	Kazakhstan
	19
	9,500
	0.119 
	4.886E-05
	3.170E-05
	1.155E-04

	Germany
	18
	9,000
	0.103 
	4.901E-05
	2.996E-05
	1.195E-04

	Russia
	15
	7,500
	0.447 
	1.728E-04
	7.078E-05
	8.338E-04

	Venezuela
	14
	7,000
	0.135 
	6.458E-05
	3.492E-05
	1.480E-04

	Chile
	13
	6,500
	0.918 
	7.195E-04
	2.996E-04
	2.015E-03

	Peru
	10
	5,000
	0.583 
	5.418E-04
	1.590E-04
	1.968E-03

	Bangladesh
	10
	5,000
	0.226 
	1.627E-04
	5.889E-05
	8.280E-04

	Slovenia
	10
	5,000
	0.247 
	9.221E-05
	4.010E-05
	2.512E-04

	Myanmar
	9
	4,500
	0.305 
	1.600E-04
	5.271E-05
	9.812E-04

	Armenia
	9
	4,500
	0.392 
	1.739E-04
	6.780E-05
	9.348E-04

	Turkmenistan
	9
	4,500
	0.204 
	5.876E-05
	3.604E-05
	1.374E-04

	North Macedonia
	8
	4,000
	0.209 
	1.326E-04
	4.830E-05
	5.437E-04

	Portugal
	8
	4,000
	0.130 
	5.583E-05
	3.154E-05
	1.298E-04

	Bolivia
	7
	3,500
	0.336 
	3.454E-04
	9.067E-05
	1.953E-03

	Netherlands
	7
	3,500
	0.056 
	4.077E-05
	2.814E-05
	9.872E-05

	France
	7
	3,500
	0.063 
	4.010E-05
	2.776E-05
	9.717E-05

	Argentina
	6
	3,000
	0.281 
	2.449E-04
	7.234E-05
	1.498E-03

	Albania
	6
	3,000
	0.391 
	1.368E-04
	6.373E-05
	7.236E-04

	India
	6
	3,000
	0.280 
	1.123E-04
	4.811E-05
	4.454E-04

	Mozambique
	6
	3,000
	0.073 
	4.213E-05
	2.871E-05
	1.006E-04





[bookmark: OLE_LINK91][bookmark: OLE_LINK160]Extended Data Table 9
Seismic risk landscape of global operating natural gas pipelines ().
	Countries
	
	
	
	
	
	

