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 14 

Subduction is a key driver of plate tectonics on Earth1. A range of observations 15 

indicate that the termination of subduction leads to diverse and unexplained tectonic and 16 

geological activity, including anomalous magmatism, exhumation and topographic 17 

subsidence, followed by rapid uplift. However, the mechanism driving this complex 18 

surface response remains enigmatic. A prime example of recent subduction termination 19 

can be found in northern Borneo (Malaysia), where subduction ceased in the late 20 

Miocene2 and was followed by a puzzling tectonic response3,4,5,6,7,8 that cannot be 21 

reconciled with our current understanding of post-subduction tectonics. Here, we use new 22 

passive-seismic data to image, in unprecedented detail, a sub-vertical lithospheric drip 23 

that developed as a Rayleigh-Taylor gravitational instability9 from the root of a volcanic 24 

arc. We use thermo-mechanical simulations to reconcile these images with time-25 

dependent dynamical processes within the crust and underlying mantle following 26 

subduction termination. Our model predictions illustrate how significant extension from 27 

a downwelling lithospheric drip can thin the crust in an adjacent orogenic belt, 28 

facilitating lower crustal melting and possible exhumation of subcontinental material. 29 

Our study provides a new paradigm for core-complex formation in other areas of recent 30 

subduction termination. 31 
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Most of Earth’s sediments, oceanic crust, and mantle lithosphere returns to, and re-32 

equilibrates with, Earth’s mantle at subduction zones, where one tectonic plate dives beneath 33 

an adjacent plate and descends into Earth’s interior, in the process driving plate motions at the 34 

surface10. Despite the diverse global implications of this subduction process, the dynamical 35 

mechanisms and structural changes that occur during and after subduction termination remain 36 

unresolved, leaving a fundamental gap in our understanding of the subduction cycle. Here we 37 

directly address this shortcoming and its implications for continental evolution through an 38 

inter-disciplinary study that specifically targets the post-subduction tectonic setting of northern 39 

Borneo (Sabah – eastern Malaysia, Fig. 1). This is achieved by combining novel geophysical 40 

and geological observations and inferences with state-of-the-art computational models. 41 

The segment of continental lithosphere that is now northern Borneo bears the signature 42 

of two opposing subduction systems that ceased in the Miocene2. Despite ongoing debate11,12,13, 43 

oceanic lithosphere from the Proto-South China Sea (PSCS) is generally thought to have been 44 

consumed beneath north-western Borneo between ca 40 and 20 Ma8,11,14. Subduction ended 45 

with continental collision of the Dangerous Grounds, which deformed and elevated the Crocker 46 

Formation above sea level (Fig. 1). To the northeast, seafloor spreading of the Sulu Sea began 47 

at ~21 Ma2, driven by northwest subduction of the Celebes Sea beneath the Sulu arc, as 48 

indicated by calc-alkaline volcanism in the Dent and Semporna peninsulas15. Previous work 49 

suggests that trench-retreat, driven by slab rollback beneath the Celebes Sea, may have induced 50 

significant extension in northern Borneo8, leading to exhumation, accompanied by uplift, of 51 

subcontinental peridotite near Ranau and a rift-related magmatic episode (9.2-10.5 Ma) near 52 

Telupid7. The slab associated with Celebes Sea subduction is yet to be seismically imaged; 53 

however, based on the cessation of arc magmatism, subduction in this area is thought to have 54 

terminated at ~9 Ma2. 55 
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 56 

Fig. 1: Geological map of Sabah with seismic stations of nBOSS and MetMalaysia. Surface 57 

geology information and geochemical dating from the study area2. Inset in the upper left 58 

corner shows Malaysia in dark green and Sabah within the black rectangle. Inset in upper right 59 

corner summarises the tectonic evolution of Borneo and the Sulu Sea in the late Paleogene 60 

and mid-Miocene (modified from Hall, 2013). 61 

Following subduction termination, a granite pluton was emplaced in a northwest-62 

southeast extensional setting and crystallised between 7.8 and 7.2 Ma5,6, with zircon 63 

inheritance patterns implying melting of the underthrust continental crust of the Dangerous 64 

