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Abstract

Subduction of cold oceanic plates is a key driver of plate tectonics on Earth and has
a wide range of surface expressions. The mechanisms governing subduction diver-
sity are still debated. In this thesis, I investigate several key mechanisms using ob-
servations and numerical models of single plate subduction. First, I compile global
subduction parameters along trenches from the last 120 Myr using recent global plate
reconstruction models. The compilation highlights that trench motions generally con-
tribute less than 20% to plate convergence, which has been attributed to low drag
force at the base of the subducting plate. I investigate the role of basal drag using 2-
D models of long and short plates including composite rheology. I show that even if
basal drag force is low, it is expected to modify plate velocity significantly and that,
in the Cenozoic record, its effect on velocity is masked because large-area plates expe-
riencing significant basal drag have also been the ones with the highest driving slab
pull. In particular for major subduction zones, some observed variability correlates
with age-dependent variations of buoyancy and strength of the downgoing plate. Us-
ing a set of mechanical 3-D models, I show that to study Earth-like ‘sinking’ modes of
subduction, the representation of plate buoyancy and strength needs to be carefully
chosen. Next, I use these 3-D models to investigate the effect of lateral variations in
plate buoyancy. Depending on the position of a buoyant ridge and whether the under-
lying plate is relatively old or young, the subduction of such a ridge modifies trench
geometry and can either reduce or increase the shallow dip angle of the slab. These
factors can explain why the impact of buoyant features is often different in West and
East Pacific subduction zones. Thus variable plate strength and buoyancy and mantle

drag significantly contribute to subduction diversity.
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Chapter 1

Introduction

1.1 Motivation and background

Subduction zones are locations where one plate (usually oceanic) sinks below another,
more buoyant, (either continental or oceanic) plate, immersing into the mantle. A
“textbook” subduction zone includes a 3-D uniform plate subducting with a single
bend at the trench to reach a dip angle <90° (Fig. 1.1 and e.g. Simkin et al., 2006).
However, subduction zones on Earth are diverse, with a large variability in properties,
including along-strike variations in age and thickness, trench curvature, stress regime,
shallow and deep slab dip angles, the presence of tears and slab windows, or whether
they exhibitlocal slab flattening (Uyeda and Kanamori, 1979; Jarrard, 1986; King, 2001;
Govers and Wortel, 2005; Lallemand et al., 2005; Morra et al., 2006; Syracuse and Abers,
2006; Goes et al., 2011; Skinner and Clayton, 2013). Some of this variability in subduc-
tion characteristics may explain variations in surface expressions including whether
island arcs and back arc basins or mountain belts are formed and whether subduc-
tion is accompanied by an active volcanic front or not (Fig. 1.2; Uyeda and Kanamori,
1979; Gutscher et al., 2000a; Heuret and Lallemand, 2005; Sdrolias and Miiller, 2006).
Different styles of subduction have been linked to variations in subduction-associated

hazards such as the number and magnitude of earthquakes, the nature of volcanic
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Figure 1.1: Cartoon of typical sub-oceanic (left) and sub-continental (right) subduction
zones. Elements in the model are marked by circled numbers and forces are marked
by coloured lines and arrows. After Goes, pers. comm. (2018)

eruptions and the rates of uplift, erosion and sedimentation (Uyeda and Kanamori,
1979; Ruff and Kanamori, 1980; Malinverno and Ryan, 1986; Meade and Jeanloz, 1991;
Gutscher et al., 2000a; Dobson et al., 2002; Gutscher, 2002). Itis therefore key to further

understand the factors controlling variations in subduction zone behaviour.

This thesis explores how several key properties of the plate and underlying mantle
may affect subduction variability. I will first evaluate observed variability in subduc-
tion velocities, trench shapes and incoming plate age structure by examining data
from two recent GPlates global plate reconstructions (Miller et al., 2016b, 2018, 2019).
Next, I will examine, using 2-D thermo-mechanical models, how drag of the mantle be-
low the plates can modify subduction velocity and style. I will also explore, for the first
time, the effect of the location of buoyant ridges on the subducting plate together with
the age of the background plate on subduction dynamics. To build the 3-D mechani-
cal models for this last study, I first examine how to best choose the parameters in the

subduction model to ensure they represent an Earth-like subduction style. Together
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Figure 1.2: A) Global subduction trench segments (multiple colours) with examples of
slab morphologies (red) based on seismic tomographic images, with horizontal lines
indicating the upper-lower mantle boundary. The dashed lines mark the India-Asia
collision front. B) Global variations in trench velocity and C) lithospheric age at the
trench. Note that trench age is not available where continental lithosphere is sub-
ducting along some segments. Landmass and plate boundaries are drawn in the back-
ground. Trench data from Miiller et al. (2019), plate boundaries from Bird (2003) and
slab shapes after Goes et al. (2017) and references therein.

these studies provide new insights into some of the factors that govern the variability

of subduction.

Subduction zones are diverse in many respects. Present-day convergence velocities
between the subducting and upper plate range from ~0.5cm/yr to ~10cm/yr (Lar-
son et al.,, 1997; Syracuse and Abers, 2006), and trench retreat rate between ~0.2-
~15 cm/yr, with a few trenches advancing at up to ~3 cm/yr (Lallemand et al., 2005;

Goes et al,, 2011). Shallow slab dip angles (depths <125km) range between 10-60°
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and deep slab dip (>125 km) ranges between 20-90° (Lallemand et al., 2005; Syracuse
and Abers, 2006; Hayes et al., 2012, Fig. 1.2). Other parameters which vary between
subduction zones and laterally within a single subducting plate include lithospheric
age (Jarrard, 1986; Sdrolias and Miiller, 2006; Syracuse and Abers, 2006) and surface
roughness and sediment thickness (Ruff, 1989; Rea and Ruff, 1996; Heuret et al., 2012;
Scholl et al,, 2015; Lallemand et al., 2018). Similarly diverse are the surface expres-
sions of subduction, with most subduction zones around the Pacific producing large
earthquakes (M8) while others, such as the Mariana subduction zone, do not have a
history of large events (Kelleher et al., 1973; Lay and Kanamori, 1981; Ruff, 1989; Lay,
2015; Bilek and Lay, 2018). Most subduction zones are overlain by volcanic arcs, either
oceanic or continental, which vary widely in composition and rate of volcanic activ-
ity (Nur and Ben-Avraham, 1983; McGeary et al., 1985; Peacock, 1996; Hilton et al.,
2002; Stern, 2002). Finally, some upper plates are in extension which can result in
new oceanic back-arc basins being formed, while others are in compression (Karig,
1970; Uyeda and Kanamori, 1979; Jarrard, 1986; Malinverno and Ryan, 1986; Lalle-
mand et al., 2005; Heuret et al., 2012).

These variations in subduction style and expression are the result of multiple forces
involved (Fig. 1.1; Forsyth and Uyeda, 1975). The main force driving subduction is
the pull of the subducted slab due to the high density (as a result of its low temper-
atures) compared to the surrounding mantle. Slab pull has been shown to account
for up to 90% of the driving force of subduction and plate motions, significantly ex-
ceeding other forces affecting plate motions (Elsasser, 1971; Forsyth and Uyeda, 1975;
Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni, 2002). Although slab pull
can be considered to be the main driver of plate tectonics, it alone does not explain
the large variability in subduction zones globally (Jarrard, 1986; Conrad and Lithgow-
Bertelloni, 2002; Schellart, 2004b; Lallemmand et al., 2005; Cruciani et al., 2005). Some
of the variation can be explained by different values of the lateral push force due to
the gravitational potential that results from the increase in negative plate buoyancy

with increasing age away from mid-ocean ridges, i.e. ridge push. Although ridge push
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is an order of magnitude smaller than slab pull, it can affect subduction dynamics
(Capitanio et al., 2007; Mahatsente, 2017). The driving forces are resisted by mantle
drag which leads to viscous dissipation around the slab and below the plate (Forsyth
and Uyeda, 1975; Dvorkin et al., 1993; Scholz and Campos, 1995; Conrad and Hager,
2001; Schellart, 2004b), the internal resistance of the (strong) plate to bending at the
trench (Conrad and Hager, 1999; Schellart, 2004b), and coupling between the subduct-
ing and overriding plate (Scholz and Campos, 1995; Gutscher, 2002; De Franco et al.,
2007; Pokorny et al., 2021). External forces by neighbouring plates (Tao and O’connell,
1992; Mishin et al., 2008; Yamato et al., 2009; Cizkova and Bina, 2015; Kiraly et al.,
2016; Holt and Becker, 2017; Holt et al., 2018) and background mantle flow (Ricard
et al., 1991; Boutelier and Cruden, 2008; Riguzzi et al., 2010; Rodriguez-Gonzalez et al.,

2014a; Ficini et al., 2017) may also contribute to the overall force balance.

All these forces can vary laterally and evolve as a function of time. Slab pull, ridge
push and plate strength depend on plate age (Martinod et al., 2005; Capitanio et al.,
2011; Mahatsente, 2017; Forsyth and Uyeda, 1975; Conrad and Hager, 1999). The mag-
nitude and direction of mantle drag at the base of the plate and around the slab may
vary with lateral variations of mantle flow and mantle viscosity as a function of tem-
perature, hydration and strain rate and is less constrained than other forces (Boute-
lier and Cruden, 2008; Rodriguez-Gonzalez et al., 2014a; Billen and Arredondo, 2018).
Plate coupling, although localised at the trench, can have a key effect on subduction
dynamics (De Franco et al., 2007; Behounkova and Cizkova, 2008; Rodriguez-Gonzalez
et al.,, 2012; Pokorny et al., 2021) and depends on sediment and water influx to the
trench, composition of the plate crust and surface roughness of the plate (e.g. Rea and
Ruff, 1996; Lallemand et al., 2018). Slab pull can be additionally affected by variations
in thickness of the magmatic crust on top (resulting in relatively buoyant features)

(Cloos, 1993; Martinod et al., 2005).

The impact each factor has on subduction dynamics can be best investigated using nu-

merical and analogue subduction models. Although subduction has been modelled
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widely (e.g. Christensen and Yuen, 1984; Kincaid and Olson, 1987; Zhong and Gur-
nis, 1995; Conrad and Hager, 1999; Cizkova et al., 2002; Funiciello et al., 2003a; van
Hunen et al., 2004; Schellart, 2005; Capitanio et al., 2007; Gerya et al., 2009; Stegman
et al., 2010b; Li and Ribe, 2012; Garel et al., 2014; Holt and Becker, 2017; Billen and
Arredondo, 2018; Schellart, 2020; Pokorny et al., 2021) the main causes for the vari-
ability in subduction zone behaviour remain highly debated. The simplest subduc-
tion models investigate the dynamics of single slab subduction into the mantle (e.g.
Christensen and Yuen, 1984; Conrad and Hager, 1999; Funiciello et al., 2003a; Schel-
lart, 2005; Ribe, 2010). Other models introduce more complexity with additional fac-
tors such as an overriding plate (e.g. Capitanio et al., 2010; Rodriguez-Gonzalez et al.,
2014b; Manea et al., 2012; Taramon et al., 2015), heterogeneities in the plate (e.g. lat-
eral variations in plate age, presence of buoyant features or transition from continen-
tal to oceanic lithosphere; Bellahsen et al., 2003; Martinod et al., 2005; Espurt et al.,
2007; Capitanio et al., 2011; Magni et al., 2014; Menant et al., 2016), or adjacent plates
(e.g. Mishin et al., 2008; Yamato et al., 2009; Cizkova and Bina, 2015; Kiraly et al., 2016;
Holt and Becker, 2017; Holt et al., 2018), sometimes in a global setting (Stadler et al.,
2010; Yanagisawa et al., 2010; Crameri et al., 2012; Mallard et al., 2016). The compar-
ison of model behaviour with subduction observations, or trends between observed
subduction parameters can help unravel what factors are key to explaining the vari-
ations in subduction, either in a specific setting or more globally (e.g. Forsyth and
Uyeda, 1975; Lallemand et al., 2005; Sdrolias and Miller, 2006; Schellart et al., 2007;
Goes et al., 2011; Capitanio and Morra, 2012).

