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1. General Information

Table S1. Summary of Previous Identified Supershear Earthquakes

Earthquake Reference

1979 M 6.9 Imperial Valley Archuleta 1984; Spudich and Cranswick, 1984

1999 Mw 7.4 Izmit Bouchon et al., 2001

1999 Mw 7.2 Düzce Bouchon et al., 2001

2001 Mw 7.8 Kunlun Bouchon and Vallee., 2003; Vallee & Dunham., 2012

2002 Mw 7.9 Denali Ellsworth et al., 2004; Dunham & Archuleta, 2004

2010 Mw 6.9 Qinghai Wang and Mori, 2012; Zhang et al., 2010

2013 Mw 7.5 Craig Yue et al., 2013

2016 Mw 7.1 Romanche Hicks et al., 2020

2017 Mw 7.8 Komandorski Kehoe and Kiser, 2020

2018 Mw7.5 Palu Bao et al., 2019

2020 Mw 7.8 Caribbean Sea Tadapansawut et al., 2020

Supershear Rupture in Debate

Earthquake
Reference Showing
Supershear Speed

Reference Showing
sub-Rayleigh Speed

1906 M 7.9 San Francisco
Song et al., 2008
Brune et al., 2021 Wald et al.,1993

1992 Mw 7.3 Landers Olsen et al., 1997 Wald and Heaton, 1994

2015 Mw 7.2 Tajikistan Sangha et al., 2017 Elliott et al., 2020

2012 Mw 8.6 Sumatra Wang et al., 2012
Meng et al., 2012;
Yue et al., 2012

2012 Mw 8.2 Sumatra Wang et al., 2016 Yue et al., 2012

2013 Mw 7.7 Balochistan Wang et al., 2016 Avouac et al., 2014

Table S1. Summary of Previous Identified Supershear Earthquakes

Table S2. Summary of All Examined Events
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No. Origin Time Mag Lat Lon
Depth
(km)

Centroid
Depth
(km)

Altitude/
Bathymetry
(km)

Moho
Depth
(km)

Thickness
above
Moho
(km)

LAB
Depth
(km)

Thickness
above
LAB (km)

Crust
Type

1 2001-02-13 14:22:05 6.7 13.70 -88.87 7.6 15.0 -0.3 23.7 23.5 126.1 125.9 C

2 2001-10-19 03:28:43 7.5 -4.09 123.98 33.0 18.8 -2.7 21.0 18.3 43.9 41.2 O

3 2001-11-14 09:26:10 7.8 35.93 90.59 11.0 15.0 4.7 59.8 64.5 87.0 91.7 C

4 2001-12-12 14:02:35 7.1 -42.79 124.68 10.0 16.0 -4.7 11.9 7.2 78.6 73.9 O

5 2002-10-10 10:50:22 7.5 -1.75 134.26 24.8 15.0 -0.4 26.8 26.4 63.9 63.5 C

6 2002-10-23 11:27:20 6.8 63.55 -148.07 19.7 15.8 0.9 35.6 36.5 94.5 95.4 C

7 2002-11-03 22:12:41 7.9 63.63 -147.61 10.8 15.0 0.9 35.4 36.2 96.0 96.9 C

8 2003-07-15 18:46:38 6.7 -3.90 152.27 33.0 15.0 -2.0 23.6 21.6 76.9 74.9 C

9 2003-09-27 11:33:25 7.3 50.01 87.78 16.0 15.0 2.0 48.5 50.5 74.3 76.3 C

10 2003-09-27 18:52:46 6.8 50.09 87.76 4.0 15.0 1.9 48.4 50.4 74.8 76.7 C

11 2003-10-01 01:03:26 6.7 50.16 87.71 17.7 10.0 1.9 48.3 50.2 75.1 77.0 C

12 2004-02-07 02:42:34 7.3 -4.03 135.09 15.0 12.0 0.0 23.8 23.8 138.7 138.7 C

13 2004-06-28 09:49:46 6.8 54.82 -134.49 20.0 12.0 -1.5 19.8 18.3 66.5 65.0 OCB

14 2004-11-09 23:58:24 6.9 -11.19 163.66 25.3 12.0 -3.9 14.3 10.4 27.5 23.6 C

15 2004-12-14 23:20:11 6.8 18.98 -81.40 9.4 12.0 -3.7 14.9 11.3 85.5 81.8 O

16 2004-12-23 14:59:00 8.1 -49.71 161.58 10.0 27.5 -4.0 12.2 8.1 94.2 90.2 O

17 2005-04-11 12:20:05 6.8 -3.47 146.00 17.0 14.0 -1.1 25.4 24.3 55.3 54.1 C

18 2005-05-12 11:15:33 6.7 -57.47 -139.06 10.0 12.0 -3.4 11.2 7.9 63.2 59.8 O

19 2005-06-15 02:50:55 7.2 41.45 -125.58 18.0 20.4 -2.1 16.5 14.4 52.7 50.7 O

20 2005-06-17 06:21:41 6.7 40.75 -126.45 12.0 16.2 -2.9 12.7 9.8 60.6 57.8 O

21 2005-07-24 15:42:05 7.2 7.91 92.15 17.5 12.0 -2.4 19.2 16.9 143.3 140.9 O

22 2005-12-13 03:16:08 6.7 -15.32 -178.59 33.0 15.0 -2.0 17.3 15.3 38.8 36.8 O

23 2006-01-02 06:10:48 7.4 -61.01 -21.65 10.0 20.2 -4.1 12.0 7.8 88.0 83.9 O

24 2006-08-20 03:41:45 7 -61.02 -34.29 0.5 17.2 -2.9 13.0 10.1 76.6 73.7 O

25 2007-01-30 04:54:49 6.9 -54.92 -146.29 10.0 13.0 -3.5 11.3 7.8 51.5 48.0 O

26 2007-06-28 02:52:10 6.8 -7.96 154.62 17.9 18.0 -3.2 21.1 17.9 56.2 53.0 O

27 2007-09-30 02:08:31 7 10.54 145.80 18.5 14.2 -4.5 11.6 7.1 120.0 115.6 O

28 2008-02-08 09:38:13 6.9 10.73 -41.90 4.1 16.8 -4.0 12.4 8.4 59.8 55.8 O

29 2008-06-30 06:17:43 7 -58.28 -21.98 10.0 26.0 -4.6 10.7 6.1 76.4 71.8 O

30 2009-05-28 08:24:48 7.3 16.81 -86.24 29.0 12.0 -2.3 22.9 20.6 95.4 93.1 OCB

31 2009-08-03 17:59:56 6.9 29.07 -112.91 7.8 12.0 0.0 17.3 17.3 52.8 52.9 O

32 2009-08-17 00:05:48 6.7 23.51 123.59 21.8 24.3 -3.8 15.4 11.6 104.9 101.1 C
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33 2010-01-05 04:55:38 6.8 -58.46 -14.86 10.0 15.1 -4.1 12.3 8.2 84.3 80.2 O

34 2010-02-26 20:31:26 7 25.98 128.51 24.2 18.0 -3.2 17.3 14.0 113.8 110.6 C

35 2010-04-04 22:40:43 7.2 32.28 -115.26 5.2 12.8 0.2 26.6 26.8 58.3 58.5 C

36 2010-04-13 23:49:37 6.9 33.19 96.75 13.8 15.7 4.5 65.0 69.5 117.3 121.8 C

37 2010-06-16 03:16:29 7 -2.20 136.59 22.1 12.0 -0.3 24.8 24.6 64.9 64.7 C

38 2010-09-03 16:35:46 7 -43.36 171.90 4.0 12.0 0.2 23.2 23.5 142.7 142.9 C

39 2010-10-21 17:53:13 6.7 24.79 -109.17 13.9 14.2 -1.0 15.6 14.6 41.4 40.4 O

40 2011-03-24 13:55:13 6.8 20.63 99.92 12.8 13.2 0.9 36.9 37.8 54.3 55.2 C

41 2011-07-10 00:57:10 7 38.06 143.30 24.7 22.0 -3.7 18.2 14.5 120.5 116.8 C

42 2011-07-31 23:38:58 6.7 -3.51 144.97 19.6 12.0 -1.0 24.5 23.5 64.9 63.9 C

43 2011-09-18 12:40:49 6.9 27.80 88.15 29.6 46.0 3.0 53.4 56.3 108.7 111.7 C

44 2012-01-10 18:37:00 7.2 2.43 93.21 20.9 23.7 -4.1 12.3 8.2 98.7 94.7 O

45 2012-03-03 12:19:55 6.7 -22.12 170.39 17.4 24.1 -3.1 12.8 9.7 77.8 74.7 C

46 2012-04-11 08:38:37 8.6 2.24 93.01 26.3 54.7 -4.2 11.5 7.3 97.9 93.7 O

47 2012-04-11 10:43:10 8.2 0.77 92.43 21.6 45.6 -4.3 11.5 7.2 99.1 94.7 O

48 2012-04-12 07:15:49 7 28.84 -113.13 10.0 15.8 0.0 17.9 17.8 52.5 52.5 O

49 2012-04-21 01:16:53 6.8 -1.69 134.32 24.4 18.1 -0.4 27.0 26.6 62.9 62.5 C

50 2012-08-30 13:43:25 6.7 71.45 -11.03 11.1 23.6 -1.8 15.0 13.3 101.1 99.3 O

51 2013-01-05 08:58:19 7.5 55.23 -134.80 3.1 13.8 -1.4 19.7 18.3 67.1 65.7 OCB

52 2013-02-06 01:54:15 7 -10.51 165.82 9.9 14.1 -3.2 13.6 10.4 49.7 46.5 O

53 2013-02-08 11:12:13 6.8 -10.87 166.01 12.7 12.2 -3.0 14.4 11.4 44.9 41.9 O

54 2013-02-08 15:26:38 7 -10.89 166.15 22.4 23.6 -2.8 14.6 11.8 45.9 43.0 O

55 2013-07-15 14:03:41 7.3 -61.05 -25.23 19.9 21.5 -4.3 11.5 7.2 86.6 82.3 O

56 2013-11-25 06:27:34 6.9 -53.97 -54.96 10.0 16.0 -2.5 15.6 13.1 78.0 75.5 O

57 2014-02-12 09:19:48 6.9 35.88 82.58 4.1 18.3 4.0 52.7 56.7 88.9 92.9 C

58 2014-03-10 05:18:13 6.9 40.72 -125.09 6.1 15.0 -2.0 17.4 15.5 56.2 54.2 O

59 2014-04-12 20:14:38 7.6 -11.26 162.14 15.3 27.3 -3.6 15.0 11.4 30.5 26.9 O

60 2014-05-24 09:25:03 6.9 40.28 25.37 8.2 12.0 0.1 33.4 33.4 56.1 56.2 C

61 2014-08-03 00:22:01 6.8 0.83 146.11 0.0 19.4 -4.1 11.5 7.4 84.8 80.6 O

62 2015-02-13 18:59:13 7.1 52.51 -32.02 16.9 25.2 -3.1 12.0 8.9 72.8 69.6 O

63 2015-05-22 21:45:20 7 -11.13 163.59 19.6 15.3 -3.9 14.4 10.5 26.8 22.9 O

64 2015-05-22 23:59:33 6.9 -11.16 163.21 8.3 15.3 -3.9 14.7 10.8 25.6 21.7 O

65 2015-06-17 12:51:35 6.9 -35.37 -17.81 27.1 21.8 -3.3 11.2 7.9 54.8 51.5 O

66 2015-07-10 04:12:42 6.7 -9.35 158.34 20.0 12.0 -2.3 22.0 19.7 35.3 33.0 O

67 2015-11-13 20:51:31 6.7 31.00 128.87 12.0 12.0 -0.5 23.8 23.3 95.7 95.2 C
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68 2015-12-07 07:50:05 7.2 38.21 72.78 22.0 12.0 4.1 54.3 58.4 118.9 123.0 C

