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Abstract Global seismicity catalogs are sufficient for characterizing double seismic zones (DSZs) in subducting

slab and facilitate to estimate layer separation without inconsistent uncertainties as local catalogs. Previous studies

have shown the correlation between DSZs layer separation and plate age while correlation for those younger than

∼60 Ma is suspicious. The lacking of DSZs with layer separation less than 10 km further makes it difficult to

precisely estimate such correlation. Thus, we incorporate eight DSZs data determined through local seismicity

into globally-determined dataset and reexamine such correlation. The best fitting results show that both a linear

model and a square root of plate age can mathematically fit the layer separation well. However, it is difficult

to distinguish these two models when plate age is greater than ∼20 Ma since their difference is less than 2 km.

However, if extrapolation is possible, both models should provide physical information that DSZs will not form if

there is no subducting lithosphere. As a result, the DSZs cannot be produced until the oceanic lithospheric age

becomes greater than 0.9 Ma in the square root model while the linear model gives a misleading result. As such

the square root model demonstrates the relationship physically better than the linear one, it still needs further

test in the future with more available data, nevertheless, our study might also provide evidence for the suggestion

that the plate age is a primary control factor of the DSZs geometry as well as the subducting process which

disregards any local tectonic stresses.
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1 Introduction

As the oceanic lithosphere departs away from the

mid-ocean ridge, it cools step by step and becomes pro-

gressively denser, subsides, and thickens with the in-

creasing age due to thermal contraction. Relationships

among age and oceanic depth, heat flow, and lithospher-

ic thickness demonstrate the property variations of the

oceanic lithosphere depending upon its age (Wiens and

Stein, 1983; Stein and Stein, 1992; Carlson and John-

son, 1994; Turcotte and Schubert, 2002; Harmon et al.,

2009). The plate age also plays a primary role on various
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subduction zone parameters including slab dip angle,

subducting rate and thickness of subducting slab, etc.

(Jarrard, 1986; Lallemand et al., 2005). Earthquakes

occurring at depths >70 km provide direct evidence for

the details of subducting slabs. Specifically speaking,

the older plates usually present thicker seismic zone.

However, recent studies have suggested that the role of

plate age seems to be somewhat doubtful and need to

be reevaluated (Cruciani et al., 2005; Lallemand et al.,

2005).

On the other hand, the stress pattern of subduction

zones can be generally delineated by either down-dip

compression (DDC) due to the resistance by the viscous

mantle or down-dip tension (DDT) being extended by

slab pull, respectively (Isacks and Molnar, 1969; Chen et

al., 2004). This pattern is in agreement with the obser-

vations in some cases, whereas some other slabs present
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more complicated stresses or even rather down-dip. For

example, in many subduction zones, most intermediate-

depth earthquakes occur in two distinct layers, which

are separated vertically by an aseismic belt and form

double seismic zones (DSZs) (e.g., Hasegawa et al., 1994;

Kao and Rau, 1999; Brudzinski et al., 2007). Though

DSZs demonstrate the stress regime only over a small

range (∼5%) of intermediate-depth seismicity (Chen et

al., 2004), they might provide evidence for better under-

standing the mechanism of intermediate-depth earth-

quakes, and further become an important constraint

on the subduction dynamic models (Kawakatsu, 1986;

Wang and Rogers, 1994; Zhang and Wei, 2008, 2011).

The aseismic belt between DSZs indicates that

Wadati-Benioff zone (WBZ) earthquakes are tending

to occur along both the upper and lower parts of the

brittle portion of subducting slabs (Suzuki and Kasa-

hara, 1996; Wang, 2002). The thickness of the aseismic

belt (refers to layer separation hereinafter) becomes an

important feature depicting both the DSZs and slab ge-

ometry (Hacker et al., 2003; Brudzinski et al., 2007).