Subduction models can be classified by their method (analogue or numerical), their
driving force (kinematic or dynamic or a combination), whether they are regional or
global and whether they consider a single plate, the presence of an overriding plate
or include multiple plates. Models can be further classified according to whether they
are mechanical or thermo-mechanical, and their rheology (viscous, plastic and elas-
tic; linear or non-linear, single or multi-layered). Models in which a single plate is

subducting into the mantle with no presence of an upper plate are termed ‘free sub-
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duction’ (e.g. Christensen and Yuen, 1984; Conrad and Hager, 1999; Funiciello et al.,,
2003a; Schellart, 2004a; Capitanio et al., 2007; Stegman et al., 2010b). Numerical free-
subduction models are usually mechanical to avoid the spontaneous growth of the

overriding plate that occurs in thermo-mechanical models (e.g. Garel et al., 2014).

Different model set-ups are suitable for addressing different questions. The choice of
modelling system will depend on the objectives of the research, but also on the avail-
ability of computational resources or laboratory set-ups. Analogue models implicitly
include physics that is challenging to model numerically (e.g. a free surface), but may
not easily scale to Earth conditions due to the challenge of finding appropriate labo-
ratory material properties. Numerical models, on the other hand, allow easier varia-
tion of input parameters and quantitative evaluation of the output but some physics
are particularly challenging to implement. In all cases, models involve approxima-
tions and simplifications of the real Earth to (i) keep the models feasible and (ii) allow
evaluation of the role of individual factors. Common simplifications include consider-
ing only a two dimensional (2-D) cross-section, implementing a free-slip rather than
free-surface top boundary (Schmeling et al., 2008; Kaus et al., 2010; Quinquis et al.,
2011), using linear viscosity and considering only mechanical evolution, choosing a
viscous or visco-plastic rheology rather than full elasto-visco-plastic behaviour (Gar-
funkel et al., 1986; Tao and O’Connell, 1993; Davies, 1995; Zhong and Gurnis, 1995;
Christensen, 1996; Funiciello et al., 2003b; Farrington et al., 2014; Fourel et al., 2014)
and using simplified decoupling mechanisms between the subducting and overrid-
ing plates (De Franco et al., 2007; BEhounkova and Cizkova, 2008; Rodriguez-Gonzalez

et al., 2012; Pokorny et al., 2021).

Studies of subduction by numerical and analogue models had shown the relative sig-
nificance of different aspects of the subduction system in determining subduction dy-
namics. Many studies showed that subducting plate age, which controls both slab

buoyancy and plate bending resistance, is a key factor governing subduction behaviour

and the associated subduction variability on Earth (Carlson et al., 1983; Funiciello
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et al., 2003a; Schellart, 2008; Ribe, 2010; Stegman et al., 2010b). The exact nature of
relations between these two main plate-buoyancy driven forces (slab pull and bend-
ing resistance) and resulting subduction evolution is debated, with different models
producing different responses (Bellahsen et al., 2005; Stegman et al., 2006, 2010a,b;
Capitanio et al., 2007; Schellart et al., 2007; Funiciello et al., 2008; Garel et al., 2014;
Billen and Arredondo, 2018), a point which is discussed in Chapter 4.

Another main contribution of subduction modelling is to allow examination of single
parameters in the subduction system. Present-day subduction on Earth is limited to
only a few places, most of which concentrate around the Pacific Ocean (Stern, 2002,
and references therein). In these locations, many elements of the subduction system
change simultaneously. For example, in the western Pacific, older and larger subduct-
ing plates subduct below thin oceanic lithosphere, while in the eastern Pacific sub-
ducting plates are younger and smaller and subduct below thick continental plates
(Sdrolias and Miiller, 2006; Miller et al., 2008a; Di Giuseppe et al., 2009). Only by mod-
elling subduction systems can the impact of each parameter, such as age, size and
upper plate thickness, be investigated to evaluate their individual and joint effects.
The models used in Chapter 3 examine one such parameter, i.e. plate size and the

associated drag by the underlying asthenosphere.

Most of the studies of subduction models have so far focused on systematic investi-
gation of systems without along-strike changes in properties. Only a few studies ex-
amined lateral variations in the subducting plate (Martinod et al., 2005, 2013; Espurt
et al., 2008; Mason et al., 2010; Hu et al., 2016; Florez-Rodriguez et al., 2019), mostly due
to the high complexity and computational cost of 3-D models. With the insights from
laterally-homogeneous models and improvements in modelling systems, the effect of
lateral variations in the subducting plate can now be explored. Such lateral variations
in the subducting plate include age variations and anomalous material properties (e.g.
buoyant ridges, large igneous provinces or extinct spreading ridges), which are com-

mon in all present-day subduction zones (Tetreault and Buiter, 2014). These variations
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are explored in Chapter 5.

1.2 Thesis outline

In order to examine how specific variations in plate properties affect subduction dy-
namics, I use 2-D and 3-D numerical models of mechanical and thermo-mechanical
plates as well as comparative data from present and reconstructed subduction zones.
Chapter 2 expands on the methodology used to extract present and reconstructed plate
data, and which is referred to in the discussion in Chapters 3 and 5. Each of the Chap-
ters 3,4 and 5 assesses a different set of parameters and their effects on plate motion
and slab morphology. These chapters are structured as stand-alone studies with rele-
vant background and final discussion. The insights derived from the study in Chapter
4 are used to design the models in chapter 5. An outline of each main results chapter
is given below, while the final Chapter 6 summarises the overall conclusions of the

thesis.

Chapter 2 presents compilations of late Mesozoic-Cenozoic (<120 Myr) global subduc-
tion zone properties extracted from two recent plate reconstructions models (Miller
et al., 2016b, 2019) implemented in GPlates (Miller et al., 2018). The resulting compi-
lations include trench position, lithospheric age and plate velocities at points spaced
50km along the trenches, for trench positions at a temporal intervals of 1 Myr. I
compile more detailed information for nine major trenches in the Pacific and Indian
Oceans during the Cenozoic, including average age and velocity. Apart from describ-
ing the compilation itself, this chapter describes the workflow used to generate the
compilation and compares the subduction systematics with those from a previous
compilation published by Sdrolias and Miuller (2006). Lastly this chapter serves as
an introduction and overview of the tectonic processes and history of each of the ma-
jor trenches and how these were affected by the subducting-plate age distribution

through time along each trench.
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In Chapter 3, I evaluate how basal drag, or the traction between the mantle and the
base of the plate, contributes to the overall force balance of subduction. Previous
models of subduction concluded basal drag to be a minor force which, to first order,
does not affect subduction dynamics. On the other hand, global mantle flow models
concluded basal drag must be a substantial force. To understand this discrepancy,
models of 2-D non-linear thermo-mechanical models with short and long plates were
designed. The behaviour of the different length plates was examined using a range of
asthenospheric and lithospheric rheologies. The results show how basal drag affects
subduction dynamics in models which display Earth-like behaviour. These insights
are then compared with a compilation of reconstructed Cenozoic plate motion data
to reveal a positive correlation between slab age and plate size. This correlation indi-
cates that, during the Cenozoic, the increased size of older plates moderates the added

pull force and limits the range of velocities, thus masking the expression of basal drag.

Chapter 4 discusses how the choice of parameters for the reference case in a given
subduction model set up affect the trends which arise from variations in plate density,
viscosity and dimensions. It explores the subduction of a single 3-D mechanical plate
model with typical Earth-like parameters and ten variations in plate properties, to de-
termine how these parameter changes affect subduction regime and mode. It then
compares the results with those of other studies of numerical and analogue models.
This comparison shows similar variations in plate properties can result in different,
and sometimes contradicting, trends. These differences can be usefully understood
using a previously proposed classification of subduction as either occurring in ‘bend-
ing’ mode, where plates spend the majority of their potential energy on bending at
the trench, or ‘sinking’ mode, where most of plate potential energy is used to over-
come the viscous resistance to sinking through the mantle. It concludes by examining
how these insights can be used to better design subduction models to ensure they re-
flect Earth-like ‘sinking’ mode behaviour and suggests simple modifications, such as
implementing plates with a strong core, to overcome the shortcomings that arise in

mechanical models with properties such as plate thickness, density and strength di-
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rectly taken from measurements on Earth, which do not account for thermal effects

and non-linear rheology.

In Chapter 5, the effects of localised lateral variations in plate buoyancy (i.e. buoyant
ridges) on subduction dynamics is modelled and discussed. To examine this question,
3-D models of a single mechanical plate containing low buoyancy segments are de-
signed. This chapter discusses the implications of ridge buoyancy, ridge location and
background plate age on sinking patterns, trench shape and slab dip angle. The re-
sults of the models are compared with results from other modelling studies as well
as the observed tectonic expressions from subduction of buoyant features on Earth.
These comparisons highlight that there are three possible regimes of buoyant-feature
subduction, depending on properties of both the subducting and overriding plate: (1)
A ‘trench deforming’ regime in which subduction of the buoyant feature deforms the
trench with minor slab steepening or contortion. (2) A ‘slab deforming’ regime in
which subduction of a buoyant feature reduces slab dip locally whilst also deforming
the trench. (3) A ‘slab flattening’ regime where the slab is flattened at shallow depth

over a distance of up to several hundred kilometres where a buoyant feature subducts.

1.3 Acknowledgement of contributions

The design and execution of the models discussed in Chapters 3, 4 and 5 were done by
the author using the computational modelling framework Fluidity. The development
and coding of the database discussed in Chapter 2 was done by the author. The anal-
ysis of the results, and the compilation of data used in the discussion in each chapter

was also done by the author.

The work presented here was made possible due to the generous help and contribu-
tions from Rhodri Davies (ANU, Australia), Fanny Garel (CNRS, France), Fangqgin Chen
(ANU, Australia), Ben Maunder (ICL, UK) and Saskia Goes (ICL, UK). Saskia Goes con-



44 Chapter 1. Introduction

tributed to each part of this work through discussion, direction and mentoring of the
author. Saskia Goes also edited the text and commented on the figures. Rhodri Davis
and Fangqgin Chen helped design and run the models discussed in Chapters 3, 4 and
5. Rhodri Davis and Fangqin Chen also provided technical support for Fluidity, com-
mented on the ongoing work for these chapters, and help evaluate and improve the
models. Ben Maunder provided support on model set-up, design and interpretation
for the models discussed in Chapter 3. Fanny Garel created the reference design of the
model discussed in Chapter 3. Ben Maunder and Fanny Garel also commented on the
text in Chapter 3. The MSci projects of Luke Jenkins (ICL, UK) and Kamile Rudaviciute
(ICL, UK), in collaboration with Loic Fourel (U. Rennes, France), seeded the ideas devel-
oped in Chapter 5. Some numerical simulations were undertaken on the NCI National
Facility in Canberra, Australia, which is supported by the Australian Commonwealth

Government.

The Fluidity computational modelling framework, including source code and docu-
mentation, is available from https://fluidityproject.github.io/. The files for
the compilations discussed in Chapter 2 are available athttps://github.com/1lsuchoy/
TrSubParametersCompilation. The dataset used in Chapter 3 is available at
https://doi.org/10.5285/b3a75382-31db-428c-90bb-458fdf66d77a as item
number 139485. Initiation files used to generate the models in Chapter 5 are avail-

able at https://doi.org/10.5281/zenodo.5833712.