69 2016-03-02 12:49:48 7.8 -4.95 94.33 24.0 37.0 -4.9 11.7 6.8 100.7 95.8 O

70 2016-04-15 16:25:06 7 32.79 130.75 10.0 12.9 0.1 25.8 25.9 129.0 129.1 C

71 2016-08-12 01:26:36 7.2 -22.48 173.11 16.4 21.8 -3.7 11.4 7.7 69.7 66.1 O

72 2016-08-29 04:29:57 7.1 -0.05 -17.83 10.0 26.8 -4.3 12.1 7.9 84.1 79.8 O

73 2017-06-02 22:24:47 6.8 54.03 170.91 8.2 13.1 -3.6 15.3 11.7 126.4 122.8 C

74 2017-07-17 23:34:13 7.7 54.47 168.81 11.0 23.2 -3.5 15.7 12.2 132.4 128.9 OCB

75 2017-10-10 18:53:27 6.7 -54.26 8.61 9.0 16.4 -3.6 12.3 8.6 89.2 85.6 O

76 2018-01-10 02:51:31 7.5 17.47 -83.52 10.0 16.5 -2.5 19.8 17.3 114.8 112.3 OCB

77 2018-01-23 09:31:42 7.9 56.05 -149.07 25.0 33.6 -3.7 14.3 10.6 102.4 98.7 O

78 2018-03-08 17:39:51 6.8 -4.39 153.19 22.5 33.0 -2.6 22.4 19.8 85.1 82.5 C

79 2018-09-28 10:02:43 7.5 -0.18 119.84 10.0 12.0 -0.9 29.3 28.4 41.6 40.7 C

80 2018-10-22 05:39:40 6.7 49.25 -129.48 10.9 15.2 -2.3 15.2 12.8 42.7 40.4 O

81 2019-05-14 12:58:26 7.5 -4.08 152.57 10.0 22.1 -2.2 22.9 20.7 80.5 78.2 C

82 2019-07-06 03:19:53 7.1 35.77 -117.60 8 12.0 1.1 31.9 33.0 62.1 63.2 C

83 2019-07-14 09:10:50 7.3 -0.53 128.09 10.0 12.0 -1.2 25.8 24.7 49.7 48.5 C

84 2019-12-15 06:11:51 6.8 6.70 125.17 18 12.0 -0.7 23.9 23.2 110.4 119.7 C

85 2020-01-24 17:55:13 6.7 38.39 39.09 10 23.9 1.4 41.2 42.6 56.1 57.5 C

86 2020-01-28 19:10:24 7.7 19.42 -78.76 14.8 24.5 -3.1 16.7 13.6 101.1 98.0 OCB

Table S2. Summary of All Examined Events (Magnitude ≥ 6.7; depth ≤ 50 km; both dip angles ≥ 70°;
occurrence between 2000 to 2020). The focal mechanism information is based on International
Seismological Center (ISC) focal mechanism Bulletin
(http://www.isc.ac.uk/iscbulletin/search/fmechanisms/). In the crust type column, ‘C’ refers to
‘Continental’, ‘O’ refers to ‘Oceanic’, and ‘OCB’ refers to ‘Oceanic-Continental Boundary’. We follow a
3-step selection criteria: (step 1) ISC search for events. We used International Seismological Centre (ISC)
focal mechanism Bulletin (http://www.isc.ac.uk/iscbulletin/search/fmechanisms/). The searching
parameters are set as: “Global search”, “Max depth: 50km”, “Min magnitude: 6.7”. The time range of our
event searching was from 2000-01-01T00:00:00 to 2020-02-01T00:00:00, as the bulk of this work was
finished in February of 2020. The results included epicenters and focal mechanisms from multiple authors
(e.g., NEIC, GCMT, ISC, MOS, PPT), and for a particular event, as long as any one of the solutions
satisfies our criteria, it will be selected. (Step 2) IRIS search for seismic arrays. Hypocenter locations (lat,
lon, depth) from the IRIS event page (https://ds.iris.edu/wilber3/find_event) were then fixed to keep them
consistent. We grouped the stations into large regional arrays: United States (US), Alaska (AK),
pan-Europe (EU), and Australia (AU). To perform BP, we request that at least 50% of the stations in one
of the four arrays are within teleseismic range to be eligible. (Step 3) We added these events in Table S2,
conducted BP, and estimated their rupture speeds.
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Table S3. Statistics of Supershear Events (2000-2020, depth≤50, two dip angles≥70°, magnitude≥6.7)

Previous
Statistics

Without the events in debate With the events in debate

[number of supershear
events]/[all events] Percentage

[number of supershear
events]/[all events] Percentage

Continental Supershear
Earthquake (CSE) 4/37 10.8% 5/37 13.5%

Oceanic Supershear
Earthquake (OSE) 1/49 2.0% 3/49 6.1%

Continental-Continental
Boundary (CCB) 4/37 10.8% 5/37 13.5%

Oceanic-Oceanic  Boundary
(OOB) 0/43 0.0% 2/43 4.7%

Oceanic-Continental
Boundary (OCB) 1/6 16.7% 1/6 16.7%

All 5/86 5.8% 8/86 9.3%

Statistics
After This
Study

Without the events in debate and the
2004 Queen Charlotte

With the events in debate and the 2004
Queen Charlotte

[number of supershear
events]/[all events] Percentage

[number of supershear
events]/[all events] Percentage

Continental Supershear
Earthquake (CSE) 5/37 13.5% 6/37 16.2%

Oceanic Supershear
Earthquake (OSE) 7/49 14.3% 10/49 20.4%

Continental-Continental
Boundary (CCB) 5/37 13.5% 6/37 16.0%

Oceanic-Oceanic  Boundary
(OOB) 2/43 4.7% 4/43 9.3%

Oceanic-Continental
Boundary (OCB) 5/6 83.3% 6/6 100%

All 12/86 14.0% 16/86 18.6%

Table S3. Statistics of Supershear Earthquakes. Note that the 2013 M7.7 Balochistan earthquake [Wang et
al., 2016] is not included since one of its dipping angles is smaller than 70°, and all of the statistics are
based on events with magnitude ≥ 6.7, depth ≤ 50 km, and both dip angles ≥ 70°, which occurred between
2000 to 2020. See Table S4 for the information of all supershear earthquakes.

Table S4. Summary of Moho and LAB depths of Supershear Earthquakes (2000-2020)

Continental Supershear Earthquake (CSE)

Event Lat Lon Depth (km)
Centroid
Depth (km)

Thickness
above Moho (km)

Thickness
above LAB (km) Crust Type

2001 M7.8 Kunlun 35.927 90.587 11.0 15.0 64.5 91.7 C
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2002 M7.9 Denali 63.628 -147.611 10.8 15.0 36.2 96.9 C

2010 M6.9 Qinghai 33.192 96.746 13.8 15.7 69.5 121.8 C

2010 M7.0 Papua -2.203 136.587 22.1 12.0 24.6 64.7 C

*2015 M7.2 Tajikistan 38.211 72.779 22.0 12.0 58.4 123.0 C

2018 M7.5 Palu -0.178 119.84 10.0 12.0 28.4 40.7 C

Mean Value of Continental Supershear Earthquake 46.9 89.8

Mean Value of Continental Non-Supershear Earthquake 28.3 85.5

Oceanic Supershear Earthquake (OSE)

Event Lat Lon Depth (km) C Depth (km)
Thickness
above Moho (km)

Thickness
above LAB (km) Crust Type

^2004 M6.8 Queen Charlotte 54.823 -134.487 20 12.0 18.3 65.0 OCB

2009 M7.3 Caribbean 16.807 -86.243 29 12.0 20.6 93.1 OCB

*2012 M8.6 Sumatra 2.237 93.014 26.3 54.7 7.3 93.7 O

*2012 M8.2 Sumatra 0.767 92.428 21.6 45.6 7.2 94.7 O

2013 M7.5 Queen Charlotte 55.234 -134.8 3.1 13.8 18.3 65.7 OCB

2013 M7.3 S. Sandwich Is. -61.052 -25.227 19.9 21.5 7.2 82.3 O

2016 M7.1 Romanche -0.047 -17.829 10 26.8 7.9 79.8 O

2017 M7.7 Komandorski 54.471 168.814 10.99 23.2 12.2 128.9 OCB

2018 M7.5 Caribbean 17.474 -83.519 10 16.5 17.3 112.3 OCB

2020 M7.7 Caribbean 19.421 -78.762 14.8 24.5 13.6 98.0 OCB

Mean Value of Oceanic Supershear Earthquake 13.0 91.4

Mean Value of Oceanic Non-Supershear Earthquake 11.2 65.1

Table S4. Summary of Moho and LAB Depths in the source regions of supershear earthquakes. The depth
information is based on the World’s Ocean Crust Model [Müller et a., 2008]. The events with prefix ‘*’ are
earthquakes whose supershear rupture speeds are in debate, while the event with prefix ‘^’ is the
examined event in this paper with no Mach wave identified. Note that the 2013 M7.7 Balochistan [Wang et
al., 2016] earthquake is not included since one of its dipping angles is smaller than 70°, and all of the
statistics are based on events with magnitude ≥ 6.7, depth ≤ 50 km, and both dip angles ≥ 70°, which
occurred between 2000 to 2020.

Table S5 Summary of Supershear Rupture Speed (Vr)

Vr (km/s)
Vs1
(10km depth) Vr/Vs1

Vs
(Centroid-depth) Vr/Vs

^2004 M6.8 Queen
Charlotte 3.1~4.6 3.95 0.78~1.16 4.05 0.77~1.14

2009 M7.3
Caribbean 5.5~6.3 3.7 1.49~1.70 3.74 1.47~1.68
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2010 M7.0 Papua 5.0~6.1 3.4 1.47~1.79 3.4 1.47~1.79

2013 M7.3 S.
Sandwich Is. 4.9~6.2 3.95 1.24~1.57 4.05 1.21~1.53

2016 M7.1
Romanche 4.7~6.6 3.7 1.27~1.78 4.05 1.16~1.63

2017 M7.7
Komandorski 4.5~4.9 3.75 1.20~1.31 4.05 1.11~1.21

2018 M7.5
Caribbean 4.5~5.5 3.75 1.20~1.47 4.02 1.12~1.37

2020 M7.7
Caribbean 4.6~5.6 4 1.15~1.40 4.05 1.14~1.38

Table S5. Comparison of Supershear Rupture Speeds with local shear-wave speed. The local shear wave
velocities are from CRUST1.0 [Laske, et al 2013]. The centroid depths are from the Global Centroid Moment
Tensor (GCMT) [Ekström et al. 2012] (see Table S1). The event with prefix ‘^’ is the one examined events in
this paper without the observation of the Mach cones.

2. Slowness-Enhanced Back-Projection (SEBP)

Text S1. Event and Array Selection
We use International Seismological Center (ISC) focal mechanism Bulletin

(http://www.isc.ac.uk/iscbulletin/search/fmechanisms/) to search for candidate earthquakes. The searching
parameters are set as: “Global search”, “Max depth: 50km”, “Min magnitude: 6.7”. The time range is
from 2000-01-01T00:00:00 to 2020-02-01T00:00:00. The results include epicenters and focal
mechanisms published by multiple agencies (NEIC, GFZ, IPGP, etc). Each event was selected if at least
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one of the solutions satisfies our criteria. Hypocenter locations (lat, lon, depth) from the IRIS event page
(https://ds.iris.edu/wilber3/find_event) are then fixed to keep them consistent. We group the stations into
large regional arrays: United States (US), Alaska (AK), pan-Europe (EU), and Australia (AU). To be
eligible for the BP analysis, we require a candidate event to be recorded by at least 50% of the stations in
one of the four arrays. We exclude arrays with hypocenter distance closer than 30° or further than 90°, to
avoid complex P waveforms introduced by mantle discontinuities and the core-mantle boundary and
contamination by the Pdiff phase. Then we compare the radiation pattern coefficient (RPC) of the P wave
and the depth phase pP at the receiver side. Figure S1 shows an example of the comparison for two
different arrays. Note that the RPC of the pP phase at the receiver side is the product of the RPC based on
the take-off angle and the free-surface reflection coefficients, ignoring the effect of attenuation at shallow
depth. If the mean value of the RPC of the pP phase at the receiver side is larger than 0.15 times that of
the P phase, the array is not used for BP analysis (Table S6).

The smallest magnitude chosen in our study (Mw 6.7) is based on the minimum resolvable
rupture length for which we can reliably estimate rupture speed. According to our synthetic tests, this
minimum length is 50 km (Figure S21, see part three of the Supplementary Material for details of
synthetic Back-Projection). Anderson et al. (1996, 2016) evaluated the relationship between rupture
length and earthquake magnitude with an expanded database of 57 strike-slip earthquakes, with
magnitudes varying from Mw 5.8 to 8.5. The database included the most documented in-land supershear
earthquakes (e.g, 1999 Izmit, 2001 Kunlun, 2002 Denali, 2010 Yushu). According to their statistical
results, a 50 km length rupture required a magnitude Mw>=7. But we also notice that they had some
exceptions, for example, the 2010 Yushu earthquake had a length of 52km with Mw 6.8. Wells and
Coppersmith (1994) also did statistics for historical earthquakes since 1857 and evaluated the linear
regression coefficients for the relationship between moment magnitudes (Mw), surface rupture lengths,
and subsurface rupture lengths. For a 50 km long surface rupture, an Mw 7.06 was required. For a 50 km
long subsurface rupture, an Mw 6.86 was required. To ensure no event is missed due to uncertainties of
estimation of moment magnitudes, we set the threshold of moment magnitudes as 6.7.

