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Abstract

The architecture (geometry, fault network, stacking pattern of accreted thrust sheets, etc.) is an important component of accretionary wedges that have developed through the subduction zone processes. However, it remains challenging to constrain the processes of the architectural evolution in natural accretionary wedges over the geological timescale.

In this study, we undertook sandbox analogue modeling with quantitative analysis of the wedge geometry and the digital image correlation-based kinematics to delineate the wedge growth process under four basic types of the décollement settings. In the case of continuous single décollement model, the episodic frontal accretion with a constant cycle (i.e., accretion cycle) was dominant where degree of coupling between the wedge base and the plate interface may rely on the relative strengths of the wedge and the detachment, and the wedge progressively reached its critical state through multiple accretion cycles. The interbedded décollement layer facilitated the wedge segmentation and the rearrangement of the internal fault network, which weakened the wedge strength. A combination of a detachable high-friction patch in the basal décollement and the continuous interbedded weak layer enabled underplating of the underthrusted sediment beneath the inner wedge with a low-angle, long-lived, deeply rooted forethrust and multiple cycles of frontal accretions by using shallowly rooted, short-lived forethrusts at the deformation front. Our findings suggest that the décollement configuration is a key factor on accretion processes including the accretion cycle, fault network, and wedge strength in the time scale of ∼10 5 years of natural accretionary systems.

Plain Language Summary

Accretionary wedges are one of the key components of plate subduction zones. In this study, we tested variations of the wedge deformation during its growth to improve our knowledge of how accretionary wedges grow. Here, we conducted sandbox analogue experiments to characterize the wedge geometry and spatiotemporal changes in deformation during the accretionary wedge growth by using simplified models with various conditions (single/double or continuous/discontinuous) of weak layers in subducting sediment. The results show that the wedge growth was basically achieved by repetition of a frontal accretion cycle, but the details of the cycle depend on condition of the weak layer. For example, in the model with a discontinuous basal weak layer and a continuous interbedded weak layer, basal accretion of the subducted sediment beneath the in-ner part of the wedge were promoted by a low-angle, long-lived, deeply rooted underthrusting and also multiple frontal accretion is made by shallowly rooted, short-lived frontal thrusts branched from the interbedded weak layer. Our findings suggest that the conditions of the weak layers in subducting sediment change the accretion process, the strain distribution, and fault activity in the time scale of ∼10 5 years of natural accretionary wedges.

Introduction

Accretionary wedges are deformed sedimentary bodies which develop on the forearc side of subduction zones. Recent geophysical surveys have revealed details of the geological and geophysical structures in the accretionary wedge and at the plate boundary of modern subduction zones [START_REF] Arnulf | Physical conditions and frictional properties in the source region of a slow-slip event[END_REF][START_REF] Arnulf | Upper-plate controls on subduction zone geometry, hydration and earthquake behaviour[END_REF][START_REF] Egbert | Fluid transport and storage in the Cascadia forearc influenced by overriding plate lithology[END_REF][START_REF] Kirkpatrick | Subduction megathrust heterogeneity characterized from 3D seismic data[END_REF], including P-wave velocity structure [START_REF] Han | Links between sediment consolidation and Cascadia megathrust slip behaviour[END_REF], magnetotelluric images of electrical resistivity [START_REF] Chesley | Fluid-rich subducting topography generates anomalous forearc porosity[END_REF], teleseismic profiles [START_REF] Calvert | Sedimentary underplating at the Cascadia mantle-wedge corner revealed by seismic imaging[END_REF], and the slip tendency [START_REF] Hashimoto | Décollement geometry controls on shallow very low frequency earthquakes[END_REF]. On the other hand, GPS/GNSS observations also record the interseismic coupling or slip rate at the subduction interface on timescales of 10 0 to 10 2 yr [START_REF] Lindsey | Slip rate deficit and earthquake potential on shallow megathrusts[END_REF][START_REF] Lv | Widespread aseismic slip along the Makran megathrust triggered by the 2013 Mw 7.7 Balochistan Earthquake[END_REF][START_REF] Métois | Interseismic coupling, segmentation and mechanical behavior of the central Chile subduction zone[END_REF][START_REF] Newton | Stress orientations in the Nankai Trough constrained using seismic and aseismic slip[END_REF][START_REF] Wallace | The kinematics of a transition from subduction to strike-slip: An example from the central New Zealand plate boundary[END_REF][START_REF] Weiss | Spatial[END_REF]Yáñez-Cuadra et al., 2022;Yokota et al., 2016), which have successfully captured present-day snapshots of the stress and strain state in accretionary wedges. However, the modern conditions of these wedges (i.e., rigidity, heterogeneity, strain state) may be affected by their architecture (i.e., wedge geometry, fault network, and stacking pattern of accreted thrust sheets) that has developed through long-term interactions between the upper and lower plates in subduction zones. Therefore, the architecture of accretionary wedges is important factor to understand the recent snapshots of geological and geophysical structures in natural subduction zones.

Based on the long-term equilibrium geometry of accretionary wedges formed in response to accretion, the critical taper theory (Dahlen, 1990;Davis et al., 1983) has been applied to many natural accretionary wedges in foreland/forearc thrust belts to link the effective frictional properties to the surface topography and basal slope of the detachment [START_REF] Pajang | The distinct morphologic signature of underplating and seamounts in accretionary prisms, insights from thermomechanical modeling applied to Coastal Iranian Makran[END_REF][START_REF] Kukowski | Morphometric and critical taper analysis of the Rock Garden region, Hikurangi Margin, New Zealand: Impli-cations for slope stability and potential tsunami generation[END_REF][START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or frontal accretion[END_REF][START_REF] Maksymowicz | The geometry of the Chilean continental wedge: Tectonic segmentation of subduction processes off Chile[END_REF][START_REF] Schwarze | Décollement strength and mechanical segmentation along the frontal wedge of the Hikurangi convergent margin (New Zealand): Insights from critical taper analysis[END_REF]. The key physical assumption is that the wedge can undergo internal failure in order to maintain its critical mechanical state. However, nat-ural examples of accretionary wedges are not uniformly deformed and they exhibit a wide range of architectures (Figure 1). For example, the Colombian-Caribbean margin [START_REF] Rodríguez | Structural style and evolution of the offshore portion of the Sinu Fold Belt (South Caribbean Deformed Belt) and adjacent part of the Colombian Basin[END_REF] is dominated by frontal accretion of thick thrust sheets in a piggy-back style where the Paleocene shale acts as a basal detachment (single-décollement wedge in Figure 1a). This type can be seen at the Sumatra [START_REF] Singh | Aseismic zone and earthquake segmentation associated with a deep subducted seamount in Sumatra[END_REF] or Colombian-Caribbean (Mantilla-Pimiento et al., 2009;[START_REF] Rodríguez | Structural style and evolution of the offshore portion of the Sinu Fold Belt (South Caribbean Deformed Belt) and adjacent part of the Colombian Basin[END_REF] margins. On the other hand, some of the accretionary wedges are characterized by a combination of frontal and basal accretions, which are related with landward stepping down of the décollement level at the bottom of the wedge (double-décollement wedge in Figure 1b). In this case, the interbedded weak layer(s) in the incoming sediment, such as clay mineral-rich horizons, can work as a intermediate décollement. The examples of this type can be seen in the Makran [START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthe-sis and tectonic interpretation[END_REF][START_REF] Haberland | Anatomy of a crustal-scale accretionary complex: Insights from deep seismic sounding of the onshore western Makran subduction zone, Iran[END_REF][START_REF] Kopp | Structure of the Makran subduction zone from wide-angle and reflection seismic data[END_REF][START_REF] Parvaiz | Deformational pattern and seismogenic potential of the eastern Makran subduction zone[END_REF][START_REF] Schlüter | The Makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF][START_REF] Smith | The structure and fault activity of the Makran accretionary prism[END_REF], Barbados [START_REF] Behrmann | Evolution of structures and fabrics in the Barbados Accretionary Prism. Insights from leg 110 of the Ocean Drilling Program[END_REF]Deng & Underwood, 2001;Dileonardo et al., 2002;[START_REF] Moore | Consolidation patterns during initiation and evolution of a plate-boundary decollement zone: Northern Barbados accretionary prism[END_REF], Cascadia [START_REF] Han | Links between sediment consolidation and Cascadia megathrust slip behaviour[END_REF], Nankai [START_REF] Kopf | Effective strength of incoming sediments and its implications for plate boundary propagation: Nankai and Costa Rica as type examples of accreting vs. erosive convergent margins[END_REF], and Alaskan [START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF][START_REF] Gulick | Mid-Pleistocene climate transition drives net mass loss from rapidly uplifting St. Elias Mountains, Alaska[END_REF][START_REF] Reece | Tectonic and climatic influence on the evolution of the Surveyor Fan and Channel system, Gulf of Alaska[END_REF] margins.

In addition, topographic features on the subducting oceanic plate, such as seamounts, ridges, horsts, and grabens, may affect the strength and continuity of the basal décollement, and modify the internal structures and stacking patterns of accreted sediments [START_REF] Collot | The giant Ruatoria debris avalanche on the northern Hikurangi margin, New Zealand: Result of oblique seamount subduction[END_REF][START_REF] Pedley | Seafloor structural geomorphic evolution of the accretionary frontal wedge in response to seamount subduction, Poverty Indentation, New Zealand[END_REF][START_REF] Ruh | Submarine landslides caused by seamounts entering accretionary wedge systems[END_REF] (discontinuous décollement wedge in Figure 1c).

The décollement heterogeneity may also cause geometrical or kinematic segmentation in the wedge [START_REF] Collot | Origin of a crustal splay fault and its relation to the seismogenic zone and underplating at the erosional north Ecuador-south Colombia oceanic margin[END_REF][START_REF] Cook | Controls on spatial and temporal evolution of prism faulting and relationships to plate boundary slip offshore north-central Sumatra[END_REF][START_REF] Smith | The structure and fault activity of the Makran accretionary prism[END_REF][START_REF] Wang | Accretionary prisms in subduction earthquake cycles: The theory of dynamic Coulomb wedge[END_REF].

For example, a large-scale out-of-sequence thrust is recognized as "mega-splay fault" that separates relatively rigid inner wedge and deformable outer wedge [START_REF] Bangs | Broad, weak regions of the Nankai Megathrust and implications for shallow coseismic slip[END_REF][START_REF] Kopp | Backstop geometry and accretionary mechanics of the Sunda margin[END_REF]Krabbenhoeft et al., 2021;[START_REF] Moore | Three-dimensional splay fault geometry and implications for tsunami generation[END_REF][START_REF] Strasser | Origin and evolution of a splay fault in the Nankai accretionary wedge[END_REF] (discontinuous multiple-décollement wedge in Figure 1d). In the Nankai Trough, southwestern Japan, the interbedded clay-rich layer between the upper sandy turbidite unit and lower ash-bearing mud unit in the incoming sediment layer is weak, and can act as a décollement to propagate deformation seaward [START_REF] Kopf | Effective strength of incoming sediments and its implications for plate boundary propagation: Nankai and Costa Rica as type examples of accreting vs. erosive convergent margins[END_REF].

All these examples show us that the décollement settings (heterogeneity or complexity at the plate interface and in the subducting sediment) are important for developing the architecture of accretionary wedges. However, it remains challenging to explain various processes related to the architectural evolution in natural accretionary wedges over the geological timescale. The key questions are how the décollement settings, including the number (i.e., single/double) and the continuity (i.e., continuous/discontinuous) of the décollement layer(s), affect (1) the architecture (i.e., fault network, stacking patterns of the thrust sheets) of accretionary wedges and (2) the spatio-temporal changes of the strain state and the thrust activities in the wedges during their growth. Our approach is an analog sandbox experiment involving quantitative geometric and digital image correlation (DIC)-based kinematic analysis of the experimental data. Answering to these questions can contribute to understand the present-day snapshots of natural accretionary wedges and subduction zones.

