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Abstract 15 

When subduction initiates along a transform fault, it is thought that the older and 16 

therefore denser oceanic lithosphere should evolve into the downgoing plate if density 17 

anomaly dominates. However, in the western Pacific, several geological cases are 18 

likely characterized by underthrusting of young oceanic plates beneath old ones, and 19 

how they formed remains unknown. We perform a 2D thermomechanical numerical 20 

modeling to explore such subduction initiation along a transform fault under 21 

compression. The results suggest that subduction polarity depends mainly on age 22 

contrast between the two plates. A smaller age offset across the plate interface favors 23 

the subduction initiation of the younger plate. Furthermore, weaker transform faults or 24 

contacts with adjacent plates magnify the effect of the buoyancy forces on subduction, 25 

and tend to trigger the underthrusting of the older and denser plate. Plastic 26 

deformation is prone to localize within the thinner and weaker plates in a location 27 

away from the transition zone of the two plates, if the rate of strain weakening of 28 

plates is fast enough. Subduction of the younger plate at intra-oceanic settings would 29 
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occur along a strong transformational boundary under compression, when the age 30 

offset of the two plates is small (< 30 Ma). Our numerical models explore factors 31 

controlling the induced subduction polarities and the potential mechanism of young 32 

plate subduction, and explain certain controversial subduction geological settings.  33 

 34 

Keywords: subduction initiation, subduction polarity, numerical modeling, transform 35 

fault 36 

 37 

1 Introduction 38 

Subduction initiation is a critical phase of plate tectonics, but remains ambiguous 39 

(Stern and Gerya, 2018, and references therein). While gravitational instability can 40 

drive subduction initiation (Vlaar and Wortel, 1976), young oceanic plate may also be 41 

easier to be subducted than the old one at the ocean-continent transition zone (Zhong 42 

and Li, 2019). Passive continental margins can have large density contrasts, and thus 43 

have been considered as preferential sites for spontaneous subduction initiation 44 

(Dewey, 1969; Karig, 1982). Although there are abundant passive and active 45 

continental margins on the Earth, there is no presently observable evidence of passive 46 

to active transition (Nikolaeva et al., 2010). The bending and shear strength of the 47 

lithosphere resisting spontaneous subduction initiation in old plates could be so strong 48 

that the buoyancy force is not large enough to overcome it (Cloetingh et al., 1989; 49 

McKenzie, 1977; Mueller and Phillips, 1991). External force should be considered in 50 

forced or induced subduction initiation (Gurnis et al., 2004; Hall et al., 2003; Stern, 51 

2004; Toth and Gurnis, 1998). Furthermore, continuous plate aging may hamper 52 

subduction initiation at passive continental margins, because the oceanic lithosphere 53 

strength increases faster than its buoyancy as the lithosphere ages (Cloetingh et al., 54 

1989). In contrast to the old oceanic lithospheres (ages 120~180 Ma) such as along 55 

the Atlantic margins, it is much easier to initiate subduction for young oceanic 56 

lithosphere (ages < 30 Ma) under low boundary force (Zhong and Li, 2019). 57 

Oceanic transform faults not only have large buoyancy contrasts, but can also be 58 

mechanically much weaker than passive continental margins (Boutelier and Beckett, 59 
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2018). Accordingly, transform faults or fracture zones are considered as alternative 60 

sites for spontaneous subduction initiation (Stern, 2004). Yet the large strength of old 61 

lithosphere impedes the onset of spontaneous lithospheric collapse driven by its 62 

weight (Mueller and Phillips, 1991; Toth and Gurnis, 1998). Spontaneous subduction 63 

of the old plate can initiate along a transform fault under some specific circumstances, 64 

such as a very low coefficient of internal friction (Gerya et al., 2008; Nikolaeva et al., 65 

2008; Zhu et al., 2009; Zhou et al., 2018). Under modern Earth parameters, the 66 

spontaneous instability of the thick old lithosphere along a transform fault is unlikely 67 

to trigger subduction initiation (Arcay et al., 2020). It is intriguing how gravitational 68 

instability affects the induced subduction initiation along a transform fault. If 69 

gravitational anomaly works, the old and dense plate is supposed to evolve into a 70 

subducting plate. However, there are some incipient or fossilized subduction zones 71 

where the young plate likely underthrusts downwards into the old plate, such as the 72 

Hjort subduction zone and the Gagua Ridge (Figure 1) (Arcay et al., 2020). The 73 

Mussau subduction zone presently is also likely characterized by the younger 74 

Caroline Sea plate subducting under the older Pacific plate, started only ~1 Ma ago 75 

(Figure 1) (Hegarty et al., 1983). Thus, it is worthwhile investigating the controlling 76 

factors for such anti-intuitive phenomenon.  77 

Previous numerical models of induced subduction initiation usually incorporated 78 

a preexisting weakness that decouples the two neighbouring plates (Gurnis et al., 2004; 79 