Table S6. Summary of Array Selection

Name NA AK EU CN

2004 M6.8
Queen Charlotte

Too close
(<30°)

Too close
(<30°) Good

Too few stations
Poor coverage

2009 M7.3
Caribbean

Too close
(<30°)

Too few stations
Poor coverage Good

Too far
(>90°)

2010 M7.0
Papua

Too far
(>90°) Good

Too far
(>90°)

Poor coverage;
Strong pP

2013 M7.3
S. Sandwich Is. All too far. Use stations in Africa to form an array.

2016 M7.1
Romanche Strong pP Too far (>90°) Good Too far (>90°)
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2017 M7.7
Komandorski Good Too close (<30°) Strong pP

Too few stations
Poor coverage

2018 M7.5
Caribbean

Too close
(<30°) Good Good

Too far
(>90°)

2020 M7.7
Caribbean

Too close
(<30°) Good Good

Too far
(>90°)

Table S6. Summary of Array Selection of SEBP.

Figure S1 Example of weak and strong pP phase. The two plots show the histograms of the radiation
pattern coefficient (RPC) of P and pP phase, which are calculated based on the focal mechanism of the
2016 Romanche earthquake (USGS) at the receiver locations of the EU array and the US array. The RPC
of the pP phase at the receiver side is the product of RPC at the source side and the reflection (at the free
surface) coefficients ignoring the attenuation effect at the shallow depth. For the EU array, the RPC of P
phase at the receiver side is significantly larger than that of pP phase, which is not the case for the US.
Therefore we avoid the US array and use the EU array for the SEBP analysis.
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Figure S2.1 ~ S2.8 Maps of SEBP Arrays

Figure S2.1 Selected stations (EU array) used for the SEBP of the 2004 Queen Charlotte earthquake.
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Figure S2.2 Selected stations (EU array) used for the SEBP of the 2009 Caribbean earthquake.

Figure S2.3 Selected stations (AK array) used for the SEBP of the 2010 Papua earthquake.
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Figure S2.4 Selected stations used for the SEBP of the 2013 South Sandwich Island earthquake

Figure S2.5 Selected stations (EU array) used for the SEBP of the 2016 Romanche earthquake.
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Figure S2.6 Selected stations (US array) used for the SEBP of the 2017 Komandorski earthquake.

Figure S2.7 Selected stations (green, AK array; pink, EU array) used for the SEBP of the 2018 Caribbean
earthquake.
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Figure S2.8 Selected stations (green, AK array; pink, EU array) used for the SEBP of the 2020 Caribbean
earthquake.

Table S7.1 Summary of Mainshock Hypocenter Location

Name Time NEIC Location GFZ Location IPGP Location ISC location Delta (km)

2004
Queen charlotte

2004-06-28,
09:49:47

54.8000
-134.2500 NaN NaN

54.8741
-134.3927 10

2009
Caribbean Sea

2009-05-28,
08:24:45

16.7310
-86.2170 NaN NaN

16.7360
-86.2490 3

2010
Papua

2010-06-16,
03:16:29

-2.1740
136.5430 NaN NaN

-2.2066
136.5770 4

2013 South
Sandwich Is.

2013-07-15,
14:03:39

-60.8570
-25.0700 NaN NaN

-60.8720
-25.3710 14

2016
Romanche

2016-08-29,
04:29:57

-0.0456
-17.8255 NaN NaN

-0.0850
-17.7880 5

2017
Komandorski

2017-07-17,
23:34:15

54.4434
168.8570 NaN NaN

54.4085
168.7028 9

2018
Caribbean Sea

2018-01-10,
02:51:33

17.4825
-83.5200

17.4400
-83.5000

17.4690
-83.5200 NaN 4

The 2020
Caribbean Sea

2020-01-28,
19:10:24

19.4193
-78.7560

19.4200
-78.7400

19.4400
-78.7550 NaN 2

Mean value of the difference among catalogs 6
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Table S7.1 Summary of Mainshock Hypocenter Location. The last column (Delta) shows the
difference of different catalog locations of target events, which is relatively small compared to the spatial
bias of the source region of each target event (see Table S8).

Table S7.2 Summary of BP Parameters

Earthquake Hypocenter Depth
Frequency Band
(Hz)

Window Length
(s)

2004 Queen
Charlotte

54.8000
-134.2500 20.00 0.3-0.9 10

2009 Caribbean
16.7310

-86.2170 29.00 0.8-2 10

2010 Papua
-2.1740

136.5430 22.10 0.5-2 10

2013 S.
Sandwich Is.

-60.8570
-25.0700 19.90 0.5-2 10

2016 Romanche
-0.0456

-17.8255 10.00 0.5-2 8

2017
Komandorski

54.4434
168.8570 10.90 0.5-2 10

2018 Caribbean
(AK)

17.4825
-83.5200 10.00 0.8-2 10

2018 Caribbean
(EU)

17.4825
-83.5200 10.00 0.4-1 8
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2020 Caribbean
(AK)

19.4193
-78.7560 14.80 0.5-2 10

2020 Caribbean
(EU)

19.4193
-78.7560 14.80 0.4-1 10

Table S7.2. Summary of BP Parameters.

Table S8.1 Summary of Slowness Calibrations (Spatial Bias)

Earthquake Before Cali (km) After Cali (km)

2004 Queen Charlotte No reference event available

2009 Caribbean Sea 17.40 7.73

2010 Papua No reference event available

2013 South Sandwich Island 32.65 10.71

2016 Romanche 9.61 4.81

2017 Komandorski 12.30 7.68

2018 Caribbean (AK) 21.92 7.76

2018 Caribbean (EU) 20.87 13.92

2020Caribbean (AK) 26.39 11.79

2020 Caribbean (EU) 28.77 16.78

MEAN 21.24 10.15

Table S8.1 Summary of Slowness Calibrations (Spatial Bias). The slowness calibration significantly
improves the accuracy of back-projection results as it utilizes the reference events in the source region to
correct travel time errors due to the 3D path effect (lateral velocity heterogeneities). The mean value of
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root-mean-square (RMS) error of the spatial bias (difference between BP locations and catalog locations)
is decreased by 52%, from 21.24 km to 10.15 km. Detailed information of the slowness calibration can be
seen in Table S8.1 to S8.8. Figure S3.1 to S3.8 show the comparison of the spatial biases before and after
the slowness calibration.

Table S8.2 ~ S8.8 Slowness Calibration for Individual Event

2009 Caribbean NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2008-09-28
9:23:09 5 16.66 -86.15 16.66 -86.05 16.76 -86.05 16.70 -86.05

2009-06-15
16:00:53 5.1 16.32 -87.04 16.33 -87.03 16.17 -86.99 16.26 -87.03

2009-06-06
4:37:36 5 16.17 -87.65 16.20 -87.55 15.96 -87.60 16.11 -87.50

2008-04-27
15:15:48 4.5 16.62 -86.21 16.65 -86.20 16.64 -86.15 16.64 -86.15

BP Spatial Bias Root-mean-square (RMS) Error] (km) 17.40 7.73

Table S8.2 Slowness Calibrations of reference events of the 2009 Caribbean earthquake.
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2013 S. Sandwich
Island NEIC

TeleDD (w/ mainshock
fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2012-03-25
10:26:49 5.2 -60.89 -23.81 -60.86 -23.73 -60.89 -24.02 -60.88 -23.52

2013-12-09
9:00:41 5.4 -60.91 -22.95 -60.93 -22.97 -60.87 -23.48 -60.85 -23.03

2013-08-31
22:47:46 5 -60.77 -23.00 -60.80 -23.03 -60.97 -23.53 -60.91 -23.00

2014-03-19
20:17:44 5.5 -60.74 -25.54 -60.69 -25.56 -60.66 -25.67 -60.68 -25.50

2014-03-11
2:44:06 6.4 -60.84 -20.12 -60.77 -19.92 -60.85 -20.71 -60.87 -20.10

2014-03-13
17:12:32 5.5 -60.79 -19.71 -60.76 -19.72 -60.85 -20.58 -60.81 -19.85

BP Spatial Bias Root-mean-square (RMS) Error] (km) 32.65 10.71

Table S8.3 Slowness Calibrations of reference events of the 2013 South Sandwich Island earthquake.

2016 Romanche NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2015-11-24
20:45:02 5.5 -0.10 -17.83 -0.03 -17.85 0.07 -17.87 0.04 -17.82

2016-09-28
22:12:13 5 0.02 -17.82 0.04 -17.78 0.09 -17.82 0.04 -17.77

2014-06-30
1:46:24 5.7 0.05 -17.34 0.08 -17.37 0.12 -17.44 0.09 -17.34

2016-08-29
8:20:36 5 -0.15 -17.96 -0.08 -18.12 -0.13 -18.12 -0.11 -18.12

2015-02-09
7:59:31 5.1 0.18 -17.10 0.15 -17.10 0.12 -17.21 0.14 -17.06

BP Spatial Bias Root-mean-square (RMS) Error] (km) 9.61 4.81

Table S8.4 Slowness Calibrations of reference events of the 2016 Romanche earthquake.

2017 Komandorski NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2017-07-17
11:05:09 6.3 54.58 168.65 54.52 168.62 54.57 168.50 54.53 168.64

2017-07-17
11:23:01 5.1 54.60 168.72 54.53 168.68 54.60 168.55 54.57 168.60
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2017-07-17
23:49:29 5.1 54.33 169.33 54.25 169.29 54.33 169.24 54.26 169.34

2017-07-28
2:39:15 5.5 54.30 169.30 54.27 169.25 54.30 169.20 54.23 169.29

2017-08-24
8:07:04 5 54.17 169.28 54.19 169.28 54.20 169.15 54.16 169.34

2017-07-18
1:06:35 5 53.77 170.18 53.75 170.22 53.93 170.12 53.86 170.17

2017-07-23
4:10:06 5.1 53.60 170.72 53.62 170.71 53.76 170.49 53.69 170.58

2017-07-17
23:52:49 5.1 53.19 171.92 53.06 171.92 53.15 171.97 53.09 171.97

2017-07-17
23:57:45 4.8 53.45 171.34 53.37 171.35 53.46 171.28 53.39 171.32

2017-07-20
4:24:43 4.6 53.35 171.53 53.31 171.54 53.36 171.69 53.25 171.74

2017-08-08
16:41:15 5.1 53.31 171.52 53.31 171.52 53.36 171.55 53.32 171.55

BP Spatial Bias Root-mean-square (RMS) Error] (km) 12.30 7.68

Table S8.5 Slowness Calibrations of reference events of the 2017 Komandorski earthquake.

2018 Caribbean (AK) NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2018-04-09
4:32:22 4.9 17.52 -83.50 17.50 -83.41 17.48 -83.31 17.49 -83.45

2018-01-10
4:12:02 4.5 17.45 -83.57 17.53 -83.55 17.58 -83.45 17.53 -83.59

2018-01-10
5:13:51 4.3 17.32 -84.13 17.38 -84.06 17.53 -83.95 17.43 -84.09

2017-06-05
13:07:45 4.6 17.24 -84.75 17.31 -84.70 17.33 -84.45 17.29 -84.66

2017-02-09
22:14:56 4.5 16.84 -85.81 16.88 -85.90 17.06 -85.66 17.01 -85.88

BP Spatial Bias Root-mean-square (RMS) Error] (km) 21.92 7.76

Table S8.6 Slowness Calibrations of reference events of the 2018 Caribbean earthquake.
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2018 Caribbean (EU) NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2018-04-09
4:32:22 4.9 17.52 -83.50 17.50 -83.41 17.59 -83.48 17.56 -83.45

2018-01-10
4:12:02 4.5 17.45 -83.57 17.53 -83.55 17.59 -83.52 17.54 -83.59

2018-01-10
5:13:51 4.3 17.32 -84.13 17.38 -84.06 17.46 -83.94 17.38 -84.14

2017-06-05
13:07:45 4.6 17.24 -84.75 17.31 -84.70 17.27 -84.39 17.16 -84.75

2017-02-09
22:14:56 4.5 16.84 -85.81 16.88 -85.90 17.12 -85.88 16.72 -86.02

BP Spatial Bias Root-mean-square (RMS) Error] (km) 20.87 13.92

Table S8.7 Slowness Calibrations of reference events of the 2018 Caribbean earthquake.

