Relation between subduction megathrust earthquakes, trench sediment thickness and upper plate strain
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1. Database of sediment thickness at trench

We constrained sediment thickness at the trench (Tsed), and its lateral variability, for 44 trench sections (Figure 1) based on a compilation of published local seismic-reflection data from 160 sampled points (about 40% of the initial set of sampled points).

Previous compilations of trench sediment thickness (e.g., von Huene and Scholl, 1991; Lallemand et al., 1994; Clift and Vanucchi, 2004) have been generally based on only one seismic-reflection line per segment, often different from one compilation to the other. Because most trenches exhibit large and rapid along-strike variability in trench fill, this can lead to contradictory estimations between studies (e.g., the sediment thickness at the Manila trench is estimated at 1.5 km by von Huene and Scholl [1991] and at 4.5 km by Clift and Vannuchi [2004]).

The NOAA sediment thickness database [Divins] may constrain the Tsed lateral variability, but the database definition at trenches is generally too low. As a result, the sediment thicknesses measured in the NOAA database are, on average, underestimated by 1.0 ± 1.0 km relative to those measured using seismic-reflection data. Overestimated thicknesses account for only 26% of cases, and are 0.5 ± 1.1 km thicker on average.  

The original dataset we provide here results from the compilation of published local seismic-reflection data (Figure 1), available for 160 of the initial set of sampled points (i.e., 40%). All the sampled points are listed, with their references, in Table 1. The resulting dataset (Table 2) not only provides estimates of Tsed, the mean trench sediment thickness for each of the 44 trench sections, but also some constraints on the lateral variability observed along each of these trench sections. For this, Tsed min and Tsed max, the minimum and maximum trench sediment thicknesses observed along the trench section, are determined. Table 2 also provides, for each trench section, the number of points of the initial set of sampled points that are covered by seismic-reflection data. The coverage is heterogeneous from one trench section to another. Low coverage is without consequence where the sediment thickness is homogeneous laterally along the trench (e.g., Marianas, Tonga, S-Kuriles), but some trench sections exhibit rapid lateral changes in Tsed, sometimes varying several by kilometres within only several dozens kilometres along the trench (e.g., Manila, Colombia, New Britain). Such variations result from local conditions (e.g., vicinity of sediment supply, seamount collision with the trench, the presence of sediments traps) that can lead to Tsed misestimations where coverage is poor. Ws-Alaska, E-Aleutians, S-Kermadec, S-New Hebrides and N-New Hebrides trench sections have no referenced seismic reflection data but are constrained thanks to sampled points belonging to the adjacent transect.
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Figure S1: Map showing the location and Tsed values of the 160 sampled points.
Table S1: List of sampled points and associated references. (1) Chamot-Rooke et al. [2005]; (2) Reston et al. [2002]; (3) Kopp et al [2000]; (4) Moore et al. [1982]; (5) Dessa et al. [2009]; (6) Singh et al. [2008]; (7) Schlueter et al. [2002]; (8)  Kopp et al. [2002]; (9) van der Werff [1995]; (10) Taylor and Hayes [1983]; (11) Lallemand et al. [1994]; (12) Bloomer and Fisher [1988]; (13) Font et al. [2001]; (14) Lallemand et al. [1999]; (15) Letouzey and Kimura [1985]; (16) Park et al. [1998]; (17) Park et al. [2002]; (18) Lallemand et al. [1992]; (19) Mrozowski et al. [1982]; (20) Taylor  [1992]; (21) von Huene [1986]; (22) Klaeschen et al. [1994]; (23) Gnibidenko et al. [1983]; (24) McCarthy and Scholl [1985]; (25) Ryan and Scholl [1989]; (26) von Huene and Klaeschen [1999]; (27) Brocher et al. [1994];  (28) Fuis et al. [2008]; (29) Shipley and Moore [1985]; (30) Ranero et al. [2000]; (31) Hinz et al. [1996]; (32) Collot et al. [2004]; (33) Sage et al. [2006]; (34) Calahoranno [2005] ; (35) Kukowski et al. [1994]; (36) Hoffmann-Rothe et al. [2006]; (37) Westbrook et al. [1988]; (38) Masson and Scanlon [1991]; (39) Vanneste et al. [2002]; (40) Vanneste and Larter [2002]; (41) Lewis et al. [1998] ; (42) Barker et al. [2009]; (43) Furumoto et al. [1970]; (43) Mann and Taira [2004]; (45) Bruns et al. [1989]; (46) Galewsky and Silver [1997].