Hall et al., 2003; Toth and Gurnis, 1998). The inherited lithospheric weak zone is 80 

considered as either a dipping fault or a wide vertical fracture zone. But the strength 81 

of fracture zones remains debatable; the contact separating adjacent lithospheres may 82 

strengthen after its formation, and therefore fracture zones may not appear weaker 83 

than normal oceanic lithosphere (Hall and Gurnis, 2005, and references therein). 84 

Considering the formation of new inclined faults and the strength of fracture zones or 85 

transform faults, in this study, we explore the effects of buoyancy contrast and 86 

strengths of plates on the subduction polarity along a transform fault under 87 

compression, using 2D thermomechanical numerical modeling. First, we set up a 88 

model configuration of induced subduction initiation. We then reveal the factors 89 
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facilitating or impeding the subduction of the younger plate, including the age 90 

contrast of two plates, plastic parameters, and transform fault strength. We further 91 

discuss implications for the geological cases.  92 

 93 

2 Model setup 94 

The mass, Stokes and energy equations are solved by the finite element code 95 

Underworld2 (Moresi et al., 2003, 2007). We explore conditions allowing for the 96 

subduction of the younger oceanic plate along a transform fault using 2D visco-plastic 97 

thermomechanical models. Material density is linearly dependent on temperature and 98 

pressure.  99 

The viscosity 𝜂 is non-Newtonian and depends on temperature (Karato and Wu, 100 

1993):  101 
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where 𝜂!  is reference viscosity, 𝜀!̇	 reference strain rate, 𝑛  strain exponent, 𝐸 103 

activated energy, 𝑅 gas constant, and 𝜀Ⅱ̇ the second invariant strain rate. 𝑇! and 𝑇 104 

are reference and absolute temperature (in Kelvin), respectively. Related reference 105 

parameters (Table 1) are from Gurnis et al. (2004) and Leng and Gurnis (2011). 106 

Considering our relatively shallow models, rheologies of crust, lithosphere and 107 

underlying upper mantle only follow dislocation creep. For simplicity, models do not 108 

separate crust from mantle with flow laws of different materials (e.g., Leng and 109 

Gurnis, 2015). As common in dynamic models, we employ a lower and an upper 110 

viscosity cutoff to avoid numerical instabilities (Table 1).  111 

The material plasticity follows the Drucker-Prager yield model, so that the yield 112 

stress 𝜏 is approximated by 113 

𝜏 = 𝐶 + 𝜇(𝜎) − 𝑃,) ≈ 𝐶 + 𝜇𝜌𝑔𝑧,    (2) 114 

where 𝐶  is cohesion at the surface, 𝜇 friction of coefficient, 𝑃,  pore fluid 115 

pressure, and 𝜎)  normal stress, which is approximately equal to the hydrostatic 116 

pressure (Hall and Gurnis, 2005).   117 

The effective viscosity of plastic deformation is given by 118 
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We consider that materials become weaker as the plastic strain accumulates 120 

(Buck and Poliakov, 1998; Poliakov and Buck, 1998), to maintain the growth of the 121 

fault. The friction of coefficient and cohesion linearly decrease with accumulated 122 

plastic strain as  123 

𝜇 = 𝜇! <1 − min A1,
")
"*
CD,    (4) 124 

𝐶 = 𝐶, + (𝐶! − 𝐶,) <1 − min A1,
")
"*
CD.    (5) 125 

Here 𝜇!  is initial friction of the coefficient, 𝜀4  accumulated plastic strain, 126 

𝜀,	reference plastic stain, and 𝐶! and 𝐶, initial cohesion and minimum cohesion 127 

constants, respectively. Table 1 includes all the invariant model parameters used. 128 

The initial setup of the model is 360 km in length (Figure 2). The base depth of 129 

the model is either 120 or 170 km (Table 2). The grid resolution is 1.0 km*1.0 km. 130 

There are 50 particles in every element to track the material properties and history of 131 

strain. The top layer in the model is “sticky water”, which is 10 km thick with a 132 

density of 1000 kg/m3 and a minimum viscosity. This layer is used to mimic a free 133 

surface condition (Crameri et al., 2012). Involving the growth of faults, our models 134 

require relatively high resolution. To improve the computational efficiency, models 135 

used in this study are thus not such large but reasonable for investigating kinematics 136 

of induced subduction initiation that does not strongly interact with the asthenospheric 137 

flow. 138 

The two oceanic plates in the model are with different ages but the oceanic crustal 139 

thickness of 7 km. The top and bottom temperature boundaries are isothermal, at 273 140 