The results from Chapter 3 were published in:

Suchoy, L., Goes, S., Maunder, B., Garel, F.,, and Davies, R.: Effects of basal drag on subduc-
tion dynamics from 2D numerical models, Solid Earth, 12, 79-93, https://doi.org/
10.5194/se-12-79-2021, 2021

The results from Chapter 5 were published in:

Suchoy, L., Goes, S., Chen, F., and Davies, D. R.: How Aseismic Ridges Modify the Dynam-
ics of Free Subduction: A 3-D Numerical Investigation, Frontiers in Earth Science, 10,

1-16, https://doi.org/10.3389/feart.2022.852742, 2022


https://fluidityproject.github.io/
https://github.com/lsuchoy/TrSubParametersCompilation
https://github.com/lsuchoy/TrSubParametersCompilation
https://doi.org/10.5285/b3a75382-31db-428c-90bb-458fdf66d77a
https://doi.org/10.5281/zenodo.5833712
https://doi.org/10.5194/se-12-79-2021
https://doi.org/10.5194/se-12-79-2021
https://doi.org/10.3389/feart.2022.852742

1.3. Acknowledgement of contributions 45

The results from Chapters 4 and 5 were used to create the models published in:
Fangqin, C., Davies, D. R., Goes, S., Suchoy, L., Kramer, S. C.: How Slab Age and Width
Combine to Dictate the Dynamics and Evolution of Subduction Systems: A 3-D Spherical
Study, Geochemistry, Geophysics, Geosystems, 23, 11, https://doi.org/10.1029/
2022GC010597, 2022

And the models published in:

Fangqin, C., Davies, D. R., Goes, S., Suchoy, L., Kramer, S. C.: Comparing the Dynam-
ics of Free Subduction in Cartesian and Spherical Domains, Geochemistry, Geophysics,

Geosystems, 2022 [In print]


https://doi.org/10.1029/2022GC010597
https://doi.org/10.1029/2022GC010597

Chapter 2

Compilation of global subduction

parameters

2.1 Summary

Surface expressions of subduction, including uplift and earthquake hazard, have of-
ten been correlated with the kinematics of subducting plates and the properties of
subducting slabs. In this study, we compile a global set of subduction parameters at
subduction trenches since 120 Myr from two recent GPlates plate reconstruction mod-
els by Miiller et al. (2016b) and Miiller et al. (2019). Our compilation includes trench
position, subducting-plate, convergence and trench velocity and subducting plate age
sampled at a spatial spacing of 50 km and temporal interval of 1 Myr. Comparison of
the new compilation with a previous compilation by Sdrolias and Miiller (2006) high-
lights the influence of key updates to the underlying plate reconstruction model par-
ticularly on the evolution of trench shapes and positions. Analysis of the compilation
indicates that in the majority of sampled points along the trenches, subducting plates
generally converge at a close to trench normal direction and trenches retreat, confirm-

ing that local slab pull is a significant force, in particular at the largest trenches. Yet,
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subduction and trench velocities generally do not display any trend with local age at
the trench, indicating that this age is not a good proxy of the magnitude of slab pull.
Overall, the compilation indicates that there are significant influences from plate in-

teraction on regional and sometimes even global scale.

2.2 Introduction

Tectonic plate reconstructions have been used extensively to examine a wide vari-
ety of questions that relate to changes in plate configurations through geologic time,
including where mineral resources concentrate (Merdith et al., 2013), ancient water
chemistry (Miller et al., 2013), effects of dynamic topography on surface evolution
(Flament et al., 2015), the effect of mantle upwellings on mid-ocean ridge evolution
(Whittaker et al., 2015) and the sequestration of deep-sea carbonates through time
(Dutkiewicz et al., 2019). Another key application of plate reconstructions is to im-
prove understanding of the dynamics of plate tectonics (e.g. Li et al., 2019) and plate-
mantle interactions (e.g. Miller et al., 2016a). Subduction zones, as the main driver
of plate tectonics (Forsyth and Uyeda, 1975; Vérard, 2019), play a key role in under-
standing the dynamics behind global plate motions and have been the focus of specific

interests (e.g. Sdrolias and Miller, 2006; Wu et al., 2016; Braszus et al., 2021).

Many studies exploring trends and correlations in subduction parameters have done
so based on present-day data (e.g. Jarrard, 1986; Lallemand et al., 2005; Schellart et al.,
2007). Some studies examined subduction evolution in plate reconstructions (e.g. Pil-
ger, 1981; Hall, 2002; Handy et al., 2010; Braszus et al., 2021) but only a few evaluated
along-strike variations in plate properties (e.g. Sdrolias and Miller, 2006; Goes et al.,
2011; Faccenna et al., 2018). One tool used to explore such variations through time is a
compilation of subduction parameters along reconstructed trench positions. The most
recent version of such a compilation, for the Cenozoic, was published by Sdrolias and

Miiller (2006) and included trench position, subducting-plate age and associated veloc-
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ities for seven main trenches in the Pacific and Indian Oceans through the Cenozoic.
This compilation, based on the available data at that time, facilitated and informed
many follow-up studies (e.g. Schellart et al., 2007; Miller et al., 2008a,b; Goes et al.,
2011; Seton et al,, 2012). Subducting-plate age affects several key properties of the
lithosphere, in particular plate thickness and slab buoyancy (e.g. Cloos, 1993; McKen-
zie et al., 2005). Such age-related properties have been shown to significantly affect
plate and subduction evolution, for example affecting slab dip (directly and in combi-
nation with other parameters Cruciani et al., 2005; Capitanio et al., 2007; Irvine and
Schellart, 2012), subduction and trench velocities (Forsyth and Uyeda, 1975; Jarrard,
1986; Bellahsen et al., 2005) and ocean and trench depth (Grellet and Dubois, 1982;
Cloos, 1993).

Since the publication of the compilation by Sdrolias and Miller (2006), global plate
reconstruction models have developed significantly, incorporating data from newer
studies (e.g. Domeier and Torsvik, 2014; Wright et al., 2016) as well as adding algo-
rithms to enforce certain rules of (dynamic) consistency, which reduce uncertainty in
the reconstructions and their sampling through time where sufficient evidence is not
available(e.g. Gurnis et al., 2012; Domeier and Torsvik, 2014; Miller et al., 2018). This,
as well as the longer reconstruction time of recent reconstructions, motivated us to

create an updated compilation of global subduction parameters through time.

A range of plate reconstruction models exist, with different emphases and different
selections of available data sets (Vérard, 2019, and references therein). However, most
plate reconstructions are either privately owned and are not accessible to the wider
community (e.g. EarthModel owned by Halliburton Inc.; PaleoGIS owned by The Roth-
well Group, L.P.; Globe owned by Getech Group plc; GeoVerse owned by CGG plc) or
have not been updated in recent years (e.g. Stampfli and Borel, 2002; Lawver et al.,
2015; Scotese and Schettino, 2017). The most commonly used community tool for plate
reconstructions is GPlates (Miller et al., 2018). GPlates is a plate tectonic GIS system

which is used for assembling local plate motion data into global plate reconstruction
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models, and was built for easy use and modification. Its first use is to fit plate motion
and velocities through time, to build models of global interaction between moving
plates (e.g. Gurnis et al., 2012; Seton et al., 2012; Miller et al., 2016b; Matthews et al.,
2016; Miller et al., 2019). It also allows for associating plate reconstruction models
with other geographical data such as ocean floor age and models such as mantle to-
mography images through colour raster files (e.g. Miller et al., 2008b, 2013, 2016b,
2019). GPlates provides all the necessary tools to extract and analyse subduction pa-
rameters in space and time, and is therefore an ideal tool to create an updated sub-
duction parameter compilation. Furthermore, it has been set up with the most recent
and comprehensive global reconstruction models (Muller et al., 2016b; Matthews et al.,

2016; Muller et al., 2019).

In this chapter, we create such compilation using these recent global reconstruction
models of Miller et al. (2016b) and Miiller et al. (2019). We extract subduction in-
formation and generate a global compilation of trench location, plate velocities and
subducting plate age at spatial intervals of 50 km and temporal intervals of 1 Myr. We
explore the parameters in this compilation since 120 Myr, and, for the most recent
60 Myr, compare it with the previous compilation by Sdrolias and Miller (2006). We
conclude by examining the trends of trench evolution and age gradients in the main

trenches in the Pacific and Indian Oceans.

2.3 Methods and Uncertainties

2.3.1 Subduction parameter compilation overview

Our subduction parameter compilation is constructed as a .csv (comma separated
values) table where each row represents a point at a trench and each column repre-
sents a property. Table 2.1 shows the properties which can be extracted from the com-

pilation for each point. These are divided into point parameters, which are unique for
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Point parameters Trench parameters

Reconstruction time [Myr] Subduction zone length [km]

Location (latitude and longitude)® | IDs (GPlates sub. plate, GPlates sub. zone,
Age of the subducting plate [Ma] main plate and main trench)

Trench azimuth® [°] Subducting plate surface area [km?]
Convergence velocity® Age and velocity mean values and
Trench velocity( standard deviation along the trench
Subducting plate velocity(®

Table 2.1: Subduction-zone parameters in the compilation. () Latitude ranges from
+90°, with 0° at the equator. Longitude is set to range from +180°, with 0° at the prime
meridian. ® Trench azimuth is between 0° and 360°, with 0° set to North. () For each
type of velocity, the compilation includes the angle to the trench [°] with 0° indicating
trench-normal motion and +90° indicating trench-parallel motion, magnitude [cm/yr],
sign [Boolean], trench-normal velocity magnitude [cm/yr] and trench-parallel velocity
magnitude [cm/yr]. Trench and subducting-plate velocities are in the absolute man-
tle reference frame of the reconstruction. For trench and subducting plate velocities,
negative velocity is in the direction of the upper plate. For convergence velocity, neg-
ative velocity indicates divergence.

each point, and trench parameters, which are the same for all points of a given trench

at a given time.

The values of the location, age, azimuth, velocity, reconstruction time and GPlates IDs
are extracted directly from the GPlates plate reconstruction models and age rasters
of Miiller et al. (2016b) and Miiller et al. (2019). The values are extracted for the last
120 Myr although the plate reconstruction models extend further back in time, to 230
and 240 Myr, respectively. The choice to exclude earlier data is due to the bias of the
reconstruction to produce long trench segments in earlier periods, which is inconsis-

tent with present-day trend (Fig. 2.1), as discussed further below.

Further analysis has been done for the main trenches in the Pacific and Indian Oceans,
similar to Sdrolias and Miiller (2006). We focused the analysis on the seven trenches
analysed by Sdrolias and Miiller (2006) and an additional two trenches: the South Pa-
cific Trench and Ryukyu-Nankai Trench. These nine main trenches are where the nine

largest plates are subducting (Table 2.2) during the Cenozoic (i.e. after 60 Myr) in the
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Figure 2.1: Histograms of the lengths of trench segments at 0, 60 and 120 Myr, from
the reconstruction of Miller et al. (2016b).

Pacific and Indian Oceans. For these trenches, we calculate subduction zone length,
subducting plate surface area and mean values and standard deviation of age and ve-
locities. At each reconstruction time, we manually assign points to this set of main
trenches and their associated plates based on sets of GPlates IDs. The final compila-
tion includes both GPlates IDs and our main trench and subducting plate IDs, which
makes it more versatile and useful for comparative analysis, as the analyses presented

in Chapters 3 and 4 and in Chen et al. (2022h).

2.3.2 Workflow

The subduction zone parameter compilation is generated using a Python3 Jupyter
notebook with the following workflow. Note that stage 6 is the only stage that is done

manually by the user:

1. Load a GPlates plate reconstruction model (.gpml and . rot filesand netcdf age
grid files). This stage uses either the Miiller et al. (2016b) or Miiller et al. (2019)

plate reconstruction models.

2. For each time step (i.e. 1 Myr), locate all the trench segments globally and sample

them at intervals of 50 km to extract their location. Sample the corresponding
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raster age file for the nearest value to each location and assign subducting-plate

age.

3. Extract the subducting and overriding plate IDs at each trench point, and calcu-

late their velocities.
4. Calculate trench obliquity and trench velocity.

5. Save the parameters as initial version of the compilation in . csv file format. This

file does not include the association to main trenches and large plates.

6. The user manually assigns trench segments (trench ID and plate ID values)
to each of the set of main trenches and each of the large subducting plates, re-

spectively, in a separate supplementary file.

7. Load the initial compilation and the supplementary file, and add large plate IDs

and main trench IDs accordingly.

8. Calculate for the set of main trenches, trench length, subducting plate surface
area and mean values and standard deviation of subducting plate age and con-

vergence, trench and plate velocities. Add these values to the compilation.