Grounds. Thermochronological data from the pluton indicate remarkable peak exhumation 65 

rates of more than 7 mm/yr from the latest Miocene to the Early Pliocene6 (~6-4.5 Ma), 66 

resulting in Mt Kinabalu (4095 m elevation), which towers over the Crocker Range (average 67 

height 1500 m) and most peaks in southeast Asia. The timing and rate of subsidence and uplift 68 

in northern Borneo remain unresolved, although several lines of evidence suggest Neogene (23 69 

– 2.5 Ma) uplift of 0.3 mm/year for western Sabah16, and subsidence in eastern Sabah (starting 70 
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at ~14 Ma with widespread sedimentation) followed by rapid uplift, making it fully emergent 71 

in the early Pliocene16,17 (~5 Ma). Plio-Pleistocene (~5-2 Ma) intraplate magmatism in the 72 

Semporna Peninsula (Fig. 1) indicates a transition from flux-driven volcanism associated with 73 

subduction to a system driven by decompression melting4. Observations from the mid-late 74 

Miocene (~10 Ma) to recent geological record are not easily reconciled with an active 75 

subducting system. The primary focus of this study is to reveal the mechanisms driving these 76 

more recent observations. 77 

Lithospheric foundering in the form of a Rayleigh-Taylor instability9, or ‘drip’, has 78 

been invoked to explain a number of perplexing geological observations across a wide variety 79 

of tectonic settings18,19,20,21. These drips are rarely detected with seismic imaging due to their 80 

relatively small size, but numerical simulations show the association between downwelling of 81 

dense material and topographic subsidence, followed by the removal of lithospheric mantle 82 

and topographic uplift20,22. Lithospheric thinning through sinking of gravitational instabilities 83 

is also thought to facilitate melting under continents23,24: typically, the void created by the 84 

missing lower lithosphere is replaced by upwelling asthenospheric mantle, which 85 

decompresses, triggering magmatism. Here, we present new seismic observations and novel 86 

geodynamic simulations that, when combined with existing geological and geochemical 87 

constraints, reveal the central role of such a drip in controlling the post-subduction evolution 88 

of northern Borneo.  89 

We use data from 46 seismic stations that comprise the temporary northern Borneo 90 

Orogeny Seismic Survey (nBOSS) network (Fig. 1, Extended Data Fig. 1), deployed between 91 

March 2018 and January 2020. Our dataset is augmented by 28 stations from the national 92 

seismic network operated by MetMalaysia. We use analyses of P-to-S receiver functions to 93 

determine the thickness of the crust (Methods, Extended Data Fig. 2), while relative arrival-94 

time residuals from teleseismic P waves are mapped as 3-D perturbations in the crust and upper 95 
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mantle (Methods, Extended Data Figs. 4-7). Anisotropy in the lithospheric mantle is 96 

constrained using core-refracted shear phases (Methods, Extended Data Fig. 3), and a shear-97 

wave velocity model is used to generate a lithospheric thickness map (Methods).  98 

Receiver-function results document large variations in crustal thickness: the regional 99 

pattern suggests an alternation of thin and thick crust striking to the NE (Fig. 2a). Surprisingly, 100 

the western region of the Crocker Range, including Mt Kinabalu, is underlain by relatively thin 101 

crust. Recent work indicates that rapid extension at ~10 Ma led to tectonic removal of crustal 102 

material and exhumation of the Ranau peridotites7, which include subcontinental lithospheric 103 

mantle rocks. If we assume that the region of crustal thickening (50-55 km in Fig. 2a) was 104 

produced by continental collision between the Dangerous Grounds and western Sabah, this 105 

indicates that the crust beneath the Kinabalu and Ranau area (~35 km) has thinned by about 106 

30%. Another area of even thinner crust (<30 km) is located around Telupid, where recent U-107 

Pb analysis7 found evidence for extension-related magmatism at ~9 Ma (Fig. 1).  108 

The spatial variation of azimuthal anisotropy revealed in our study (Fig. 2c) exhibits 109 

two orthogonal orientations that imply two dominant deformational scenarios in the lower 110 

lithosphere. The fast orientations of anisotropy in the Crocker Range correlates strongly with 111 

the strike of the orogenic belt, suggesting that lattice preferred orientation of uppermost-mantle 112 

minerals may have developed by ductile deformation due to belt-orthogonal compressive 113 

stress. Anisotropy orientations near Mt Kinabalu appear to be slightly perturbed from the 114 

dominant orogen-parallel pattern in the Crocker Range, and assume a northwest-southeast 115 

trend in eastern Sabah. Despite approximate alignment with the direction of absolute plate 116 

motion, it is likely that these orientations are parallel to the back-arc spreading direction created 117 

during slab roll-back of the Celebes Sea. Our map of lithospheric thickness, averaging 100 km 118 

in the study area, demonstrates that the lower lithosphere is absent beneath the Semporna 119 