K and 1628 K (at 120 km depth) or 1653 K (at 170 km depth), respectively. The left 141 

and right temperature boundaries are thermally insulated. Initial temperature field is 142 

calculated by using the half space cooling model (Turcotte and Schubert, 2002). The 143 

temperature gradient in the asthenosphere is 0.5 K/km. The thickness of oceanic 144 

plates in our models is defined by the 1573 K isotherm. The velocity boundary 145 

conditions along all sides are free slip, with no material flowing in and out. Internal 146 

velocity condition is applied in the right plate. A constant velocity of 1.6 cm/year is 147 
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imposed in the horizontal direction (Figure 2). To avoid numerical effects of the 148 

internal velocity condition, the part with this internal velocity condition in the right 149 

plate is viscous without plasticity. A weak contact of 30 km wide exists at the right 150 

end of the right plate to detach the plate from the right boundary. 151 

 152 

3 Model results 153 

We ran 27 models (Table 2), varying the ages of the two oceanic plates. We study 154 

the effects of plastic strength of the lithosphere and transform fault, and explore if and 155 

how a young and less dense plate subducts underneath an old and denser plate.  156 

 157 

3.1 Influence of age contrasts  158 

For cases 1 to 27, two oceanic plates both have a medium value of initial 159 

coefficient of friction 𝜇! =0.3 and a large value of reference plastic strain 𝜀, = 0.8. 160 

The two plastic parameters of the transformational plate boundary are the same as 161 

oceanic lithospheres. These models are without a prescribed weak zone. For all cases, 162 

we calculate the averaged density in depth of the two plates to obtain the lateral 163 

averaged density contrast, ∆�̅� (Table 2). 164 

The reference model, Case 1, with an age contrast of 21.5 Ma between the young 165 

plate of 27.5 Ma old and the old plate of 49.0 Ma old, evolves into subduction 166 

initiation of the young plate. At the initial stage, the thinner and weaker young plate 167 

accumulates a large strain rate. Meanwhile, due to the viscosity contrast between the 168 

two plates, a shear zone with concentrated strain rate also develops dipping towards 169 

the young plate (Figure 3a). After ~ 0.5 Myrs, the shear zone gradually disappears, 170 

and a new shear zone dipping towards the old plate forms and dominates at 1.24 Myrs 171 

(Figure 3b-c). With on-going compression, the young plate bends under the old one 172 

along the dominant shear zone at 3.4 Myrs (Figure 3d-f) and the transform fault zone 173 

is preserved in the forearc basement (Figure 3f).  174 

We perform a series of experiments by varying the ages of the two plates to 175 

examine the age effect on dipping directions of newly formed shear zones, and 176 

consequently on subduction polarities. We first fix the age of the young plate at 27.5 177 
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Ma (Case 1 to 5, Table 2), and vary the age of the old plate between 49 (∆age = 21.5 178 

Ma) and 95.8 Ma (∆age = 68.3 Ma). As ∆age increases, these models show that the 179 

polarities change from the subduction of the young plate to that of the old plate 180 

(Figure 5a). For instance, the age of the old plate in Case 3 is 64.6 Ma, 15.6 Ma larger 181 

than that in the reference case, but the two cases have opposite subduction polarity. At 182 

first, like in the reference model, broad and large strain rate occurs in the weaker 183 

young plate and a shear zone with concentrated strain rate dips towards the young 184 

plate (Figure 4a). With a fixed age of the young plate, when the old plate ages and 185 

densifies, the lateral averaged density contrast between two plates becomes larger 186 

(Figure 5b). A lateral buoyancy contrast within the lithospheres generates 187 

Rayleigh-Taylor instability, sinking the cold, dense oceanic lithosphere (Niu et al., 188 

2003). In this case, the increased lateral density contrast promotes the existing shear 189 

zone dipping towards the young plate to continue developing (Figure 4b-c), causing 190 

the subduction of the old plate under convergence (Figure 4d-f). Our results (Cases 1 191 

to 5) suggest that a relatively small lateral density contrast facilitates the subduction 192 

of the young plate under the old one (Table 2; Figure 5b). When we keep the age of 193 

the young plate at 20.7 Ma (Cases 6 to 7), 17.6 Ma (Cases 8 to 9), 14.8 Ma (Cases 10 194 

to 13), 10.0 Ma (Cases 14 to 18) and 6 Ma (Cases 19 to 27) respectively, and vary the 195 

ages of corresponding old plates, these models also show that subduction polarity 196 

changes with the age contrasts (Table 2, Figure 5a). The age contrast across the plate 197 

boundary is required to be less than ~ 30 Ma for the subduction initiation of a young 198 

plate along a transform fault (Figure 5a). 199 

 200 

3.2 Influence of plasticity 201 

The reference model indicates that, if there is not a pre-existing inclined weak 202 

zone, induced subduction initiation along a transform fault under compression 203 

requires nucleation of a new shear zone near the transform fault. Plastic shear strength 204 

of the plates must yield to form a fault. The two plastic parameters, the initial 205 

coefficient of friction	𝜇! and the reference plastic strain 𝜀, mainly determine the 206 
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plastic strength of oceanic lithospheres. 𝜀, is used to estimate the rate of strain 207 

weakening of plates. The plastic strengths of plates would be reduced slowly when 𝜀, 208 

is large, but rapidly when 𝜀, is small (equations 3-5). The rate of strain weakening is 209 

a critical parameter for a new subduction zone (Gurnis et al., 2004) and for 210 

evolutionary modes of induced subduction initiation (Leng and Gurnis, 2011).  211 