9. Save the extended set of parameters as the full subduction parameter compila-

tion in . csv file format.

Although the workflow and associated code is designed specifically for the Miiller et al.
(2016b) and Miiller et al. (2019) GPlates models, it can be adapted to other (e.g. future)
GPlates models. The principles of the algorithm, as described above, can also be used
to write a new code to extract data from non-GPlates plate reconstructions. However,
the existing code relies heavily on the GPlates python interface (pyGPlates) and there-

fore cannot be used directly with non-GPlates models.

Other information, not included in our subduction parameter compilation, can be
extracted from the GPlates models and integrated for analysis. This includes global

seafloor age, plate polygon information and spreading rates around mid-ocean ridges.
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Scripts for parameter extraction and some examples of plots are provided as part of

the files that make up the compilation.

2.3.3 Uncertainties

Plate reconstruction uncertainties

The GPlates plate reconstruction models used for this study, as well as other plate
reconstruction models, are inherently limited by the uncertainty in the underlying

data (see review by Vérard, 2019).

The main source type of data used to evaluate plate position over the past 200 Myr
is magnetic anomalies in the oceanic crust. Magnetic anomalies are used to derive
Euler poles for plates near mid-ocean rides (e.g. Miiller et al., 2008a). These anomalies
constrain relative plate motions (RPM) well for most major plates, with larger uncer-
tainties back in time (in particular before 120 Ma) and in some regions in the circum-

Antarctic, West-Pacific and West-Australia (Domeier and Torsvik, 2014; Zahirovic et al.,

ID | Large plates ID | Main trenches

1 | Nazca 1 | South America

2 | Cocos 2 | North America

3 |JuandeFuca |3 | Aleutian

4 | Pacific 4 | Japan-Kuril

5 | Philippine Sea || 5 | Izu-Bonin-Mariana
6 | Indo-Australia | 6 | Ryukyu-Nankai
7 | Farallon 7 | Tonga-Kermadec
8 | Kula 8 | Sunda-Java

9 |Izanagi 9 | South Pacific™

0 | Other 0 | Other

Table 2.2: IDs of large plates and IDs of main trenches in the Pacific and Indian Oceans,
similar to Sdrolias and Miller (2006). ) The South Pacific trench includes the present-
day Tonga-Kermadec, New Hebrides and New Britain Trenches.
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2014; Williams et al., 2015; Vérard, 2019). The RPM model can be constrained by in-
cluding evidence of paleo-plate boundaries (e.g. volcanic arcs and orogenic regions)

and of previously subducted slabs (Mtuller et al., 2019, and references therein).

RPM models can be fixed in space to create absolute plate motion (APM) models, which
describe the motions of the plate relative to Earth’s (fixed) deep interior. The most
common source of data to anchor RPM models is palaeomagnetic data (Vérard, 2019).
However, such data is biased in both space (towards the accessible part of the con-
tinents) and through time (with diminishing data for older periods; Williams et al.,
2015; Vérard, 2019). Moreover, paleomagnetic data only provide information on the
latitude and rotation relative to the north (Domeier and Torsvik, 2014). Other sources
of data used to fix RPM models include hotspots relative position (e.g. Torsvik et al.,
2008), seamount chains position and trend and models of net lithospheric rotation
(NLR) (Conrad and Behn, 2010). However, such models are also debated and subject

to uncertainty (Courtillot et al., 2003).

The other major uncertainty in reconstructions is on the position and shape of plate
boundaries through time. Determining the plate boundary configuration and prop-
erties, requires the joint interpretation of a wide range of geophysical, geologic and
petrological data, and is hence most dependent on the choices made by individual
researchers. Paleomagnetic data, hotspots positional data and paleao-plate boundary
data are all underpinned by radiometric dating methods (Williams et al., 2015; Vérard,
2019). Naturally, such methods are limited in accuracy (Best, 2002). Moreover, while
the dating of rock samples depends on the dating method, associating each sample
with a tectonic event is a matter of interpretation, and thus highly debated. In our
regional tour (Section 2.5), we will discuss some of the literature and alternative inter-

pretations of plate boundaries and how this affects the subduction parameters.
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Uncertainties in the GPlates models of Miiller et al. (2019) and Miiller et al. (2016b)

The uncertainties in the subduction parameters compilations are inherited directly
from the GPlates models they are extracted from. The extraction process itself does
not add any further uncertainties, apart from deciding for the analysis of the main
trenches, which trench segments to associate with any main trench. The accuracy
of the GPlates models varies depending on the distribution and accuracy of the un-
derlying data, the approximations used when processing the data and the choices of
temporal and spatial interpolation between data points (Seton et al., 2012; Miiller et al.,

2016b, 2019).

One of the main uncertainties in the underlying model is due to the challenges of de-
riving rotation poles from seafloor spreading isochrons (Miller et al., 2016b). The
average tectonic stage length is ~5 Myr, but the models interpolate motion over 1 Myr
periods, in order to facilitate continuous changes to plate boundaries. While extract-
ing rotational poles from two sided symmetrical isochrons is straightforward, such
data is partial, as it exists only in oceanic plates, and is often missing for periods in
deep time. When only one-sided isochron data is available, the GPlates algorithm
will use half-stage rotation and assume symmetry to reconstruct plate motion. While
there are ways of reducing the uncertainty involved in such a method, it is still higher
than cases where two-sided data is available (Miiller et al., 2016b). When isochron
data is not available, the reconstruction relies on other geological and geophysical
data which varies in accuracy and certainty. The newer GPlates model of Miiller et al.
(2019) includes more evidence than the model of Miller et al. (2016b). While it is hard
to quantify the difference in accuracy for the newer model (Vérard, 2019), the inclu-
sion of more geological and geophysical data is likely to increase its accuracy. More-
over, the introduction of large deformation zones to the Miller et al. (2019) model
emphasises the uncertainty in the location of the trenches within these regions. We
note that trench locations within deformation areas were extracted directly from the

Miiller et al. (2019) model and not adjusted.
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Another major uncertainty lies in determining plate boundary locations and geome-
tries through time. The position of these boundaries is inferred from geological and
geophysical information such as presence of arc magmatism, high-pressure metamor-
phism, ophiolite obduction and slab position derived by seismic tomography (Domeier
and Torsvik, 2014; Tetley et al., 2019). Evidence of plate boundary locations back in
time is not preserved everywhere, resulting in possible biases in the reconstruction.
One example is the preservation of subduction boundaries on continental plates in
the form of volcanic arcs, which are more likely to be preserved over time relative
to their oceanic equivalent. When there is an absence of geological and geophysical
evidence for separate block motions or internal deformation, the GPlates algorithm
will use the smallest number of separate plates required to match the observations. It
is therefore inevitable that the less evidence in earlier periods will lead to a smaller
number of plates with increased average surface area and fewer short trenches (Fig.

2.1).

Other sources of uncertainty in the GPlates reconstructions are the smoothing of mo-
tions through time (i.e. constant motion rates are preferred when there is no contra-
dicting evidence; Miller et al., 2016b) and optimisation of reconstructions towards
low trench velocity and other plate tectonic constraints (Cox and Hart, 2009), follow-
ing an ‘Occam’s razor’ approach (Matthews et al., 2016). Finally, both the Miller et al.
(2016b) and Miiller et al. (2019) models use the reference frame of O’Neill et al. (2005)
for plates motion younger than 70 Myr. For earlier periods, the absolute plate mo-
tion (APM) model used for reference frame differs. The Miller et al. (2016b) model
uses the true polar wander (TPW)-corrected paleomagnetic model which tracks the
changes to true north (Steinberger and Torsvik, 2008). The Miller et al. (2019) model
uses a novel alternative reference frame which follows the method of Tetley et al.
(2019). This method uses a joint global inversion to evaluate the contribution of TPW-
corrected paleomagnetic data and other constraints such as age-progressive hotspot
tracks, subduction zone migration, and rates of net lithospheric rotation, to derive

a ‘best-fit’ reference frame model. While the two methods are mutually exclusive,
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neither is necessarily better or more certain than the other. Moreover, the period be-
tween 70 and 105 Myr is used in both models to interpolate between reference frames,

which adds uncertainty to the reconstruction in this period.

In conclusion, uncertainties of the reconstructions increase with earlier reconstruc-
tion time due to the decrease in available constraining evidence. It is hard to quantify
the uncertainties of reconstruction at specific time (e.g. Torsvik et al., 2010; Zahirovic
et al., 2014; Williams et al., 2015, and references therein), but it is possible to asses
relative uncertainty. We consider variation in the extracted parameters over periods
of 1 Myr as somewhat uncertain but ascribe higher certainty to variations over time
intervals of 5 Myr and more. The certainty decreases somewhat prior to 70 Myr and
significantly prior to 120 Myr, with any reconstructed plate motions and positions for
periods before 120 Myr considered as highly uncertain. In spatial terms, the certainty
of information for plates which exist today is considered higher than that of plates
which have subducted fully. For example, the motion around the Pacific Ocean at
60 Myr is considered mostly certain, while the motion of the Kula Plate less certain.

The reconstruction of the Tethys Ocean at this period is considered mostly uncertain.

2.3.4 Differences between the reconstructions

Our subduction parameter compilation is similar to, and could be considered an up-
date of, the previously published compilation by Sdrolias and Miiller (2006) which is
based on the plate reconstruction model published by Miiller et al. (2008b). Our sub-
duction parameter compilation provides both extracted subduction-zone specific in-
formation for others to use, and a script to create future updates based on new GPlates
models. In the following sections, we will refer to the compilation by Sdrolias and
Miiller (2006) as S06. The two parameter sets of the new compilations based on the
plate reconstruction models of Miller et al. (2016b) and Miiller et al. (2019) will be

referred to collectively as M16-19 and separately as M16 and M19, respectively.
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The M16-19 parameter compilations are more comprehensive than the S06 compila-
tion in a few different ways. Firstly, S06 includes subduction parameters from the
seven main trenches in the Pacific and Indian Oceans at ages younger than 50 Myr.
M16-19 include subduction parameters of all the reconstructed trench segments on
Earth at ages younger than 120 Myr, as well as a separate analysis of the parameters
of the main trenches at ages younger than 60 Myr. M16-19 also include the Ryukyu-
Nankai Trench, where the Philippine Sea Plate (PSP) subducts, and the South Pacific
Trench as additional main trenches. The sampling rate of age and velocity along the

trenches is increased to 50 km in M16-19 compared to 100 km in S06.

Other differences in the evolution of ages, motions and trench shapes are the result of
the incorporation of data from newer studies in the underlying plate reconstruction

models of M16-19. Particularly noteworthy differences are:

» The history of the Phoenix plate in M16-19 includes late Mesozoic fragmentation
into several smaller plates (Hikurangi and Manihiki in the west and Chazca and
Catequil evolving into the Aluk plate in the east; Fig. 2.2; Taylor, 2006; Seton et al.,
2012) affecting the evolution of subducting plate ages along South American and

South-West Pacific Trenches.

* More information about the evolution of PSP, South China Sea Plate and other
south-east Asian basins (Zahirovic et al., 2014; Bai et al., 2015) led to changes to

the IBM and Sunda-Banda subduction zone evolution.

* Updated insights into the interaction between the Caribbean, North America and
South America plates (Boschman et al., 2014; Braz et al., 2018) affect Caribbean

and Farallon Trench evolution.

* In the closing Tethys Ocean, new plate boundaries were added to reflect the
fragmentation and later merging of continental blocks, like the larger Adria and

Iberia blocks and the smaller Tisza and Dacia blocks in the western Tethys (Handy
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et al.,, 2010). The convergence of the Greater India and Asia Plates is more com-
plex in M16-19, with multiple subduction zones and back arc basins such as the

Kohistan-Ladakh and Woyla basins (Gibbons et al., 2015, and references therein)

* Finally, newer data sheds more light on the evolution of the South Pacific Trench

as an interlinked system.
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Figure 2.2: Plate boundaries through time: at 120 Myr, 60 Myr and the present day,
from the reconstruction of Miller et al. (2019). Names of the main subducting plates
in the Pacific, Indian and Tethys Oceans appear as abbreviations on the maps. Recon-
structed landmass is shown as grey polygons in the background. Active trenches are
shown in green, and other plate boundaries in bold black lines. Some minor deforma-
tion zones and plates boundaries were removed for clarification.
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2.4 Overview of subduction evolution based on the com-

pilations

In this section, we first give a brief overview of global subduction evolution during the
late Mesozoic (after 120 Myr). Next, we compare the Cenozoic (after 60 Myr) evolution
of the main trenches in the three reconstructions, highlighting the effects of uncertain-
ties and updates. We conclude by examining the trends in velocity, and for the main
trenches during the Cenozoic trends in velocity with age, to evaluate expressions of

subduction forcing.