	Trench section
	Longitude (°N)
	Latitude (°W)
	Tsed (km)
	Reference

	Calabria
	17.0
	35.7
	5.0
	1

	W-Aegean
	18.9
	36
	4.5
	1

	W-Aegean
	18.9
	35
	3.5
	2

	W-Aegean
	23.0
	33.3
	7.0
	1

	W-Aegean
	28.0
	33.0
	10.0
	1

	Makran
	62.5
	24.1
	7.6
	3

	Makran
	63.5
	24.1
	7.6
	3

	Andaman
	92.1
	14.0
	4.5
	4

	Andaman
	91.6
	12.0
	3.0
	4

	Andaman
	92.5
	7.0
	3.5
	4

	Andaman
	92.8
	5.0
	5.0
	4

	Andaman
	95
	2.0
	5.0
	5

	Sumatra
	96.6
	1.0
	4.0
	4

	Sumatra
	98.1
	-2.0
	2.2
	4

	Sumatra
	99.7
	-4.0
	1.5
	4

	Sumatra
	100.5
	-4.7
	1.0
	4

	Sumatra
	101.5
	-6.2
	1.0
	6

	Sumatra
	102.3
	-7.0
	0.9
	7

	Java
	103.7
	-7.7
	0.9
	7

	Java
	106.0
	-9.1
	1.5
	8

	Java
	108.0
	-10
	0.8
	4

	Java
	113.0
	-10.7
	0.6
	4

	Java
	114.0
	-11
	0.4
	9

	Java
	115.0
	-11.2
	0.4
	9

	Java
	116.0
	-11.2
	0.4
	9

	   Manila
	119.1
	15.0
	0.8
	10

	   Manila
	119.2
	16.0
	0.4
	10

	   Manila
	119.3
	18.3
	2.5
	10

	   Manila
	120.4
	19.7
	1.5
	11

	Philippines
	126.2
	12.0
	0.2
	12

	Philippines
	124.5
	15.0
	0.5
	12

	S-Ryukyu
	122.5
	23.3
	2.5
	13

	S-Ryukyu
	123.2
	23.2
	1.8
	14

	S-Ryukyu
	124.0
	23.4
	0.8
	15

	S-Ryukyu
	125.5
	23.5
	0.2
	16

	N-Ryukyu
	127.0
	24.2
	0.2
	16

	N-Ryukyu
	128.0
	25.2
	0.3
	15

	N-Ryukyu
	129.8
	26.9
	0.5
	15

	N-Ryukyu
	131.3
	29.2
	0.2
	15

	Nankai
	133.0
	31.1
	2.3
	17

	Nankai
	134.0
	31.8
	1.7
	11

	Nankai
	134.7
	32.6
	1.2
	17

	Nankai
	135.5
	32.6
	1.5
	17

	Nankai
	138.0
	33.8
	1.5
	18

	Marianas
	147.8
	17.0
	0.4
	19

	    Izu-Bonin
	142.3
	31.0
	0.4
	20

	    Izu-Bonin
	142.1
	32.0
	0.4
	20

	Japan
	143.5
	37.0
	0.9
	11

	Japan
	144.2
	39.0
	0.4
	11

	Japan
	144.2
	39.7
	1.2
	21

	Japan
	144.5
	40.5
	0.7
	11

	  S-Kuriles
	146.2
	41.8
	0.5
	11

	  S-Kuriles
	148.0
	42.9
	0.5
	22

	  S-Kuriles
	150.0
	44.0
	0.5
	23

	  S-Kuriles
	151.0
	44.4
	0.5
	23

	  N-Kuriles
	153.0
	45.3
	0.4
	23

	  N-Kuriles
	154.0
	46.2
	0.4
	22

	  N-Kuriles
	155.1
	47.0