Peninsula (~40-50 km depth). This is also an area where the splitting analysis returns null 120 
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observations, which can be explained by vertically oriented flow (Methods, Extended Data Fig. 121 

3). Additional direct evidence for thin lithosphere beneath Semporna comes from the estimated 122 

melting depth of basalts from sample SBK134 (see Fig. 2d for location), which contains no 123 

evidence of contamination from crustal or subduction related processes. This yielded unusually 124 

shallow values of 55±8 km25, implying that intraplate magmatism in Semporna may have been 125 

produced by an upper mantle source that likely experienced decompression melting as it 126 

upwelled beneath recently thinned lithosphere. 127 

The P-wave tomographic model has several key implications for reconciling the 128 

geological and seismic observations with underlying mantle structure and evolution. We image 129 

a high-velocity perturbation subparallel to the western coastline of Sabah (Fig. 2b). This 130 

anomaly is clearly visible in map view at 300 km depth with a width of ~70 km, consistent 131 

with the thickness of oceanic lithosphere. Most of the PSCS slab is thought to be in the lower 132 

mantle26 but we consider a plausible interpretation of this anomaly to be a final upper-mantle 133 

remnant of this subducted slab. The vertical section in Fig. 2d indicates that the high-velocity 134 

anomaly is a steeply dipping feature; while this suggests that Paleogene subduction could have 135 

been at a high angle, it is also plausible that the steep angle was acquired when trench motion 136 

became quasi-stationary due to continent-continent collision. This latter process may have led 137 

to slab-detachment at the continent-ocean transition, which can occur even 10 Ma after onset 138 

of continental collision27,28, whilst subsequent plate motion can explain why the PSCS slab is 139 

not found further to the east. This result provides important spatio-temporal constraints for 140 

unravelling the tectonic history of the PSCS and further refining regional plate motion 141 

reconstructions. 142 

 143 
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 144 

Figure 2: Crustal thickness, lithospheric thickness, anisotropy and P-wave tomographic 145 

model. a) Depth-to-Moho estimates determined by receiver function analysis. b) Horizontal 146 

slice at 300 km depth taken from the final tomographic solution model. Black line and red 147 

dots indicate the location of the vertical profile presented in d). c) Fast-polarization 148 

orientations from core-refracted shear phases superimposed onto a lithospheric thickness 149 

map. Arrow indicates the absolute plate motion direction. White diamond in d) denotes the 150 

approximate location of sample SBK13. SD: Semporna Drip; PSCS: Proto-South China Sea; mk: 151 

Mt Kinabalu; cr: Crocker Range; sp: Semporna Peninsula; tlp: Telupid. 152 

In addition to the PSCS slab, a vertical profile running from the Semporna Peninsula to 153 

Mt Kinabalu (Fig. 2d) in the P-wave tomographic model reveals an elongated high-velocity 154 

anomaly extending from ~125-350 km depth. This anomaly does not show lateral continuity 155 

(as expected from a slab remnant of the Celebes Sea) and has a dip orientation (tilted from the 156 

vertical towards the southeast) broadly consistent with the current direction of absolute plate 157 
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motion. Significantly, when accounting for an absolute ESE plate motion of ~2.7 cm/yr, its 158 

restored surface location coincides with the region where we inferred vertical flow and lack of 159 

lower lithosphere in the Semporna Peninsula (Fig. 2c), pointing towards its initiation at the root 160 

of the former volcanic arc, as has been postulated for Rayleigh-Taylor instabilities elsewhere 161 

on Earth18,20.   162 

Based upon the joint analysis of our new seismic results with the surface geological 163 

evidence, we interpret the northwest dipping high-velocity anomaly as a Rayleigh-Taylor 164 

gravitational instability that developed from the Dent-Semporna volcanic arc root, which we 165 

name the Semporna Drip (SD in Fig. 2d). We hypothesise that such a lithospheric drip can 166 

induce widespread extension in areas of thick crust, at distances that extend 100s of kilometres 167 

from the locus of the instability, as the lower lithosphere is removed and descends into the 168 

asthenospheric mantle. In the context of Sabah, we propose that the SD has thinned the crust 169 

of the Crocker Range, facilitating melting of the lower crust and emplacement of Mt Kinabalu. 170 