However, there is no uniform depth where DSZs are

ready to form; in most studies, DSZs are reported to

form at depths from 50 to 100 km and layer separation

in this study is referred to the perpendicular distance

between the beginnings of two seismic zones. Most layer

separations seem to vary with the plate ages. For exam-

ple, for the first convincing DSZs beneath Tohoku, the

layer separation is of ∼30 km with a ∼130 Ma aged Pa-

cific ocean plate (Hasegawa et al., 1994; Yamasaki and

Seno, 2003; Hacker et al., 2003), whereas for DSZs in the

southwest Japan, the layer separation is of ∼10 km with

a ∼20 Ma aged Philippine Sea plate (Ohmi and Hori,

2000). In contrast, though the lithospheric ages increase

along the arc from Kamchatka to the Kuril, three DSZs

along this arc are comparable with that of Tohoku in

both layer separation and the maximum depth extent

(Gorbatov et al., 1994; Kao and Chen, 1995; Kao and

Liu, 1995). This contradiction of relationship between

layer separation and age might be significantly influ-

enced by the uncertainties of either plate age or locating

precision of earthquakes due to different local networks

(Abers, 1996).

Recently, Brudzinski et al. (2007) have determined

layer separations of 32 segments of DSZs worldwide

from global catalogs and have shown their correlation

with the plate age. More recently, correlation analysis

on DSZs and subduction parameters has shown that

layer separations are linearly correlated with plate age

while those of younger (<60 Ma) ones are also affect-

ed by local stress state (Zhang and Wei, 2011). Thus,

the linear correlation between layer separation and plate

age is needed to be reexamined.

2 Data

Global seismicity catalogs may be sufficient for

characterizing DSZs and will facilitate the estimate of

layer separation without inconsistent uncertainties as

local catalogs (Brudzinski et al., 2007). However, it is

difficult to detect DSZs with layer separation less than

10 km using global catalogs because the location preci-

sion is about 10 km. The lacking of thinner layer sepa-

rated DSZs might make it difficult to precisely estimate

the correlation between DSZs layer separation and plate

age. In fact, many researchers have reported DSZs with

layer separation less than 10 km in Juan de Fuca plate

and Nazca plate since 1990s (Wang and Rogers, 1994;

Cassidy and Waldhauser, 2003; Comte and Suarez,

1994; Comte et al., 1999; Rietbrock and Waldhauser,

2004). Thus, we collected 39 DSZs by incorporating

data of these four thinner DSZs and four DSZs along

Kamchatka-Kuril determined through local seismicity

into globally-determined dataset after Brudzinski et al.

(2007). The present-day plate ages at 34 trenches are

directly taken from or interpolated from the most up-

to-date dataset age.3.6.xyz (http://www.earthbyte.org)

based on the work by Müller et al. (2008), and the re-

mainder five plate ages, including Middle America and

Tonga, are modified from the data after Sdrolias and

Müller (2006), Brudzinski et al. (2007) and/or Lalle-

mand et al. (2005) at several subduction zones. All the

datasets used here are the same as those by Zhang and

Wei (2011) and the positions of these subduction zone

segments are shown in Figure 1.

3 Best fitting models for layer sep-

aration (L) of DSZs and plate

age (A)

As there is a strong correlation between layer sep-

aration and plate age (correlation coefficient is 0.83), we

would like to find suitable coefficients a and b so that

we can represent L using a best fit line L=aA+b within

the range of the data with the least squares method,

and we obtain the expression,

L = 0.15A+ 6.55. (1)

It has been proven that the predictions from the

plate model, especially the global depth and heat flow
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Figure 1 Regional profiles of 39 double seismic zones. Plate abbreviations are AN, Antarctic; AU, Australia;

EU, Eurasia; JF, Juan de Fuca; MA, Mariana; IN, India; NA, North America; NZ, Nazca; PA, Pacific; PH,

Philippine Sea plate; SA, South America.