Previous modeling studies of accretionary wedges

Previous modeling studies of accretionary wedges include physical analog modeling (e.g., [START_REF] Bigi | Load and unload as interference factors on cyclical behavior and kinematics of Coulomb wedges: Insights from sandbox experiments[END_REF][START_REF] Mulugeta | Episodic accretion and strain partitioning in a model sand wedge[END_REF][START_REF] Ghosh | Mid-crustal ramping of the Main Himalayan Thrust in Nepal to Bhutan Himalaya: New insights from analogue and numerical experiments[END_REF][START_REF] Gutscher | Cyclical behavior of thrust wedges: Insights from high basal friction sandbox experiments[END_REF][START_REF] Koyi | Subducting oceanic basement roughness impacts on upper-plate tectonic structure and a backstop splay fault zone activated in the southern Kodiak aftershock region of the Mw 9.2, 1964 megathrust rupture, Alaska[END_REF][START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF][START_REF] Roy | Spatial variations of ductile strain in foldand-thrust belts: From model to nature[END_REF][START_REF] Saha | Sandbox modelling of sequential thrusting in a mechanically two-layered system and its implications in fold-and-thrust belts[END_REF], work optimization or mechanical approaches to predict the wedge geometry and faulting [START_REF] Burbidge | Numerical models of the evolution of accretionary wedges and fold-and-thrust belts using the distinct-element method[END_REF][START_REF] Cooke | Is the Earth Lazy? A review of work minimization in fault evolution[END_REF]Cubas et al., 2008;Del Castello & Cooke, 2007;Gutscher et al., 1998a;[START_REF] Hardy | Minimum work, fault activity and the growth of critical wedges in fold and thrust belts[END_REF][START_REF] Leroy | Mechanics of accretionary prisms and fold-andthrust belts based on limit analysis[END_REF][START_REF] Maillot | Thrust dip and thrust refraction in fault-bend folds: analogue models and theoretical predictions[END_REF][START_REF] Mary | Predicting orogenic wedge styles as a function of analogue erosion law and material softening[END_REF][START_REF] Mcbeck | Work optimization predicts accretionary faulting: An integration of physical and numerical experiments[END_REF][START_REF] Platt | Dynamics of orogenic wedges and the uplift of high-pressure metamorphic rocks[END_REF][START_REF] Platt | The mechanics of frontal imbrication: a first-order analysis[END_REF][START_REF] Souloumiac | Failure in accretionary wedges with the maximum strength theorem: numerical algorithm and 2D validation[END_REF][START_REF] Souloumiac | Predicting stress distributions in fold-and-thrust belts and accretionary wedges by optimization[END_REF]Yagupsky et al., 2014), andnumerical simulations (del Castillo et al., 2021;[START_REF] Ito | Widths of imbricate thrust blocks and the strength of the front of accretionary wedges and fold-and-thrust belts[END_REF][START_REF] Naylor | Punctuated thrust deformation in the context of doubly vergent thrust wedges: Implications for the localization of uplift and exhumation[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Simpson | Formation of accretionary prisms influenced by sediment subduction and supplied by sediments from adjacent continents[END_REF][START_REF] Simpson | Mechanics of non-critical fold-thrust belts based on finite element models[END_REF][START_REF] Stockmal | Mechanics of thinskinned fold-and-thrust belts: Insights from numerical models[END_REF]. Early analog modeling studies revealed that the accretion process was episodic rather than steady [START_REF] Mulugeta | Episodic accretion and strain partitioning in a model sand wedge[END_REF], meaning the wedge did not keep its original shape during the growth (i.e., self-similar growth) but oscillated the surface slope angle of the wedge as a new material was accreted at the toe and then compressed inward.

Early studies also indicated that the process of accretion was characterized by a combination of initiation of a new frontal thrust at the deformation front and backward rotation of older pre-existing thrust sheets in the wedge [START_REF] Koyi | Subducting oceanic basement roughness impacts on upper-plate tectonic structure and a backstop splay fault zone activated in the southern Kodiak aftershock region of the Mw 9.2, 1964 megathrust rupture, Alaska[END_REF]. Gutscher et al. (1998a) called the episodic accretion as "accretionary cycle" or "cyclical accretion" which comprised alternating the first phase of frontal accretion of a short imbricate thrust slice and the second phase of underthrusting of a long, undeformed sedimentary sheet. In the first phase, the surface slope was decreased by an increase in wedge length due to initiation of a new frontal thrust seaward at the toe. Whereas in the second phase, the sur-face slope was increased up to the critical taper angle by thickening and narrowing the wedge due to progressive compression in association with reactivation of the pre-existing thrusts. Hoffmann-Rothe et al. ( 2004) also classified the episodic behaviour of an accretionary cycle into (1) the thrust-initiation phase in which a new forethrust and pop-up structure were formed at the deformation front and (2) the underthrusting phase in which trench-fill sediment was subducted beneath the accretionary wedge. The underthrusting phase started when the deformation front segmented into the upper and lower parts and the lower part began to be underthrusted beneath the upper part [START_REF] Hoffmann-Rothe | Phase dependent strain partitioning in obliquely convergent settings[END_REF].

In the late 2000s, based on advances in DIC techniques, the accretion cycle was examined in terms of the strain-dependent deformation similar to natural deformation processes in brittle rocks [START_REF] Adam | Shear localisation and strain distribution during tectonic faulting-new insights from granular-flow experiments and high-resolution optical image correlation techniques[END_REF]. They showed that (1) accumulation of prefailure strain caused strain hardening in the wedge and then (2) strain localization by initiating the new frontal thrust led to post-failure strain softening. The strain hardening and softening were accompanied by a compaction-decompaction cycle of the material, which controled the evolution of the frictional strength during progressive deformation [START_REF] Adam | Shear localisation and strain distribution during tectonic faulting-new insights from granular-flow experiments and high-resolution optical image correlation techniques[END_REF]. [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF] In addition to the basal décollement at the plate interface, the presence of an intermediate weak layer (i.e., pelagic or clayey sediment with a low effective friction coefficient in nature) in the incoming sediment (i.e., trench-fill sediment) can enhance underthrusting in the accretion cycle [START_REF] Bonnet | Interactions between tectonics, erosion, and sedimentation during the recent evolution of the Alpine orogen: Analogue modeling insights[END_REF]Dal Zilio et al., 2020;Konstanti-novskaia & Malavieille, 2005;[START_REF] Konstantinovskaya | Thrust wedges with décollement levels and syntectonic erosion: A view from analog models[END_REF][START_REF] Malavieille | Deformation partitioning in mountain belts: insights from analogue modelling experiments and the Taiwan collisional orogen[END_REF][START_REF] Pajang | The distinct morphologic signature of underplating and seamounts in accretionary prisms, insights from thermomechanical modeling applied to Coastal Iranian Makran[END_REF][START_REF] Perrin | Impact of erosion and décollements on large-scale faulting and folding in orogenic wedges: Analogue models and case studies[END_REF][START_REF] Ruh | Numerical investigation of deformation mechanics in fold-and-thrust belts: Influence of rheology of single and multiple décollements[END_REF][START_REF] Ruh | Numerical modeling of tectonic underplating in accretionary wedge systems[END_REF][START_REF] Stockmal | Mechanics of thinskinned fold-and-thrust belts: Insights from numerical models[END_REF], which makes a different architecture from a single décollement case in nature and laboratory [START_REF] Farzipour-Saein | Intermediate decollement activation in response to the basal friction variation and its effect on folding style in the Zagros fold-thrust belt, an analogue modeling approach[END_REF][START_REF] Ghanadian | Analogue modeling of the role of multi-level decollement layers on the geometry of orogenic wedge: an application to the Zagros Fold-Thrust Belt, SW Iran[END_REF][START_REF] Massoli | Structural evolution of a fold and thrust belt generated by multiple décollements: analogue models and natural examples from the Northern Apennines (Italy)[END_REF][START_REF] Meng | Structural styles and decoupling in stratigraphic sequences with double décollements during thin-skinned contractional tectonics: Insights from numerical modelling[END_REF][START_REF] Sun | Structural significance of the mid-level décollement within the western Sichuan fold-and-thrust belt (WSFTB), insights from sandbox modeling[END_REF]Zhang et al., 2019). For example, decoupling of the incoming sediment at the intermediate décollement horizon generates two sets of structures with different geometrical characteristics in the models [START_REF] Farzipour-Saein | Intermediate decollement activation in response to the basal friction variation and its effect on folding style in the Zagros fold-thrust belt, an analogue modeling approach[END_REF][START_REF] Massoli | Structural evolution of a fold and thrust belt generated by multiple décollements: analogue models and natural examples from the Northern Apennines (Italy)[END_REF].

In terms of the continuity of the décollement layer, previous studies have investigated the subduction of a rough plate interface or a high-friction patch interrupting the basal décollement layer [START_REF] Bangs | Evolution of the Nankai Trough décollement from the trench into the seismogenic zone: Inferences from three-dimensional seismic reflection imaging[END_REF][START_REF] Bangs | Seamount subduction erosion in the Nankai Trough and its potential impact on the seismogenic zone[END_REF][START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF][START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF][START_REF] Koge | Dynamic formation process of thick deformation zone on the shallow plate boundary fault of the Japan Trench: insight from analog experiments of halfgraben subduction[END_REF][START_REF] Kukowski | Sediment accretion against a buttress beneath the Peruvian continental margin at 12 • S as simulated with sandbox modeling[END_REF][START_REF] Lallemand | Coulomb wedge model applied to the subduction of seamounts in the Japan Trench[END_REF][START_REF] Lallemand | Effects of oceanic ridge subduction on accretionary wedges: Experimental modeling and marine observations[END_REF][START_REF] Lallemand | Coulomb theory applied to accretionary and nonaccretionary wedges: Possible causes for tectonic erosion and/or frontal accretion[END_REF][START_REF] Miyakawa | Evolution of the geological structure and mechanical properties due to the collision of multiple basement topographic highs in a forearc accretionary wedge: insights from numerical simulations[END_REF][START_REF] Morgan | Recognizing seamount-forearc collisions at accretionary margins: Insights from discrete numerical simulations[END_REF][START_REF] Noda | Subduction of trench-fill sediments beneath an accretionary wedge: Insights from sandbox analogue experiments[END_REF][START_REF] Okuma | Surface friction of subducting seamounts influences deformation of the accretionary wedge[END_REF][START_REF] Ruh | High-resolution 3D numerical modeling of thrust wedges: Influence of décollement strength on transfer zones[END_REF][START_REF] Sun | Mechanical and hydrological effects of seamount subduction on megathrust stress and slip[END_REF]. When a high-friction patch on the plate interface works as a barrier to stress transmission within the basal décollement, the wedge deformation includes indentation or slope failure on the surface topography, widening the brittle damaged zone at the plate interface, or promotion of underthrusting of the subducting sediments beneath the wedge [START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF][START_REF] Miyakawa | Evolution of the geological structure and mechanical properties due to the collision of multiple basement topographic highs in a forearc accretionary wedge: insights from numerical simulations[END_REF][START_REF] Morgan | Recognizing seamount-forearc collisions at accretionary margins: Insights from discrete numerical simulations[END_REF][START_REF] Noda | Subduction of trench-fill sediments beneath an accretionary wedge: Insights from sandbox analogue experiments[END_REF][START_REF] Okuma | Surface friction of subducting seamounts influences deformation of the accretionary wedge[END_REF][START_REF] Wang | Do subducting seamounts generate or stop large earthquakes?[END_REF]. We learned from these previous studies that the accretion was a cyclic process including frontal accretion and underthrusting, and the décollement configurations affected the wedge architecture. However, our knowledge is still limited about how variation of the décollement conditions control the accretion cycle and the spatio-temporal changes of the kinematics on the wedge growth, especially in the cases of multiple or discontinuous décollement settings.