	0.4
	23

	  N-Kuriles
	156.2
	48.0
	0.6
	23

	  N-Kuriles
	157.5
	49.0
	0.7
	22

	Kamchatka
	159.0
	50.0
	0.8
	23

	Kamchatka
	160.2
	51.0
	0.6
	23

	Kamchatka
	161.1
	52.0
	0.5
	23

	Kamchatka
	162.3
	53.0
	0.6
	23

	C-Aleutians
	183.0
	50.4
	2.0
	24

	C-Aleutians
	184.0
	50.5
	1.8
	25

	C-Aleutians
	185.0
	50.5
	1.2
	21

	C-Aleutians
	186.0
	50.7
	1.0
	25

	C-Aleutians
	187.0
	50.9
	2.0
	25

	W-Alaska
	203.0
	54.2
	0.8
	21

	  E-Alaska
	208.0
	55.8
	2.8
	21

	  E-Alaska
	212.0
	57.1
	2.7
	26

	  E-Alaska
	214.7
	59.1
	2.8
	27

	  E-Alaska
	215.0
	59.1
	2.5
	28

	Cascadia
	233.9
	47.0
	2.0
	11

	Cascadia
	234.1
	46.0
	4.1
	21

	Cascadia
	234.5
	45.0
	3.7
	21

	Mexico
	261.0
	15.8
	0.6
	21

	Mexico
	263.0
	15.2
	0.3
	29

	 Costa-Rica
	270.0
	12.3
	0.2
	29

	 Costa-Rica
	272.0
	11.4
	0.5
	30

	 Costa-Rica
	273.0
	10.5
	0.6
	11

	   Cocos
	274.0
	9.4
	0.6
	21

	   Cocos
	275.0
	8.9
	0.8
	31

	   Cocos
	276.0
	8.4
	1.5
	31

	   Colombia
	280.5
	2.8
	2.0
	32

	   Colombia
	279.9
	2.0
	3.0
	32

	   Colombia
	279.5
	1.0
	0.5
	32

	   Colombia
	279.0
	0.0
	0.2
	32

	N-Peru
	278.7
	-1.0
	0.3
	33

	N-Peru
	278.5
	-3.0
	0.6
	34

	N-Peru
	278.1
	-5.5
	1.5
	21

	N-Peru
	279.2
	-9.0
	1.0
	21

	 S-Peru
	281.0
	-12.0
	0.3
	35

	 S-Peru
	282.4
	-14.0
	0.4
	36

	 S-Peru
	283.4
	-15.0
	0.5
	36

	 S-Peru
	284.5
	-16.0
	0.1
	36

	  N-Chile
	285.9
	-17.0
	0.6
	36

	  N-Chile
	287.1
	-18.0
	0.5
	36

	  N-Chile
	288.0
	-19.0
	0.4
	36

	  N-Chile
	288.7
	-20.0
	0.3
	36

	  N-Chile
	288.7
	-21.0
	0.2
	36

	  N-Chile
	288.9
	-22.0
	0.1
	36

	  N-Chile
	288.7
	-23.0
	0.1
	36

	  N-Chile
	288.7
	-24.0
	0.1
	36

	  N-Chile
	288.6
	-25.0
	0.1
	36

	  N-Chile
	288.4
	-26.0
	0.4
	36

	  N-Chile
	288.3
	-27.0
	0.3
	36

	  N-Chile
	288.0
	-28.0
	0.5
	36

	  N-Chile
	287.7
	-29.0
	0.6
	36

	  N-Chile
	287.7
	-29.7
	0.6
	36

	  N-Chile
	287.5
	-30.5
	0.6
	36

	  N-Chile
	287.6
	-31.2
	0.7
	36

	  N-Chile