(GDH1) model (e.g., Stein and Stein, 1992), match

the variations of both bathymetry and heat flow much

better than those from the cooling half-space mod-

el. Nevertheless, it flattens the observations from both

bathymetry and heat flow when plate age is greater than

∼80 Ma. According to the half-space model, the litho-

spheric thickness depends on the square root of plate

age (Carlson and Johnson, 1994), and thus might do

the layer separation of double seismic zones. The cor-

relation coefficient between layer separation and square

root of plate age is also 0.83. We then obtain their best

fitting expression as follows:

L = 2.44A1/2 − 2.36. (2)

The predictions and residuals for both models (Ta-

ble 1) are shown in Figures 2 and 3, respectively. An F-

test for the residuals of both models shows that the im-

provement from the square root model is not significant

even at the 75% confidence level because the standard

deviations of the residuals are statistically identical to

each other (Figures 3a, b). The difference between two

models becomes insignificant (with difference less than 2

km) when the plate age is greater than ∼20 Ma (Figure

3c).

4 Discussion and conclusions

The best-fitting process shows that the layer sepa-

ration is correlated with the plate age in both the linear

and square root models. It is essential to declare that

a simply correlation is statistically possible for these

two variables to be related, but not have one variable

cause another. However, for the most important con-

straint, DSZ would never come into being at least be-

fore the oceanic lithosphere initially formed. From this

viewpoint, and if both expressions (1) and (2) can be

extrapolated to the places where DSZs originally for-

m, the minimum plate ages producing DSZs should be

estimated; and thus the square root model might be

more reasonable since the DSZs cannot be produced

until the oceanic lithospheric age becomes greater than

0.9 Ma while the linear model might give a misleading

result. Once the oceanic lithosphere becomes older than

a certain age, for example 20 Ma, the layer separation

of DSZs can be estimated using both models. If more

DSZs are detected, the correlation between layer sep-

aration and plate age will be more reasonably and/or

better estimated and/or explained, and test whether the

extrapolation to younger plates is correct.

We do not exclude any data for both best-fitting

cases because any outlier exceeding the error level of

95% confidence may reflect the local or regional tecton-

ic processes, nevertheless we cannot estimate their ex-

act influence by far. The removal of outliers might give

a more perfect mathematical expression; however, it in

turn may change the physical interpretation if the out-

lier is real data. For example, along the trench from the

Kamchatka to the Kurile and the Japan arc, the plate

ages generally increase from north to south (Müller et

al., 2008), and the DSZ layer separations are expected
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to increase with age but that of No. 25 DSZ (SKUR)

is much less than the predicted value. This layer sep-

aration would be further modified with more detailed

seismicity catalog; and a complex local tectonic process

can not be excluded without further validation.

Our results indicate that layer separation of young

DSZs varies with the square root of age while those of

old ones change linearly with age. This is in contrast

with plate model, which indicates thickness of ocean-

ic lithosphere older than 70 Ma evolves asymptotical-

ly toward constant values. Though plate age itself is

far from sufficient to interpret the origin of DSZs (Kao

and Rau, 1999; Yamasaki and Seno, 2003; Hacker et al.,

2003), our results show that plate age represents at least

the primary factor controlling the seismicity of subduc-

tion zones. That is, the older subducting slabs usually

present thicker aseismic zone because these slabs have

thicker regions of low temperatures. Recently, numerous

Table 1 Fitting models of DSZs layer separation (L) and plate age (A)