2020 Caribbean (AK) NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2020-07-24
19:11:47 5.1 19.49 -78.08 19.58 -77.99 19.74 -77.87 19.60 -78.04

2020-01-29
14:53:14 4.9 19.38 -78.66 19.42 -78.60 19.62 -78.30 19.50 -78.56

2020-01-28
20:39:46 4.7 19.32 -79.12 19.34 -79.08 19.44 -78.82 19.38 -79.08

2020-09-08
13:00:05 4.5 19.09 -80.16 19.13 -80.17 19.30 -80.04 19.19 -80.39

2019-12-09
6:12:23 5 19.08 -80.44 19.06 -80.48 19.23 -80.39 19.13 -80.56

2020-01-28
21:55:16 6.1 18.95 -80.74 18.97 -80.79 19.23 -80.73 19.08 -80.82

2020-01-28
21:58:57 5.4 18.99 -80.91 19.04 -80.88 19.14 -81.00 19.04 -80.91

BP Spatial Bias Root-mean-square (RMS) Error] (km) 26.39 11.79

Table S8.8 Slowness Calibrations of reference events of the 2020 Caribbean earthquake.
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2020 Caribbean (EU) NEIC
TeleDD (w/ mainshock

fixed to NEIC) BP-imaged BP-imaged w/ Calibration

Origin Time Mag Lat Lon Lat Lon Lat Lon Lat Lon

2020-07-24
19:11:47 5.1 19.49 -78.08 19.58 -77.99 19.70 -78.13 19.57 -78.20

2020-01-29
14:53:14 4.9 19.38 -78.66 19.42 -78.60 19.57 -78.65 19.43 -78.69

2020-01-28
20:39:46 4.7 19.32 -79.12 19.34 -79.08 19.55 -79.00 19.37 -79.11

2019-12-09
6:12:23 5 19.08 -80.44 19.06 -80.48 19.37 -80.21 19.17 -80.39

2020-01-28
21:55:16 6.1 18.95 -80.74 18.97 -80.79 19.21 -80.82 18.96 -81.04

2020-01-28
21:58:57 5.4 18.99 -80.91 19.04 -80.88 19.30 -81.00 19.05 -81.00

BP Spatial Bias Root-mean-square (RMS) Error] (km) 28.77 16.78

Table S8.9 Slowness Calibrations of reference events of the 2020 Caribbean earthquake.

Figure S3.1 ~ S3.8 Slowness Calibration for Individual Events

Figure S3.1 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2009 Caribbean earthquake. The RMS
error is reduced from 17.40 km to 7.73 km after the calibration.
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Figure S3.2 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2013 South Sandwich Island
earthquake. The RMS error is reduced from 32.65 km to 10.71 km after the calibration.

Figure S3.3 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2016 Romanche earthquake. The RMS
error is reduced from 9.61 km to 4.81 km after the calibration.
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Figure S3.4 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2017 Komandorski earthquake. The
RMS error is reduced from 12.30 km to 7.68 km after the calibration.
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Figure S3.5 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2018 Caribbean earthquake. The RMS
error is reduced from 21.92 km to 7.76 km after the calibration.
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Figure S3.6 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2018 Caribbean earthquake. The RMS
error is reduced from 20.87 km to 13.92 km after the calibration.

Figure S3.7 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2020 Caribbean earthquake. The RMS
error is reduced from 26.39 km to 11.79 km after the calibration.
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Figure S3.8 Comparison of the spatial biases of the reference events before and after the slowness
calibration. The gray dots are the high frequency radiators of the 2020 Caribbean earthquake. The RMS
error is reduced from 28.77 km to 16.78 km after the calibration.

Figure S4 The Figure 3 (in Main Text) with All BP Radiators and BP Powers. For each event, the BP
power is plotted as a function of time, while the BP radiators are plotted as the along-strike location
versus time. Time is relative to the origin time. Location is the horizontal position relative to the
hypocentre, projected along the strike direction. The tailing artifact and the shadowing artifact are
highlighted. These two artifacts are discovered throughout a comprehensive series of synthetic tests of BP.
The tailing artifact remarks the appearance of BP radiators that continue after the end of a rupture, which
either remain in the vicinity of the rupture end or apparently propagate backward. The shadowing artifact
remarks the scenario that a powerful source can shadow the succeeding subsequent sources. We found
that abrupt changes in rupture speeds (e.g., supershear transition) and substantial peaks in the gradient of
moment-time functions are two key factors that generate powerful high-frequency energy and cause
strong shadowing artifacts. Such a correlation between BP powers and the shadowing artifacts are marked
by red arrows. For more information of the tailing and shadowing artifacts, we encourage readers to read
the third section of the supplement document “Synthetic Back-Projection”
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Figure S5 Spatiotemporal distribution of high-frequency (HF) (0.3-0.9 Hz) radiations of the 2004 Queen
Charlotte earthquake. The HF radiators are color-coded by time with size proportional to the relative
energy. The red stars denote the NEIC epicenter.
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Figure S6 SEBP of Multi-arrays of the 2018 Caribbean Earthquakes. (a) Spatial temporal evolution
of the rupture that are imaged by Alaska array (circle) and European network (EU). The station
distributions can be found in Figure S2.7. The symbols are color-coded by time with their size
proportional to the normalized BP power. The red stars denote the NEIC epicenters for each of the seven
supershear earthquakes. (b) The along-strike distances (relative to the hypocenter) of the HF radiators
imaged by SEBP are plotted against the rupture times (with respect to the origin time).
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Figure S7 SEBP of Multi-arrays of the 2020 Caribbean Earthquakes. (a) Spatial temporal evolution
of the rupture that are imaged by Alaska array (circle) and European network (EU). The station
distributions can be found in Figure S2.8. The symbols are color-coded by time with their size
proportional to the normalized BP power. The red stars denote the NEIC epicenters for each of the seven
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supershear earthquakes. (b) The along-strike distances (relative to the hypocenter) of the HF radiators
imaged by SEBP are plotted against the rupture times (with respect to the origin time).

Figure S8 SEBP of the Bilateral Rupture of the 2017 Komandorski Earthquake. (left) Spatial
temporal evolution of the bilateral rupture that is imaged by the US array (Figure S3.4). The symbols are
color-coded by time with their size proportional to the normalized BP power. The red stars denote the
NEIC epicenters for each of the seven supershear earthquakes. The southern branch is symbolized by
circles while the northern is symbolized by diamonds. (right) The along-strike distances (relative to the
hypocenter) of the HF radiators imaged by SEBP are plotted against the rupture times (with respect to the
origin time). Movies of BP can be found in the supplementary files (.gif file).
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Figure S9 SEBP of the Bilateral Rupture of the 2020 Caribbean Earthquake. (left) Spatial temporal
evolution of the bilateral rupture that is imaged by the Alaska array (Figure S2.8). The symbols are
color-coded by time with their size proportional to the normalized BP power. The red stars denote the
NEIC epicenters for each of the seven supershear earthquakes. The western branch is symbolized by
circles while the eastern is symbolized by diamonds. (right) The along-strike distances (relative to the
hypocenter) of the HF radiators imaged by SEBP are plotted against the rupture times (with respect to the
origin time). Movies of BP showing simultaneous sources can be found in the supplementary files (.gif
file).
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3. Synthetic Back-Projection

TEXT S2

The high-frequency signals from the rupture can be contaminated by other signals generated by
scattering on heterogeneities both near the source region and along ray paths, and thus involve
complexities in the Green's functions. Such contaminations may degrade the array recordings'
coherence, which may decrease the stability of BP, produce artifacts, and limit the resolution,
resolvability, and accuracy.

To evaluate BP’s resolution, many synthetic test efforts have been made recently and shed light
on the connections between BP images and fault kinematics. The logic is to set up sequences of
synthetic sources, generate synthetic seismograms, and then perform BP to see how the synthetic
sources are resolved. However, two critical problems prevent general applications of previous
studies of that type: (1) overly coarse discretizations of finite sources by point sources hardly
represent slip distributions of realistic earthquakes (Yao et al. 2011; Meng et al. 2011; Wang et al.
2016); and (2) deterministic Green’s functions calculated assuming a homogeneous full space
(Yin et al., 2019) or a 1D layered Earth model (Koper et al., 2012; Okuwali et al., 2019) do not
involve coda waves induced by heterogeneities and thus fail to reproduce realistic waveform
complexities that are a key cause of BP’s artifacts.

To understand the robustness of our back-projection results as well as to address the above two
problems, we take into account both a uniform slip model and nine finite fault slip models (FFM)
of previous large strike-slip earthquakes as the input source models. The selected FFM models are
the 1992 Landers (Zeng et al., 2001), 1999 Izmit (Barka et al., 2002), 2001 Kunlun (Hayes,
2017), Denali 2002 (Oglesby et al., 2010), 2009 Caribbean (Hayes and Ji, 2009), 2008 Wenchuan
(Hayes, 2017), 2017 Komandorski (Lay et al., 2017), 2018 Palu (Socquet, 2019), and the 2013
South Sandwich Island earthquake (Hayes, 2017). We also discretize the fault surface in much
denser meshes than all previous studies. Such a setup introduces interference between waveforms
that originated from different subsources and thus is much more realistic than over-discretized
point sources. On the other hand, we apply an interpolation/extrapolation method to generate
Green’s functions along the synthetic rupture from several empirical Green’s function events
(EGFs). Such variation of Green’s functions along the fault introduces the key to realistic
synthetics, the coherence fluctuation of array recordings. This approach makes it possible to
generate (1) high frequency (> 1 Hz) waves with realistic 3D path effects, (2) coherence
fluctuation of array measurements, and (3) all seismic phases that are critical to BP imaging, such
as pP, water waves and topography effects.

We apply multiple EGF events and assume each one is only in charge of a certain distance. Many
measurements have been performed to characterize the crust and upper mantle structure as a
random media and found the correlation length is about 10-20 km (Capon & Bertheussen 1974).
We assume the earthquake source region has similar random features and alternate the Green’s
function of assumed EGF events at an interval of 20 km along the strike. We assume a logic that
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is commonly used in empirical Green’s function analysis: because all EGF events share similar
raypaths and similar focal mechanisms, waveform incoherence between different EGF events are
attributed to differences in the near-source path effect (e.g., coda scatterers). One potential
problem of M 5 ~ 6 events is that although their finite source effects are weak, it still cannot be
totally ignored because their source durations are not significantly shorter than the period BP
utilizes (~1 sec). To mitigate their finite source effect, we normalize all EGFs P wave amplitudes
in the frequency band 0.5 ~ 2 Hz. As a result, the alternation of EGFs along the strike introduces
heterogeneity that mimics the changes of the near-source path effect of Green’s functions.

We set our synthetic rupture at the source region of the 2020 Caribbean earthquake (Fig. S10). We
assume the same hypocenter (19.419°N 78.756°W, NEIC) and same strike angle (255°) of the
mainshock, propagating westward along the plate boundary between the North America and
Caribbean tectonic plates. The fault surface dimension is set to be rectangular with 300 km length
and 15 km depth, which is discretized into elements with size [200 m x 200 m]. Considering the
limited signal-noise-ratio (SNR) of small earthquakes in the teleseismic distance, the best
candidates are three M 5 ~ 6 events (Fig. S10). The synthetic waveforms are then calculated
based on the discretized representation relation with empirical Green’s functions (EGFs):

Where is the ground velocity in the direction , at location and time . , , and are�̇�
𝑛

𝑥
^

𝑛
𝑋 𝑡 µ

𝑖
𝐴

𝑖
�̇�

𝑖
(𝑡')

the shear modulus (3 GPa everywhere), area, and the desired slip-rate function of the subfault

element i, respectively. is the seismic moment of the EGF assigned to the subfault element .𝑀
0

𝑒
𝑖 𝑖

is the ground velocity of the EGF, which is time-shifted based on the predicted travel time�̇�
𝑖

𝑛

from the location of element i to the receiver location , such that the origin time of each subfault𝑋
element is the arrival of the rupture front (i.e., rupture time). * is the convolution operator. The

summation in the right hand side is over the entire fault surface A such that . We use the∑ 𝐴
𝑖

= 𝐴

Yoffe analytic function (Yoffe, 1951; Tinti et al., 2005) as the slip-rate function, an alternative to
Kostrov’s crack solution (i.e., a square root singularity function; Kostrov, 1964). The Yoffe
function is consistent with the self-similar solution of the elastodynamic equation and with
spontaneous dynamic models governed by slip weakening (Nielsen and Madariaga, 2003). It also
incorporates the cohesive zone near the rupture front with the traction drop, and it correlates the
local healing process with rise-times, consistent with laboratory experiments on fault friction
(Ohnaka and Yamashita, 1989). In each synthetic source model, rise times are set proportionally
to slip (Melgar and Hayes, 2017).

We performed synthetic tests of different scenarios of rupture kinematics: (1) a uniform slip
distribution with constant rupture speeds (2, 3, 4, 5, and 6 km/s), (2) a uniform slip distribution
with segmentations of different rupture speeds (e.g., supershear transition), and (3) realistic slip
distributions with constant rupture speed.
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Results of the synthetic BP tests provide invaluable insights to understand BP imaging. Figure
S10 to S17 and their captions provide step by step illustrations and explanations of the results
from detailed showcases to statistical analysis in general.