Here we perform 7 experiments to explore the effect of plasticity of the plates. 212 

Based on setup of the reference model, we firstly vary 𝜇! from 0.1 to 0.5 and keep 213 

𝜀, as 0.1 (Cases P1-P3). The deformation easily concentrates within the young and 214 

weak plate and causes an intra-plate fault (Figure 6), because the plastic strength of 215 

plates loses rapidly with the low 𝜀,. Then we increase 𝜀, (Cases P4-P7, Table 3) to 216 

maintain high plastic strengths in the oceanic plates for a relatively long duration. 217 

New inclined fault towards the old plate form along the plate interface, and the young 218 

plates become lower plates in Cases P4-P7. This series of models suggest that fast rate 219 

of strain weakening helps form the shear zone in the interior of the young plate rather 220 

than along the boundary of the two plates. 221 

 222 

3.3 Influence of a weak transform fault 223 

In the cases of this section, plastic deformations of different sizes are randomly 224 

distributed in the transition zone (Figure 2) to reduce the strength of the transform 225 

fault. The maximum prescribed plastic strain is varied between 5e-3 and 0.8 for Cases 226 

W1-W7 (Table 3). Except for the addition of a weak transform fault, the other 227 

employed model parameters in Cases W1-W7 are identical to those of the reference 228 

model. Cases W5-W7 have similar evolutionary processes. For example, in Case W7, 229 

only after 0.09 Myrs, the shear zone dipping towards the young plate develops from 230 

the base of the weak transform fault and becomes dominant rapidly (Figure 7a-c). 231 

With the pre-existing weakness along the plate boundary, the young plate is well 232 

decoupled from the old plate, weakening the impact of the relative strength of the 233 

young and old plates on the subduction polarities. Consequently, the thick and old 234 

plate evolves into the subducting plate (Figure 7).  235 

At the early stage of models (Figures 3a and 7a), the whole thin plate is weak, the 236 
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strain rate is large but distributed broadly. It is thus difficult for thin plate to form a 237 

localized shear band along the plate boundary at this moment. However, the strain rate 238 

in the thick and relatively strong plate concentrates along the plate boundary to form 239 

an initial shear band early. Results from Cases W1-W7 and the reference model (Case 240 

1, no initial plastic deformation in transition zone) show that the subduction mode 241 

changes from the young to old plate subduction when the transform fault further 242 

plastically deforms. The subduction polarities change with the strength of transform 243 

fault, because the weak transform fault can promote the strain localization along the 244 

plate interface, which further stimulates the growth of the inclined fault towards the 245 

young plate. Our results confirm that, with a pre-existing weak zone, either a vertical 246 

fault or an inclined fault dipping toward the old plate, it is easy for the old plate to 247 

become the lower plate during compression (Gurnis et al., 2004; Hall et al., 2003; 248 

Toth and Gurnis, 1998), consistent with analog models with an inverted triangle at top 249 

of the transform zone to reflect mechanical weakening from hydrothermal alteration 250 

(Boutelier and Beckett, 2018).  251 

 252 

4 Discussion and implications for young plate subduction 253 

4.1 Polarity of induced subduction zones 254 

Our numerical experiments demonstrate that, only when the age difference 255 

between adjacent plates is a small at a transform fault, the subduction of a young plate 256 

becomes possible; but the old and dense plate becomes the lower plate when the age 257 

difference is large, when density contrasts dominate. This threshold age contrast for 258 

changing subduction mode is approximately 30 Ma from our experimental 259 

observations. For cases with a relatively small age difference, initially, the shear band 260 

along the plate boundary easily forms in the old and strong plate during compression. 261 

Whether this incipient shear band further develops is determined by the strength of 262 

transform fault. A weaker transform fault could promote strain localization along the 263 

boundary, in favor of nucleation of the underthrusting of the old plate. Otherwise, the 264 

new fault prefers forming along the plate boundary across the young and weak plate 265 

(Gurnis et al., 2004; Boutelier and Beckett, 2018). Analog modeling of Boutelier and 266 
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Beckett (2018) verify the importance effect of weak zone along the plate boundary on 267 

subduction polarities. Without a suitably oriented weak zone along the plate boundary, 268 

imposed convergence results in deformation of the thinner and younger plate, 269 

eventually leading to the underthrusting of the thin plate (Boutelier and Beckett, 270 