Methods

Model types

As we introduced in the Introduction section, there are several variations of décollement configurations in natural accretionary wedges (Figure 1). We here assumed that the typical configurations of the décollement settings could be classified into 4 types (Figure 2) in order to simplify the natural examples and facilitate interpretation of the modeling results. A total of eight experiments were run to examine the architecture and the spatiotemporal change of strain distribution.

Type 1 is the simplest model, having a continuous single-detachment layer at the base (Figure 2b) to represent the basic accretion cycle for the reference to other type.

Type 2 has continuous double-décollement layer at the base and in the middle of the incoming sedimentary succession (Figure 2c). The models of this type are intended to replicate an interbedded detachment layer representing major lithological boundaries or unconformities in nature (e.g., [START_REF] Smith | The structure and fault activity of the Makran accretionary prism[END_REF]Dileonardo et al., 2002;[START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF].

Type 3 and 4 models are variations of types 1 and 2, respectively, where a 90-mmwide interval of the basal microbead layer is replaced with a sand mound (see Section 3.2 for the materials we used), which interrupts the continuity of the frictional weakness at the plate interface (Figure 2d,e). Type 3 and 4 models are used to evaluate the architecture and fault activities related to the subduction of a frictional discontinuity with or without an interbedded weak layer, respectively. The deformable and detachable sand mound acts as a high-friction patch in the décollement, and thus is different from previous studies that have used rigid and fixed ridges (e.g., [START_REF] Noda | Subduction of trench-fill sediments beneath an accretionary wedge: Insights from sandbox analogue experiments[END_REF].

Materials

Granular materials have been widely used to simulate geological structures [START_REF] Klinkmüller | Properties of granular analogue model materials: A community wide survey[END_REF]. They exhibit a similar behavior to brittle rocks, because they respond to elastic-frictional plastic deformation by pre-failure strain hardening and post-failure strain softening until a dynamically constant shear is reached (e.g., [START_REF] Klinkmüller | Properties of granular analogue model materials: A community wide survey[END_REF][START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF][START_REF] Ritter | Scaling the sandbox-Mechanical (dis) similarities of granular materials and brittle rock[END_REF]. Dry quartz sand (GA39; produced by Sibelco, France) and glass microbeads (CVP70-110) were used to simulate the sediment in this study. The sand was used for the incoming sediment, the proto-wedge, and the sand mound, which correspond to trench-fill turbidites, pre-existing accretionary wedge, and high-friction patch on the plate interface in nature, respectively. The glass microbeads were used for the basal and interbedded weak layers (i.e., pelagic or clayey sediment). The physical properties of the sand and glass microbeads are summarized in Table 1.

The peak friction angles of the basal plastic sheet to the sand and to the glass microbeads were estimated from measurements of the angles of sliding friction (cf., van Burkalow, 1945), which were 51.3±1.9 • (n = 15) and 41.0±3.1 • (n = 13), respectively. These values are much higher than the peak internal friction angles of the sand (GA39) and microbeads (CVP70-110), indicating that basal shear occurs within the sediment layer (i.e., mainly within the microbeads) rather than on the surface of the underlying basal plastic sheet.

The theoretical taper (i.e., surface slope) angles and stability fields of the wedge were calculated according to the critical taper theory (Dahlen, 1984;Davis et al., 1983).

The theoretical surface slope angles for the cases of the peak (α ϕ peak ) and dynamic (α ϕ dynamic ) friction angles of the sand are 7.5 • and 9.6 • , respectively, when glass microbeads are used for the basal décollement (Supporting Information S1 and Figure S1). We also calculated the theoretical width and height of the wedge for given theoretical surface slope angles (Supporting Information S1 and Figure S2).

Experimental setup

The apparatus used in this study was a glass-sided, rectangular deformation rig with internal dimensions of 1890 mm × 300 mm × 315 mm deep (Figure 2a). A wooden plate was vertically positioned at one end as a fixed and rigid backstop. The lateral glass walls were lubricated before each run to reduce the side-wall friction (cf., [START_REF] Souloumiac | Bias due to side wall friction in sand box experiments[END_REF]. A plastic (Mylar ® ) sheet was placed over the basal plastic plate of the rig and fixed to a stepping motor (left side of Figure 2a). The stepping motor pulled the plastic sheet beneath the incoming sediment at increments of 5.558 mm for each motor activation. The final amount of horizontal shortening L s (successive increment) was ∼1000 mm, and the final wedge length was about 800 mm, corresponding ca. 60-120 km and 48-96 km in nature (see Section 3.4 for scaling).

The sand and glass microbeads were sprinkled into the rig from a height of ∼200 mm above the basal plastic sheet to ensure they were well-compacted (cf., [START_REF] Maillot | A sedimentation device to produce uniform sand packs[END_REF].

The total thickness of the layer was 35 mm (Figure 2). Thinly alternating colored sand layers and/or small triangles along the glass walls were used to visualize the cross-sectional structure. A proto-wedge, which was a wedge prepared in advance before the experiment to save experimental space and time [START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF], was made of the same sand as that used in the model and was placed next to the vertical wooden backstop (Figure 2).

The proto-wedge had a basal length of 135±11.4 mm and surface slope of 31±2 • .

Scaling

The mechanical properties of the materials must be properly scaled to obtain dynamic processes similar to those in nature. This condition can be satisfied if the ratio of the forces acting on the system in the experiments to those in nature is constant [START_REF] Hubbert | Theory of scale models as applied to the study of geologic structures[END_REF][START_REF] Ramberg | Gravity, Deformation and the Earth's Crust[END_REF]. Scaling rules indicate that the model-to-nature ratio for stress σ is as follows:

σ model σ nature = ρ model ρ nature × g model g nature × L model L nature , (1) 
where ρ, g, and L are density, acceleration due to gravity, and length of model or nature.

The cohesion C can be substituted for stress σ [START_REF] Graveleau | Experimental modelling of orogenic wedges: A review[END_REF][START_REF] Schellart | Shear test results for cohesion and friction coefficients for different granular materials: scaling implications for their usage in analogue modelling[END_REF], and the experiments were performed under normal gravity (g model /g nature = 1), which yields:

L nature L model = C nature C model × ρ model ρ nature . ( 2 
)
Although cohesion is stress-dependent (i.e., depth-dependent; [START_REF] Ikari | Cohesive strength of clay-rich sediment[END_REF],

we used reported values for the cohesion C and density ρ for sedimentary rocks in a natural accretionary wedge, which are 5 MPa and 2400 kg m -3 , respectively [START_REF] Schumann | Geotechnical behavior of mudstones from the Shimanto and Boso accretionary complexes, and implications for the Nankai accretionary prism[END_REF]. For the case of dry sand (C = 24-54 Pa; Table 1) used as the internal material in the models, the scaling factor L nature /L model ranges between 0.6 × 10 5 and 1.2 × 10 5 , indicating that 10 mm in the model corresponds to 0.6-1.2 km in nature. Therefore, the 35-mm-thick layer of incoming sediment is equivalent to a thickness of 2.1-4.2 km in nature, which is comparable to the thickness of trench-fill sediments at modern accretionary margins [START_REF] Clift | Controls on tectonic accretion versus erosion in subduction zones: Implications for the origin and recycling of the continental crust[END_REF][START_REF] Noda | Forearc basins: Types, geometries, and relationships to subduction zone dynamics[END_REF]. The total amount of shortening (L s ∼ 1000 mm) in this study corresponds to 60-120 km in nature, which occurs over 1.2-2.4 Myr for a plate convergence rate of 50 mm yr -1 . This duration corresponds to the timescale for the formation of the modern Nankai accretionary wedge that formed during the Quaternary (G. F. [START_REF] Moore | Evolution of tectono-sedimentary systems in the Kumano Basin, Nankai Trough forearc[END_REF].

DIC analysis

Time-lapse digital images were taken with a digital camera (Canon EOS 70D) at 5.558 mm displacement increments using a PC-based controller. The image sensor of the CMOS APS-C has a resolution of 20.2 million pixels (5472 horizontal and 3648 vertical) and a dynamic range (DR) of 11.6. The absolute spatial resolution is ≈0.16 mm per pixel.

The DIC technique was used to quantify the velocity field and strain rate from pairs of time-lapse digital images by matching the patterns of pixel color values. This enabled us to visualize spatial and temporal patterns in the horizontal and vertical displacements, and thus characterize strain localization or thrust activity within the deforming wedge.

We used open-source subset-based 2D DIC software, Ncorr [START_REF] Blaber | Ncorr: open-source 2D digital image correlation matlab software[END_REF], for the analysis to track the relative displacements of material points between a reference (predeformed) and target (post-deformed) image. This software can be used in MATLAB ® .

The DIC analysis includes two calculation steps: (1) incremental displacement vectors of the 2-D deformation; and ( 2) strain. The displacement field in the region of interest is calculated with a subset radius of 20 pixels and subset spacing of 2 pixels. To obtain the displacement vectors for all subsets, Ncorr uses the Reliability Guided (RG-DIC) method [START_REF] Pan | Reliability-guided digital image correlation for image deformation measurement[END_REF]. A smaller window radius (4 pixels) was used for the strain window algorithm [START_REF] Pan | Digital image correlation using iterative least squares and pointwise least squares for displacement field and strain field measurements[END_REF] to calculate the displacement gradients and subsequent strains. The analytical resolution for both displacement and strain is ∼0.5 mm.

The maximum amount of shear strain (ε max ) and its orientation (θ s ) were calculated from the maximum (ε 1 ) and minimum (ε 2 ) principal strains as follows:

ε max = ε 1 -ε 2 θ s = 1 2 tan -1 ε xx -ε yy 2ε xy with ε 1 = 1 2 (ε xx + ε yy ) + ε xx -ε yy 2 2 + ε 2 xy ε 2 = 1 2 (ε xx + ε yy ) - ε xx -ε yy 2 2 + ε 2 xy ε xx = 1 2 2 ∂u ∂x + ∂u ∂x 2 + ∂v ∂x 2 ε xy = 1 2 ∂u ∂y + ∂v ∂x + ∂u ∂x ∂u ∂y + ∂v ∂x ∂v ∂y ε yy = 1 2 2 ∂v ∂y + ∂u ∂y 2 + ∂v ∂y 2 ,
where u and v are the horizontal (x) and vertical (y) displacements, respectively.

Measured parameters

We measured several geometric and kinematic parameters to quantify the deformation of the experimental wedge. The geometrical parameters include the width, height, and slope (α) (Figure 3). The slope is defined as the average dip between the highest point (P 1 ) and the deformation front (P 0 ) of the wedge (Figure 3b).

The kinematic parameters were extracted from the results of the DIC analysis. Onedimensional horizontal displacement vectors were measured in bottom and top measurement zones (Figure 3c). The bottom measurement zone was set at 15% of the wedge height above the base of the region of interest, and the top measurement zone was set below the surface at 85% of the wedge height, to exclude erroneous values near the boundary.