2.4.1 Global overview

In this section we present a global overview of the evolution of plates and trenches and
of major tectonic events since 120 Myr. While some of these events and their causes
are debated, we focus our overview on the plate reconstruction model of Miiller et al.
(2019) shown in M19 (Fig. 2.2 and Fig. 2.3). The evolution for M16 displays similar
features and is presented in Fig. 2.4. The evolution of the model underlying S06 differs

in a few ways as summarised above, and can be found in Miiller et al. (2008b).

The last 120 Myr period covers the evolution of the subduction of the Pacific Plate from
the early subduction beneath the Australian Plate, along the South Pacific Trench,
to the present circum-Pacific subduction systems (Seton et al., 2012). The period is
marked by several major global tectonic events including the closure of the Tethys
Ocean and the subsequent collision of India and Arabia with Asia (Rowley, 1996), the
ongoing opening and expansion of the Atlantic Ocean and the fragmentation of Gond-
wana into separate continents (e.g. Torsvik et al., 2009). It is also characterised by
the disappearance by subduction of the Izanagi, Phoenix and Kula Plates (Seton et al.,

2012). These events, which were interdependent, directly affected the organisation
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of plates and trenches locations globally. The effect of these global events differs be-

tween S06 and M16-19, and to a lesser degree between the M16 and M19.

At 120 Myr, the Pacific Plate is only one of several plates in the Pacific Ocean. The
main plates in the Pacific ocean at that time are the Izanagi (subducting below East
Asia), Farallon (subducting below the Americas) and the fragments of the Phoenix
Plate (subducting below Australia and Antarctica) (Fig. 2.3), with a growing Pacific
plate at the triple junction of these three main plates. By the early Cenozoic, at 60 Myr,
the Izanagi Plate and Phoenix fragments have almost fully subducted and the Farallon
Plate started to fragment, resulting in a separate Kula Plate, subducting below Alaska

and Canada (Fig. 2.3).

An event, called the global Eocene plate reorganisation event (EPRE) (Seton et al., 2015;
Miiller et al., 2016b), dated 50-40 Myr is apparent in many regions around the Pacific
Ocean. While the reasons for this event are debated, most agree it is affected by the
subduction of the Izanagi-Pacific Ridge (Vaes et al., 2019, and references therein) and
the initiation of subduction along the IBM system (Seton et al., 2015; Miiller et al.,
2016b), as well as the India-Asia collision (Hall, 2002). the EPRE is commonly asso-
ciated with a change in the direction of motion of the Pacific Plate held responsible
for the change in orientation of the Hawaii-Emperor hotspot track (Sutherland et al.,
2017; Vaes et al., 2019). It has also been associated with the merging of the Kula Plate,
near Alaska, with the Pacific Plate (Madsen et al., 2006, and references therein), in-
creased retreat of trenches subducting the southern part of the Pacific Plate (Seton
et al., 2015; Whittaker et al., 2007) and the merging of the India and Australia Plates
(Miiller et al., 2016b).

In the last 30 Myr, both the Farallon and South Pacific Trenches segmented (Figs. 2.5
and 2.6). In North America, the interaction of the Farallon-Pacific Ridge with the North
America Trench separated the Juan de Fuca Trench from the rest of the plate (Fig.
2.4; Riddihough, 1984). The later formation of the Cocos Ridge segmented the Faral-

lon Plate and associated trenches further into the Cocos and South America (Nazca)



62 Chapter 2. Compilation of global subduction parameters

Figure 2.3: Global ocean floor age through time in 10 Myr intervals from 120 Myr ago
to present, from the reconstruction of Miller et al. (2019). Black polygons mark plate
boundaries, with subducting trenches overlain in bright green. Red arrows mark ve-
locity vectors. Reconstructed landmass is shown as grey polygons in the background.
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Figure 2.4: Global ocean floor age through time in 10 Myr intervals from 120 Myr ago
to present, from the reconstruction of Miiller et al. (2016b). Black polygons mark plate
boundaries, with subducting trenches overlain in bright green. Red arrows mark ve-
locity vectors. Reconstructed landmass is shown as grey polygons in the background.
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Trenches (Lonsdale, 2005). The segmentation of the South Pacific Trench at the same
time is not associated with ridge-trench interaction but with the arrival of major buoy-
ant features to the trench, in particular the Ontong-Java Plateau (Mann and Taira,

2004).

The Indian Ocean-Tethys domain during the past 120 Myr is characterised by a more
fragmented set of trenches, which evolved as the Tethys closed. Closure started in
the late Mesozoic in the west where Africa and Europe or continental blocks between
the two continents collided. In the early Cenozoic, at 60-50 Myr, the rapid northward
motion of India led to the closure of the central Tethys, with collision of the first In-
dian arc system around 50 Myr (Hall, 2002). Subduction of the Tethys, Indian and
Australian Plates was continuous since 120 Myr along the evolving Sunda-Java-Banda
Trench. This subduction behaved increasingly as a coherent zone after spreading
along the Wharton Ridge, which separated the Indian and Australian plates, ceased
around 40 Myr (Zahirovic et al., 2014; Sutherland et al., 2017). The evolution of this
trench system since 20 Myr is strongly influenced by collision with the Australia con-

tinental margin.

2.4.2 Comparison of the evolution of the main trenches

In this subsection we compare the evolution of the seven main trenches discussed in
Sdrolias and Miiller (2006) during the Cenozoic, to illustrate similarities as well as the
implications of differences between the underlying reconstructions. The differences
in part reflect improved insights and data in the newer reconstructions but in part
different choices within the inherent uncertainties in the reconstructions. Figs. 2.5

and 2.6 show the trench evolution in M19, M16 and S06.

Figs. 2.5 and 2.6 shows that the overall trend of the eight main trenches is one of
continuous trench retreat, apart from a few sections such as the Cocos trench (which

is rotating) and the northern end of the Sumatra trench in the late Cenozoic. As a
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result of this dominant trench retreat, the plates in the Pacific Ocean are diminishing
in size. One exception is the PSP, which is consumed in the Philippine and Ryukyu-
Nankai trenches but also expands westward (at diminishing rate) as the IBM trench

retreats.

There are two main differences in the evolution of the South America trench in S06
and M19 (Fig. 2.5) . The velocity and position differ due to the introduction of defor-
mation zones in Miller et al. (2019). The South America trench in M19 is less curved
at 60 Myr due to subsequent oroclinal bending. This results in a lower trench retreat
velocity in M19 relative to M16 and S06. In addition, the subducting-plate age distribu-
tion along the South America trench in M16-19 has changed because of the different
history of Phoenix plate fragmentation. In S06, a ridge intersects the central trench
in the Early Cenozoic, while in M16-19 this ridge is inactive and intersects the trench
further north, resulting in subduction of older lithosphere at the centre of the trench

(near the main bend) throughout the Cenozoic (Figs. 2.3 and 2.4).

The evolution of the Farallon Trench below Central and North America was updated
in two ways. Firstly, in the early Cenozoic, the subduction below the Caribbean Plate
is allowed to rotate (from approximately W-E to NW-SE; Fig. 2.5) independently from
the main Farallon Trench that borders North America. Secondly, in M19, the Farallon-
Kula spreading centre is inferred to initiate significantly further south than in S06. As
a result the northern end of the North America trench is highly deformed in the early

Cenozoic.

The evolution of the Aleutian-Alaskan Trench is largely similar in the three recon-
structions, with a main phase of back arc extension between 50-45 Myr (Fig. 2.5), and
the strongest retreat in the centre of the trench. However, the ages along the trench
evolve differently, in particular in the east where in the early Cenozoic the Kula plate
subducts, due to the updated evolution of the Kula plate in M16-19. In S06, the east-
ern, Alaskan, end of the trench coincides with the Izanagi-Farallon ridge up to 60 Myr

and remains almost stagnant. By contrast, in M16-19, the eastern end of the trench
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Figure 2.5: Evolution of eastern and northern trenches in the Pacific Ocean through
time from S06, M16 and M19. Reconstruction time is marked by colours. Present land
mass is plotted in background. Abbreviations: ALE — Aleutian, J-K - Japan-Kuril, NAM
— North America, SAM - South America.
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Indian Ocean through time from S06, M16 and M19. Reconstruction time is marked by
colours. Present land mass is plotted in background. Abbreviations: IBM - Izu-Bonin-
Mariana, R-N - Ryukyu-Nankai, S-] - Sunda-Java, T-K — Tonga-Kermadec.
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subducts Kula Plate at this time and is more mobile.

The evolution of the Japan-Kuril Trench during the Cenozoic begins with the final
stages of subduction of Izanagi Plate, which subducts fully by ~55Myr. In M19, a
large offset in the Izanagi-Pacific ridge is inferred to coincide with the kink in the
Kamchatka-Kuril trench, while further south there is less variation in Izanagi age at
the trench (Fig. 2.3), and hence in when the ridge reaches the trench, than in S06
(Fig. 2.5). The later evolution of the trench, from 45 Myr, is highly influenced by the
subduction of the (North-)PSP along the Ryukyu-Nankai Trench and the fast retreat
of the IBM Trench. As discussed below, in M16-19, the rotation of the IBM trench is
much reduced and mostly accomplished between 50-30 Myr. As a result, the location
of the Boso triple junction, where Nankai, Izu and Japan trenches intersect, already
marks the southern end of the Pacific subduction system along the Japan-Kuril trench
after 40 Myr in M16-19. By contrast, in S06, the Nankai segment is subducting Pacific
lithosphere until about 20 Myr. In M19, this trench evolves from a relatively straight

trench in the early Cenozoic to its current curved arc with two kinks.

The evolution of the IBM Trench is strongly linked with the evolution of the Ryukyu-
Nankai Trench and the formation of the (North- and South-)PSP, for which new data
has provided better constraints since S06. Initiation of the IBM Trench has now been
dated at ~50 Myr. In M16-19, a rapid phase of rotation between 50-30 Myr is followed
by a slower rotation phase since 30 Myr, while in S06, rotation rate is high throughout

the Cenozoic with short pause between 40-30 Myr (Fig. 2.6).

Since S06, the evolution of the intra-oceanic Tonga-Kermadec Trench was also exam-
ined in wider regional perspective, by considering it as part of the South Pacific Trench
system (e.g. Schellart et al., 2006). The evolution of the Tonga-Kermadec Trench af-
ter 40 Myr is similar between S06 and M16-19 with minor differences in trench posi-
tion and retreat velocity. Some variation in ages along the trench between 40-20 Myr
stems from changes in the updated history of Phoenix Plate fragmentation. Post 90 Myr,

the spreading ridges between the Pacific and the Manihiki and Hikurangi fragments
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ceased, resulting in the formation of single large Pacific Plate. The intersection of these
extinct ridges arrived at the Tonga-Kermadec Trench at ~20 Myr, resulting in younger

ages close to the ridges and older ages between them.

Finally, the Sunda-Java Trench evolution in M16-19 mainly differs from that in S06 in
the evolution of trench shape due to updates in the evolution of the various basins in
the South-East Asian part of the overriding Eurasian Plate (Zahirovic et al., 2014; Bai
et al., 2015). In particular, M19 includes significant back-arc extension between 50-
20 Myr, and a more significant trench advance of the northern end of the Sumatran

Trench post 20 Myr.