We also postulate that subsidence and uplift in eastern Sabah, in addition to observed intra-171 

plate volcanism in the Semporna Peninsula4, and possibly Telupid, can be reconciled with the 172 

spatial and temporal evolution of the SD. 173 

The integration of modern seismic data with structural geology and geochronology 174 

allows us to constrain a new thermo-mechanical simulation that aims to approximate, to first 175 

order, the recent tectonic evolution of northern Borneo and validate our hypothesis (Fig. 3). 176 

For simplicity, we perform the simulation in 2-D (model setup in Extended Data Fig. 8), which 177 

is sufficient to capture the fundamental behaviour of this 3-D system. Our simulation provides 178 

a dynamical mechanism that explains why a mountain as high as Mt Kinabalu is situated in the 179 

Crocker Range, underpinned by relatively thin crust. It demonstrates that a 1% positive density 180 

anomaly of possible mafic/ultramafic cumulates (e.g., pyroxenite, eclogite) from the sub-arc 181 

lithosphere is sufficient to induce dynamic downwelling (Fig. 3 and Supplementary video 1). 182 
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The dense volcanic root sinks vertically through the mantle, reaching a depth of approximately 183 

400 km in 10 Ma. Its tilt arises naturally due to relative motion between the surface plate (to 184 

the right in our model) and underlying mantle; indeed, lateral motion of the plate leads to a 185 

horizontal offset of 170 km between the near-surface departure point and the base of the 186 

instability at 400 km, consistent with the seismological images and our estimate of regional 187 

lithospheric thickness. The progressive development and foundering of the lithospheric mantle 188 

results in a clear pattern of subsidence and uplift (Fig. 3); the vertical load of the density seed 189 

initially pulls down the crust, generating subsidence above the drip, but as the drip descends 190 

into the mantle and its impact at the surface wanes, we observe a systematic and gradual 191 

topographic rebound.  192 

The most intriguing feature of our model predictions is the extensive thinning of the 193 

region of thickest crust, promoted by the lithospheric instability as it sinks into the underlying 194 

mantle. Analysis of the stress state in our simulations indicates that this region, which 195 

represents the Crocker Range, is under an extensional stress regime, as highlighted by the 196 

principal directions of tension (Extended Data Fig. 9). The distance between two points in the 197 

lower crust, measured via Lagrangian particles (Extended Data Fig. 10), is strongly time-198 

dependent, with rapid stretching of ~4 mm/yr over the first Myr of the simulation, which 199 

progressively decreases to 1.2 mm/yr from 4-5 Myr and, subsequently, close to 0.5 mm/yr. 200 

This demonstrates a direct link between extension and the evolution of the downwelling drip. 201 

Indeed, 10 Myr after onset of the simulation, the Moho is ~20% shallower in the region of 202 

initially thickened crust. As soon as deformation localises in such a region, the feedback 203 

between the flow field and viscosity ensures that areas of weakness are maintained as the 204 

simulation evolves (Extended Data Fig. 11 and Supplementary video 2). As expected, 205 

considerable stretching of the crust leads to elevated temperatures at shallower depths (Fig. 3 206 

and Extended Data Fig. 10), which would facilitate melting of the lower crust and emplacement 207 
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of Mt Kinabalu. In our geodynamical model, the instability does not fully detach from the 208 

lithosphere (Fig. 3 and Extended Data Fig. 12); it is important to note that such narrow 209 

connections lie beyond the resolution limit (~ station spacing) of our seismic imaging. 210 

Nonetheless, relatively low P-wave perturbations in the upper mantle beneath Semporna 211 

Peninsula (approximately -0.4 km/s dVp) do point towards possible asthenospheric upwelling, 212 

as do shallow upwelling velocities predicted in our simulations (Extended Data Fig. 12 and 213 