The height for each measurement zone was ∼2.4 mm. To calculate the normalized horizontal displacements at the top (û top ) and at the bottom (û bottom ), the average of the five displacement vectors within each zone at each x coordinate was divided by the maximum value (i.e., 95% of the highest value to avoid errors) of the horizontal displacement vector within the zone.

The normalized vertical displacement v was also obtained by averaging the values of the vertical displacement vectors between the bottom and top measurement zones at each x coordinate, and then dividing by the maximum value of the horizontal displacement in the bottom measurement zone. The normalized maximum shear strain in the bottom measurement zone εmax(bottom) and that in the top measurement zone εmax(top)

were calculated in the same way as the normalized horizontal displacement (Figure 3d).

The denominator of the normalization was the maximum shear strain in the measurement zone at each time step. The orientation of the maximum shear strain (θ s ) was used to determine whether the shear strain was negative or positive. In this study, backthrusting (inward-vergent fault) and forethrusting (outward-vergent fault) represent negative and positive strains, respectively (bluish and reddish colors in Figure 3d). The dip angles of the forethrusts (δ f(init) and δ f(final) ) and backthrusts (δ b ) were measured on the cross-sectional images to estimate the effective friction angles of the incoming sediment (ϕ ′ ) and the effective slope angles (α ′ ) at the deformation front when a new thrust was initiated (Figure 3e; see Supporting Information S2).

Model limitations

Sandbox modeling has several limitations and cannot replicate some processes that occur in natural accretionary wedges. The experiments are basically performed under dry and (mostly) non-cohesive conditions and, therefore, can only consider brittle deformation. In nature, elevated pore fluid pressures within the wedge and décollement likely contribute to significant weakening of the strength [START_REF] Hubbert | Role of fluid pressure in mechanics of overthrust faulting: I. Mechanics of fluid-filled porous solids and its application to overthrust faulting[END_REF]. In addition, our models do not account for dewatering, diagenetic alteration and presence of phyllosilicates, which may change the material properties or the mechanical strength in a natural forearc [START_REF] Hyndman | The seismogenic zone of subduction thrust faults[END_REF][START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern Japan subduction thrust[END_REF][START_REF] Moore | Updip limit of the seismogenic zone beneath the accretionary prism of southwest japan: An effect of diagenetic to low-grade metamorphic processes and increasing effective stress[END_REF][START_REF] Morrow | Frictional strength and the effective pressure law of montmorillonite and lllite clays[END_REF].

Inner or deeper part of the wedge tends to be more strong due to the progressive dewatering and compaction than the outer or shallower part of the wedge. This likely increases the strength contrast in the wedge between the inner and outer parts as the wedge grows, leading to promote segmentation between them (H. [START_REF] Kopp | Backstop geometry and accretionary mechanics of the Sunda margin[END_REF][START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF].

The backstop and basal plastic plate are rigid and fixed, meaning that neither flexural changes nor isostatic compensation are incorporated in our models (cf., [START_REF] Schellart | A review of analogue modelling of geodynamic processes: Approaches, scaling, materials and quantification, with an application to subduction experiments[END_REF]. In addition, the fixed backstop prevents deformation or rotation of the boundary between the accretionary wedge and arc massif (i.e., the backstop), and does not allow sediment outflux, which can be an important factor during subduction erosion and shrinkage of the accretionary wedge [START_REF] Gutscher | Material transfer in accretionary wedges from analysis of a systematic series of analog experiments[END_REF]Kukowski & Oncken, 2006;[START_REF] Lohrmann | Subduction channel evolution in brittle fore-arc wedges: A combined study with scaled sandbox experiments, seismological and reflection seismic data and geological field evidence[END_REF]. This study does not consider syn-tectonic sedimentation or surface erosion, which can thicken the thrust sheet and result in exhumation of the underplated sediment, respectively [START_REF] Konstantinovskaya | Thrust wedges with décollement levels and syntectonic erosion: A view from analog models[END_REF][START_REF] Malavieille | Deformation partitioning in mountain belts: insights from analogue modelling experiments and the Taiwan collisional orogen[END_REF][START_REF] Perrin | Impact of erosion and décollements on large-scale faulting and folding in orogenic wedges: Analogue models and case studies[END_REF]. These potential limitations should be carefully evaluated when applying the results of this study to natural accretionary wedges.

Results

Geometric parameters

The wedge width data and taper angles show that the wedge growth pattern is cyclical for the type 1 and 2 models (Figures 4 andS3). When a new thrust propagates, the wedge widens abruptly and the slope angle instantly decreases. This cyclical behavior has been previously described as episodic accretion [START_REF] Koyi | Subducting oceanic basement roughness impacts on upper-plate tectonic structure and a backstop splay fault zone activated in the southern Kodiak aftershock region of the Mw 9.2, 1964 megathrust rupture, Alaska[END_REF][START_REF] Mulugeta | Episodic accretion and strain partitioning in a model sand wedge[END_REF], accretionary cycle (Gutscher et al., 1998a), cyclic frontal accretion [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF], or punctuated thrust activity [START_REF] Naylor | Punctuated thrust deformation in the context of doubly vergent thrust wedges: Implications for the localization of uplift and exhumation[END_REF]. In contrast to this episodic evolution, the wedge height evolves nearly linearly without cyclical fluctuations, especially in the latter half of the experiments (L s > 400 mm), for both the type 1 and 2 models (Figure 4b and S3b).

The geometric parameters from the type 1 and 2 models basically follow the trends of the theoretical width, height, and slope. However, the slope angle decreases linearly throughout the experiments, whereas the theoretical slope angle is constant (Figure 4c).

A comparison of wedge geometry in terms of the number of weak layers (type 1 versus

2) shows magnitude of amplitude of the width and slope fluctuation is higher for the type 1 model (Figures 4 andS3). In addition, the height and slope of the type 2 model are lower than the theoretical values (Figures 4b, c andS3).

For the models with the discontinuous basal décollement (types 3 and 4), their geometric patterns of cyclicity are significantly different from the type 1 and 2 models after the onset of sand mound subduction. The slope increases as the width decreases in the type 3 model (M08; L s = 440-590 mm in Figure 4), while the width and slope are nearly constant through the same interval in the type 4 model (M10; L s = 405-610 mm).

The width, height, and slope of the type 3 and 4 models deviate from the theoretical values following subduction of the sand mound. In the type 3 model, the width is narrower than the theoretical one, and the maximum slope α is close to the theoretical angle of α case3 = 11.3 • (Figure 4). In the type 4 model, the height is higher than the theoretical one in the latter half of the experiment. The magnitude of amplitude of the width change for the type 4 model is much smaller than those of the type 3 model.

Structures

The structural patterns of the wedges vary depending on the presence of an interbedded weak layer and a frictional barrier in the basal décollement (Figures 5 and S4 S4b,c). The final dip angles of the deeply rooted forethrusts in the type 2 model are gentler than those of the type 1 model (Figure 5b). The resultant fault network is more complicated and has higher connectivity between the faults than in the type 1 model.

The cross-section geometries of the type 3 and 4 models (discontinuous basal décollement) have a steeply sloping inner wedge and gently sloping outer wedge (Figures 5c, d andS4dh). The thrust (F 5 in M08 or F 4 in M10) is associated with the sand mound subduction and underthrusting of a long thrust sheet in the wake of the sand mound (i.e., "shadow zone" of [START_REF] Dominguez | Upper plate deformation associated with seamount subduction[END_REF]. The sediment underthrusting is accompanied by compression, as depicted by the narrow spacing of the older thrust sheets. The wedge structure is represented by a vertical stack of underthrusted sediment in the wake of the sand mound. For example, the thrust sheet between F 5 and F 6 in the type 3 model ( M08) is completely underthrusted beneath the previously formed thrust sheet.

As a major difference between the type 3 and 4 model, the type 4 mode has a considerably higher amount of underthrusting than the type 3 model (Figure 5d). The lower part of the incoming sediment is underplated by the underthrusting sand mound which has finally reached the bottom of the proto-wedge. Another difference in the type 4 model is that the shallower thrusts form a thin-skinned duplex structure where the upper part of the incoming sediment is detached from the lower part being underthrusted beneath the wedge front (Figure 5d).

Kinematic parameters

Visualization

We use several different parameters to show how the wedge deforms during the accretion. The horizontal displacements in the top and bottom measurement zones (û top and ûbottom ) are used as indicators of the degree to which the overlying sediment layer is coupled or decoupled as compared with the moving basal sheet (Figure S5). For ex-ample, the accreted or incoming sediment is fully coupled with the basal plastic sheet when û = 1; partially coupled/decoupled when 0 < û < 1; and fully decoupled when û = 0. We also use the ratio of the top to bottom horizontal displacement ûtop /û bottom as an indicator of intra-wedge segmentation (coupling/decoupling between the upper and lower parts of the wedge). When ûtop /û bottom ∼ 0, the basal part of the wedge is decoupled from the upper part and underthrusted, whereas the basal part of the wedge moves together (coupled) with the upper part when ûtop /û bottom is close to 1. In addition, we use normalized vertical displacement v to visualize the places where the wedge is uplifting/subsiding during the deformation (Figure S6). The normalized maximum shear strains in the top and bottom measurement zones (ε max(top) and εmax(bottom) ) show the strainconcentration zones, meaning which thrusts are actively displacing (Figure S7). accretion cycle can be decomposed into four successive phases (Figure 6), which are basically followed by the previous studies [START_REF] Adam | Shear localisation and strain distribution during tectonic faulting-new insights from granular-flow experiments and high-resolution optical image correlation techniques[END_REF][START_REF] Dotare | Initiation of a thrust fault revealed by analog experiments[END_REF][START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF][START_REF] Marshak | Ramp initiation in fold-thrust belts: Insight from PIV analysis of sandbox models[END_REF][START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF].

Continuous single-décollement model (Type 1)

The accretion cycle begins with the preparation phase (phase 1) before the nucleation of a new frontal forethrust (Figure 6a and original DIC images without interpretations are shown in Figure S8). The outer part of the wedge has slightly reduced ûbottom (D b = 500-600 mm; Figure 7a) as compared with the previous phase, and several thrusts (F 2 and F 4 -F 7 ) are active simultaneously (Figures 6a and7i). The uplift (v > 0.05) is observed mainly between F 4 and F 6 (D b = 400-520 mm; Figures 6a and7g), but smallscale uplift (v < 0.05) also occurs ahead of the deformation front (D b = 640-700 mm in Figures 6a and7g), which can be correlated with the proto-thrust zone (cf., [START_REF] Barnes | The role of protothrusts in frontal accretion and accommodation of plate convergence, Hikurangi subduction margin, New Zealand[END_REF][START_REF] Mackay | Structural variation and landward vergence at the toe of the Oregon accretionary prism[END_REF]. This phase corresponds to stage 1 of the strain-hardening phase [START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF], stage 1 of the deformation propagation phase [START_REF] Dotare | Initiation of a thrust fault revealed by analog experiments[END_REF], or the reactivation phase [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

The following phase (phase 2) is the first phase in the lifespan of a new frontal thrust (Figure 6a). In this phase, the strain is localized between the new frontal forethrust (F 8 )

and its conjugate backthrust where a new ramp pops up (Figures 6a and7g). The strain localization at the outermost part of the wedge causes basal decoupling (û bottom < 0.1), strong intra-wedge coupling (high ûtop /û bottom ), and no uplift (low v) in the most part of the wedge (D b < 700 mm; Figure 7c, e, g). Older thrusts (F 4 -F 7 ) become inactive, resulting in F 8 being the only active forethrust (Figures 6a and7i). This phase corresponds to stage 2 of the strain weakening phase [START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF], stages 2 and 3 of the thrust initiation to active frontal thrusting phase [START_REF] Dotare | Initiation of a thrust fault revealed by analog experiments[END_REF], and the thrust initiation phase [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

Phase 3 is characterized by the accretion of a new thrust sheet to the wedge in association with reactivation of the previous frontal thrust (F 7 in Figures 6a and7i). This 7g). This phase can be correlated to stage 3 [START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF] or the underthrusting phase [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

Frontal accretion during phase 4 results in inward propagation of the coupled area at the base of the wedge (û bottom > 0.9 in D b = 550-680 mm; Figure 7c). The uplifted area also migrates inward (D b = 500-600 mm; Figure 7g), and the pre-existing thrusts are reactivated in the order F 6 to F 4 (Figure 7i). In addition, diffuse uplift in the protothrust zone starts during this phase (D b > 700 mm in Figure 7g). This phase can be compared with Stage 3/0 [START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF] or the reactivation phase [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

The final phase in the lifespan of F 8 is the preparation phase (phase 1) for the next frontal thrust F 9 (Figure 6a). Multiple pre-existing thrusts (F 2 and F 4 -F 8 ) are active simultaneously (Figure 7i) and the proto-thrust zone continues to undergo diffuse uplift (Figure 7g). This phase can be correlated with the reactivation phase [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

Continuous double-décollement model (Type 2)

The accretion cycles observed in the type 2 model are similar to those in the type 1 model, but with several differences (Figure 6b and original DIC images without interpretations are shown in Figure S9). These include: (1) propagation of a new shallowly rooted frontal forethrust at the deformation front and (2) use of the interbedded weak layer for rearrangement of pre-existing thrusts when they are reactivated (Figure 6b).