In summary, these changes in trench evolution between the different reconstructions
reflect both evolving constraints and insights and inherent uncertainties. In particu-
lar for intra-oceanic plate boundaries, trench locations are often uncertain by several
100 km. In addition, the timing and magnitude of rotations can be highly uncertain,
as these rely on limited evidence, like preserved volcanic arcs, together with other

global constraints for making a complete plate reconstruction.

2.4.3 Velocity and age trends

We examined global subduction behaviour by reviewing trench and plate motions
globally in M16-19, following a similar analysis of S06 by Goes et al. (2011). Such an
analysis can shed light on the main subduction driving forces. Studies of models of sin-
gle plate subduction indicate that if local slab pull is a dominant driving force (as indi-
cated by e.g. Conrad and Lithgow-Bertelloni, 2002; Schellart, 2004b), subducting plate
velocity and trench retreat should increase with subducting-plate age (Garel et al.,
2014; Agrusta et al,, 2017) and trenches would dominantly retreat (Bellahsen et al.,,
2005; Capitanio et al., 2007). Previous work has indicated that such a correlation ex-
ists between ages at the trench and subducting-plate velocities along the main Ceno-

zoic and present-day trenches (Carlson et al., 1983; Lallemand et al., 2005; Sdrolias
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and Muller, 2006; Goes et al., 2011). Such observational studies have also shown that
trenches mostly retreat, as long as a mantle reference frame that is a reasonable ap-
proximation of a global reference and which limits intra-hotspot motions is used. This
retreat had also been shown to be consistent with tomographic imaging of slab shapes
(Goes et al., 2011; Williams et al., 2015). However, previous work also indicated that
the magnitudes and directions of trench motions do not vary simply with age, even for
the main trenches (Goes et al., 2011). Here we test whether such trends are present in
our newer subduction parameter compilations. We note here that inevitably, some of
our analysis may reflect the assumptions used by the GPlates algorithm in interpolat-
ing reconstructed plate boundaries and motions. This is more likely to occur at earlier

reconstruction times where geological evidence is more scarce.

Fig. 2.7 shows the analysis of the distributions of subducting-plate velocity (Vg,,) rela-
tive to total convergence (V¢on=Vsup+Vir) and trench velocity (Vi) relative to subduction
velocity. All velocities are measured in a mantle reference frame, as discussed in Sec-
tion 2.3.3. We also considered the angle between the trench strike and the direction of
motion of the subducting plate (Fig. 2.7A-B). We divided the angles to perpendicular
motion (within 30° to trench normal; 54-59% of sampled points), mixed motion (within
30°-60° to trench normal; 29-32% of sampled points) and parallel motion (over 60° to
trench normal; 12-14% of sampled points) and excluded from the velocity analysis (Fig.
2.7C-F) any points with parallel motion, to remove non-subducting segments from the
analysis of force balance in subduction systems. We show the trends for all trench
segments since 120 Myr and highlight those for the main trenches since 60 Myr which
are most likely to show the influence of local slab pull. We note that long trenches
with relatively uniform behaviour may skew the analysis, an effect which is greater

for the analysis of the main trenches.

The majority of subducting plates, 74% of sampled points, move close to perpendicu-
lar to the trench (within 45° to the trench normal in Fig. 2.7A-B). This indicates that

trench position tends to align with the direction of motion of the subducting plate,
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Figure 2.7: Histograms of frequency along the main trenches after 60 Myr (purple) and
of all trench segments after 120 Myr (red outlines) with median (solid lines) and mean
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which is expected to be mainly determined by slab pull. Such an alignment of trench
normal and plate convergence is as observed in recent subduction models, where ini-
tially oblique trenches tend to rotate to align with subducting plate motion (Rudavi-
ciute, 2015; Balazs et al., 2021). The small group of subducting-plate motion parallel
trench segments in the compilations are likely the result of secondary factors control-
ling local trench position. These include three-dimensional effects that lead to local
misalignment of trench and subduction orientation, such as the subduction of buoy-
ant features (Miller et al., 2006a,c; Gulick et al., 2007; Seton et al., 2012, see further

discussion in Chapter 5).

Similar to Goes et al. (2011), we find that subduction is dominated by subducting-plate
motion. Along those segments of the trench where convergence occurs within 60° to
the trench normal, between 80-90% of the plate convergence is accomplished by mo-
tion of the subducting plate into the trench 2.7C-D). This percentage is higher (86-88%)
for the complete compilation than for the main trenches (81-85%). In the overwhelm-
ing majority of trench segments, subducting plate velocity is more than twice the mag-
nitude of trench velocity (either retreating or advancing; Fig. 2.7E-F). The observed
contribution of subducting-plate advance is higher than in many single-subduction
models (see also discussion in Chapter 3). The higher contribution of trench retreat
for the main trenches is consistent with what would be expected if along those large
trenches, local slab pull is a dominant driving force (Conrad and Lithgow-Bertelloni,

2002).

We also find that retreat dominates trench motion, with retreat occurring for 60-73%
of points, with motion within 60° of the trench normal (Fig. 2.7C-F). This trend is much
more prominent for the main trenches during the Cenozoic, with 76-85% of the points
retreating, as would be expected for the presence of large slabs and an important role
of local slab pull. A low trench to subducting-plate velocity ratio and a dominance of
trench retreat indicate that the internal strength of the plate (i.e. resistance to bend-

ing) is not a major contribution to the force balance (Ribe, 2010), a point which is
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discussed further in Chapter 4. Low bending strength allows local slab pull (for ma-
jor plates) or other external forces (for minor subduction segments) to determine the
balance of plate and trench motions. We note that, following the work of Williams
et al. (2015) who found that trench retreat is likely to dominate global trench motions
in pre-Cenozoic periods, the APM model used in Miller et al. (2019) includes trench
retreat as parameter for ‘best-fit’ optimisations. However, this parameter was not in-
cluded in the APM model for Miiller et al. (2016b), which presented similar trends to
Miiller et al. (2019) (Fig. 2.7).
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Figure 2.8: Age trends illustrated by: A) and B) subducting plate velocity versus sub-
ducting plate age, C) and D) trench velocity versus subducting plate age. Parameters
from the main trenches after 60 Myr are shown in colour (warm colours indicate West
Pacific trenches and cold colours indicate East Pacific trenches) and those from all
trench segments after 120 Myr are shown in the background in grey. Information
from M16 in left panels (A and C) and from M19 in right panels (B and D).
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We do not find a global correlation between either subducting-plate velocity or trench
velocity with the age of the subducting plate at the trench (Fig. 2.8). A mild increase in
subducting-plate velocity with age is observed during the Cenozoic in trenches in the
West Pacific (Japan-Kuril, IBM system and Tonga-Kermadec; Fig. 2.8A-B). This is con-
sistent with the trend previously inferred from present-day data at the main trenches
(Carlson et al., 1983; Doglioni et al., 2007; Goes et al., 2011; Vérard, 2019), and does
hint at slab pull being controlled by local age at the trench. However, overall, a corre-
lation between age and subducting-plate velocity, as occurs in models of single-plate
subduction (Schellart, 2008; Goes et al., 2011), is not observed. Rather, for the main
trenches during the Cenozoic, there is a larger range of subducting-plate velocities for
younger plates (<80 Ma), although this finding may be a bias due to the small set of

trench segments where old plate subducts.

Trench velocity magnitude at the main trenches during the Cenozoic is mostly limited
between minor advance (-1 cm/yr) and mild retreat (~3 cm/yr) (Fig. 2.8C-D), with a
somewhat larger range for older ages (<100 Ma), although this range is dominated by

the large motions of the IBM and Tonga-Kermadec Trenches.

The lack of age trends indicates that in natural subduction zones other factors than
slab pull controlled by local age at the trench determine the magnitude of subduc-
tion velocity. Even if the dominant force is pull from the slab directly attached to the
subducting plate (as indicated by global modelling studies Forsyth and Uyeda, 1975;
Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni, 2002), lateral variations
in age and additional buoyancy variations (as those discussed in Chapter 5) may make
local age a poor indicator of this pull. In addition, external forces exerted on the plate,
such as drag by global mantle flow pattern set up by large slabs (Becker and Faccenna,
2011) or by concentrations of mantle plumes (Lithgow-Bertelloni and Silver, 1998) may
play a role. For small trenches, external forces and constraints are likely a much more
dominant influence than in the main subduction systems, consistent with the larger

scatter of velocities in the global compilation (including all after 120 Myr), compared
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with the main trenches during the Cenozoic.

2.5 Tour of regional evolution of the main trenches

In this section, we summarise the evolution of position, subducting-plate age and ve-
locities along the main trenches in M19 in the context of a the global tectonic evolution
of the Earth during the last 120 Myr, similar to the analysis done in Sdrolias and Miiller
(2006).

North and South America Trenches

In M19, at 120 Myr, the Farallon plate subducted below North America from Alaska
to Mexico (Fig. 2.3). West of northern South America, the Quebradagrande back-arc
basin has started forming, bounded by subduction of the Farallon on the western side,
and early stages of subduction of the Proto-Caribbean seafloor along the Greater Arc
of the Caribbean (GAC) on the eastern side (Braz et al., 2018; Braszus et al., 2021).
Eastward Farallon subduction below what will become Central America ceased at
~100 Myr and restarts at 85 Myr, isolating the Caribbean Plate. At a similar time, the
Chazca Plate becomes part of the Farallon as the spreading between the two plates
ceased. This results in a long continuous subduction spanning below most of North
and South America. At the same time, the Kula Plate separates from the northern

Farallon along a new spreading centre.

Fig. 2.9 shows in more detail the subducting-plate age distribution through the Ceno-
zoic. Along the long Farallon Trench, ages of the subducting lithosphere at the start of
the Cenozoic broadly increase from north (near the Farallon-Kula ridge) to the south,
with a sharp decrease in lithospheric age at the southern part of the South America
trench due to the continued spreading along the ridge between the Farallon and the

Aluk fragment of the Phoenix Plate (Fig. 2.3).
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Figure 2.9: Evolution of South America and North America trenches during the Ceno-
zoic, with age grid and reconstructed landmasses, based on Miiller et al. (2019).
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Further segmentation at the north of the Farallon Plate occurred at ~53 Myr with the
formation of the Vancouver Plate (Fig. 2.3; Wright et al., 2016). The boundary between
the Vancouver and Farallon Plate slowly subducts below the North America trench
until fully subducted 29 Myr ago. The intersection of the Pacific-Farallon spreading
ridge with the North America Trench leads to the formation of the Juan de Fuca Plate
and the initiation of the San Andreas transform boundary between the Pacific and
North American Plate (Riddihough, 1984; Atwater, 1989). The southern Farallon later
fragments into the Cocos and Nazca segments, with a new spreading ridge initiating
between them at ~23 Myr (Lonsdale, 2005). As the distance between the spreading
ridge between the Pacific and Farallon fragments and the North and South America
Trench decreases through the Cenozoic, the ages of the subducting plates at the trench
decrease. At present, the maximum age of the Juan de Fuca at the trench is only 5 Ma,
of the Cocos Plate 20-30 Ma and of the Nazca Plate 50 Ma. Throughout the Cenozoic,
the oldest part of the Farallon Plate (and later the Nazca Plate) subducts near the centre
of the Andean Trench. With the initiation of the Cocos-Nazca spreading ridge, the age-

gradients along the trench have become further pronounced.

North Pacific Trenches

In the North Pacific, at 120 Myr, the Izanagi Plate subducted at along trench stretching
along most of the eastern margin of Asia all the way to Alaska (Fig. 2.3). As this plate
is consumed by subduction, first the Kula subduction zone grows westwards, subduct-
ing below the eastern Aleutians, and from 70 Myr the northern Pacific Plate starts to
subduct below the Aleutians. At 55 Myr, when the last remnant of the Izanagi-Pacific
Ridge subducted along its full length within a few Myr, Pacific subduction also started
below Asia. In these last phases of Izanagi subduction, very young lithosphere and
actively spreading ridges subduct rapidly along most of the margin, probably driven

by the previously subducted large continuous Izanagi slab (Goes et al., 2008).