	287.4
	-32.0
	0.6
	36

	  N-Chile
	287.2
	-33.0
	0.6
	36

	  N-Chile
	286.9
	-34.0
	2.4
	36

	  N-Chile
	286.4
	-34.7
	2.4
	36

	  N-Chile
	286.2
	-35.5
	2.4
	36

	  N-Chile
	285.6
	-36.2
	2.3
	36

	S-Chile
	285.4
	-37.0
	2.3
	36

	S-Chile
	285.4
	-38.0
	1.5
	36

	S-Chile
	284.9
	-39.0
	1.5
	36

	S-Chile
	284.9
	-40.0
	1.5
	36

	S-Chile
	284.7
	-41.0
	1.5
	36

	S-Chile
	284.5
	-42.0
	2.0
	36

	S-Chile
	284.5
	-43.0
	2.0
	36

	S-Chile
	284.2
	-44.0
	2.0
	36

	S-Chile
	283.9
	-45.0
	2.3
	36

	Antilles
	302.6
	12.0
	8.0
	11

	Antilles
	302.4
	13.0
	4.5
	11

	Antilles
	301.7
	15.0
	1.0
	11

	Antilles
	301.2
	16.0
	1.0
	37

	Antilles
	299.8
	18.0
	0.8
	11

	Antilles
	293.0
	19.8
	0.4
	38

	Antilles
	290.0
	20.0
	0.6
	38

	Sandwich
	335.4
	-60.0
	0.3
	39

	Sandwich
	335.7
	-57.0
	0.5
	40

	    Hikurangi
	176.0
	-41.8
	4.2
	41

	    Hikurangi
	177.0
	-41.4
	2.8
	42

	    Hikurangi
	178.2
	-40.7
	1.7
	11

	    Hikurangi
	178.8
	-39.2
	0.8
	42

	    Hikurangi
	179.1
	-38.5
	0.8
	42

	N-Kermadec
	183.2
	-31.0
	0.4
	11

	N-Kermadec
	184.3
	-28.0
	0.4
	11

	 S-Tonga
	184.5
	-26.0
	0.4
	11

	 S-Tonga
	185.4
	-23.0
	0.4
	11

	 S-Tonga
	186.9
	-20.0
	0.4
	11

	N-Tonga
	187.2
	-19.0
	0.4
	11

	D'Entrecasteaux
	167.4
	-17.0
	0.3
	21

	D'Entrecasteaux
	166.6
	-16.0
	0.3
	11

	D'Entrecasteaux
	166.3
	-15.0
	1.2
	21

	Salomons
	161.0
	-10.9
	1.3
	43

	Salomons
	158.0
	-9.3
	0.1
	44

	  Bougainville
	157.0
	-8.6
	0.6
	43

	  Bougainville
	156.0
	-8.0
	0.1
	45

	  Bougainville
	154.0
	-6.5
	0.1
	43

	New Britain
	153.0
	-5.8
	0.1
	43

	New Britain
	150.0
	-7.0
	0.4
	46

	New Britain
	149.0
	-7.1
	1.1
	46

	New Britain
	148.0
	-7.3
	2.5
	46


Table S2:  Tsed, Tsed min, Tsed max, the number of samples covered by observations (Nobs), the number of sample points in the initial set (Ntot), UPS, and Mmax, for the 44 trench segments.
	Segment
	Tsed
	Tsed min
	Tsed max
	Nobs
	Ntot
	UPS
	Mmax