First, we identified two essential artifacts of BP: the shadowing artifact and the tailing artifact.
Figure S13 and Figure S15 showcase that a BP radiator with significant power is followed by a
group of stagnant or back-propagating radiators, even though the actual (input) rupture is still
moving forward. The shadowing artifact is such that a powerful source hampers imaging of the
succeeding sources. Figure S15 displays that a group of radiators is imaged by BP even after the
actual (input) rupture ends. These artificial radiators either remain in the vicinity of the rupture
end or apparently propagate backward. The tailing artifact is one that induces an apparent long
tail of radiation in time. To understand the physical causes of these two artifacts, we measured the
coherence function of the array recordings of the three EGF events. Figure S18 shows that the
coherence function decays in time yet takes about 5 to 8 seconds to drop to a low level (CC<0.5),
possibly due to the existence of depth phases and near-source scatters. Note that BP utilizes
coherent signals and captures the point in the source region with the highest coherence.
Therefore, the tailing artifact is due to the fact that the coherence function of the source takes
some time to drop to values that are too low to produce a significant image. The shadowing
artifact, on the other hand, involves the competition between different sources. For instance, when
the rupture triggers a powerful high-frequency source (say source A), if the coherence and power
of A are still dominant when the next source (say source B) is activated, then BP will artificially
image the location of A at this time, leading to an apparent source stagnation. When the rupture
moves forward and source C fails, if array recordings’ coherence and power are no longer
dominated by A but by C, then C will be imaged.

Remarkably, most of our BP results of real observations contain these two artifacts, as marked in
Figure S4. Therefore, the identification of the shadowing and tailing artifacts are essential to
evaluate the rupture kinematics: for example, when did rupture end, when did rupture speed
change from one regime to another, and what segments may consist of artifacts and thus should
not be over-interpreted.

In terms of quantitatively guiding the interpretation of BP results, we found that for elongated
ruptures, least-squares linear regression between the timing and the along-strike distance of the
leading high-frequency radiators (proxies of the rupture front) is always a conservative yet robust
estimate of rupture speed. We found that due to BP’s artifacts, rupture speeds are always
underestimated (Fig. S11 to S17). The faster the true rupture speed, the more significant the
artifact, and the greater the underestimation. Moreover, we found that abrupt changes in rupture
speeds (e.g., supershear transitions) and abrupt changes in slip distribution along the fault that
correlate with peak values in spatial gradients of slip can trigger powerful shadowing artifacts in
BP (Fig. S13 and S15). The fitting for a fast segment after the supershear transition should be
performed after the peak value in BP power (Fig. S14). Moreover, we statistically analyzed the
relation between the estimated rupture speed and the input rupture speed, taking into account all
tested cases, and determined an empirical expression of the ‘true rupture speed’ as a function of
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the ‘estimated rupture speed’ with uncertainties (see Fig. S17). We then use this empirical relation
to project the fitted rupture speed of real earthquakes to their rupture speeds with uncertainties.
Numerical details of how the rupture speed uncertainties in Figure 3 are estimated can be found in
Text S3 and Table S12.
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Figure S10 Model setup of the synthetic rupture. (top left) Location of the synthetic rupture, seismic
array, and EGF events. The synthetic mainshock rupture is designed as a strike-slip event originating from
the hypocenter (red star) of the 2020 Mw 7.7 Cayman Trough earthquake (19.419°N 78.756°W) and
propagating westward along the green line. The yellow stars are epicenters of the three empirical Green’s
function (EGF) events found in the source region. (top right) The Yoffe analytical function(Yoffe, 1951;
Tinti et al., 2005) as the desired slip-rate function, an alternative to Kostrov’s crack solution (i.e., a square
root singularity function; Kostrov, 1964). The Yoffe function is consistent with the self-similar solution of
the elastodynamic equation and with spontaneous dynamic models governed by slip weakening (Nielsen
and Madariaga, 2003). It also incorporates the cohesive zone near the rupture front with the traction drop,
and it correlates the local healing process with rise-times, consistent with laboratory experiments on fault
friction (Ohnaka and Yamashita, 1989). (bottom) Dimension (300 km x 10 km) and discretization (200 m
x 200 m) of the fault interface.
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Figure S11 Synthetic BP of uniform rupture with constant rupture speed. (a) The spatial-temporal
evolution of BP (circles) plotted over the input rupture front (diamonds). BP radiators are color-coded by
time, and the symbol size represents the normalized power. Synthetic Green’s functions are generated
assuming a correlation length of source-side heterogeneity of 20 km. Note that the input rupture front
(diamonds) is plotted with a much longer interval than the actual discretization for better visual clarity. (b)
BP power as a function of time. (c) Along-strike location and timing of BP radiators. Time is relative to
the origin time. Location is the horizontal position relative to the hypocentre, projected along the strike
direction. The green line indicates the speed of the input rupture front. The tailing artifact, the appearance
of BP radiators that continues after the end of a rupture, is highlighted by a pink circle. (d) Least-squares
linear regression between the timing and the along-strike distance of the leading BP radiators, defined as
the furthest BP radiator at any given time. The dashed lines represent the 95% confidence interval (CI) of
the fitting. This case illustrates that fitting a rupture speed with only the leading BP radiators can slightly
underestimate the true (input) rupture speed.
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Figure S12 Synthetic BPs of uniform rupture with different rupture speeds. (Left) BP power as a
function of time for different input rupture speeds. (Middle) Along-strike location and timing of BP
radiators. Time is relative to the origin time. Location is the horizontal position relative to the hypocentre,
projected along the strike direction. The straight lines indicate the speeds of the input rupture fronts (see
the inset legend). (Right) Least-squares linear regressions between the timings and the along-strike
distances of the leading BP radiators, defined as the furthest BP radiator at any given time. The fitted
rupture speeds are shown in the inset legend. The dashed lines represent the 95% confidence interval (CI)
of the fittings. This group of cases illustrate that fitting rupture speeds with only leading BP radiators is a
conservative yet robust estimate. The faster a rupture speed, the greater the underestimate.
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Figure S13 Synthetic BPs of uniform rupture with abrupt changes in rupture speeds. (top) The
rupture propagates with Vr = 2 km/s for the first 50 sec then accelerates to Vr = 4 km/s for another 50 sec.
(bottom) The rupture propagates with Vr = 2 km/s for the first 50 sec then accelerates to Vr = 6 km/s for
another 50 sec. The left and middle panels are the same as Figure S11 and S12, while the right panels are
the least-squares linear regressions after the velocity change between the timings and the along-strike
distances of the leading BP radiators, defined as the furthest BP radiator at any given time. These two
cases again show that fitting rupture speeds with the leading BP radiators is a robust and conservative
estimate. Moreover, the abrupt changes in rupture speeds cause local maximas in BP powers and are
followed by complex BP radiators (artifact of apparent stagnation). This is due to the fact that abrupt
changes in rupture speeds generate bursts of high-frequency energy. Such a powerful source can shadow
succeeding subsequent sources, and thus this scenario is named “shadowing artifact”, as highlighted by a
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purple circle. The comparison of these two cases demonstrate that greater changes in rupture speed result
in more significant BP artifacts.

Figure S14. Synthetic BPs of uniform rupture with abrupt changes in rupture speeds. The left,
middle, and right panels are similar to Figure S12. Two groups of cases with different initial rupture
speeds, 2 km/s (top) and 3 km/s (bottom), are shown. Differences in BP powers (left) demonstrate that
the larger the velocity contrast between two neighboring segments, the stronger the high-frequency burst,
and thus more significant the shadowing artifacts. The right panels display that fitting of rupture speeds
both since or after the velocity change lead to underestimations, but the fittings since the velocity change
result in greater underestimation, due to the shadowing artifact.
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Figure S15. Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds.
The figure setup is the same as Figure S11 but with the assumed slip model displayed on the top of each
case. Four cases are shown: ruptures with the slip model of the 2013 Mw 7.3 South Sandwich Island
earthquake (Hayes, 2017) and constant rupture speed of 3km/s (top left) and 5 km/s (top right); ruptures
with the slip model of the 2009 Mw 7.3 Caribbean earthquake (Hayes, 2017) and constant rupture speed
of 3km/s (bottom left) and 5 km/s (bottom right). Both the shadowing artifact and the tailing artifact are
highlighted. The tailing artifact describes the appearance of BP radiators that continue after the end of a
rupture, which either remains in the vicinity of the rupture end or apparently propagates backward. The
comparison between the left two cases or the comparison between the right two cases shows that when the
rupture speeds are the same, different slip distribution can lead to different levels of BP artifacts.
Comparing the top two cases or the bottom two cases shows that a fast rupture speed results in more
significant BP artifacts when the slip distribution is held. To analyze the shadowing artifact, we plot the
moment-time function (green curve) and the gradient of the moment-time function (black curve; dashed
lines are the absolute value of the negative gradients of the moment-time function). We found that the slip
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model of the 2009 Caribbean earthquake has a more considerable variance in the gradient of the
moment-time function, and thus its BP artifacts are more significant. We found that the strongest
shadowing artifact in the bottom right panel is attributed to the most substantial peak in the gradient of its
moment-time function. In addition, fitting the rupture speed with leading BP radiators is still the most
conservative and robust approach.
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Figure S16.1 ~ S16.9 SBPs of rupture with realistic slip distribution and constant rupture speeds

Figure S16.1. Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(1992 Landers earthquake; the slip model is from Zeng & Andersen, 2000). (Left) BP power as a
function of time for different input rupture speeds. (Middle) Along-strike location and timing of BP
radiators. Time is relative to the origin time. Location is the horizontal position relative to the hypocentre,
projected along the strike direction. The straight lines indicate the speeds of the input rupture fronts (see
the inset legend). (Right) Least-squares linear regressions between the timings and the along-strike
distances of the leading BP radiators, defined as the furthest BP radiator at any given time. The fitted
rupture speeds are shown in the inset legend. The dashed lines represent the 95% confidence interval (CI)
of the fittings. This group of cases illustrate that fitting rupture speeds with only leading BP radiators is a
conservative yet robust estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.2 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(1999 Izmit earthquake; the slip model is from Barka et al, 2002). (Left) BP power as a function of time
for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators. Time is
relative to the origin time. Location is the horizontal position relative to the hypocentre, projected along
the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend).
(Right) Least-squares linear regressions between the timings and the along-strike distances of the leading
BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in
the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings. This group of
cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative yet robust
estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.3 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2001 Kunlun earthquake; the slip model is from Hayes, 2007). (Left) BP power as a function of time
for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators. Time is
relative to the origin time. Location is the horizontal position relative to the hypocentre, projected along
the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend).
(Right) Least-squares linear regressions between the timings and the along-strike distances of the leading
BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in
the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings. This group of
cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative yet robust
estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.4 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2002 Denali earthquake; the slip model is from Oglesby et al, 2010). (Left) BP power as a function of
time for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators. Time
is relative to the origin time. Location is the horizontal position relative to the hypocentre, projected along
the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend).
(Right) Least-squares linear regressions between the timings and the along-strike distances of the leading
BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in
the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings. This group of
cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative yet robust
estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.5 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2009 Caribbean (also named Swan Island) earthquake; the slip model is from Hayes and Ji, 2009).
(Left) BP power as a function of time for different input rupture speeds. (Middle) Along-strike location
and timing of BP radiators. Time is relative to the origin time. Location is the horizontal position relative
to the hypocentre, projected along the strike direction. The straight lines indicate the speeds of the input
rupture fronts (see the inset legend). (Right) Least-squares linear regressions between the timings and the
along-strike distances of the leading BP radiators, defined as the furthest BP radiator at any given time.
The fitted rupture speeds are shown in the inset legend. The dashed lines represent the 95% confidence
interval (CI) of the fittings. This group of cases illustrate that fitting rupture speeds with only leading BP
radiators is a conservative yet robust estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.6 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2008 Wenchuan earthquake; the slip model is from Hayes, 2017). (Left) BP power as a function of
time for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators. Time
is relative to the origin time. Location is the horizontal position relative to the hypocentre, projected along
the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend).
(Right) Least-squares linear regressions between the timings and the along-strike distances of the leading
BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in
the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings. This group of
cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative yet robust
estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.7 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2017 Komandorski earthquake; the slip model is from Lay et al, 2017). (Left) BP power as a function
of time for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators.
Time is relative to the origin time. Location is the horizontal position relative to the hypocentre, projected
along the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset
legend). (Right) Least-squares linear regressions between the timings and the along-strike distances of the
leading BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are
shown in the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings.
This group of cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative
yet robust estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.8 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2018 Palu earthquake; the slip model is from Socquet et al, 2019). (Left) BP power as a function of
time for different input rupture speeds. (Middle) Along-strike location and timing of BP radiators. Time
is relative to the origin time. Location is the horizontal position relative to the hypocentre, projected along
the strike direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend).
(Right) Least-squares linear regressions between the timings and the along-strike distances of the leading
BP radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in
the inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings. This group of
cases illustrate that fitting rupture speeds with only leading BP radiators is a conservative yet robust
estimate. The faster a rupture speed, the greater the underestimate.
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Figure S16.9 Synthetic BPs of rupture with realistic slip distribution and constant rupture speeds
(2013 South Sandwich Island earthquake; the slip model is from Hayes, 2017). (Left) BP power as a
function of time for different input rupture speeds. (Middle) Along-strike location and timing of BP
radiators. Time is relative to the origin time. Location is the horizontal position relative to the hypocentre,
projected along the strike direction. The straight lines indicate the speeds of the input rupture fronts (see
the inset legend). (Right) Least-squares linear regressions between the timings and the along-strike
distances of the leading BP radiators, defined as the furthest BP radiator at any given time. The fitted
rupture speeds are shown in the inset legend. The dashed lines represent the 95% confidence interval (CI)
of the fittings. This group of cases illustrate that fitting rupture speeds with only leading BP radiators is a
conservative yet robust estimate. The faster a rupture speed, the greater the underestimate.
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Figure S17 Statistical relation between the fitted rupture speed and the true rupture speed. The
sample points are from all cases shown above: uniform slip with constant rupture speeds (green diamond;
5 cases, Fig. S12), realistic slip with constant rupture speeds (blue circles; 45 cases, Fig. S16.1 ~ Fig.
S16.9), and abrupt changes in rupture speeds from 2 km/s (orange box; 4 cases, Fig. S14) and from 3 km/s
(purple box; 3 cases, Fig. S14). For each input rupture speed, the mean value and the root-mean-square
(RMS) error are shown as a red circle and a red errorbar. The red solid line represents the least-squares
linear regression of the mean values. The two dashed lines represent the least-squares linear regression of

the mean values plus and minors the RMS errors, and , respectively. Therefore, we propose an𝑉
𝑓𝑖𝑡
+ 𝑉