Fig. 2.10 shows the Cenozoic evolution of the Aleutian and Japan-Kuril Trenches. Spread-
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Figure 2.10: Evolution of Aleutian and Japan-Kuril trenches during the Cenozoic, with
age grid and reconstructed landmasses, based on Miiller et al. (2019).

ing along the Kula Ridge ceased at ~41 Myr (Wright et al., 2016), as part of the EPRE,
effectively merging it with the subducting Pacific Plate. The proximity of the extinct
ridge to the Aleutian Trench near Alaska, and its continued subduction until ~20 Myr
results in the present day young ages near the eastern edge of the Aleutian Trench.
Along the central and western segments of the Aleutian Trench, ages are controlled
by the ongoing subduction of the Pacific Plate and are therefore older. Along the
Japan-Kuril Trench, the subduction of the Izanagi Ridge almost parallel to the trench

(Whittaker et al., 2007), resulted in similar ages everywhere along the trench. Fol-
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lowing the subduction of the ridge at ~55 Myr the retreat rate of the trench increases
rapidly, resulting in quick ageing all along the trench (Seton et al., 2015). At present,
subducting-plate ages at the trench are between 90 Myr, below Kamchatka, and 110-
130 Myr, below Honshu.

West Pacific Trenches

The subduction at the IBM and Ryukyu-Nankai Trenches initiated in the Cenozoic and
are shown in Fig. 2.11. The evolution of both trenches is dominated by the fast re-
treat of the Pacific Plate along the IBM Trench following the EPRE (Whittaker et al.,
2007; Seton et al., 2015), and are interlinked with the subsequent expansion of the
North- and South-PSP back-arc basins (Zahirovic et al., 2014). The subduction of the
PSP along the Ryukyu-Nankai and Philippine Trench is also associated with regional
plate reorganisation as a result of the westward motion of South East Asia following
the India-Asia collision (Hall, 2002). The subducting-plate ages along the two trenches
differ substantially. The Ryukyu-Nankai ages at the trench reflect the young ages of
the basins making up the PSP, with present-day subducting-plate ages below 60 Ma
at the Ryukyu Trench, and around 20 Ma at the Nankai Trough (determined by the
timing of activity of the now extinct Shikoku Ridge, which subducts at this part of
the trench). On the other hand, the ages at the IBM Trench reflect the oldest ages of
the Pacific Plate, due to the fast consumption of the plate as the trench retreated, and

presently range from 120 Ma below northern Izu to 160 Ma at the Mariana Trench.

South Pacific and eastern Indian Ocean Trenches

The South Pacific Trench is the first location where subduction of the Pacific Plate
initiated ~120 Myr (Fig. 2.3). The size of the trench grew steadily until 80 Myr ago
as the Izanagi Plate, north of the Pacific, and the Hikurangi segment of the Phoenix

Plate, south of the Pacific, subducted and shrank in size. The trench grows rapidly
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Figure 2.11: Evolution of Izu-Bonin-Mariana and Ryukyu-Nankai trenches during the
Cenozoic, with age grid and reconstructed landmasses, based on Miiller et al. (2019).



2.5. Tour of regional evolution of the main trenches 81

when at around 80 Myr, spreading along the Pacific-Hikurangi-Manihiki ridges ceases
and these plates amalgamate into a single larger Pacific Plate. The subduction of the
Izanagi Plate and the consequent formation of the PSP and IBM Trenches (Fig. 2.3)

define the northern boundary of the trench since 60-50 Myr ago.

By the early Cenozoic, the South Pacific Trench consists of a long continuous trench
subducting about 90 Ma Pacific lithosphere in the north, and relatively young litho-
sphere from the extinct Hikurangi-Pacific spreading ridge, the Osbourne Ridge, in the
south. Fig. 2.12 presents the evolution of the South Pacific subduction system as well
as that of the neighbouring Sunda-Java Trench in the Indian Ocean. After the EPRE,
the morphology of the trench evolved (Whittaker et al., 2007; Sutherland et al., 2017).
Rotation of both the trench and Pacific Plate motions led to increasing convergence
normal to the trench. The South Pacific Trench maintained a relatively continuous
nature until ~20 Myr. Between 20-10 Myr subduction polarity changed along several
segments of the trench, where recently-formed back-arc basins within the Australian
Plate began subducting beneath the Pacific Plate. This change was likely induced by
the arrival at the trench of major buoyant plateaus on the Pacific Plate, most notably
the Ontong-Java plateau (OJP) (Mann and Taira, 2004). The change in subduction polar-
ity resulted in fragmentation of the South Pacific Trench, where the southern, central
and northern sections separated into the Tonga-Kermadec, New Hebrides and New
Britain Trenches, respectively. The reversal of the subduction polarity at the New He-
brides and New Britain Trenches (Mann and Taira, 2004) is the reason for the present-
day young ages along these segments, while along the Tonga-Kermadec section, sub-

duction of old Pacific lithosphere continues.

Subduction along the Sunda-Java Trench was part of a long subduction system where
several of the plates which composed the Tethys Ocean subducted below Asia. The
subduction of the Tethys began during the Mesozoic and concluded in the early Ceno-
zoic, apart from a small remnant sea, the Mediterranean (Rogl, 1999). At 120 Myr ago,

>100Ma old Tethys lithosphere subducts along the Sunda-Java Trench, while back-
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where trench segments have different subduction polarity.
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arc basins and additional convergence zones form north of the main trench along the
southern Asian margin. Spreading ridges separated the shrinking Tethyan seafloor
from the growing Indian and Australian plates south of it. By 50 Myr, the last part of
the Tethys was consumed and the Wharton Ridge, which accommodated divergence
between the Indian Plate and the Australian Plate reaches the Sunda-Java part of the

trench.

At ~45 Myr, after the India-Asia collision, the spreading along the India-Australia Ridge
ceased and the India and Australia Plate started moving as an essentially unified plate
(Hall, 2002). The intersection of the extinct Wharton Ridge and the Sunda-Java Trench
marks the point of youngest ages along the trench, with older ages west and east of the
ridge. The ridge-trench intersection point migrates northward throughout the Ceno-
zoic but has remained far from both ends of the trench. During the late Cenozoic from
40-30 Myr ago, South East Asia deformation in response to India-Asia collision (Hall,
2002) and the arrival of the continental Australian Plate at the trench resulted in a
period of trench advance at the northern Sumatra section and trench stagnation at

the Java section at 30-0 Myr.

2.6 Conclusions

We presented here a compilation of global subduction zone trench parameters based
on the GPlates models of Miller et al. (2016b) and Miiller et al. (2019) for the past
120 Myr. We detailed how the parameters were extracted for the compilation from
the underlying plate reconstruction model, discussed the associated uncertainties and
presented some initial analyses. We showed how this compilation compares with the
most recent compilation for the Cenozoic by Sdrolias and Miiller (2006), the under-
lying plate reconstruction model by Miiller et al. (2008b) and an analysis of age and
velocity trends during the Cenozoic by Goes et al. (2011). Finally we presented a sum-

mary of how global and regional tectonic events affected trench position and the dis-
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tribution of subducting-plate ages along the main trenches in the Pacific and Indian

Oceans.

The compilation of subduction parameters presented here can aid the study of sub-
duction zone dynamics and surface expressions as well as other associated fields. In
using the parameter compilation, it is important to bear in mind the intrinsic uncer-
tainties. The largest uncertainties are probably associated with the evolution of the lo-
cation and shape of the trenches and whether they functioned as single or segmented
systems. Trends in plate velocities and age of the subducting lithosphere are more
certain as they are the outcome of the global plate motion model that over the past
120 Myr is quite well constrained by isochrons and additional geologic data (including
palaeontological evidence, sediment accumulation record and gravity and magnetic

anomalies; Miuller et al., 2019; Vérard, 2019).

The new compilations confirm a number of previously proposed characteristics of nat-
ural subduction. Given that the present compilations span double the time of the pre-
vious compilation by Sdrolias and Miiller (2006), and therefore include more trench
and plate reorganisations, these characteristics are more likely to apply to the past few
100 Myr of subduction (at Earth’s current thermal regime), and not only to the Ceno-
zoic. In 74% of all sampled points, subduction occurs in a direction close to normal to
the trench (within 45° to trench normal). For the set of points with subducting-plate
motions within 60° to the trench normal, 76-85% of the sampled points retreat, similar
to what was found in an earlier evaluation by Williams et al. (2015). These two signa-
tures are consistent with an important role of local slab pull in the dynamics. Trench
motions contribute on average only about 12-19% to plate convergence, with a higher
contribution of trench retreat for the subduction in the main trenches, as expected
if local slab pull is a more dominant force at larger subduction zones. The relatively
small trench motions as well as dominance of trench retreat require that plate resis-
tance to bending is a relatively small force compared to the total driving forces (Ribe,

2010). Yet, we find (consistent with analysis by Vérard, 2019) that there is, at most, a
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weak correlation between subduction velocity and age, and only at some of the main
trenches during the Cenozoic. This shows that local age at the trench is a poor indica-
tor of the magnitude of slab pull, which instead must be the integrated result of slab

buoyancy which varies both laterally and through time.

Our overview of the evolution of the main subduction zones in the M19 compilation
highlights that they have often been significantly affected by large scale events, such
as the global Eocene plate reorganisation event. This indicates that other forces in
the global plate-mantle system, such as those exerted by nearby slabs or large-scale
mantle flow or forces constraining the upper plate, appear to play a significant role in
shaping subduction evolution, in particular at smaller trenches. The subduction pa-
rameter analysis thus underlines the importance of combining insights of subduction
dynamics derived from models of a single subducting plate, together with models of
3D plates containing for example buoyant features, as well as models that focus on
forces exerted by nearby plates, and models of a global Earth systems of plates and

mantle flow.

2.7 Files and access

The Python scripts for generating the compilation and the associated plots, as well as
the complete set of extracted parameters in . csv file format, can be found at: https:
//github.com/1lsuchoy/TrSubParametersCompilation. The pygplates and ptt
Python modules are required for the different functions of the script. The pygplates
module is an associated python module for GPlates which can be found, together
with the GPlates software, at https://www.gplates.org/download. The ptt (plate
tectonics tools) module is a custom-made module for plate tectonics calculations of
GPlates plate reconstruction models that was created and maintained by John Can-
non and can be found at https://github.com/EarthByte/PlateTectonicTools.

A copy of the ptt module version used for the script can be found with the script files.


https://github.com/lsuchoy/TrSubParametersCompilation
https://github.com/lsuchoy/TrSubParametersCompilation
https://www.gplates.org/download
https://github.com/EarthByte/PlateTectonicTools
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The GPlates plate reconstruction model of Miiller et al. (2016b) and Miiller et al. (2019)

can be found in https://www.earthbyte.oxg.


https://www.earthbyte.org

Chapter 3

Effects of basal drag on subduction

dynamics from 2D numerical models

3.1 Summary

Subducting slabs are an important driver of plate motions, yet the relative importance
of different forces in governing subduction motions and styles remains incompletely
understood. Basal drag has been proposed to be a minor contributor to subduction
forcing because of the lack of correlation between plate size and velocity in observed
and reconstructed plate motions. Furthermore, in single subduction system models,
low basal drag leads to subduction behaviour most consistent with the observation
that trench migration velocities are generally low compared to convergence veloci-
ties. By contrast, analytical calculations and global mantle flow models indicate basal
drag can be substantial. In this study, we revisit this problem by examining the drag
at the base of the lithosphere, for a single subduction system, in 2D models with a free
trench and composite non-linear rheology. We compare the behaviour of short and
long plates for a range of asthenospheric and lithospheric rheologies. We reproduce

results from previous modelling studies, including low ratios of trench over plate mo-
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tions. However, we also find that any combination of asthenosphere and lithosphere
viscosity that produces Earth-like subduction behaviour leads to a correlation of ve-
locities with plate size, due to the role of basal drag. By examining Cenozoic plate
motion reconstructions, we find that slab age and plate size are positively correlated:
higher slab pull for older plates tends to be offset by higher basal drag below these
larger plates. This, in part, explains the lack of plate velocity-size correlation in obser-

vations, despite the important role of basal drag in the subduction force-balance.