Location Plate age Layer separation Fitting models
DSZ Name

Long./◦E Lat. A/Ma Ref L/km Ref Linear/km SR∗/km

1 ME1 265 15◦N 24 M, S 8 B 10.1 9.5

2 ME2 267 14◦N 25 M, S 8 B 10.2 9.8

3 PE1 279 8◦S 29 M 16 B 10.8 10.7

4 SC1 287 35◦S 36 M 11 B 11.9 12.2

5 NZ1 284 16◦S 46 M 8 B 13.4 14.1

6 NZ2 288 31◦S 40 M 13 B 12.5 13

7 NC1 289 24◦S 48 M 11 B 13.7 14.5

8 TW 123 23◦N 56 M 17 B 14.9 15.8

9 WA1 97.3 0◦ 46 B, L 16 B 13.4 14.1

10 EA1 208 56◦N 48 M 14 B 13.7 14.5

11 SUM1 95.9 1.9◦N 51 B, L 14 B 14.2 15

12 PH1 126 12◦N 76 M 17 B 17.9 18.8

13 EA2 213 58◦N 40 L 12 B 12.5 13

14 WA2 199 54◦N 52 L 22 B 14.3 15.1

15 CA1 180 51◦N 52 M 14 B 14.3 15.1

16 CA2 190 52◦N 60 M 14 B 15.5 16.5

17 PH2 127 9◦N 99 M 16 B 21.4 21.8

18 NB1 153 7◦S 83 M 15 B 19 19.8

19 SUM2 100 4◦S 73 M 16 B 17.5 18.4

20 Kam1 162 52◦N 104 M 19 B 22.2 22.4

21 HEB 166 16◦S 39 M 19 B 12.3 12.8

22 JAV1 107 10◦S 105 M 19 B 22.3 22.6

23 TON 185 23◦S 89 M, S 22 B 19.9 20.6

24 KER 185 25◦S 86 M, S 27 B 19.4 20.2

25 SKUR 148 43◦N 120 M 15 B 24.6 24.3

26 JAP 144 38◦N 132 M 30 B 26.4 25.6

27 NIZ 142 35◦N 132 M 28 B 26.4 25.6

28 SIZ 142 31◦N 137 M 23 B 27.1 26.1

29 JAV2 116 11◦S 129 M 27 B 25.9 25.3

30 NMA 148 19◦N 147 M 32 B 28.7 27.1

31 SMA 146 13◦N 151 M 27 B 29.3 27.5

32 JF1 233 48◦N 6 M 5 C1 7.4 3.5

33 JF2 235 41◦N 8 M 5 W 7.7 4.5

34 CC1 289 22◦S 53 M, S 9 R 14.5 15.3

35 CC2 289 19◦S 54 L 20 C2 14.6 15.5

36 KUR 153 46◦N 114 M 25 K1 23.7 23.6

37 Kam2 157 49◦N 110 M 25 K1 23.1 23.1

38 Kam3 162 52◦N 104 M 25 K2 22.2 22.4

39 Kam4 162 53◦N 100 M 30 G 21.6 22

Reference abbreviation: B, Brudzinski et al., 2007; C1, Cassidy and Waldhauser, 2003; C2, Comte et al., 1999; G, Gorbatov et

al., 1994; K1, Kao and Liu, 1995; K2, Kao and Chen, 1995; L, Lallemand et al., 2005; M, Müller et al., 2008; R, Rietbrock and

Waldhauser, 2004; S, Sdrolias and Müller, 2006; W, Wang and Rogers, 1994. SR denotes square root model.
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Figure 2 Correlation fittings between layer separation (L) and plate age (A). Solid and open circles

denote fitted results of linear and square root models, respectively. Cross symbols on longitudinal axis

denote intercepting points for two fittings, and that on abscissa axis denotes the possible plate age that

can produce DSZ by the square root model. Dotted and dash-dot lines show the extrapolated trend of

linear and square root fitting models, respectively.
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Figure 3 Residuals of two models and their difference. (a) Residual of linear model (σL); (b) Residual

of square root model (σSR); (c) Residual difference of linear and square root models.
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studies have shown that stress state differs significant-

ly from two types of DSZs (Kao and Rau, 1999; Ya-

masaki and Seno, 2003). Type I DSZs show downdip

compression and downdip tension in upper and lower

seismic zones, respectively; while type II DSZs show

downdip tension in both seismic zones. More recently,

we have investigated the correlation among layer sepa-

ration, stress pattern and subduction parameters, and

found that type II DSZs are detected in slabs younger

than 60 Ma and the type I DSZs are likely to exist in

older slabs (Zhang and Wei, 2011). These results might

indicate more complicated role of plate age on subduct-

ing lithosphere. Therefore, disregards of the regional or

local tectonic stresses, the correlation between DSZs’

layer separation and plate age might provide further

implications for the physical processes associated with

the subducting slab, such as thermal structure and min-

eral dehydration reactions (Yamasaki and Seno, 2003;

Hacker et al., 2003).
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