𝑓𝑖𝑡
−

empirical relation between the fitted rupture speed and the true (input) rupture speed with uncertainties
based on the linear regression of the two dashed lines, as shown in the red font at the bottom of the figure.
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Figure S18 Measurements of the coherence decay. Cross-correlation coefficient (CC) fluctuation
measurement with time after P arrival for EGF1-3 shown in Fig. S10. The time window for measurements
is 10 s, and the sliding step for measuring the time-dependent coherence decay is 1 s.
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Figure S19. Comparison of synthetic BPs using EGFs with (upper) and without (bottom) coda waves
(using the slip model of the 1992 Landers earthquake, Zeng & Andersen, 2000). Meanings of the figures
are the same as Figure S16.

57



Figure S20. Statistical relation between the fitted rupture speed and the true rupture speed using
EGFs without coda waves. The sample points are from all cases shown above: uniform slip with
constant rupture speeds (green diamond; 5 cases), realistic slip with constant rupture speeds (blue circles;
45 cases), and abrupt changes in rupture speeds from 2 km/s (orange box; 4 cases) and from 3 km/s
(purple box; 3 cases). For each input rupture speed, the mean value and the root-mean-square (RMS) error
are shown as a red circle and a red errorbar. The red solid line represents the least-squares linear
regression of the mean values. The two dashed lines represent the least-squares linear regression of the
mean values plus and minors the RMS errors. The underestimation of the rupture speed as shown in
Figure S17 is almost ignorable when using EGFs without coda waves.
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Figure S21. Synthetic tests of the minimum propagation distance of supershear rupture that can be
resolved by BP. All synthetic tests have a subshear segment that is followed by a supershear segment.
The rupture propagation distance of the subshear segments are the same, which is 50 km, while that of the
supershear segment varies from 25 km to 150 km. As can be seen, when the supershear length is too short
(25 km and 40 km), linear regressions can not properly resolve the supershear rupture speed. However,
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when the supershear length is larger than 50 km, linear regressions stably resolve the fast rupture speed
with similar underestimation as suggested by Figure S17.

Table S9 Uncertainty of rupture speed estimation due to fault geometry

In-land
benchmark study:
the 2018 Mw 7.5
Palu earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

170 USGS 4.13

168 GCMT 4.14

From fitting BP
result 170

2D fitting of BP’s
leading radiators 4.13

From
bathymetry/topogr
aphy 172.3

Strike angle of
Palu-Kuro Fault
(Bacques et al.,
2020 4.13

From field survey
or geodetic
measurement 174

derived from
ALOS-2 SAR
offsets (Bao et al.,
2019) 4.1

Range of uncertainty [(max-min)/avg] 0.70%

2009 Caribbean
Sea earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

243 USGS 5.18

243 GCMT 5.18

From fitting BP
result 252

2D fitting of BP’s
leading radiators 5.12

From
bathymetry/topogr
aphy

248

SeaMARC II
mapping
(Rosencrantz &
Mann 1991;
Rogers & Mann
2007) 5.16

253

Global Plate
Boundary (Bird,
2003) 5.1

Range of uncertainty [(max-min)/avg] 1.50%

2013 Sandwich
Island earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

94 USGS 5.11

91 GCMT 4.96
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From fitting BP
result 91

2D fitting of BP’s
leading radiators 4.96

From
bathymetry/topogr
aphy 92

Manual
measurement
based on
bathymetry 5.18

Range of uncertainty [(max-min)/avg] 3.50%

2016 Romanche
earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

259 USGS 5.44

259 GCMT 5.44

From fitting BP
result 251

2D fitting of BP’s
leading radiators 5.5

From
bathymetry/topogr
aphy 245

Global Plate
Boundary (Bird,
2003) 5.48

Range of uncertainty [(max-min)/avg] 1.10%

2017
Komandorski

earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

125 USGS 4.08

127 GCMT 4.08

From fitting BP
result 127

2D fitting of BP’s
leading radiators 4.08

From
bathymetry/topogr
aphy 120-128

Focal mechanisms
of seismicity in the
source region and
finite fault
inversion solutions
(Lay et al., 2017) 4.06-4.08

Range of uncertainty [(max-min)/avg] 0.50%

2018 Caribbean
(AK) earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

255 USGS 4.56

256 GCMT 4.57

From fitting BP
result 262

2D fitting of BP’s
leading radiators 4.62

From
bathymetry/topogr
aphy 270

Global Plate
Boundary (Bird,
2003) 4.59

Range of uncertainty [(max-min)/avg] 1.30%

2020Caribbean
(AK) earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal

255 USGS 4.63
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mechanism 257 GCMT 4.65

From fitting BP
result 262

2D fitting of BP’s
leading radiators 4.68

From
bathymetry/topogr
aphy 250

Global Plate
Boundary (Bird,
2003) 4.54

Range of uncertainty [(max-min)/avg] 3.00%

2004 Queen
Charlotte

earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

335 USGS 3.35

333 GCMT 3.27

From fitting BP
result 335

2D fitting of BP’s
leading radiators 3.35

From
bathymetry/topogr
aphy 335

Global Plate
Boundary (Bird,
2003) 3.35

Range of uncertainty [(max-min)/avg] 2.40%

2010 Papua
earthquake

Options to obtain
strike angles Strike Angle (°) Author/data source

Fitted rupture
speed (km/s)

From focal
mechanism

333 USGS 5

332 GCMT 5.04

From fitting BP
result 331

2D fitting of BP’s
leading radiators 5.05

From
bathymetry/topogr
aphy

NaN

NaN

NaN

Range of uncertainty [(max-min)/avg] 0.90%

Table S9. Uncertainty of rupture speed estimation due to uncertainty in fault geometry. In this table,
different straight fault geometries are assumed to be the rupture front directions of one in-land benchmark
earthquake (2018 Mw 7.5 Palu earthquake) and all the events investigated in the main text. We consider
three straight fault geometries: (1) a fault passing through the epicenter with the strike value from the
USGS or GCMT solutions, or (2) a fault that best-fits the locations of BP radiators, or (3) a fault
constrained by topography, field survey and geodetic measurements The range of uncertainty is estimated
as such: (max_fitted_speed - min_fitted_speed)/average_fitted_speed            
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Figure S22. Synthetic BPs of uniform rupture with different rupture speeds, using different BP
window lengths (14/10/8/6 sec). In each subplot, (left) BP power as a function of time for different input
rupture speeds; (middle) Along-strike location and timing of BP radiators. Time is relative to the origin
time. Location is the horizontal position relative to the hypocentre, projected along the strike direction.
The straight lines indicate the speeds of the input rupture fronts (see the inset legend); (right)
Least-squares linear regressions between the timings and the along-strike distances of the leading BP
radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in the
inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings.

Window
length
(freq 0.5-2
Hz)

2 km/s 3 km/s 4 km/s 5 km/s 6 km/s Avg
Difference

14 sec 1.9 2.81 3.43 4.35 5.31 -1.6%

10 sec 1.96 2.85 3.49 4.40 5.35 NaN

8 sec 1.83 2.75 3.58 4.42 5.43 -1.1%

6 sec 1.86 2.70 3.21 4.13 5.25 -5.3%

Table S10. Estimation of rupture speed uncertainty due to BP window lengths. Values of rupture
speeds from linear fitting are based on results of Figure S22. The average difference is the mean value of
the difference of speed estimation with respect to that of the 10-sec window length. This group of cases
illustrate that there is a trade-off between temporal resolution (shorter windows give higher temporal
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resolutions) and stableness of fitting of rupture speed (longer window gives more stable fitting), and the
window length used in the main text (10-sec) is relatively stable.

Figure S23. Synthetic BPs of uniform rupture with different rupture speeds, using different BP
frequency bands (1-4 Hz, 0.5-2 Hz, 0.4-1 Hz). In each subplot, (left) BP power as a function of time for
different input rupture speeds; (middle) Along-strike location and timing of BP radiators. Time is relative
to the origin time. Location is the horizontal position relative to the hypocentre, projected along the strike
direction. The straight lines indicate the speeds of the input rupture fronts (see the inset legend); (right)
Least-squares linear regressions between the timings and the along-strike distances of the leading BP
radiators, defined as the furthest BP radiator at any given time. The fitted rupture speeds are shown in the
inset legend. The dashed lines represent the 95% confidence interval (CI) of the fittings.

Freq band 2 km/s 3 km/s 4 km/s 5 km/s 6 km/s Avg
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(win=10 s) Difference

1-4 Hz 1.75 2.68 3.48 4.51 5.39 -3.1%

0.5-2 Hz 1.96 2.85 3.49 4.40 5.35 NaN

0.4-1 Hz 1.97 2.82 3.69 4.55 4.99 0.4%

Table S11. Estimation of rupture speed uncertainty due to BP frequency bands. Values of rupture
speeds from linear fitting are based on results of Figure S23. The average difference is the mean value of
the difference of speed estimation with respect to that of the 0.5-2 Hz. This group of cases illustrate that
there is a trade-off between spatial resolution (higher frequency bands gives higher spatial resolutions)
and stableness of fitting of rupture speed (lower frequency band gives more stable fitting), and the
frequency band (0.5-2 Hz) used in the main text is relatively stable.

Text S3

Following the methodology and result of synthetic back-projections described in the Method
section, we here summarize how the range of the rupture speeds in Figure 3 is estimated. First, we
have found that fitting the leading BP radiators always yields conservative yet robust estimates of
rupture speed. However, a rupture in nature seldom propagates at a constant speed, as shown in
Figure S4. From the synthetic back-projections, we identified the shadowing artifact (see Method
and Fig. S13, Fig. S14, and Fig. S15) and found that it is the main reason that contaminates BP
results. We found that shadowing artifacts can be caused by abrupt changes in rupture speeds
(e.g., supershear transitions) or abrupt changes in slip distribution along the fault surface. We then
obtain the fitted rupture speed ( ) as described below:𝑉

𝑓𝑖𝑡

(1) If there exist multiple stages (for example, a slow initiation in the beginning and then a
faster segment), and if there exists a corresponding burst in BP power and strong
shadowing artifacts (stagnation or reverse-propagation), then we fit the segment after the
burst of BP power and after the stagnation or reverse-propagation of BP radiators due to the
shadowing artifact, not since the burst of BP power, and only include leading radiators.
Earthquakes that meet this condition are the 2018 Caribbean, 2020 Caribbean, 2013 South
Sandwich Island, 2009 Caribbean, and 2004 Queen Charlotte earthquakes.

(2) If there are multiple stages but no corresponding shadowing artifact, we fit the leading
radiators since the velocity change. Earthquakes that meet this condition are the 2017
Komandorski and 2016 Romanche earthquakes.

(3) If there are no obvious segmentations in rupture speeds, then we fit the leading radiators
from the beginning. Earthquakes that meet this condition is the 2010 Papua earthquake.