2018). However, if the rate of strain weakening in plates is fast, an intra-fault will 271 

rapidly grow within the weaker plate, allowing the intra-plate subduction.  272 

Instead of pushing only one plate at 1.6 cm/year, we also run Cases V1-V4 (Table 273 

3) in which two plates are compressed from both sides at 0.8 cm/yr. these new Cases 274 

V1-V4 show a similar tendency that subduction polarities shift from the young to old 275 

plate subduction as the age contrasts increase. The new age contrast for transition of 276 

subduction modes is even smaller, possibly because the formation of faults is sensitive 277 

to strain rate influenced by velocity field.  278 

 279 

4.2 Geological cases  280 

The simulated effects of various factors on subduction polarity provide a better 281 

understanding of dynamics of related geological cases. We introduce the Gagua Ridge 282 

and Hjort subduction zone (Figure 1b-c), two likely tectonic examples of 283 

underthrusting of younger plate along a transform fault or fracture zone, and incipient 284 

subduction along the eastern boundary of the Caroline Sea plate (Figure 1d).  285 

The Gagua Ridge (Figure 1b) in the West Philippine Sea plate is considered as the 286 

product of a westward underthrusting of the West Philippine Sea plate under the 287 

Huatung Basin (Deschamps et al., 2000; Eakin et al., 2015; Li et al., 2007). This 288 

underthrusting process may have occurred in the Miocene but failed to evolve into a 289 

mature convergent plate boundary (Eakin et al., 2015). The Gagua Ridge as an 290 

uplifted sliver of oceanic crust (Deschamps et al., 2000; Mrozowski et al., 1982) may 291 

have well preserved an aborted juvenile subduction. The age of the West Philippine 292 

Sea Basin ranges from ~56 to 35 Ma (Rangin and Pubellier, 1990). The age of the 293 

Huatung Basin remains debated, either the mid-late Eocene (Hilde and Chao-Shing, 294 

1984; Sibuet et al., 2002) or the Early Cretaceous (~130 Ma; (Deschamps et al., 2000). 295 

Eakin et al. (2015) argued that such old ages may be derived from exotic Early 296 
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Cretaceous materials further south, and speculated that the Huatung Basin is similar in 297 

age to, or just slightly older than, the West Philippine Sea plate, reconciling with 298 

geophysical results (Li et al., 2007).  299 

There is a large age contrast (∆age > 60 Ma) across the Gagua Ridge if the 300 

Huatung Basin is Early Cretaceous in age. Based on our investigated role of the age 301 

contrast on subduction polarities, the threshold age difference for the young plate 302 

underthrusting beneath the old plate is around 30 Ma, only half of the age contrast if 303 

the Huatung Basin is of the Early Cretaceous. Hence our model results tend to favor 304 

that the Huatung Basin is possibly similar in age to the West Philippine Sea plate. The 305 

Gagua Ridge is formed subsequently by the failed subduction.  306 

To the west of this aborted subduction, the Manila subduction zone separates the 307 

South China Sea from the Huatung Basin. Manila subduction zone and the aborted 308 

subduction at the Gagua Ridge may both be accommodated by the convergence  309 

between the Eurasia and Philippine Sea plates during the Oligocene; when subduction 310 

initiated along the Manila Trench in the Miocene, the deformation along the Gagua 311 

Ridge was abandoned and more deformation concentrated on the new active Manila 312 

subduction (Eakin et al., 2015). If the Gagua Ridge subduction had ever co-existed 313 

with the Manila subduction, it may indicate that the geological settings in both regions 314 

facilitated the underthrusting of the young plates. The final subduction formed along 315 

the Manila Trench instead of the Gagua Ridge, possibly because that the South China 316 

Sea plate is younger and weaker than the West Philippine Sea plate, and thus is easier 317 

to deform. 318 

The present-day analogue to the Gagua Ridge is the Macquarie Ridge Complex 319 

(Figure 1c), south of New Zealand along the Australian-Pacific plate boundary, which 320 

is a transpressional margin (Eakin et al., 2015; Gurnis et al., 2004). The subduction of 321 

the young beneath the old oceanic plate initiated along the Hjort Trench south of the 322 

Macquarie Ridge Complex ~11–6 Ma ago (Meckel et al., 2003). The ages of the two 323 

plates may be around 2–5 Ma and 15–27 Ma at subduction initiation (Arcay et al., 324 

2020). The young plate newly formed, and the age offset of the contiguous plates was 325 

relatively small. From our modeling, a small age contrast favors the young plate 326 
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underthrusting under the old one, and provides reasonable conditions for the 327 

nucleation of the Hjort subduction zone, which is a forced rather than self-sustaining 328 

subduction (Gurnis et al., 2004). 3D analog modeling showed that, when the thin plate 329 

underthrusts the thick plate, the thin plate remains in a state of compression after ~24 330 