Supplementary video 1), a direct consequence of lower lithospheric removal.  214 

 215 

Figure 3: Temporal snapshots illustrating the evolution of a lithospheric drip from our 216 

simulation: time (t) in Myr from start of the simulation. White lines are isotherms in Kelvin. A 217 

thick, higher density seed (3340 kg/m3) is centred at x=1000 km, approximating mafic 218 

cumulates beneath a volcanic arc. Moho (interface between crustal and mantle material 219 

volume fraction fields) and surface elevation evolution are illustrated above each panel. The 220 

differential elevation is calculated by subtracting the surface elevation at time 0 from that at 221 

a specific timestep, accounting for the prescribed plate motion at 4 cm/yr. Note how the area 222 
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of thick crust (cr) undergoes significant thinning and the Moho becomes shallower. Similarly, 223 

subsidence accompanies initial sinking of the drip, which is then followed by vertical rebound 224 

as the lower lithosphere is removed. cr: Crocker Range; SD: Semporna drip. 225 

The relatively small and transient nature of lithospheric drips mean that they are rarely 226 

imaged seismically; as such, their important role in the evolution of arc-complexes and 227 

subduction zones, following subduction termination, may have been overlooked. Our study 228 

delivers insights into post-subduction dynamics and processes, providing a conceptual template 229 

for predicting the widespread effects of lithospheric foundering following subduction 230 

termination. Our simulations imply that post-subduction lithospheric drips may be an important 231 

transitional process in the evolution of any trench-arc complex, causing extensive deformation 232 

even in areas far from the location of initial downwelling. The mechanism we propose here 233 

may play a major role in shaping regional tectonics, requiring reinterpretation of areas recently 234 

affected by subduction termination, including the Carpathians-Pannonian region, western 235 

United States, the Betic-Rif orogen and the eastern Mediterranean region. 236 

 237 
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 304 

METHODS 305 

Crustal thickness estimate 306 

Teleseismic earthquake signals impinging upon the crust below a seismic station 307 

produce P-to-S (Pms) conversions at the Moho. Receiver function (RF) methods aim at 308 

isolating the Pms conversion from reverberations to constrain crustal velocity and thickness 309 

beneath each station. We use a total of 3862 high-quality radial P receiver functions from an 310 

initial set of 14447. Receiver functions were calculated using a time-domain iterative 311 

deconvolution method29. Those with a poor fit exhibit oscillatory behaviour or are inconsistent 312 

with other RFs from the same backazimuth and distance range, and are removed from further 313 

analysis. The receiver functions are stacked at each seismometer, and jointly inverted with 314 

Rayleigh-wave group-velocity dispersion curves from the GDM52 global compilation30, using 315 

joint9631, an iterative non-linear least squares inversion method, to produce a 1-D shear 316 

velocity model at each seismometer. The Moho is then picked from each velocity model at the 317 

depth that corresponds to the base of the steepest positive velocity gradient where shear 318 

velocity exceeds 4 km/s.  319 

Shear-wave splitting analysis 320 

Shear-wave splitting is a key and near-unambiguous indicator of seismic anisotropy. In 321 

total, 367 new splitting measurements were made in this study. The splitting analysis was 322 
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performed using the method of Silver and Chan32 as implemented in the SplitRacer toolkit33. 323 

The waveform data were bandpass filtered between 3 and 25 s, with analysis limited to phase 324 

arrivals with a signal-to-noise ratio greater than 1.5. The splitting measurements were manually 325 

reviewed and classified as ‘good’, ‘null’, and ‘poor’. Final station estimates are determined by 326 

averaging ‘good’ and ‘null’ observations through the single-layer error surface stacking 327 

method of Wolfe and Silver34. 328 

Lithospheric thickness estimate 329 

The shear-wave velocity (Vs) model is calculated by initially inverting for phase 330 

velocities at periods between 25 and 200 s using a total of 225 teleseismic sources. We 331 

implement a two-plane-wave approach35 and analytical sensitivity kernels36. Pseudo-dispersion 332 

curves are extracted on a 0.2° grid at locations where the formal error from the least-squares 333 

inversion is less then 0.6 km/s. These are inverted for Vs using a reversable jump, Markov-334 

chain Monte-Carlo method37. Based on synthetic recovery tests, we estimate that regions with 335 

more than 10 dispersion observations contain robust solutions. We convert our Vs model to 336 

temperature using the equation38,25 𝑉" = $1 + 𝑏((𝑧 − 50)/(𝑚(𝑇 − 273) + c + Αexp(−𝐸 −337 