A summary of : can be found in Table S12. Meanwhile, we also obtained the 95% confidence𝑉
𝑓𝑖𝑡

interval (CI) of : and ( < < ).𝑉
𝑓𝑖𝑡

𝑉
𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+ 𝑉

𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
𝑉

𝑓𝑖𝑡
+

65



It is then important to build the relationship between the fitted rupture speed , and the true𝑉
𝑓𝑖𝑡

rupture speed . We approached this objective by statistically analyzing the fitted rupture speeds𝑉
𝑟

and the input rupture speeds of synthetic back-projections. A total number of 57 cases are
considered: constant rupture speeds of 2 km/s to 6 km/s for nine finite fault slip models and a
uniform slip model (50 cases) and velocity jumps from 2 km/s to 3/4/5/6 km/s and from 3 km/s to
4/5/6 km/s for a uniform slip model (7 cases). Figure S17 shows a summary of versus . For𝑉

𝑟
𝑉

𝑓𝑖𝑡

each , a mean value and an errorbar of the root-mean-square (RMS) error are shown in red. The𝑉
𝑟

linear fit of the mean values of gives the expression of as a function of . Linear fits of𝑉
𝑓𝑖𝑡

𝑉
𝑟

𝑉
𝑓𝑖𝑡

the mean values of that plus and minus the RMS errors yield the 95% confidence interval of𝑉
𝑓𝑖𝑡

as a function of as shown in Figure S17.𝑉
𝑟

𝑉
𝑓𝑖𝑡

Finally, we conservatively propagate the uncertainties from to :𝑉
𝑓𝑖𝑡

𝑉
𝑟

(𝑉
𝑓𝑖𝑡
−  −  0. 307)/0. 827 <  𝑉

𝑟
 <  (𝑉

𝑓𝑖𝑡
+  −  0. 338)/0. 766

A summary of all the values mentioned above is shown in Table S12.

Table S12: Estimation of Rupture Speed Uncertainty

Overall Episode 1 Episode 2 Episode 3

𝑉
𝑓𝑖𝑡

𝑉
𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+ 𝑉

𝑟
− 𝑉

𝑟
+ 𝑉

𝑓𝑖𝑡
𝑉

𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+ 𝑉

𝑟
− 𝑉

𝑟
+ 𝑉

𝑓𝑖𝑡
𝑉

𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+ 𝑉

𝑟
− 𝑉

𝑟
+ 𝑉

𝑓𝑖𝑡
𝑉

𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+ 𝑉

𝑟
− 𝑉

𝑟
+

2004 M6.8
Queen Charlotte 2.09 1.84 2.34 1.85 2.29 1.8 1.45 2.15 1.45 1.91 3.35 2.86 3.84 3.09 4.57 NaN

2009 M7.3
Caribbean 3.23 2.92 3.53 3.16 3.78 5.18 4.88 5.48 5.53 6.32 4.44 3.44 5.45 3.79 5.36 NaN

2010 M7.0
Papua 5.04 4.4 5.70 4.95 6.14 5.04 4.4 5.70 4.95 6.14 NaN NaN

2013 M7.3 S.
Sandwich Is. 2.53 2.27 2.79 2.37 2.86 2.12 1.68 2.56 1.68 2.33 5.11 4.32 5.91 4.85 6.23 1.27 1.14 1.40 1.14 1.27

2016 M7.1
Romanche NaN NaN 5.44 4.2 6.68 4.71 6.66 NaN

2017 M7.7
Komandorski 2.93 2.73 3.12 2.93 3.38 2.12 1.79 2.44 1.79 2.33 4.08 4.02 4.13 4.49 4.89 NaN

2018 M7.5
Caribbean 3.25 2.89 3.61 3.12 3.80 1.72 1.35 2.10 1.35 1.72 4.57 3.99 5.16 4.45 5.52 NaN

2020 M7.7
Caribbean 2.89 2.69 3.10 2.88 3.33 2.31 2.09 2.53 2.16 2.57 4.63 4.12 5.14 4.61 5.60 NaN

Table S12 Estimation of Rupture Speed Uncertainty. This table summarizes the fitted rupture speeds
and the estimated rupture speeds with uncertainties as shown in Figure 3. The overall rupture speed and
rupture speeds of individual episodes are separated. remarks the fitted rupture speed that is obtained𝑉

𝑓𝑖𝑡

from least-squares linear regression between the timing and the along-strike distance of the leading BP
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radiators, defined as the furthest BP radiator at any given time. and are the lower and upper𝑉
𝑓𝑖𝑡
− 𝑉

𝑓𝑖𝑡
+

boundaries of the 95% confidence interval of the linear regression. From the synthetic tests of BP, we
learned that there is a systematic underestimation of with respect to the true rupture speed ( ), as is𝑉

𝑓𝑖𝑡
𝑉

𝑟

summarized in Figure S17. Therefore, we conservatively project the fitted rupture speed to an estimation
that is closer to the true rupture speed based on the statistical relation between and :𝑉

𝑓𝑖𝑡
𝑉

𝑟

[𝑉
𝑟
− =  (𝑉

𝑓𝑖𝑡
−  −  0. 307)/0. 827] <  𝑉

𝑟
 <  [𝑉

𝑟
+ =  (𝑉

𝑓𝑖𝑡
+  −  0. 338)/0. 766]

4. Teleseismic Double-Difference Relocation

Table S13: Summary of the Teleseismic Double-Difference

Travel Time Residual (sec) Uncertainty (km)

Num
of
Event
s

Num
of
Statio
ns

Num of
Data

Mean Centroid Shift
(m)Before After Decrease Absolute Relative

un-
wgt wgt

un-
wgt wgt un-wgt wgt Lon Lat Dep Lon Lat Dep NS EW Vert

2009/2018/
2020
Caribbean 1.31 1.53 0.74 0.75 43.5% 50.9% 5.98 15.84 3.76 2.3 3.51 1.93 264 2874 112288 -2494 1432 356

2013
S. Sandwich 1.29 2.54 0.68 0.54 47.2% 78.7% 6.47 5.23 1.22 1.03 0.99 0.24 77 590 28257 3250 -4987 -1017

2016
Romanche 1.46 1.67 0.6 0.61 58.9% 63.4% 5.8 6.81 1.23 1.09 1.15 0.2 136 2254 62578 -2017 -3643 -1542

2017
Komandorski 1.24 2.05 0.54 0.44 56.4% 78.5% 9.6 13.35 4.01 1.88 1.9 0.65 301 3059 155626 2659 3492 731

Table S13 Summary of Teleseismic Double-Difference Relocations
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Figure S24.1 ~ S24.4 Teleseismic Double-Difference Relocations
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Fig S24.1. (a) Map view of 264 earthquakes (2000-2020) near the plate boundary between the North
America and Caribbean plate before (green circle) and after double-difference relocation (red star).
Hypocenter locations of green circles are from the EHB (events from 2000 to 2016) [Engdahl et al., 1998]
and NEIC catalog (events from 2017 to 2020). A substantial reduction in the differential time residuals is
observed after relocation. The unweighted (weighted) RMS decreases from 1.31 s (1.53 s) before
relocation to 0.74 s (0.75 s) after relocation. (b) Jackknife uncertainty analysis for the 264 relocated
events. A hundred subsamples of recording stations were used, each with 10% of the stations removed, to
recompute the locations. The distances shown are deviations from the preferred location (using all
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stations) for each event. Error ellipses contain 95% of the data points (not all shown). Mean deviations in
longitude, latitude, and depth are 5.98, 15.84, and 3.76 km, respectively, and represent estimates of the
absolute location uncertainties. (c) Bootstrap uncertainty analysis for the 264 relocated events. Random
Gaussian noise with a standard deviation of 0.5 s was added to the travel times and the locations were
recomputed 100 times. Red circles are error ellipses containing 95% of the data points. Mean deviations
in longitude, latitude, and depth are 2.30, 3.51, and 1.93 km, respectively, and represent estimates of the
relative location uncertainties for all relocated events.
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Fig S24.2. (a) Map view of 77 earthquakes (2011-2016) near the South Sandwich Island region before
(green circle) and after double-difference relocation (red star). Hypocenter locations of green circles are
from the EHB [Engdahl et al., 1998]. A substantial reduction in the differential time residuals is observed
after relocation. The unweighted (weighted) RMS decreases from 1.29 s (2.54 s) before relocation to 0.68
s (0.54 s) after relocation. (b) Jackknife uncertainty analysis for the 77 relocated events. A hundred
subsamples of recording stations were used, each with 10% of the stations removed, to recompute the
locations. The distances shown are deviations from the preferred location (using all stations) for each
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event. Error ellipses contain 95% of the data points (not all shown). Mean deviations in longitude,
latitude, and depth are 6.47, 5.23, and 1.22 km, respectively, and represent estimates of the absolute
location uncertainties. (c) Bootstrap uncertainty analysis for the 77 relocated events. Random Gaussian
noise with a standard deviation of 0.5 s was added to the travel times and the locations were recomputed
100 times. Red circles are error ellipses containing 95% of the data points. Mean deviations in longitude,
latitude, and depth are 1.03, 0.99, and 0.25 km, respectively, and represent estimates of the relative
location uncertainties for all relocated events.
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Fig S24.3. (a) Map view of 136 earthquakes (2000-2016) near the Romanche Mid-Ocean Ridge before
(green circle) and after double-difference relocation (red circle). Hypocenter locations of green circles are
from the EHB [Engdahl et al., 1998] catalog. A substantial reduction in the differential time residuals is
observed after relocation. The unweighted (weighted) RMS decreases from 1.46 s (1.67 s) before
relocation to 0.60 s (0.61 s) after relocation. (b) Jackknife uncertainty analysis for the 136 relocated
events. A hundred subsamples of recording stations were used, each with 10% of the stations removed, to
recompute the locations. The distances shown are deviations from the preferred location (using all
stations) for each event. Error ellipses contain 95% of the data points (not all shown). Mean deviations in
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longitude, latitude, and depth are 5.80, 6.81, and 1.23 km, respectively, and represent estimates of the
absolute location uncertainties. (c) Bootstrap uncertainty analysis for the 136 relocated events. Random
Gaussian noise with a standard deviation of 0.5 s was added to the travel times and the locations were
recomputed 100 times. Red circles are error ellipses containing 95% of the data points. Mean deviations
in longitude, latitude, and depth are 1.09, 1.15, and 0.20 km, respectively, and represent estimates of the
relative location uncertainties for all relocated events.
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Fig S24.4 (a) Map view of 301 earthquakes (2011-2017) near the plate boundary between the North
America and Caribbean plate before (green circle) and after double-difference relocation (red circle).
Hypocenter locations of green circles are from the NEIC catalog. A substantial reduction in the
differential time residuals is observed after relocation. The unweighted (weighted) RMS decreases from
1.24 s (2.05 s) before relocation to 0.54 s (0.44 s) after relocation. (b) Jackknife uncertainty analysis for
the 301 relocated events. A hundred subsamples of recording stations were used, each with 10% of the
stations removed, to recompute the locations. The distances shown are deviations from the preferred
location (using all stations) for each event. Error ellipses contain 95% of the data points (not all shown).
Mean deviations in longitude, latitude, and depth are 9.60, 13.35, and 4.01 km, respectively, and
represent estimates of the absolute location uncertainties. (c) Bootstrap uncertainty analysis for the 301
relocated events. Random Gaussian noise with a standard deviation of 0.5 s was added to the travel times
and the locations were recomputed 100 times. Red circles are error ellipses containing 95% of the data
points. Mean deviations in longitude, latitude, and depth are 1.88, 1.90, and 0.65 km, respectively, and
represent estimates of the relative location uncertainties for all relocated events.
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5. Mach Wave Identification

Table S14: Summary of EGF information

Mainshock EGF Event

Mag
Moment
(N-m)

Duratio
n (s)

Origin
Time

NEIC
Location Mag

Moment
(N-m)

Duratio
n (s)

Rayleigh
Wave
Band
(Period)

Mean
Rayleigh

Wave speed
(Left)

Anomaly
(left)

Mach Angle
(left)

(degree)

Mean
Rayleigh

Wave
speed

(right)
Anomaly

(Right)

Mach
Angle
(right)

(degree)

The 2004 Queen
Charlotte 6.8 1.89E+19 24.0

2003-07-12
23:01:39

55.840°
-134.883° 6.0 1.06E+18 4.4 10-20 s NaN NaN NaN NaN NaN NaN

The 2009 Caribbean
Sea 7.3 1.18E+20 44.0

2009-06-06
4:37:26

16.169°
-87.650° 5.0 4.54E+16 1.6 15-25 s *3.25~3.99 *-14%~6% *-59~-43 3.17~3.59 16%~5% 49~60

The 2010 Papua 7.0 3.12E+19 24.0
2010-06-16
3:58:10

-2.329°
136.484° 6.6 8.53E+18 9.0 10-20 s 3.28~3.48 -8%~-2% -57~-46 3.45~3.77 -3%~6% 41~56

The 2013 South
Sandwich Is. 7.3 1.08E+20 22.6

2012-03-25
10:26:49

-60.835°
-23.863° 5.2 7.92E+16 2.0 10-20 s 3.42~3.78 -4%~6% -57~-40 NaN NaN NaN

The 2016
Romanche 7.1 5.80E+19 36.0

2018-02-15
8:27:22

-0.068°
-17.841° 5.6 3.39E+17 3.0 10-20 s 3.49~3.85 -2%~8% -58~-35 3.34~3.85 -6%~8% 35~60