Myrs of model evolution (Boutelier and Beckett, 2018). It is not easy for a young 331 

plate to reach a self-sustaining subduction. The Gagua Ridge and Hjort subduction 332 

zone both occurred along transpressional margins. The stress condition of 333 

transpression is more conducive than orthogonal compression to initiating subduction 334 

along a transform boundary (Eakin et al., 2015, and references therein). 3D models 335 

are needed to consider the obliquity of convergence and three-dimensionality of 336 

structure of transform fault in order to explain if the transpressional boundary 337 

condition is more prone to the subduction of the younger plate. 338 

Another unique juvenile subduction is at the Mussau Trench on the eastern 339 

boundary of the Caroline plate (Figure 1d), where the early to mid-Oligocene 340 

Caroline plate is subducting toward the Pacific (Gaina and Müller, 2007; Weissel and 341 

Anderson, 1978), causing diverse deformation styles. To the north, the Caroline plate 342 

overrides the Pacific plate, creating a highly deformed collision zone. In the south, the 343 

Caroline plate is underthrusting possibly the Pacific plate along the Mussau Trench, 344 

possibly started only ~1 Ma ago (Hegarty et al., 1983). The age difference between 345 

the Jurassic West Pacific plate and Oligocene Caroline plate will be more than 100 346 

Ma. It is unlikely to initiate the subduction of the younger Caroline plate with this 347 

extremely large age contrast (∆age >100 Ma), according to our numerical modeling. 348 

Mussau subduction initiation may be attributed to an intraplate instead of interplate 349 

event, along a pre-existing weakness within the Caroline plate. (Hegarty et al., 1983) 350 

suggested that crusts on the two sides of the Mussau subduction zone have same ages. 351 

The Lyra Trough east of the Mussau Trench more likely represents the old 352 

Caroline-Pacific plate boundary, as supported by Deep Sea Drilling Project, magnetic 353 

anomaly, and seismic reflection data (Hegarty et al., 1983; Hegarty and Weissel, 354 

1988).  355 

Strong deformation always tends to concentrate in the weaker part, so the 356 
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westward shift of the convergence center from the Lyra Trough to the Mussau Trench 357 

may reflect competition between units of different strengths. As our models have 358 

shown, when the plastic strength of the young plate is considerably small, more 359 

deformation would tend to concentrate within the young plate away from the 360 

transition zone between the two plates. An intraplate fault may then occur, nucleating 361 

the intraplate underthrusting. Alternately, the Mussau Trench may have nucleated on a 362 

preexisting fracture zone (Gurnis et al., 2004). The tectonic setting within the 363 

Caroline plate, such as a small age contrasts across a weak transform fault or fracture 364 

zone, probably provided a more preferential locus than the Lyra Trough for 365 

accommodating convergence between the Caroline and Pacific plates, resulting in a 366 

new plate boundary. 367 

 368 

5 Conclusion 369 

Our numerical models indicate that a small age contrast between two contiguous 370 

oceanic plates facilitates the subduction of the young plate under the old plate during 371 

compression, but if a pre-existing weaker transform fault is employed additionally, the 372 

dense and old plate tends to subduct first. The age difference allowing for the 373 

subduction of the young plate under the old one is around 30 Ma. Plastic deformation 374 

concentrates more on the interior of the thinner and weaker plates away from the plate 375 

interface if the rate of strain weakening of plates is fast, and likely produces intraplate 376 

fault and thus intraplate underthrusting. 377 

Three incipient or failed subduction zones on modern Earth fit well with our 378 

model conclusions. Given the evidence of underthrusting, our model results favor that 379 

the Huatung Basin may not be as old as the early Cretaceous, but is similar in age to, 380 

or slightly older than, the West Philippine Sea. The relatively small age difference 381 

between the overriding and downgoing plates along the Hjort Trench also facilitates 382 

its subduction initiation. Considering the large age difference between the Caroline 383 

Sea and Pacific Ocean (>100 Ma), our results further support that the initiation of the 384 

Mussau subduction zone is intraplate and the old Caroline-Pacific plate boundary may 385 

lie further east at the Lyra Trough. 386 
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  510 

 511 
Figure 1. (a) Shaded relief map, the locations of Figures 1b, 1c and 1d shown with 512 

labeled red boxes. (b-d) Three regional bathymetric maps showing fossilized or an 513 
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incipient subduction zone. Bathymetric data are from ETOPO1 (Amante and Eakins, 514 

2009). The figures are produced by GMT (Wessel et al., 2013). Abbreviations are 515 