The first difference is evident in phase 3 where a new frontal shallowly rooted forethrust F 6a results in outward migration of the deformation front (Figures 6b and7b).

The low ûtop /û bottom value in the frontal part of the wedge (D b = 450-500 mm; Figure 7f) during phases 2 and 3 shows intra-wedge decoupling between the upper and lower parts of the wedge. This is evident from the underthrusting of the lower part of the incoming sediment beneath the wedge front (Figure 6b).

The second difference is evident from the multiple deeply and shallowly rooted thrusts that are simultaneously active, especially in phases 1 and 4 (Figures 6b and 7j In the type 3 model, a thrust sheet including the sand mound is underthrusted beneath the wedge and associated with a long-lived forethrust F 5 at the inward flank of the sand mound (Figure 8a). Underthrusting is much more conspicuous in the type 4 model (Figure 8b), where the basal part of the wedge is coupled to the subducting plate (high ûbottom , red zone in Figure 9d) and the upper wedge is completely decoupled from the lower wedge (low ûtop /û bottom , blue zone in Figure 9f). At the same time, several shallowly rooted thrusts are formed at the deformation front (L s = 500-745 mm in Figure 8b and F 4a -F 4g in Figure 9b) with the long-lived displacements of F 4

in the type 4 model (Figure 9j).

Another effect in the type 3 and 4 models is that the uplifted area propagates farther inward than in the type 1 and 2 models while the sand mound is being subducted (Figures 8 and9). However, the uplifting patterns between the type 3 and 4 models are different each other. The uplift in the type 3 model (L s = 400-800 mm) is widespread between the backstop and subducting sand mound (Figure 9g), while that in the type 4 model (L s = 400-750 mm) is narrower and more concentrated along the pathway of the mound than in the type 3 model (Figure 9h). In addition, the type 4 model exhibits a negative vertical displacement (i.e., subsidence) mostly in the wake of the sand mound (Figure 9h).

Discussion

Accretion cycles in single-décollement wedges

Repetition of episodic frontal accretion allows an accretionary wedge to maintain a critical taper angle (Del Castello & Cooke, 2007;[START_REF] Gutscher | Cyclical behavior of thrust wedges: Insights from high basal friction sandbox experiments[END_REF][START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF][START_REF] Stockmal | Mechanics of thinskinned fold-and-thrust belts: Insights from numerical models[END_REF][START_REF] Storti | Synchronous and velocity-partitioned thrusting and thrust polarity reversal in experimentally produced, doublyvergent thrust wedges: Implications for natural orogens[END_REF]. The nature of each accretion cycle has been discussed from the viewpoint of mechanical equilibrium or work budget (e.g., Cubas et al., 2008;Del Castello & Cooke, 2007;Gutscher et al., 1998a;[START_REF] Herbert | The work of fault growth in laboratory sandbox experiments[END_REF][START_REF] Mcbeck | Work optimization predicts accretionary faulting: An integration of physical and numerical experiments[END_REF][START_REF] Platt | The mechanics of frontal imbrication: a first-order analysis[END_REF]. Here we propose another simple conceptual model of an accretion cycle for normal frontal accretion, and explain the cycle based on the relative strengths of the wedge and basal detachment (cf., [START_REF] Bonini | Orogen-parallel variation in exhumation and its influence on critical taper evolution: The case of the Emilia-Romagna Apennine (Italy)[END_REF][START_REF] Oncken | Strain accumulation controls failure of a plate boundary zone: Linking deformation of the Central Andes and lithosphere mechanics[END_REF][START_REF] Suppe | Absolute fault and crustal strength from wedge tapers[END_REF][START_REF] Von Hagke | Critical taper analysis reveals lithological control of variations in detachment strength: An analysis of the Alpine basal detachment (Swiss Alps)[END_REF].

Conceptual model of the accretion cycle

An accretion cycle, from the preparation phase for new frontal thrust initiation (phase 1) to the reactivation of pre-existing thrusts (phase 4), can be discussed in terms of the inward increases in horizontal and vertical displacements during the cycle (û and v in Figure 7). The accretion cycle may start when the internal friction angles of the inner (ϕ in ) and outer (ϕ out ) parts of the wedge approach their peak values (Figure 10a). Maximization of the internal friction results in the internal domain being resistant to deformation, which may further play a role in the strain-concentration zone jump to the protothrust zone represented by a diffuse uplift ahead of the deformation front.

At the critical point in terms of the force balance or work optimization (cf., Cubas et al., 2008;Del Castello & Cooke, 2007;Gutscher et al., 1998a;[START_REF] Mcbeck | Work optimization predicts accretionary faulting: An integration of physical and numerical experiments[END_REF], a new frontal thrust initiates ahead of the deformation front as multiple pre-existing faults in the wedge cease to be active (phase 2 in Figure 10b). This may be related with that the frictional resistance of the basal detachment becomes weaker than the internal wedge strength as the internal wedge hardens, leading to failure of the basal coupling at the plate interface and creep of the wedge on the basal detachment.

As the new frontal thrust sheet is accreted, the coupled zone gradually propagates inward in association with reactivation of the previous frontal thrust (F 2 in Figure 10c).

This inward migration of the strain-concentration zone assists step-by-step reactivation of the pre-existing thrusts by tilting of the thrust dips in an inward direction (phases 3 and 4 in Figure 10d, e). Therefore, accretionary wedges are likely to experience repeated strain hardening and softening cycle (cf., [START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF][START_REF] Nieuwland | In-situ stress measurements in model experiments of tectonic faulting[END_REF][START_REF] Ritter | Sandbox rheometry: Co-evolution of stress and strain in Riedel-and Critical Wedge-experiments[END_REF], corresponding to strain hardening in the wedge (phase 1), strain localization in the outer wedge and dilation (strain softening) in the inner wedge (phase 2), and renewed hardening as the strain propagates inward (phases 3-4).

Wedge strength versus detachment strength

From the perspective of the relative strength of the wedge and basal detachment (Davis et al., 1983;[START_REF] Suppe | Absolute fault and crustal strength from wedge tapers[END_REF], we consider the strain hardening and weakening cycle to represent variations in the effective internal friction angle of the wedge. When the wedge strength is sufficient to prevent failure, the wedge is decoupled and creeps on the basal detachment without any deformation. However, when the frictional shear strength of the detachment is strong enough to deform the wedge, the basal interface is locked and the wedge is deformed. The wedge strength (W s ) and basal detachment strength (F s ) can be obtained from the differential and basal shear stresses for a given wedge height et al., 1983;[START_REF] Suppe | Absolute fault and crustal strength from wedge tapers[END_REF]:

H (Davis
W s = σ 1 -σ 3 ρgH (3) F s = τ b ρgH (4) with σ 1 -σ 3 = 2ρgH cos α sec 2ψ 0 csc ϕ ′ sec 2ψ 0 -1 τ b = -σ n tan ϕ ′ b σ 1 = σ z - 1 2 (σ z -σ x )(1 + sec 2ψ 0 ) σ 3 = σ z - 1 2 (σ z -σ x )(1 -sec 2ψ 0 ) σ n = σ z -τ xz sin 2α - 1 2 (σ z -σ x ) (1 -cos 2α) σ z = -ρgH cos α τ xz = 1 2 (σ z -σ x ) tan 2ψ 0 1 2 (σ z -σ x ) = -σ z csc ϕ ′ • sec 2ψ 0 -1
where ϕ ′ and ϕ ′ b are the effective friction angle of the wedge and the detachment, respectively. ψ 0 is derived from Eq. S3 (Supporting information S2).

We calculated W s and F s acting on the inner and outer parts of a given wedge (Figure 11a). For the initial conditions, we used an inner wedge length L in of 600 mm and a thickness of the incoming sediment H 0 = 35 mm. We also assumed that the effective friction angle ϕ ′ and inner wedge slope α in vary within the range of the critical values between the peak (α ϕ peak ) and dynamic (α ϕ dynamic ) friction angles (Figure 11b). In addition, the baseline of the internal friction angle in the inner wedge may be higher than that in the outer wedge, because the inner wedge could have accumulated more strain and undergone greater compaction than the outer wedge. The initial length of the outer wedge (L out ) is as a function of the dip angles of a conjugate forethrust and backthrust is as follows:

L out = H 0 1 tan δ f + 1 tan δ b
where δ f and δ b are the dip angles of the frontal forethrust and backthrust, which were derived from Eqs S1 and S2 (Supporting Information S2). By using these assumptions, we calculated W s and F s with Eqs 3 and 4.

The resultant trends of the wedge and detachment strengths for the above conditions (Figure 11) show that both the inner and outer wedges experience strengthening/weakening and decoupling/coupling during an accretion cycle (Figures 11f and12). The wedge strength depends on the variations of the internal friction angles related to strain hardening and softening (Figure 11b,f). In the preparation phase for a new frontal thrust, both the inner and outer wedge are strengthened and approach the critical state (point a in Figure 12). After the new thrust emerges, the outer wedge is strong enough to be decoupled from the basal detachment and the reduction of the detachment strength in the inner wedge may also cause creeping of the wedge on the basal detachment (point b in Figure 12). Then the outer wedge gradually weakens, leading to basal coupling with the detachment (point c in Figure 12). The degree of coupling or decoupling may be determined by the degree to which the wedge weakens or the detachment strengthens. An important point is that the wedge strength is approaching the critical line of α ϕ peak , with a reduction in the amplitude of the wedge strength as the wedge experience multiple cycles (Figure 12). This may explain the trends in the wedge slope angle approaches to the critical value α ϕ peak (Figure 4c).