	China
	306
	153,000
	0.258 
	4.120E-04
	2.455E-04
	1.749E-03

	United States
	302
	151,000
	0.384 
	5.229E-04
	2.726E-04
	1.962E-03

	Turkey
	122
	61,000
	0.318 
	4.281E-04
	2.406E-04
	1.875E-03

	Iran
	100
	50,000
	0.347 
	3.852E-04
	2.372E-04
	1.793E-03

	Italy
	93
	46,500
	0.259 
	3.338E-04
	2.192E-04
	1.285E-03

	Japan
	71
	35,500
	0.382 
	7.597E-04
	4.772E-04
	2.074E-03

	Australia
	71
	35,500
	0.037 
	1.916E-04
	1.285E-04
	5.053E-04

	Colombia
	64
	32,000
	0.284 
	5.228E-04
	3.102E-04
	1.945E-03

	New Zealand
	52
	26,000
	0.381 
	4.636E-04
	2.632E-04
	1.812E-03

	Bulgaria
	49
	24,500
	0.171 
	2.532E-04
	1.634E-04
	7.522E-04

	Georgia
	45
	22,500
	0.319 
	5.364E-04
	3.148E-04
	1.951E-03

	Pakistan
	40
	20,000
	0.317 
	7.267E-04
	4.617E-04
	2.073E-03

	Azerbaijan
	33
	16,500
	0.359 
	4.076E-04
	2.546E-04
	1.626E-03

	Austria
	26
	13,000
	0.115 
	1.989E-04
	1.374E-04
	5.460E-04

	Mexico
	24
	12,000
	0.264 
	3.642E-04
	1.879E-04
	1.884E-03

	Croatia
	24
	12,000
	0.168 
	2.651E-04
	1.660E-04
	8.420E-04

	Spain
	23
	11,500
	0.126 
	2.153E-04
	1.485E-04
	5.866E-04

	Uzbekistan
	21
	10,500
	0.115 
	1.974E-04
	1.378E-04
	5.312E-04

	Greece
	20
	10,000
	0.269 
	3.394E-04
	2.156E-04
	1.420E-03

	Algeria
	19
	9,500
	0.358 
	3.871E-04
	2.360E-04
	1.710E-03

	Kazakhstan
	19
	9,500
	0.119 
	2.115E-04
	1.497E-04
	5.836E-04

	Germany
	18
	9,000
	0.103 
	2.132E-04
	1.389E-04
	5.876E-04

	Russia
	15
	7,500
	0.447 
	4.987E-04
	3.163E-04
	1.732E-03

	Venezuela
	14
	7,000
	0.135 
	2.603E-04
	1.687E-04
	7.621E-04

	Chile
	13
	6,500
	0.918 
	1.179E-03
	1.173E-03
	2.079E-03

	Peru
	10
	5,000
	0.583 
	9.598E-04
	7.391E-04
	2.076E-03

	Bangladesh
	10
	5,000
	0.226 
	4.768E-04
	2.903E-04
	1.830E-03

	Slovenia
	10
	5,000
	0.247 
	3.172E-04
	1.902E-04
	1.226E-03

	Myanmar
	9
	4,500
	0.305 
	5.172E-04
	2.925E-04
	1.893E-03

	Armenia
	9
	4,500
	0.392 
	4.273E-04
	2.313E-04
	1.805E-03

	Turkmenistan
	9
	4,500
	0.204 
	2.407E-04
	1.694E-04
	6.681E-04

	North Macedonia
	8
	4,000
	0.209 
	3.903E-04
	2.313E-04
	1.594E-03

	Portugal
	8
	4,000
	0.130 
	2.180E-04
	1.468E-04
	5.878E-04

	Bolivia
	7
	3,500
	0.336 
	7.456E-04
	4.656E-04
	2.084E-03

	Netherlands
	7
	3,500
	0.056 
	1.904E-04
	1.237E-04
	4.953E-04

	France
	7
	3,500
	0.063 
	1.797E-04
	1.193E-04
	4.913E-04

	Argentina
	6
	3,000
	0.281 
	6.004E-04
	3.650E-04
	1.979E-03

	Albania
	6
	3,000
	0.391 
	4.100E-04
	2.645E-04
	1.555E-03

	India
	6
	3,000
	0.280 
	3.548E-04
	2.172E-04
	1.549E-03

	Mozambique
	6
	3,000
	0.073 
	2.023E-04
	1.290E-04
	5.409E-04





Extended Data Table 10
Topological characteristics of pipeline systems.
	Topological type
	
	Length (km)
	
	
	

	Linear Trunkline
	409
	125,784.640
	3,093
	1,640
	1,049

	Branched Network
	44
	48,128.280
	1,715
	1,865
	272

	[bookmark: OLE_LINK166]Meshed Network
	23
	111,592.880
	12,029
	37,469
	407


[bookmark: OLE_LINK193][bookmark: OLE_LINK170][bookmark: OLE_LINK175] denotes the number of pipeline system topologies;  denotes the number of nodes;  denotes the number of physical pipeline edges;  denotes the number of logical failure connectors.


[bookmark: OLE_LINK189]Extended Data Table 11
Retained system connectivity after seismic failure of pipelines.
	Topological type
	 Bridge ratio, [%]
	
	
	

	Linear Trunkline
	100
	0.026
	0.681
	0.762

	Branched Network
	99.6
	0.585
	0.733
	0.805

	Meshed Network
	59.2
	0.925
	0.955
	0.973


Bridge ratio denotes the proportion of logical failure connectors whose removal increases the number of connected components. ,  and  denote the mean values of the retained terminal-to-terminal connectivity , retained length-weighted network integrity  and retained largest-component size .