	Calabria
	5.0
	5.0
	5.0
	1
	6
	E
	7.0

	W-Aegean
	6.3
	3.5
	10.0
	4
	17
	E
	7.8

	Makran
	7.6
	7.6
	7.6
	2
	9
	N
	8.0

	Andaman
	4.2
	3.0
	5.5
	5
	13
	N
	9.0

	Sumatra
	1.8
	0.9
	4.0
	6
	10
	N
	8.8

	Java
	0.7
	0.4
	1.5
	7
	14
	N
	7.8

	   Manila
	1.3
	0.4
	2.5
	4
	13
	C
	7.5

	Philippines
	0.4
	0.2
	0.5
	2
	13
	C
	7.7

	S-Ryukyu
	1.3
	0.2
	2.5
	4
	4
	E
	7.9

	N-Ryukyu
	0.3
	0.2
	0.5
	4
	8
	E
	7.7

	Nankai
	1.6
	1.2
	2.3
	5
	11
	N
	8.6

	Marianas
	0.4
	0.4
	0.4
	1
	17
	E
	7.5

	    Izu-Bonin
	0.4
	0.4
	0.4
	2
	11
	E
	7.9

	Japan
	0.8
	0.4
	1.2
	4
	9
	C
	9.1

	  S-Kuriles
	0.5
	0.5
	0.5
	4
	7
	N
	8.6

	  N-Kuriles
	0.5
	0.4
	0.6
	4
	4
	N
	8.3

	Kamchatka
	0.6
	0.5
	0.8
	5
	7
	N
	9.0

	Ws-Aleutians
	1.3
	1.0
	2.0
	0
	11
	N
	8.7

	C-Aleutians
	1.6
	1.0
	2.0
	5
	7
	N
	8.6

	  E-Aleutians
	1.4
	0.8
	2.0
	0
	10
	N
	8.0

	W-Alaska
	0.8
	0.8
	0.8
	1
	9
	N
	8.0

	  E-Alaska
	2.7
	2.7
	2.8
	4
	13
	N
	9.2

	Cascadia
	3.3
	2.0
	4.1
	3
	9
	N
	9.0

	Mexico
	0.5
	0.3
	0.6
	2
	11
	N
	8.0

	 Costa-Rica
	0.4
	0.2
	0.6
	3
	9
	N
	7.7

	   Cocos
	1.0
	0.6
	1.5
	3
	3
	C
	7.4

	   Colombia
	1.4
	0.2
	3.5
	4
	7
	C
	8.6

	N-Peru
	0.9
	0.3
	1.5
	4
	10
	C
	7.8

	 S-Peru
	0.3
	0.1
	0.5
	4
	7
	C
	8.2

	  N-Chile
	0.8
	0.1
	2.3
	22
	22
	C
	8.8

	S-Chile
	1.8
	1.5
	2.4
	9
	9
	N
	9.5

	Antilles
	2.3
	0.4
	8.0
	7
	17
	N
	8.3

	Sandwich
	0.4
	0.3
	0.5
	2
	11
	E
	7.2

	    Hikurangi
	2.1
	0.8
	4.2
	5
	9
	N
	7.7

	S-Kermadec
	0.4
	0.4
	0.4
	0
	4
	E
	6.6

	N-Kermadec
	0.4
	0.4
	0.4
	2
	6
	E
	8.0

	 S-Tonga
	0.4
	0.4
	0.4
	2
	6
	E
	8.0

	N-Tonga
	0.4
	0.4
	0.4
	2
	6
	E
	8.0

	S-NewHebrides
	0.3
	0.3
	1.2
	0
	6
	E
	7.9

	Dentrecasteaux
	0.6
	0.3
	1.2
	2
	3
	N
	7.6

	N-NewHebrides
	0.3
	0.3
	1.2
	1
	4
	E
	7.7

	Salomons
	0.7
	0.1
	1.3
	2
	7
	N
	7.9

	  Bougainville
	0.3
	0.1
	0.6
	3
	4
	N
	8.1

	NewBritain
	1.0
	0.1
	2.5
	4
	6
	E
	8.1


2. Simulation of synthetic datasets

In order to quantify the probability of observing the patterns shown in Figure 3 by chance, we run different sets of Monte Carlo simulations. First, we distinguish 4 classes of Mmax: 

- Class 1: Mmax < 8.0.

- Class 2: 8.0 ≤ Mmax < 8.5.

- Class 3: 8.5 ≤ Mmax < 9.0.

- Class 4: Mmax ≥ 9.0.

Next, we investigate the individual and combined roles of Tsed and UPS. When investigating the role of Tsed, we consider the following conditions:

- Tsed < 0.5 km.

- 0.5 ≤ Tsed < 1.0 km.

- Tsed ≥1.0 km.

When investigating the role of UPS, we consider the following conditions: 

- Extensional UPS.

- Compressive UPS.

- Neutral UPS.

When considering the combined role of Tsed and UPS, we divide the domain [Tsed; UPS] into 3 specific Field types (as in Figure 3): 

-Field 1: Extensional UPS or Tsed < 0.5 km

-Field 2: Compressive UPS and Tsed ≥ 0.5 km, or Neutral UPS and 0.5 ≤ Tsed < 1.0 km

-Field 3: Neutral UPS and Tsed ≥1.0 km

We generate 10,000 synthetic datasets, each consisting of 44 randomly selected Tsed and UPS values attached to each of the Mmax values observed. In each synthetic catalog, the 44 UPS types are a random permutation of the 44 actual values of UPS (so that there are 22 N-type, 8 C-type and 14 E-type synthetic subduction zones), while the 44 Tsed values are sampled from Tsed empirical cumulative distribution between 0 and 10 km (see Figure S2). Hence, about 80% of the synthetic subduction zones have Tsed ≤ 2 km, reproducing the observed distribution apparent for Earth’s current subduction zones.