An implication from our study for understanding natural accretionary wedges is that the wedge increases its strength and approaches to its critical state during the accretion cycles. However, our experiments have some limitations. For example, realignment of frictionally weak minerals (phyllosilicates like talc or smectite) in fault zones due to repeated slips could weaken both the wedge and the detachment strengths (cf., [START_REF] Bedford | Fault rock heterogeneity can produce fault weakness and reduce fault stability[END_REF][START_REF] Collettini | Fault zone fabric and fault weakness[END_REF]. In addition, pore fluid pressure in the basal décollement zone reduces the detachment strength, which facilitates the wedge is decoupled and creeps on the plate interface. On the other hand, the wedge and detachment strengths in the inner and deeper part may increase due to compaction associated with progressive dewatering [START_REF] Hyndman | Thermal constraints on the seismogenic portion of the southwestern Japan subduction thrust[END_REF][START_REF] Hyndman | The seismogenic zone of subduction thrust faults[END_REF][START_REF] Moore | Updip limit of the seismogenic zone beneath the accretionary prism of southwest japan: An effect of diagenetic to low-grade metamorphic processes and increasing effective stress[END_REF][START_REF] Morrow | Frictional strength and the effective pressure law of montmorillonite and lllite clays[END_REF] and due to diagenetic alteration including the smectite-illite transition [START_REF] Okuda | Frictional properties of the décollement in the shallow Nankai Trough: Constraints from friction experiments simulating in-situ conditions and implications for the seismogenic zone[END_REF][START_REF] Saffer | Effects of smectite to illite transformation on the frictional strength and sliding stability of intact marine mudstones[END_REF]. Geometric heterogeneity of the subducting plate interface may also affect the frictional property and the detachment strength. As the wedge grows, this depth-dependent alteration of the material properties may promote segmentation between the inner and outer parts not only in the wedge but also in the décollement zone, leading to differentiate the wedge strength (H. [START_REF] Kopp | Backstop geometry and accretionary mechanics of the Sunda margin[END_REF][START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF] and the detachment strength [START_REF] Wang | Accretionary prisms in subduction earthquake cycles: The theory of dynamic Coulomb wedge[END_REF]. et al. (2007) noted that the accretion cycle represents an internal clock of wedgescale deformation in the time scale of 10 5 years. In our study, the intervals of each ac-cretion cycle are nearly constant (120-140 mm of the shortening length for a new thrust propagation) in the type 1 model (Figures S12a andS13). Because the timescale of the accretion cycle depends on the plate convergence rate [START_REF] Naylor | Punctuated thrust deformation in the context of doubly vergent thrust wedges: Implications for the localization of uplift and exhumation[END_REF], when we assume the convergence rate V c is 50 mm yr -1 , about 120-140-mm of shortening (∼12-14 km in nature, if the length scale is 10 5 ) is equivalent to 0.24-0.28 Myr. This duration is comparable with the minimum time (t c ) required for the completion of a frontal accretion cycle, based on the following empirical equation [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF]:

Time scaling

Hoth

t c = 4D/V c , ( 5 
)
where D is the thickness of the trench-fill sediment (m). Equation 5yields t c = 0.28 Myr in the case of D = 3.5 km and v = 50 mm yr -1 , which is similar to the values for the Nankai, Cascadia, Makran margins (figure 10 in [START_REF] Hoth | Frontal accretion: An internal clock for bivergent wedge deformation and surface uplift[END_REF].

An insight from our study in understanding modern (10 0 -10 2 years) snapshots of natural subduction zones is that the degree of coupling/decoupling and also the size/locus of the strain at the plate boundary depend on the phase of accretion cycle (∼10 5 years).

Although the time scale of the accretion cycle is longer than earthquake recurrence intervals, this could be comparable with a sudden stress drop on the subduction interface when a mega-thrust earthquake occurs, which changes the subduction zone from a quasisteady state loading mode (i.e., stick) to a temporarily non-stationary (i.e., transient) relaxation mode. In our case, accretionary wedges in phase 2 tend to be relatively weakly coupled, and thus may exhibit higher levels of creep (i.e., low seismic coupling) than in the other phases. In contrast, the wedge in phase 4 would be more strongly coupled to the lower plate than in the other phases, suggesting some asperities drag the wedge base and accumulated strain would be released during a large earthquake. We speculate that the stress distribution on the plate interface in natural subduction zones may be affected by the accretion cycle over the long-time scale.

Role of the interbedded weak layers

In this section, we discuss the differences in the effective friction angles from its peak (ϕ ′ peak ) to stable sliding (ϕ ′ stable ) condition between the single-and double-décollement models by using Mohr diagrams (Figure 13) with observations of the thrust dip angle of a new forethrust (δ f(init) ) and that of the trailing previously formed frontal thrust (δ f(final) )

when the new forethrust initiates in addition to estimated effective slope angles α ′ (Fig-

ures S12b and S13d-e; Supporting Information S2).

For the single-décollement model (type 1 in Figure 13a), the estimated effective basal friction angle (ϕ ′ base = 24.5 • ) almost coincides with the measured friction angle of the glass microbeads (ϕ dynamic = 24.0 • ; Table 1) when the wedge taper angle is equal to α ϕcase2 (α ϕ dynamic = 9.6 • in Figure S1). The effective internal friction angle (ϕ ′ ) ranges from ϕ ′ peak = 31.4 • for the peak to ϕ ′ stable = 29.0 +0.7 • -0.9 • for the stable sliding, and is much larger than ϕ ′ base . This suggests that the basal weak layer always works as a décollement. Smaller angles of ϕ ′ peak and ϕ ′ stable than the measured friction angles of sand (ϕ peak = 35.5 • and ϕ dynamic = 30.8 • in Table 1) may be caused by: ( 1) the incoming sediment layer that consists of sand and glass microbead layers; or (2) microbead grains that penetrate the shear zone at the frontal thrust.

For the type 2 model, the effective internal friction angle (ϕ ′ peak = 27.6 • and ϕ ′ static = 23.4 +1.9 • -1.5 • ) and basal friction angle (ϕ ′ base = 21.0 • when α ϕcase2 = 9.6) are smaller than those for the type 1 model (Figure 13b), suggesting that the internal strength of the type 2 model is smaller than that of the type 1 model. The similar value of the lower limit of ϕ ′ stable = 21.9 • to ϕ ′ base = 21.5 • may reduce the relative strength of the wedge to the detachment, implying more intense deformation than the type 1 model.

Role of discontinuity in the basal décollement

The discontinuous basal décollement in the type 3 and 4 models produced similar features in geometries and kinematics as those caused by seamount/ridge subduction, although our sand mound was neither rigid nor fixed to the base (cf., [START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF][START_REF] Lallemand | Effects of oceanic ridge subduction on accretionary wedges: Experimental modeling and marine observations[END_REF][START_REF] Miyakawa | Evolution of the geological structure and mechanical properties due to the collision of multiple basement topographic highs in a forearc accretionary wedge: insights from numerical simulations[END_REF][START_REF] Noda | Subduction of trench-fill sediments beneath an accretionary wedge: Insights from sandbox analogue experiments[END_REF][START_REF] Okuma | Surface friction of subducting seamounts influences deformation of the accretionary wedge[END_REF][START_REF] Ruh | Crustal deformation dynamics and stress evolution during seamount subduction: High-resolution 3-D numerical modeling[END_REF]. For the type 3 model, when the sand mound starts to be subducted at the deformation front, the wedge enters a compressively unstable regime in order to adjust to the higher basal friction until the wedge reaches a new equilibrium with a higher taper angle (Figure 14a). A high-friction sandy mound behaves as a physical barrier to the basal décollement and prevents outward propagation of displacement, which promotes outward stepping up of the décollement and the sediment underthrusting (Figure 14a).

The resultant geometry is comparable to that of a single wedge composed of two or more critical taper segments, comprising the strongly compacted inner wedge and weakly com-pacted outer wedge (cf., [START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF]. This strengthened part of the inner wedge is capable to work as a "dynamic" backstop for the younger frontal accretion, which produces a middle-wedge slope break and middle-slope ramp (e.g., H. [START_REF] Kopp | Backstop geometry and accretionary mechanics of the Sunda margin[END_REF][START_REF] Miyakawa | Effect of increased shear stress along a plate boundary fault on the formation of an out-of-sequence thrust and a break in surface slope within an accretionary wedge, based on numerical simulations[END_REF].

The double-décollement model (type 4) is characterized by sediment underthrusting with a large displacement along the interbedded weak layer, which produces a duplex structure in the lower part of the inner wedge and a flat ramp in the middle wedge (Figure 14b). Our type 4 model suggests that the continuous interbedded weak layer can work as a plate boundary fault while the sand mound is subducting and produce a longer, shallower dipping, and smoother plate interface than the type 3 model (Figure 14a,b).

The detachable sand mound used in this study might have produced the persistent difference between the type 3 and 4 models. In the type 3 model, the uplift continued for longer in the inner part of the wedge than in the double-décollement model (type 4), even after the sand mound slowed the convergence rate (L s = 600-800 mm in Figure 9g).

In the type 4 model, the uplift in the inner wedge ceased abruptly after the sand mound stopped the subduction (L s ≈ 730 mm in Figure 9h). This difference suggests that the patterns of inner wedge uplift may depend on the heterogeneity in the frictional property on the plate interface or presence of the interbedded weak layer.

As compared with previous models of subduction of partially buried seamounts [START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF], our models reproduced neither backthrusts in the inward flank of the seamount nor normal faults in the wake of the seamount (Figure 14a-c). Recent numerical models [START_REF] Pajang | The distinct morphologic signature of underplating and seamounts in accretionary prisms, insights from thermomechanical modeling applied to Coastal Iranian Makran[END_REF] indicate that subduction of a topographically large-scale seamount is necessary for the emergence of crustal-scale normal faults. Therefore, wedge-scale backthrusts and normal faults might be caused by the topographic effect of an exposed seamount rather than the subduction of a buried high-friction interval.

Comparison with natural accretionary wedges

The architecture (e.g., fault network and thrust spacing) of the Sinu Fold Belt, which is an accretionary wedge where the Caribbean Plate subducts beneath the South American Plate, is comparable with our type 1 (continuous single-décollement) model (Figure 1a). The common features between them are that most thrusts emanate from the basal detachment forming an imbricate thrust system. The thrust spacing is relatively homogeneous but narrower in the inner wedge than the outer wedge [START_REF] Rodríguez | Structural style and evolution of the offshore portion of the Sinu Fold Belt (South Caribbean Deformed Belt) and adjacent part of the Colombian Basin[END_REF]. The major difference in the Sinu Fold Belt from our model is the presence of normal faults on the continental shelf. This may be caused by gravitational tectonics due to a very weak friction in the basal detachment associated with mud diapirs or local extension due to transtensional rotation of the inner wedge relative to the outer wedge [START_REF] Rodríguez | Structural style and evolution of the offshore portion of the Sinu Fold Belt (South Caribbean Deformed Belt) and adjacent part of the Colombian Basin[END_REF]. Because our experiments are completely under the dry setting, we cannot produce excess pore fluid pressure in the décollement, which can make the wedge unstable to maintain the wedge taper. In addition, the subduction direction is perpendicular to the backstop in our model, meaning transpressional/transtensional deformation cannot be examined.