CS—Caroline Sea, MRC—Macquarie Ridge Complex, SCS—South China Sea, 516 

WPS—West Philippine Sea. 517 

 518 
Figure 2. Initial model configuration. Colors indicate the material types, specified by 519 

the color grid: 1, sticky water; 2, oceanic crust; 3, young lithospheric mantle, 4, old 520 

lithospheric mantle; 5, asthenosphere. The red dashed rectangle denotes the transition 521 

zone with prescribed plastic strain in some specific cases (Table 3). The right plate is 522 

pushed leftwards. 523 
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 524 

Figure 3. (a-c) The evolution of the logarithmic second invariant of strain rate for 525 

Case 1 (∆�̅� = 22𝑘𝑔/𝑚5, ∆age =21.5Ma) at 0.11, 0.62 and 1.24 Myrs, respectively. 526 

White lines denote 673, 873, 1073, 1273 and 1473 K isotherms. Black lines represent 527 

shear zones. (d) The logarithmic second invariant of strain rate; (e) The logarithmic 528 

viscosity; (f) The material overlain by velocity vectors at 3.4 Myrs for Case 1. Color 529 

legend for (f) is the same as in Figure 2. 530 
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 531 
Figure 4. (a-c) The evolution of the logarithmic second invariant of strain rate for 532 

Case 3 (∆�̅� = 32𝑘𝑔/𝑚5, ∆age =64.6 Ma) at 0.11, 0.57 and 0.88 Myrs, respectively. 533 

White lines denote 673, 873, 1073, 1273 and 1473 K isotherms. Black lines represent 534 

shear zone. (d) The logarithmic second invariant of strain rate; (e) The logarithmic 535 

viscosity; (f) The material overlain by velocity vectors at 3.3 Myrs for Case 3. Color 536 

legend for (f) is the same as in Figure 2. 537 
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 538 
Figure 5. Subduction polarities of Cases 1 to 27. (a) Age difference of the two plates 539 

versus age of the young plate. (b) Averaged density difference of two plates, ∆�̅�, 540 

versus age of the young plate. 541 
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 542 
Figure 6. (a-c) The evolution of the logarithmic second invariant of strain rate for 543 

Case P2 (𝜇 = 0.3, 	𝜀, = 0.1) at 0.11, 0.66 and 1.13 Myrs, respectively. White lines 544 

denote 673, 873, 1073, 1273 and 1473 K isotherms. Black lines represent shear zones. 545 

(d) The logarithmic second invariant of strain rate; (e) The logarithmic viscosity; (f) 546 

The material overlain by velocity vectors at 3.3 Myrs for Case P2. Color legend for (f) 547 

is the same as in Figure 2. 548 
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 549 
Figure 7. (a-c) The evolution of the logarithmic second invariant of strain rate for 550 

Case W7 (with prescribed plastic strain) at 0.09, 0.38 and 0.90 Myrs, respectively. 551 

White lines denote 673, 873, 1073, 1273 and 1473 K isotherms. Black lines represent 552 

shear zones. (d) The logarithmic second invariant of strain rate; (e) The logarithmic 553 

viscosity; (f) The material overlain by velocity vectors at 3.4 Myrs for Case W7. 554 

Color legend for (f) is the same as in Figure 2. 555 

 556 

 557 

 558 



25 
 

Table 1.  Model Constants 559 

 560 

 561 

 562 

 563 

 564 

 565 

 566 

 567 

 568 

 569 

 570 

 571 

 572 

Properties Values 

reference density, 𝜌! for crust: 2800 kg m-3,  

for mantle: 3200 kg m-3 

coefficient of thermal expansion, 𝛼   3 × 10−5 K−1 

coefficient of thermal expansion, 	𝛽 10−5 MPa−1 

reference viscosity, 𝜂! 5.0× 1019 Pa s 

reference strain rate, 𝜀!̇ 10-15s-1 

strain exponent, 𝑛 3.05 

activation energy, 𝐸 540 kJ mol-1 

gas constant, 	𝑅  8.31 J mol-1 

reference temperature, 𝑇! 1400℃ 

maximum viscosity, 𝜂"#$ 1024 Pa s 

minimum viscosity, 𝜂"%& 1019 Pa s 

initial cohesion, 𝐶! 44 MPa 

minimum cohesion, 𝐶, 4.4 MPa 
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Table 2. Cases with different age difference and resulted modes of subductiona  573 

Case Domain,  

km × km 

𝝁𝟎 𝜺𝒇 Age of young 

plate/old plate, 

Ma/ Ma 

∆age

Ma 

∆𝝆S, 

kg/m3 

Prescribed 

plastic 

strain 

Results 

Case 1 360 × 120 0.3 0.8 27.5/49.0 21.5 22  / Young 
Case 2 360 × 170 0.3 0.8 27.5/59.1 31.6 29  / Young 
Case 3 360 × 170 0.3 0.8 27.5/64.6 37.1 32  / Old 