The 2017
Komandorski 7.7 5.17E+20 43.2

2017-07-17
11:05:09

54.580°
168.648° 6.3 3.25E+18 7.2 15-25 s 3.45~4.07 -8%~8% -45~-25 3.77~4.07 0%~8% 25~40

The 2018 Caribbean
Sea 7.5 2.56E+20 30.2

2016-01-18
3:20:38

17.133°
-84.635° 5.4 1.71E+17 8.0 15-25 s *3.25~3.99 *-14%~6% *-54~-28 3.17~3.59 16%~5% 37~55

The 2020 Caribbean
Sea 7.7 4.35E+20 46.8

2019-12-09
6:12:23

19.078°
-80.437° 5.0 4.11E+16 0.8 15-25 s *3.25~3.99 *-14%~6% *-55~-30 3.17~3.59 16%~5% 39~56

The 2016
Kumamoto 7.0 4.66E+19 20.0

2016-04-14
12:26:35

32.788
130.704 6.2 2.15E+18 5.0 10-20 s NaN NaN NaN NaN NaN NaN

Table S14. Table of the empirical Green’s function (EGF) events used for Rayleigh Mach wave
identification. Information of earthquake duration is based on the USGS W-phase solutions. The reference
Rayleigh wave speed is estimated by the phase velocity at the center-frequency of the filter based on the
dispersion curve derived from the PREM [Dziewonski and Anderson, 1981] model (

, ). For each target event, we compute the range of the𝑉
𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ
20𝑠 = 3. 777 𝑘𝑚/𝑠 𝑉

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ
15𝑠 = 3. 556 𝑘𝑚/𝑠

percentage phase velocity perturbation at stations on each side of the frontal direction (Column 13 and 15)
at 25 s (minimum period of the GDM52 model, Ekstrom et al., 2012.
https://www.ldeo.columbia.edu/~ekstrom/Projects/SWP/GDM52.htm). We then assume the reference
Rayleigh wave speed has the same percentage variations. The predicted area of observable Mach waves is
based on all possible Mach angles considering this variation of the reference Rayleigh wave speed (Fig.
4). The Mach angle , where is the phase velocity of the RayleighΦ = 𝑎𝑟𝑐𝑐𝑜𝑠(𝑉

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ
/𝑉

𝑟
) 𝑉

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ

wave and is the rupture speed.𝑉
𝑟
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- Figure S25. Patterns of Azimuthal Variation of
● (1) Cross-correlation Coefficient (CC)
● (2) Amplitude Ratio (AR)
● (3) [CC*AR]

78



79



Figure S25. (The three columns) Cross-correlation coefficient (CC), Amplitude ratio (AR), and the
production of CC and AR of the seven newly identified supershear events as functions of azimuth from
the rupture front direction. Maximum amplitude ratios being larger than 1 (2009 Caribbean and the 2016
Kumamoto earthquakes) is likely due to the uncertainty of moment estimates of both mainshocks and
EGF events.
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Figure S26.1 Evidence of Rayleigh Mach waves (2009 Caribbean earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 15-25s period range at
selected stations. Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az),
cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The
first, second, and third columns show waveforms recorded at stations in the Mach cones, between the two
Mach cones (in the front direction of the rupture), and off the Mach cones (on the two sides of the rupture
direction). Signals of the EGF event are scaled by 0.8 times of 𝑀

0
/𝑀

𝐸𝐺𝐹
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Figure S26.2 Evidence of Rayleigh Mach waves (2010 Papua earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 10-20s period range.
Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az), cross-correlation
coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The first, second, and
third columns show waveforms recorded at stations in the Mach cones, between the two Mach cones (in
the front direction of the rupture), and off the Mach cones (on the two sides of the rupture direction).
Signals of the EGF event are scaled by 1.0 times of 𝑀

0
/𝑀

𝐸𝐺𝐹
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Figure S26.3 Evidence of Rayleigh Mach waves (2013 South Sandwich Islands earthquake). Rayleigh
wave vertical displacement seismograms of mainshock (blue) and the EGF event (red) in the 10-20s
period range. Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az),
cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The
first column shows waveforms recorded at stations in the Mach cones, and the second and the third
column for stations out of the Mach cone. Signals of the EGF event are scaled by 0.5 times of 𝑀
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/𝑀

𝐸𝐺𝐹
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Figure S26.4 Evidence of Rayleigh Mach waves (2016 Romanche earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 10-20s period range.
Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az), cross-correlation
coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The first, second, and
third columns show waveforms recorded at stations in the Mach cones, between the two Mach cones (in
the front direction of the rupture), and off the Mach cones (on the two sides of the rupture direction).
Signals of the EGF event are scaled by 0.47 times of 𝑀
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Figure S26.5 Evidence of Rayleigh Mach waves (2017 Komandorski earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) are filtered by 15-25s period
range. Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az),
cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The
first, second, and third columns show waveforms recorded at stations in the Mach cones, between the two
Mach cones (in the front direction of the rupture), and off the Mach cones (on the two sides of the rupture
direction). Signals of the EGF event are scaled by 0.23 times of .𝑀
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Figure S26.6 Evidence of Rayleigh Mach waves (2018 Swan Islands earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 15-25s period range.
Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az), cross-correlation
coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The first, second, and
third columns show waveforms recorded at stations in the Mach cones, between the two Mach cones (in
the front direction of the rupture), and off the Mach cones (on the two sides of the rupture direction).
Signals of the EGF event are scaled by 1.0 times of 𝑀
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Figure S26.7 Evidence of Rayleigh Mach waves (2020 Caribbean earthquake). Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 15-25s period range.
Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az), cross-correlation
coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The first, second, and
third columns show waveforms recorded at stations in the Mach cones, between the two Mach cones (in
the front direction of the rupture), and off the Mach cones (on the two sides of the rupture direction).
Signals of the EGF event are scaled by 0.4 times of 𝑀

0
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Figure S27. Far-field Rayleigh Mach Wave analysis. (a) The locations of the broadband stations are
denoted by triangles. Their color indicates the correlation coefficients of Rayleigh-wave displacement
seismograms of the supershear earthquakes and their EGF events (Table S14). (b/c/d) Cross-correlation
coefficient (CC), Amplitude ratio (AR), and the production of CC and AR of the 2004 Queen Charlotte
earthquake as functions of azimuth from the rupture front direction. (e) Rayleigh wave vertical
displacement seismograms of mainshock (blue) and the EGF event (red) in the 10-20s period range.
Station name, hypocenter distance (Dist), azimuth from the rupture front direction (Az), cross-correlation
coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each station. The first, second, and
third columns show waveforms recorded at stations in the Mach cones, between the two Mach cones (in
the front direction of the rupture), and off the Mach cones (on the two sides of the rupture direction).
Signals of the EGF event are scaled by 1.6 times of 𝑀
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6. Mach Wave Synthetic Test

Text S4. Description of the synthetic test

The purpose of the synthetic tests is to examine the effect of the rupture speed on the
cross-correlation coefficient of the empirical Green’s function (EGF) and mainshock waveform.
The synthetic rupture propagation can be simulated as a series of sub-sources, and the waveforms
of the synthetic rupture can be modeled as the superposition of EGF (regarded as a point source)
waveforms considering the rupture times and locations of different sub-sources. Since the station
distribution and azimuthal coverage of the 2016 Romanche earthquake is one of the best among
all examined events, we use the waveforms of the EGF event of the 2016 Romanche earthquake
(see Table S14) to form synthetic waveforms of elongated ruptures with different rupture speeds.
We set up a 160 km long, westward rupture with 9 point sources with an interval of 30 kms
evenly distributed along the rupture path. We test eight different rupture speeds: 0.5Vs, 0.7Vs,
0.9Vs, 1.0Vs, 1.1Vs, 1.2Vs, 1.3Vs, and 1.5V, where Vs is the shear wave speed assumed to be 3.5
km/s. We filter the synthetic waveforms and the EGF waveforms with a narrow-band filter, 10 ~
20 s. The Rayleigh wave speed of the center frequency (1/15 Hz) is assumed to be 0.9Vs. We then
measure the cross-correlation (CC) coefficient between the synthetic waveforms and the EGF
waveforms (Figure S28.1 & S28.2). The waveform comparisons are shown in Figure S28.3 ~
S28.5.
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Figure S28.1 Mapview of cross-correlation coefficients (CC) of the synthetic tests. The synthetic test of
elongated rupture with different rupture speed is described above (Text S4). The figure is plotted in the
similar fashion as figure 4. The locations of the broadband stations are indicated by triangles. Their color
indicates the correlation coefficients of Rayleigh wave displacement seismograms of the synthetic
seismograms of the elongated ruptures and the EGF events (Table S14). See Figure S29 for patterns of
CC as functions of azimuth. Figure S28.3 ~ S28.5 show examples of the comparison of Rayleigh
waveforms between the EGF and synthetic ruptures.

Figure S28.2. Similar to Figure S28.1, the only difference is that the color scale adjusted between 0.9 to
1.0 to highlight the small change of correlation in the frontal direction.
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Figure S28.3 Comparison of Rayleigh waveforms between the EGF and the synthetic rupture Vr=0.5Vs.
Rayleigh wave vertical displacement seismograms of synthetic rupture (blue) and the EGF event (red) in
the 10-20s period range. Station name, hypocenter distance (Dist), azimuth from the rupture front
direction (Az), cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each
station. No Mach wave is identified. Signals of the EGF event are scaled by 1.0 times of 𝑀

0
/𝑀

𝐸𝐺𝐹

92



Figure S28.4 Comparison of Rayleigh waveforms between the EGF and the synthetic rupture Vr=1.0Vs.
Rayleigh wave vertical displacement seismograms of synthetic rupture (blue) and the EGF event (red) in
the 10-20s period range. Station name, hypocenter distance (Dist), azimuth from the rupture front
direction (Az), cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each
station. Signals of the EGF event are scaled by 1.0 times of 𝑀
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Figure S28.5 Comparison of Rayleigh waveforms between the EGF and the synthetic rupture Vr=1.5Vs.
Rayleigh wave vertical displacement seismograms of synthetic rupture (blue) and the EGF event (red) in
the 10-20s period range. Station name, hypocenter distance (Dist), azimuth from the rupture front
direction (Az), cross-correlation coefficient (CC), and the amplitude ratio (Amp_ratio) are shown for each
station. The first, second, and third columns show waveforms recorded at stations between the two Mach
cones (in the front direction of the rupture), in the Mach cones, and off the Mach cones (on the two sides
of the rupture direction).  Signals of the EGF event are scaled by 1.0 times of 𝑀
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- Figure S29. Patterns of Azimuthal Variation of
● (1) Cross-correlation Coefficient (CC)
● (2) Amplitude Ratio (AR)
● (3) [CC*AR]
● (4) Directivity Factor
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Figure S29. (First three columns) Cross-correlation Coefficient (CC), Amplitude Ratio (AR) and the
production of CC and AR of the synthetic tests as functions of azimuth from the rupture front direction.
The AR is expressed as ), where is the standard deviation of𝐴𝑅 = [𝑠𝑡𝑑(𝑈)/𝑀

0
]/[𝑠𝑡𝑑(𝑢)/𝑀

𝐸𝐺𝐹
] 𝑠𝑡𝑑

surface waves, and and are the moment of the mainshock and EGF event, respectively. (Fourth𝑀
0

𝑀
𝐸𝐺𝐹

columns) The directivity factor ( ) as a function of azimuth from the𝐷(Ф) = 1 − 𝑐𝑜𝑠(Ф)𝑉
𝑟
/𝑉

𝑅𝑎𝑦𝑙𝑒𝑖𝑔ℎ

rupture front direction.
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7. Ground Motion Evidence of Supershear Rupture Speed

Figure S30 Ground Motion Evidence of the 2020 Caribbean Earthquake. The most essential signature
of a supershear rupture is that its near-fault velocity field is dominated by the fault-parallel particle
velocity, while for a subshear rupture, it is the fault-normal particle velocity that dominates (Dunham &
Archuleta, 2005). Due to the scarcity of both supershear earthquakes and near-fault strong motion stations
being deployed right close to a segment of supershear rupture, only one study of the 2002 Mw 7.9 Denali
earthquake has successfully identified a supershear rupture using an near‐source seismic record
(Ellsworth et al., 2004). (a) Locations of two high broadband accelerometers (250 Hz), LCCY and FSCY,
with respect to the fault system. (b & C) Particle velocities recorded at LCCY and FSCY during the
Cayman Trough earthquake. The comparison where a fault-parallel particle velocity is greater than its
fault-normal counterpart is highlighted. This provides strong evidence of the rupture passing the station
LCCY with a supershear speed.
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