The Makran margin is shown as an example for the double décollement model (Figure 1b). In this margin, an unconformity within the incoming trench-fill sediment separates the lower sequence of mud-prone deep-sea sediment from the upper sequence of clastic sediment [START_REF] Schlüter | The Makran accretionary wedge: sediment thicknesses and ages and the origin of mud volcanoes[END_REF][START_REF] Smith | The structure and fault activity of the Makran accretionary prism[END_REF]. This unconformity likely makes a property boundary between the two sequences and can be used as the main décollement when the lower sequence is underthrusted beneath the wedge and the upper sequence is accreted at the deformation front [START_REF] Smith | The structure and fault activity of the Makran accretionary prism[END_REF]. The large stack of underplated sediment beneath the inner Makran margin [START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthe-sis and tectonic interpretation[END_REF] implies that the underthrusted sediment is decoupled from the subducting oceanic plate beneath the inner wedge (cf., Dal Zilio et al., 2020). This is the case for our type 4 model, which shows the high-friction interval (highly coupled area) on the plate interface enabled sediment underthrusting and underplating beneath the inner wedge (Figure 14b). The localized uplift at the inner wedge may provide an insight to the non-linear uplift rates at some marine terraces over ∼10 5 to 10 6 -yr timescales (e.g., [START_REF] Bishop | Segmentation in continental forearcs: Links between large-scale overriding plate structure and seismogenic behavior associated with the 2010 Mw 8.8 Maule, Chile earthquake[END_REF][START_REF] Melnick | Rise of the central Andean coast by earthquakes straddling the Moho[END_REF][START_REF] Saillard | From the seismic cycle to long-term deformation: linking seismic coupling and Quaternary coastal geomorphology along the Andean megathrust[END_REF]. The temporal changes of the coastal uplifting rates in nature may reflect a spatial variation in frictional property along the subduction interface or a pulse of subduction of a discontinuous basal décollement. [START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF] proposed a structural evolution model based on subduction of buried seamounts off Alaska, which includes: (1) shortening in the proto-thrust zone prior to subduction of a buried seamount; (2) a significant seaward jump of the deformation front due to the formation of the proto-thrust zone; and (3) steepening of the inner wedge and backthrusting with a potential décollement step-down beneath the middle wedge (Figure 14d). In their studied area, the incoming trench-fill sedimentary suc-cession contains a major lithological boundary [START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF][START_REF] Gulick | Mid-Pleistocene climate transition drives net mass loss from rapidly uplifting St. Elias Mountains, Alaska[END_REF][START_REF] Reece | Tectonic and climatic influence on the evolution of the Surveyor Fan and Channel system, Gulf of Alaska[END_REF], which may act as a structural detachment that promotes underthrusting of the lower sequence of the trench-fill sediment. [START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF] speculated that underplating preferentially occurred on the wake side of the subducted seamounts, similar to our models in which the underthrusted sediments were underplated beneath the inner wedge. In our case, a combination of the presence of the interbedded weak layer and a detachable high-friction interval in the basal weak layer facilitates not only the décollement step-up to accommodate the subduction channel and underthrust the sediment but also the décollement step-down to underplate the sediment.

Conclusions

We employed four types of sandbox models by changing the décollement config- Our results highlight the décollement configuration is a critical factor to determine the accretionary process, the architecture, and the thrust activity in accretionary wedges.

We think our detailed observation of the wedge geometry and the kinematics can be useful when we interpret natural accretionary wedges. in association with landward stepping down of the décollement level at the Makran margin [START_REF] Burg | Structural style of the Makran Tertiary accretionary complex in SE-Iran[END_REF][START_REF] Burg | Geology of the onshore Makran accretionary wedge: Synthe-sis and tectonic interpretation[END_REF][START_REF] Grando | Morphotectonics domains and structural styles in the Makran accretionary prism, offshore Iran[END_REF]; C. [START_REF] Kopp | Structure of the Makran subduction zone from wide-angle and reflection seismic data[END_REF]. (c) Accretionary wedge deformed by subduction of a seamount at the Hikurangi margin [START_REF] Barnes | Late Cenozoic evolution and earthquake potential of an active listric thrust complex above the Hikurangi subduction zone, New Zealand[END_REF][START_REF] Barnes | Tectonic and geological framework for gas hydrates and cold seeps on the Hikurangi subduction margin[END_REF][START_REF] Nicol | Tectonic evolution of the active Hikurangi subduction margin, New Zealand, since the Oligocene[END_REF][START_REF] Watson | Focused fluid seepage related to variations in accretionary wedge structure, Hikurangi margin[END_REF].

(d) Accretionary wedge segmented by megasplay faults, being considered a doubledécollement accretionary wedge at the Nankai margin (G. F. [START_REF] Moore | IODP Expedition 338: NanTroSEIZE Stage 3: NanTroSEIZE plate boundary deep riser 2[END_REF][START_REF] Tobin | Direct constraints on in situ stress state from deep drilling into the Nankai subduction zone[END_REF]. Note that the colors are used to aid visibility, and that areas of the same color in the different accretionary wedges do not represent the same lithology. box model for subduction of a partially buried seamount [START_REF] Dominguez | Deformation of accretionary wedges in response to seamount subduction: Insights from sandbox experiments[END_REF].

The rigid seamount is fixed to the lower plate. (d) A model of buried seamount subduction proposed from a study offshore of Kodiak Island [START_REF] Frederik | Effect on subduction of deeply buried seamounts offshore of Kodiak Island[END_REF]. DF = deformation front; PTZ = proto-thrust zone; OOST = out-of-sequence thrust. 19.6 b 9.9 b * Strain softening expresses the percentage difference between peak friction and dynamic stable friction.

a : Ratio of the friction angles, (peak strength-dynamic strength)/dynamic strength in percent. b : Ratio of the friction angles, (static strength-dynamic strength)/dynamic strength in percent.

All data of the frictional angle and cohesion were measured using a Schulze ring shear tester at the Helmholtz Centre Potsdam, German Research Centre for Geosciences GFZ [START_REF] Klinkmüller | Properties of granular analogue model materials: A community wide survey[END_REF][START_REF] Lohrmann | The impact of analogue material properties on the geometry, kinematics, and dynamics of convergent sand wedges[END_REF][START_REF] Schulze | Development and application of a novel ring shear tester [entwicklung und anwendung eines neuartigen ringschergeraetes[END_REF]. -66-manuscript submitted to Journal of Geophysical Research: Solid Earth for the type 1 and 3 models, and 72-91 mm for the type 2 and 4 models. These shortening lengths for new thrust propagation are ∼1.1-1.3 times larger than the length of a new ramp in the type 1 and 3 models, 1.5 times than that in the type 2 model, and 2.0 times than that in the type 4 model (Figure S12a).

The initial dip angles of the frontal deeply rooted forethrusts (δ f(init) ) in the type 1 and 3 models is averaged around ∼23 • and those of the type 2 and 4 models are ∼25 • (Figures S12b andS13d). The backthrust angles (δ b ) vary between 36-40 • and do not exhibit a clear difference between model types (Figures S12b andS13c).

The annotated lines in Figure S12b were drawn to estimate the effective internal friction (ϕ ′ ) and effective surface slope angles (α ′ ) for a given δ f(init) and δ b when a new forethrust is initiated. These lines are based on the non-cohesive critical taper theory (Dahlen, 1984).

δ f = π 4 - ϕ ′ 2 -ψ b (S1) δ b = π 4 - ϕ ′ 2 + ψ b (S2) with ψ 0 = 1 2 sin -1 sin α ′ sin ϕ ′ - 1 2 α ′ (S3
)

ψ b = α ′ + β -ψ 0 (S4)
where β is 0.

For example, the data for the type 1 model (red circle in Figure S12b) indicates ϕ ′ is 31.4 • and α ′ is 4.3 • . For the type 2 model, ϕ ′ is 27.6 • and α ′ is 3.8 • .

-3-manuscript submitted to Journal of Geophysical Research: Solid Earth ).

Results for the other models are shown in Figure S13. 

  also applied the DIC technique to their sandbox experiments and identified three phases (thrust initiation, underthrusting, and reactivation) in the accretion cycle, depending on the location, timing, and magnitude of deformation within thrust wedges. Dotare et al. (2016) further proposed four stages, which include stage 0 (concentration of all deformation onto the existing thrusts in the wedge), stage 1 (propagation of deformation ahead of the deformation front), stage 2 (strain localization within the diffused deformation zone in front of the wedge and reduction of activity on the existing thrusts), and stage 3 (activation of a new frontal thrust and cessation of activity on the existing thrusts). Ritter et al. (2018) indicated that the strain localization phase (stage 2 of Dotare et al., 2016) was associated with the compaction and hardening of the wedge and a new frontal thrust appeared ahead of the deformation front after the wedge was compacted and hardened enough (stage 3 of Dotare et al., 2016) based on their force measurements.

  ). The internal structure of the type 1 model (single décollement) is characterized by thick imbricate thrust sheets bounded by deeply rooted forethrusts, which shows that a piggyback style of frontal accretion is dominant for this wedge. Some minor backthrusts are developed as a set of conjugate faults when the frontal forethrust pops up a ramp (Fig-ure5a). The thrust spacing is nearly even, but it is narrower in the inner part than in the outer part of the wedge. The density of fault network is sparse.In contrast, the internal structure of the type 2 model (double décollement) is characterized by frontal accretion involving deeply and shallowly rooted thrusts; the latter are almost totally coinciding with the weak interbedded layer of microbeads (Figures5band

  The resultant diagrams for those parameters are shown in Supporting Information (Figures S5, S6, S7). In each diagram, the horizontal and vertical axes indicate the distance from backstop (D b ) and shortening (L s , equivalent to time), respectively. The accretionary wedge width is defined by the length from the backstop (D b = 0) to the deformation front (thick solid line in Figures S5, S6, S7), which gradually widens as the shortening increases while the deformation front repeats back and forth cyclically. In the following sections, we focus on the cyclic accretion process in different model types. Each

  accretion increases ûtop (D b = 600-700 mm) and ûbottom (D b = 250-650 mm) in the middle part of the wedge (Figure 7a, c). The location of the uplifted area migrates inward (D b = 600-680 mm; Figure

  ). Low ûtop /û bottom values (<0.3) in the inner part of the wedge (D b = 230-320 mm) are indicative of intrawedge decoupling due to out-of-sequence thrusting of the shallowly rooted forethrust F 3d (Figure 7j). The reactivated thrusts of F 5a and F 5b in phase 4 are associated with a localized uplift in the outer part of the wedge (D b = 460-500 mm; Figure 7h).4.3.4 Discontinuous décollement models (Types 3 and 4) Subduction of the sand mound (type 3 and 4 models) has a significant effect on the accretion cycle. One of the important effects on wedge deformation is sediment underthrusting (Figure 8 and original DIC images without interpretations are shown in Figures S10 and S11).

  urations, in order to investigate the effects of décollement conditions on growing accretionary wedges. The geometrical and DIC-based kinematic data yield the following conclusions.The continuous single-décollement model is characterized by multiple cycles of frontal accretion associated with deeply rooted forethrusts. Each accretion cycle comprises four phases: the preparation (phase 1), initiation (phase 2), accretion (phase 3), and reactivation (phase 4) phases. The time scale of the cycle depends on the plate subduction rate and the sediment thickness, but the type 1 model can be scaled to the order of 10 5 years in nature. Through the accretion cycle, the wedge undergoes: (1) an inward shift of the strain locus with a stepwise inward propagation of the basal coupling area, and reactivation of pre-existing thrusts in the wedge; and (2) a sudden loss of the basal coupling under the wedge at the time of initiation of a new frontal forethrust. The accretion cycles is a fundamental process to make the wedge its critical state with hardening/weakening the relative strength of the wedge to the detachment associated with widening/narrowing the area of the basal coupling on the plate interface. The presence of an interbedded weak layer enables the frontal forethrusts to exchange the detachment between the intermediate and basal levels, and enhances sediment underthrusting in the frontal part of the wedge during the phases 3-4 of the accretion cycle. The interbedded weak layer also has a role in rearrangement of the preexisting fault network by reconnecting the deeply rooted thrusts with shallowly rooted thrusts when they are reactivated, leading to intra-wedge segmentation and additional underthrusting in the middle part of the wedge. The intermediate weak layer can also weaken the wedge strength and make denser fault network in the wedge than the type 1 model. An interruption in the frictional weakness of the basal décollement increases the surface slope angle of the wedge and stimulates the out-of-sequence thrust activity. A combination of a frictional barrier in the basal décollement layer and the continuous interbedded décollement layer enables underplating of the underthrusted sediment beneath the inner wedge with a low-angle, long-lived, deeply rooted underthrusting and multiple frontal accretion with short-lived, shallowly rooted forethrusts by using the interbedded weak layer.
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Figure 2

 2 Figure 2 (a) The experimental set-up used in this study. The dimensions of the tank are 1890 mm long × 315 mm high × 300 mm wide. The red arrow indicates the direction of the shortening. (b-e) Modeling set-ups. (b) Type 1: continuous single décollement model. The 25 mm-thick sand layer covers a 10 mm-thick glass microbead layer. (c) Type 2: continuous double décollement model. A 5 mm-thick glass microbead layer was placed in the middle of the incoming sediment layer. (d) Type 3: discontinuous single décollement model. A 90 mm-wide sand mound disrupts the continuity of the basal microbead layer. (e) Type 4: discontinuous double décollement model. Asterisks ( * ) indicate the models used for the DIC analysis.