𝑃𝑉<)/𝑅𝑇), where 𝑧 is the depth (in km), T is the temperature (in K) and 𝑏(, c, Α, 𝐸, 𝑚 and 𝑉< 338 

are empirically fitted constants with the values of 3.84 × 10-4 km-1, 4.72 km s-1, -1.8 × 1016 339 

m s-1, 409 KJ mol-1, -2.8 × 10-1 m s-1 and 10 × 10-6 m3 mol-1, respectively. The pressure is 340 

assumed to be lithostatic and is calculated as 𝑃 = 𝜌𝑔𝑧, where 𝜌 is the density (3330 kg m-3) 341 

and 𝑔 is the acceleration due to gravity (9.81 ms-1). The LAB is assumed to be a constant 342 

temperature of 1333°C. Thus, we assume the depth to the LAB is the depth to the 1333°C 343 

contour. 344 

P-wave traveltime inversion 345 

Relative arrival-time residuals of various global P-wave phases are determined from 346 

teleseismic sources with an angular distance larger than 27˚. Arrival-time residuals are 347 
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computed by using an adaptive stacking approach39. Out of 787 teleseismic sources, we retain 348 

only those with an average uncertainty estimate of the residuals less than 0.12 seconds. This 349 

equates to a reduction in the effective number of sources to 570, hence a total of 30671 relative 350 

arrival-time residuals. These residuals are inverted for 3-D velocity perturbations using the 351 

multi-stage Fast Marching Tomography Method (FMTOMO) package40. Crustal thickness 352 

variations inferred from receiver function are directly included in FMTOMO during the 353 

inversion. Similarly, shear-wave velocities derived from receiver function analysis are 354 

converted into P-wave velocities according to the formulation of Brocher41 and included in the 355 

inversion to correct for crustal-velocity variations. While the Moho is kept fixed during the 356 

inversion, crustal velocities are inverted for. 357 

Thermo-mechanical simulation 358 

We simulate the dynamics, evolution and tectonic and geological consequences of a 359 

lithospheric drip using Fluidity, a finite element, control-volume, adaptive mesh computational 360 

modelling framework42,43. Fluidity has been extensively tested, verified and validated for 361 

geodynamical simulations of this nature. The numerical approach uses anisotropic, 362 

dynamically adaptive mesh optimization (Extended Data Fig. 12 and Supplementary video 2), 363 

to provide high-resolution in areas of dynamic importance. Our initial model setup is illustrated 364 

in Extended Data Figure 8, with key model parameters listed in Extended Data Table 1. The 365 

model consists of a 2-D domain of dimensions 2000 x 660 km. We solve the incompressible 366 

Stokes, continuity and energy equations, under the Boussinesq approximation. We also track 367 

volume fractions representing four different materials (upper crust, lower crust, seed and 368 

mantle), using a control-volume discretization with a minimally diffusive HyperC face-value 369 

scheme, that ensures conservation and boundedness by coupling the fluxes between the volume 370 

fractions44. Mechanical boundary conditions include a free-surface top, incorporating mesh 371 

movement with a prescribed 4cm/yr horizontal velocity, a zero-slip base, and open hydrostatic 372 
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sides. Thermal boundary conditions are prescribed to 273 K at the surface and 1573 K at the 373 

base of the model. The Moho temperature is set to 973 K45. We include internal heating, at 374 

different rates for upper crust, lower crust and underlying mantle. Initial thermal conditions are 375 

different above a density seed that is 120 km (approximate width of Sulu arc) in width and 180 376 

km in height, centred at x=1000 km, where the Moho temperature is relatively higher (1173 K) 377 

and the thermal LAB is at 50 km depth. While the thickness of the density seed is larger than 378 

that used in other studies, its width is considerably narrower20,22,24, but is consistent with the 379 

width inferred from seismic images. Our initial conditions include a region of thick crust, 380 

approximating the Crocker Range, believed to have formed by continental collision between 381 

the Dangerous Grounds and western Sabah8,11,14. Adjacent to a region of thick crust we have a 382 

thinner crust (30 km thickness), believed to have been extended through rollback associated 383 

with trench retreat7,8. We implement a composite viscosity (dependent on temperature, pressure 384 

and second invariant of strain-rate) based on four deformation mechanisms (diffusion creep, 385 

dislocation creep, Peierls creep and yielding)46, with the effective viscosity determined via a 386 

harmonic mean46. 387 
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