For each synthetic catalog, we count how many simulated subduction zones of the different Mmax classes fall under the three defined conditions, and we build up frequency histograms (see Figures S3 to S5). For every class and conditions, we test two different null hypotheses. The first is H0-1: Nreal ≤ Nsynth (opposite to the alternative hypothesis H1-1: Nreal > Nsynth); to test this hypothesis, we count how many of the 10,000 synthetic catalogs have a number of subduction zones (Nsynth) equal to or larger than the actual observed number (Nreal). We divide that number, which we compute for every combination of Mmax and condition (Tsed, UPS, or field), by 10,000 to we obtain a p-value (top value in panels in Figures S3 to S5). The second null hypothesis we test is H0-2: Nreal ≥ Nsynth (alternative hypothesis is H1-2: Nreal < Nsynth), and here we count how many of the 10,000 synthetic catalogs have an Nsynth equal to or smaller than the actual Nreal. We again obtain p-values for every class and condition (bottom value in panels in Figures S3 to S5) by dividing that number by 10,000. These two p-values represent the probability that a synthetic catalog may have by chance a number of trenches for a specific class and condition that is equal to or larger/smaller (respectively for the two null hypotheses) than the observed number in the real catalog. In particular, low (< 5%) p-values mean that the observed number of real trenches is significantly (at the 5% significance level) higher/smaller than would be expected by pure chance. 

From Figure S3, we see that GEQs (Mmax ≥ 8.5) tend not to occur in trench sections with Tsed < 0.5 km (but the bottom p-value is only < 5% for Mmax between 8.5 and 8.9). 

From Figure S4, we see that trenches with Mmax < 8.0 are (i) more frequent where UPS is extensional (top p-value < 5%), and (ii) rarer where UPS is neutral (bottom p-value smaller than 1%), compared to expectations by random chance.

From Figure S5, we see that performing our statistical analysis using both Tsed and UPS parameters together provides additional information about the Mmax distribution compared to what is learned when considering Tsed or UPS alone. In particular, besides obtaining similar results on the relatively rare occurrence of Mmax < 8.0 in Field 3 (but not at the 5% level) and of GEQs in Field 1 (bottom p-values <1%), we also find that GEQs occur preferentially in Field 3 (p-values for 8.5 < Mmax < 8.9  and for 8.5 ≥ 9.0 in such regions are < 5%). 

In order to check the stability of these patterns, we repeated the simulations by sampling from uniform distributions for UPS and Tsed (i.e., the 3 UPS types have the same probability of being sampled, and analogously Tsed is sampled from a uniform distribution between 0 and 10 km). Even though this test might produce biased p-values, as the proportion of the simulated subduction zones in the different conditions is not similar to reality, the patterns found are comparable to the one shown above. 
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Figure S2: Empirical cumulative distribution used to sample Tsed. In the range between the minimum and maximum values of Tsed observed in the real catalog, the points of the empirical cumulative distribution show the number of real subduction zones with a Tsed smaller than or equal to the values on the x-axis, divided by the total number of subduction zones (i.e., 44). We extend, on the x-axis, the possible range of Tsed below the minimum Tsed and above the maximum value by connecting, respectively, these extremes to the points (Tsed= 0 km, y=0) and (Tsed=10 km, y=1).
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Figure S3: Histograms of the number of synthetic subduction zones for different conditions on the Tsed domain (along rows) and for different classes of Mmax (along columns). In each panel, the red dashed line and number show the observed number of subduction zones in the real catalog for that Tsed condition and Mmax class. The relative p-values for that Tsed condition and Mmax class are given by the top number (probability of observing a synthetic number of subduction zones larger than or equal to the real one) and the bottom number (probability of observing a synthetic number of subduction zones smaller than or equal to the real one).
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Figure S4: Similar to Figure S3, but showing histograms of the number of synthetic subduction zones for different conditions on the UPS domain (along rows) and different classes of Mmax (along columns). The observed number of subduction zones and the computed p-values are as in Figure S3.
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Figure S5: Similar to Figure S3, but showing histograms of the number of synthetic subduction zones for different fields of the [Tsed; UPS] domain (along rows) and different classes of Mmax (along columns). The observed number of subduction zones and the computed p-values are as in Figure S3.
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