[bookmark: OLE_LINK200][bookmark: OLE_LINK207]Extended Data Table 12
Common-fault multi-point failure scenarios across pipeline systems.
	[bookmark: _Hlk234247085]Topological type
	
	
	[bookmark: OLE_LINK196]

	Linear Trunkline
	47
	66
	5

	Branched Network
	21
	38
	7

	Meshed Network
	14
	74
	6


[bookmark: OLE_LINK197][bookmark: OLE_LINK195][bookmark: OLE_LINK199] denotes the number of pipeline system topologies containing co-occurring event sets;  denotes the number of co-occurring event sets;  denotes the maximum number of logical connectors contained in a single co-occurring event set. 

[bookmark: OLE_LINK212]Extended Data Table 13
Seismic resilience under common-fault multi-point failures.
	Topological type
	Baseline
	[bookmark: OLE_LINK216]
	
	[bookmark: OLE_LINK210]
	

	Linear Trunkline
	0.839
	0.753
	0.699
	0.620
	0.549

	Branched Network
	0.881
	0.830
	0.793
	0.726
	0.668

	Meshed Network
	0.987
	0.978
	0.973
	0.964
	0.953


Only common-fault event sets involving at least two logical failure connectors were included. The baseline denotes the initial hydrogen-free condition. The remaining columns report 30-year exposure scenarios under hydrogen blending ratios of 5%, 10%, 15%, and 20%.


[bookmark: OLE_LINK218]Extended Data Table 14
Multi-connector failure probabilities.
	Topological type
	Baseline
	[bookmark: OLE_LINK213]

	

	

	


	Linear Trunkline
	0.078
	0.176
	0.239
	0.344
	0.477

	Branched Network
	0.164
	0.254
	0.318
	0.447
	0.654

	Meshed Network
	0.205
	0.342
	0.419
	0.536
	0.670


 denotes the mean probability that a common-fault event produces failures of at least two logical connectors.




Extended Data Table 15
Statistics of nonlinear topological interaction.
	Topological type
	
	ΔL>0
	
	
	Dominant interaction

	Linear Trunkline
	166
	0.6
	-0.203
	0.042
	Saturated

	Branched Network
	330
	9.1
	-0.178
	0.029
	Saturated

	Meshed Network
	237
	24.9
	0.006
	0.214
	Synergistic


 reports the percentage of states with positive nonlinear interaction. Linear trunklines and branched networks are dominated by saturated interactions, whereas meshed networks exhibit a positive mean , a larger positive-interaction share and the highest maximum , indicating greater susceptibility to hidden synergistic losses under common-fault multi-point failures.



Extended Data Table 16
Results of Monte Carlo sample-size convergence test.
	N
	
	
	
	
	
	

	50
	86,550
	5.793E-2
	2.967E-2
	1.943E-1
	2.439E-2
	+6.640%

	100
	173,100
	5.773E-2
	3.037E-2
	1.952E-1
	2.440E-2
	+7.126%

	200
	346,200
	5.816E-2
	3.029E-2
	1.866E-1
	2.478E-2
	+2.447%

	500
	865,500
	5.821E-2
	3.091E-2
	1.830E-1
	2.464E-2
	+0.437%

	1000
	1,731,000
	5.812E-2
	3.140E-2
	1.822E-1
	2.475E-2
	0


N denotes the number of Monte Carlo samples generated for each fault-crossing risk point, and  denotes the corresponding total number of samples over all risk points.  represents the conditional failure probability of the fault-crossing risk point. , , and  denote the mean, median, and 95th percentile of the conditional failure probabilities, respectively.  is the proportion of Monte Carlo samples for which the generated fault displacement was truncated at the prescribed upper bound of d = 8000 mm.  denotes the relative deviation of  from the reference case (N = 1000). The results indicate that the global mean estimate is already stable at small (N), whereas the upper-tail statistic  requires a larger sample size. Increasing N to 500 reduces the deviation in  to 0.44% relative to reference case, supporting the adoption of (N = 500) for the baseline analysis. 
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