Case 4 360 × 170 0.3 0.8 27.5/70.3 42.8 35  / Old 

Case 5 360 × 170 0.3 0.8 27.5/95.8 68.3 47  / Old 

Case 6 360 × 120 0.3 0.8 20.7/49.0 28.3 33  / Young 
Case 7 360 × 120 0.3 0.8 20.7/54.0 33.3 40  / Old 

Case 8 360 × 120 0.3 0.8 17.6/44.2 26.6 37  / Young 

Case 9 360 × 120 0.3 0.8 17.6/49.0 31.4 36  / Old 
Case 10 360 × 120 0.3 0.8 14.8/31.4 16.6 31  / Young 

Case 11 360 × 120 0.3 0.8 14.8/39.7 24.9 40  / Young 

Case 12 360 × 120 0.3 0.8 14.8/44.2 29.4 44  / Young 

Case 13 360 × 120 0.3 0.8 14.8/49.0 34.2 48  / Old 
Case 14 360 × 120 0.3 0.8 10.0/24.2 14.2 40  / Young  

Case 15 360 × 120 0.3 0.8 10.0/31.4 21.4 50  / Young 

Case 16 360 × 120 0.3 0.8 10.0/35.5 25.5 55  / Young 
Case 17 360 × 120 0.3 0.8 10.0/39.8 29.8 59  / Young 

Case 18 360 × 120 0.3 0.8 10.0/49.1 39.1 67  / Old 

Case 19 360 × 120 0.3 0.8 6.0/10.0 4.0 29  / Young 
Case 20 360 × 120 0.3 0.8 6.0/10.6 4.6 32  / Young 

Case 21 360 × 120 0.3 0.8 6.0/12.5 6.5 40  / Young 

Case 22 360 × 120 0.3 0.8 6.0/17.7 11.7 56  / Young 

Case 23 360 × 120 0.3 0.8 6.0/24.0 18.0 69  / Young 
Case 24 360 × 120 0.3 0.8 6.0/27.5 21.5 74  / Young 

Case 25 360 × 120 0.3 0.8 6.0/31.3 25.3 79  / Young 

Case 26 360 × 120 0.3 0.8 6.0/39.7 33.7 88  / Old 
Case 27 360 × 120 0.3 0.8 6.0/49.0 43.0 96  / Old 

aHere 𝝁𝟎 and 𝜺𝒇 are initial coefficient of friction and reference plastic strain, 574 

respectively. ∆age represents age contrast between the young and old plates. The 575 
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averaged density contrast in depth, ∆�̅�, is defined as the difference of averaged 576 

density of the two plates. Prescribed plastic strain is the maximum in the transition 577 

zone. “Intra” indicates that a major shear zone will form within the young plate; 578 

“Young” indicates the subduction of the young plate; “Old” indicates the subduction 579 

of the old plate.  580 
 581 
Table 3. Cases with different plastic parameters, different prescribed plastic strain and 582 

imposing velocities on both sides, and resulted modes of subductiona  583 

Case Domain,  

km × km 

𝝁𝟎 𝜺𝒇 Age of young 

plate/old plate, 

Ma/ Ma 

∆age

Ma 

∆𝝆S, 

kg/m3 

Prescribed 

plastic 

strain 

Results 

Case P1 360 × 120 0.1 0.1 27.5/49.0 21.5 22 / Intra 
Case P2 360 × 120 0.3 0.1 27.5/49.0 21.5 22 / Intra 
Case P3 360 × 120 0.5 0.1 27.5/49.0 21.5 22 / Intra 

Case P4 360 × 120 0.1 0.5 27.5/49.0 21.5 22 / Young 

Case P5 360 × 120 0.1 0.8 27.5/49.0 21.5 22 / Young 

Case P6 360 × 120 0.3 0.5 27.5/49.0 21.5 22 / Young 
Case P7 360 × 120 0.3 0.8 27.5/49.0 21.5 22 / Young 

Case W1 360 × 120 0.3 0.8 27.5/49.0 21.5 22 5e-3(max.) 

 

Young 

Case W2 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.05(max.) 

 

Young 
Case W3 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.08(max.) 

 

Young 

Case W4 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.16(max.) 

 

Young 

Case W5 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.24(max.) 

 

Old 
Case W6 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.5(max.) 

 

Old 

Case W7 360 × 120 0.3 0.8 27.5/49.0 21.5 22 0.8(max.) 

 

Old 

Case V1 360 × 120 0.3 0.8 27.5 49 22  / Young 

Case V2 360 × 170 0.3 0.8 27.5 59.1 29  / Old 
Case V3 360 × 170 0.3 0.8 27.5 64.6 32  / Old 

Case V4 360 × 170 0.3 0.8 27.5 70.3 35  / Old 
aSimilar to Table 2., except that we impose constant converging rate at 0.8 cm/year on 584 

both plates for Cases V1-V4. 585 

 586 