Figure 3

 3 Figure 3 Schematic illustrations of the measurements of the geometrical and kinematic parameters. (a) The coordinate system for the geometrical parameters. The origin was assigned at the toe of the proto-wedge in the initial stage. (b) The geometrical parameters include the wedge width, height, and slope (α). The slope was measured between the deformation front (P 0 ) and the highest point on the wedge (P 1 ). (c) The top (blue line) and bottom (black line) measurement zones for the normalized horizontal displacements (û) at the top (û top ) and at the bottom (û bottom ), respectively. (d) The top (blue line) and bottom (black line) measurement zones for the normalized maximum shear strains (ε max ) at the top (ε max(top) ) and the

Figure 4

 4 Figure 4 Plots of the geometrical parameters; (a) width; (b) height; (c) slope. The right and left columns are the type 1-2 and 3-4 models, respectively. Vertical dashed lines in the right column indicate the onset of sand mound subduction. Horizontal lines of α case1 , α case2 , and α case3 in (c) correspond to the critical slope angles for cases 1-3 in Figure S1, respectively. Labels F # indicate the timing of the emergence of deeply rooted forethrusts. The theoretical width and height of the wedge, and the critical zones of the slope were obtained as shown in Supporting Information (Figure S2). The geometrical parameters of all the models are shown in Figure S3.

Figure 5

 5 Figure 5 Final stacking patterns of the models. Numbered faults are deeply rooted forethrusts.

Figure 6

 6 Figure 6 Sequential images of normalized horizontal (û; left column) and vertical (v; right column) displacement showing an accretion cycle. (a) Type 1 model (M06). (b) Type 2 model (M04). DIC images without interpretations are shown in Figures S8 and S9.

Figure 7

 7 Figure 7 Comparison of the accretion cycles between the type 1 (left row) and type 2 (right row) models. (a) Normalized horizontal displacement in the top measurement zone (û top from Figure S5). (b) Normalized horizontal displacement in the bottom measurement zone (û bottom from Figure S5). (c) The ratio of normalized horizontal displacement at the top to the bottom ûtop /û bottom (Figure S5). (d) Normalized vertical displacement (v from Figure S6). (e) Maximum shear strain in the top measurement zone (ε max(top) from Figure S7). White and black arrows indicate major out-of-sequence thrusts and reactivated thrusts, respectively. The extracted intervals are the shortening length L s = 800-1000 mm for the type 1 model (M06) and L s = 630-800 mm for the type 2 model (M04).

Figure 8

 8 Figure 8 Interpreted DIC images for the (a) type 3 and (b) type 4 models. The left and right columns are normalized horizontal and vertical displacements, respectively. The black area in each image shows the location of the sand mound. Raw DIC images without interpretations are shown in Figures S10 and S11.

Figure 9

 9 Figure 9 Comparison of the sand mound subduction between the type 3 (left row) and type 4 (right row) models. (a) Normalized horizontal displacement in the top measurement zone (û top from Figure S5). (b) Normalized horizontal displacement in the bottom measurement zone (û bottom from Figure S5). (c) The ratio of normalized horizontal displacement at the top to the bottom ûtop /û bottom (Figure S5). (d) Normalized vertical displacement (v from Figure S6). (e) Maximum shear strain in the top measurement zone (ε max(top) from Figure S7). White and black arrows indicate major out-of-sequence thrusts and reactivated thrusts, respectively. The meshed areas indicate the traces of the subducting sand mound. The extracted intervals are the shortening length L s = 300-800 mm for both type 3 (M08) and type 4 (M10) models.

Figure 10

 10 Figure 10 Conceptual models of an accretion cycle for the continuous single décollement model. Solid and open circles at the bottom of the wedge are the reference points used to calculate the wedge and detachment strengths in Figures 11 and 12. Gray shading in the bands below the wedge indicate the degree of coupling between the basal plastic film and wedge; black and white colors mean completely coupled and decoupled, respectively. ϕ ′ in and ϕ ′ out are the effective friction angles of the inner and outer parts of the wedge, respectively. α ′ out is the effective slope angle at the point that a new frontal forethrust emerges. α ϕ peak and α ϕ dynamic are the theoretical taper angles in cases 1 and 2, respectively (Figure S1).

Figure 11 (

 11 Figure 11 (a) A sketch of an accretionary wedge showing the parameters related to the wedge and detachment strengths. Subscripts "in" and "out" represent the inner and outer parts of the wedge, respectively. H = height; L = length; α = slope angle; ϕ = internal friction angle; σ 1 = maximum principal stress; σ 3 = minimum principal stress; σ n = normal stress; τ b = basal shear stress; δ f and δ b = dip angles of the forethrust and backthrust, respectively. (b) Effective internal friction angle (ϕ ′ ). The left and right columns are the inner and outer parts of the wedge, respectively. Horizontal lines of ϕ peak and ϕ dynamic are the measured friction angles of the sand used in this study. (c) Surface slope (α). Solid and dashed lines

Figure 12

 12 Figure 12 Trends of the wedge and detachment strengths at locations in the outer and inner parts of the wedge (Figure11). Thick dashed and solid lines show the trends of the strengths from phase 1 to 4 in the outer and inner parts of the wedge, respectively. The two lines for α ϕ peak and α ϕ dynamic are the theoretical lines of the strengths calculated from α = F s /(1 + W s ) (Eq. 2a in[START_REF] Suppe | Absolute fault and crustal strength from wedge tapers[END_REF]. The lower right and upper left corners in the diagram indicate that the wedge is decoupled and coupled to the basal detachment, respectively.

Figure 13

 13 Figure13Mohr diagrams using the pole projection method (P-pole;[START_REF] Terzaghi | Theoretical Soil Mechanics[END_REF]. (a) Type 1 model. (b) Type 2 model. δ f(init) = dip of a new frontal forethrust when it is nucleated (Figure S13d); δ f(final) = dip of the trailing previously formed frontal forethrust (Figure S13e); δ b = dip of the backthrust in a conjugate set with the new frontal forethrust (Figure S13c); α ′ = effective slope angle at which a new frontal thrust emerges (Figure S12b); α ϕcase1 and α case3 = theoretical slope angles (Figure S1); ϕ ′ peak = effective peak friction angle when a new frontal thrust initiates; ϕ ′ stable = effective stable friction angle; ϕ ′ base = effective stable friction angle at the basal interface; P = position of the pole on the circle. Green areas indicate the ranges of the effective internal friction angles (ϕ ′ stable ) of the incoming sediments while the frontal forethrust is active.

Figure 14 A

 14 Figure 14 A comparison between our discontinuous basal décollement models and other published models. (a) Type 3 model (M08). (b) Type 4 model (M10). (c) A sand-
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 S1 Figure S1. (a) Plots of the stability fields for critical taper wedges, with the surface slope (α) and basal dip (β). Four cases are plotted with different basal and internal friction angles. ϕ b = basal friction angle; ϕ = internal friction angle. Case 1: ϕ b = 24.0 • (dynamic friction angle of the glass microbeads) and ϕ = 35.5 • (peak friction angle of the sand). Case 2: ϕ b = 24.0 • (dynamic friction angle of the microbeads) and ϕ = 30.8 • (dynamic friction angle of the sand). Case 3: ϕ b = 30.8 • (dynamic friction angle of the sand) and ϕ = 35.5 • (peak friction of the sand). Case 4: ϕ b = ϕ = 30.8 • (dynamic friction angle of the sand). Details of the frictional properties are listed in Table 1. (b) Enlarged view of (a) around β = 0. The shaded area bounded by case 1 (α ϕ peak = 7.5 • ) and case 2 (α ϕ dynamic = 9.6 • ) is the compressional critical zone for this study.

Figure S3 .

 S3 Figure S3. Plots of the geometrical parameters for all models. (a) Width. (b) Height. (c) Slope. Vertical lines in the right column indicate shortening lengths of onset of the sand mound subduction. Horizontal lines of αcase1, αcase2, and αcase3 in (c) show the critical slope angles for the cases 1-3 (FigureS1). Regions of the theoretical width and height and the critical zone of the slope are explained in Supporting Information S1 (FigureS2).

Figure S6 .

 S6 Figure S6. Normalized vertical displacement (v) for the type 1-4 models. (a) Type 1 model (M06). (b) Type 2 model (M04). (c) Type 3 model (M08). (d) Type 4 model (M10). Thick solid lines are the deformation fronts. Meshed areas in (c) and (d) show the traces of the subducting

Figure S9 .

 S9 Figure S9. DIC images of the normalized horizontal (û, left column) and vertical displacement (v, right column) showing an accretion cycle in the Type 2 model (M04). Interpretations are shown in Figure 6b.

Figure S12 .

 S12 Figure S12. (a) Shortening length required for the propagation of a new deeply rooted frontal forethrust versus the length of a new ramp. (b) Initial dip angles of the forethrust δ f(init) and backthrust δ b . Thin gray solid and dotted lines are the effective slope angle α ′ and the effective internal friction angle ϕ ′ , respectively.

Figure S13 .

 S13 Figure S13. (a) Shortening length for propagation of a new deeply rooted forethrust. (b) Length of a new ramp. (c) Initial dip angles of backthrust δ b when a
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S1 Theoretical width, height, and slope of the wedge

The accretionary wedge develops and deforms at its Coulomb failure limit (Dahlen, 1984(Dahlen, , 1990;;Davis et al., 1983;[START_REF] Lehner | Comments on "Noncohesive critical Coulomb wedges: An exact solution" by F. A. Dahlen[END_REF]. The topographic slope (α) can be predicted from the material properties of dry sand (i.e., no pore fluid pressure) relative to the basal slope angle of the décollement (β = 0 in this study), along with the basal (ϕ b ) and internal (ϕ) friction angles of the materials.

When the basal décollement consists of glass microbeads with a dynamic friction angle ϕ b = 24.0 • , the theoretical wedge slopes are α ϕ peak = 7.5 • for sand with a peak friction angle ϕ peak = 30.8 • (case 1 in Figure S1) and α ϕ dynamic = 9.6 • for the overlying sand layer with a dynamic friction angle ϕ dynamic = 30.8 • (case 2 in Figure S1).

We can estimate the theoretical wedge width (W w ) and height (H w ) by using these slope angles (Figure S2). A simplified wedge area can then be expressed as:

where W s is the cumulative shortening length, γ is the slope angle of the proto-wedge (∼31 • ), and H s is the thickness of the incoming sediment layer. The theoretical height should be simply W w tan α.

S2 Thrust propagation and effective internal friction

We