3.2 Introduction

It is widely agreed that the negative buoyancy of subducting slabs provides the main
driving force for subduction, as well as for plate motions in general (e.g. Forsyth and
Uyeda, 1975; Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni, 2002; Coltice
etal., 2019). This insight has led to first-order models where slabs are treated as Stokes
sinkers through a viscous mantle, which successfully produce the main density struc-
ture of the mantle and the main patterns of plate motions, assuming that surface plate
motions are driven by the resulting mantle flow (e.g. Lithgow-Bertelloni and Richards,
1998; Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni, 2002). Recent global
or plate-scale studies show that in some cases additional forcing by mantle plumes
and consequent mantle flow (leading to active drag) may also play a role (e.g. Becker
and Faccenna, 2011; Coltice et al., 2019; Stotz et al., 2018). Nonetheless, such large-
scale models cannot fully capture the regional force balance governing the dynamics
of subduction at plate boundaries (i.e. the interplay between slab pull, plate bending,
viscous forces between plates and mantle), in governing plate velocities and morphol-
ogy. As a result, it is important to improve our understanding of the balance of forces
in such a regional system to inform how these forces, or a parameterisation of them,
would be best incorporated into larger-scale or global models (e.g. Conrad and Hager,

1999).
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The main driving force in a regional subduction system is the pull of the sinking slab
(Goes et al., 2011). Resistive forces include viscous drag on the slabs, frictional or vis-
cous resistance at the contact between subducting and overriding plates, visco-plastic
resistance of the subducting plates to bending into the trench and when they reach
upper-lower mantle boundary (ULMB) at 660 km depth, and viscous drag on the base
of the plate (e.g. Forsyth and Uyeda, 1975; Carlson et al., 1983; Conrad and Hager, 1999).
For subducting plates, the latter force, basal drag, is assumed to be dominantly resis-
tive, although we note that it can be a driving force (e.g. Becker and Faccenna, 2011;
Stotz et al., 2018). A driving basal drag can occur where mantle flow, driven by the
global system of sinking slabs and aided by rising plumes, provides additional forcing
on a regional plate configuration (Coltice et al., 2019). We will not consider such ex-
ternal forces here. The regional subduction resistive forces counteract up to 90% of
slab pull, with the largest contribution from viscous resistance between the subduct-
ing slabs and the surrounding mantle (e.g. Schellart, 2004a; Capitanio et al., 2007). It
is debated what the relative importance of the resistive forces is, and how their con-
tributions vary between different subduction zones, and how this might contribute
to the variability in subduction zone behaviour (e.g. Conrad et al., 2004; Husson et al.,

2012).

It has been noted that present-day plates with large subducting slabs attached do not
display a correlation between plate size and plate velocity, as might be expected if
basal drag played a significant role in the subduction force balance (e.g. Forsyth and
Uyeda, 1975; Conrad and Hager, 1999, Fig. 3.1). Conrad and Hager (1999) suggested
that high plate viscosity, which would lead to substantial loss of energy in bending of
the subducting plate at the trench (i.e. high bending resistance relative to basal drag),
might be responsible for this lack of correlation. Their estimate of effective plate vis-
cosity (about two orders of magnitude higher than the asthenosphere, i.e. average ef-
fective lithospheric viscosity of about 10% Pa-s for a mantle viscosity of 10%! Pa-s) has
been confirmed by a range of subsequent studies (e.g. Zhong and Davies, 1999; Buf-

fett, 2006). However, dynamic subduction models with a mobile trench have shown
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that plates with such effective viscosities tend to adjust their dips and trench veloci-
ties to minimise energy lost in bending thus limiting the effect on plate velocities (e.g.

Bellahsen et al., 2005; Capitanio et al., 2007; Ribe, 2010).

Other work, using regional dynamic subduction models, has shown that low basal
drag, resulting from low asthenospheric viscosities, may be important for understand-
ing trench motions as observed on Earth (Billen and Arredondo, 2018). Trench mo-
tions tend to be only a small fraction of plate convergence velocity (on average, through-
out the Cenozoic, about 10%; Lallemand et al., 2005; Sdrolias and Miiller, 2006; Goes
et al,, 2011). On the other hand, the type of free subduction models used to investi-
gate the effects of plate bending can lead to trench motions that are up to 100% of
convergence (Capitanio et al., 2007), although models featuring an overriding plate
result in smaller relative trench velocities (Garel et al., 2014). Furthermore, although
most trenches retreat, 20-35% of trench segments in the past 100 Myr advanced (Goes
et al,, 2011; Williams et al., 2015). Small variations in the balance between the forces
affecting the upper and the subducting plates have been proposed to determine the
direction of trench motion (Husson et al., 2012; Capitanio, 2013; Alsaif et al., 2020)
and for such a mechanism to be effective, a low asthenospheric viscosity is likely re-
quired. Billen and Arredondo (2018) showed that a low-viscosity asthenosphere (with
non-linear, strain-rate dependent rheology leading to average asthenospheric viscosi-
ties of 10'°-10%° Pa-s and minimum viscosities as low as 10'8-10'° Pa-s, relative to maxi-
mum lithospheric viscosities of 10%* Pa-s) facilitated small trench motions and periods

of both trench advance and retreat.

Other 2-D models of convection that approximate plate behaviour by a mechanical top
boundary condition and strongly temperature-dependent rheology, albeit with an im-
mobile trench, document how the ratio of lithosphere to asthenosphere viscosity gov-
erns to what extent basal drag is a resistive force (Hoink and Lenardic, 2008, 2010). In
such models, a low enough ratio even leads to a driving (Poiseuille) basal drag. From

these results, one would expect that if the trench was free to move, resistive basal drag
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Figure 3.1: Present-day subducting plate velocities, measured at the trench in a lower
mantle (plume) reference frame (O’Neill et al., 2005), as a function of plate size, in
terms of a typical plate length. Typical plate length is a measure of plate size calculated
as the age at the trench (Agey..nn) multiplied by plate velocity (Upq.) (X markers) or
as the square root of the plate surface area (S,..., 0 markers). Velocities data from
Sdrolias and Miiller (2006) and Schellart et al. (2007) and plate size data from Conrad
and Hager (1999).

would lead to trench retreat and driving basal drag would be associated with trench
advance, i.e. viscosity ratio near this transition would lead to small trench motions,
as found by Billen and Arredondo (2018). This indeed appears to be borne out by cor-
relations found by Husson et al. (2012) between modelled mantle flow patterns and
trench motions. Hoink and Lenardic (2010) further showed that there is an influence
of box size (which simulates plate size in their setup) on the viscosity ratio at which
the transition from resisting to driving basal drag occurs. These studies indicate that
a low ratio of average asthenosphere to average lithosphere viscosity (around 0.001),
i.e. relatively low-magnitude basal drag, puts the system close to the transition from
retreating to advancing trench motion and hence may be the most appropriate for

understanding natural subduction dynamics.

On the other hand, analytical calculations and global-scale numerical models indi-

cate that basal drag may not be such a negligible force. Basic analytical calculations
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(section 6.3 in Turcotte and Schubert, 2002) yield estimates of basal drag that are on
the order of 5-10% of slab pull. Observations of seismic anisotropy (Bokelmann and
Silver, 2002) have been used to estimate that drag on the base of thick cratonic litho-
sphere is of a similar magnitude as ridge push, which is about 10% of slab pull and of
a similar magnitude as the net slab pull (i.e. the difference between slab pull and vis-
cous resistance to slab sinking). Several other studies have also shown that basal drag
can be high in areas of thick continental roots (e.g. Conrad and Lithgow-Bertelloni,
2006; Coltice et al., 2019) and tractions from global mantle flow models yield high cu-
mulative values of basal drag on large plates like the Pacific (Conrad and Lithgow-
Bertelloni, 2006). The magnitude of basal drag by global mantle flow has been shown
to be important for explaining plate motions (e.g. Becker and O’Connell, 2001; Conrad
and Lithgow-Bertelloni, 2002; Becker and Faccenna, 2011; Coltice et al., 2019) and can

only be effective if asthenospheric viscosities are not too low.

To better understand the role that basal drag plays in controlling subduction and
trench motions, we revisit these issues here using 2D dynamic subduction models
with a composite stress- and temperature-dependent rheology and mobile trench and
ridge. We test the effects of increased lithosphere viscosity, decreased asthenosphere
viscosity and hence variable lithospheric to asthenospheric viscosity ratio. Finally, we
re-evaluate relation between subducting plate velocity and plate size on Earth, by ex-
amining both present-day plate configurations and reconstructions through the Ceno-

zoic Era.

3.3 Modelling methods

We use a thermo-mechanical model of a single subduction system comprising a sub-
ducting and overriding plate in a 2D rectangular box (Fig. 3.2). The finite-element,
control-volume code Fluidity (Davies et al., 2011; Kramer et al., 2012; Garel et al., 2014;

Le Voci et al.,, 2014) is used to solve the mass, momentum and energy conservation
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equations for Stokes flow under the Boussinesq approximation of incompressibility,
for a viscous rheology. An irregular triangular adaptive mesh, with element sizes
ranging from 0.4-200 km, yields high resolution in areas of dynamic significance (i.e.
in areas of strong gradients of velocity, temperature, viscosity and material volume
fraction) and lower resolution elsewhere (Fig. 3.2). Our models utilise the same nu-
merical methodologies and physical properties as those of Garel et al. (2014). A sum-
mary of the model set up is given below, and further details, including all model pa-

rameters, are provided in Table 3.1.

3.3.1 Governing equations and rheology

We solve flow for incompressible Stokes fluid, under the Boussinesq approximation,

assuming mass, momentum and energy conservation equations:

T
aa_t + U;0,T — kO?’T =0 (3.3)

where u is the velocity, o is the stress tensor, g is gravity, 7' is temperature, « is the
thermal diffusivity and Ap = —ap,AT is the density difference due to temperature,
with « the coefficient of thermal expansion, p, the reference (surface) mantle density

and AT the difference in temperature from the surface. : and j are axes notations.

Viscosity is therefore the ratio of deviatoric stress to strain rate:

. Tij o Uij+P5ij
C28; 28y

n (3.4)
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where 7 is the deviatoric stress, ¢ is the strain rate, P is the dynamic pressure and J;;

is the delta function. The effective viscosity is calculated in our models using:

1 1 1 1\ !
Neff = ( + + —+ ) (3.5)
Naiff  Mdist My MPie

where 14, naisi» 7, and np;e are the viscosities calculated using diffusion creep, dis-
location creep, yielding mechanism and simplified Pierels creep, respectively. The
viscosities derived from diffusion, dislocation and Pierels creep are calculated using

the generalised equation:

E+HV>*1n

-1 A
N(dif f\disl\Pie) = A ™ €XP ( nRT. e (3.6)

where A is a prefactor, » is the stress exponent, £ and V are the activation energy and
volume, respectively, P, is the lithostatic pressure, R the gas constant, ¢;; is the second
invariant of the strain rate tensor and D is the depth. 7,, is the temperature adjusted
with an adiabatic gradient of 0.5 K/km in the upper mantle and 0.3 K/km in the lower

mantle (Fowler, 2005). The yielding mechanism is calculated as:

— Ty :min<7-8+fcpl77—ymax)
2er1 2¢r1

(3.8)

Ty

where 7, is the yield stress, 7, is the surface yield stress, f. is the friction coefficient
and 7, 4. 1S the maximum yield stress. The viscosity field is capped by both minimum
and maximum values. The yielding viscosity is adjusted within the weak decoupling

layer by applying a different friction coefficient:

min ('7'3 + fc weakpb Ty max)
2err

(3.9)

Ny weak =

The initial temperature field in the lithosphere is calculated using the half-space cool-
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ing equation from Turcotte and Schubert (2002):

D
T=T,+ AT -erf (2\/%) (3.10)

where T is the surface temperature and ¢, is the age.

3.3.2 Model set up

The initial temperature field includes a cold lithosphere, with temperatures calculated
using half-space cooling (Turcotte and Schubert, 2002) with a linear age gradient from
ridge to trench on both the overriding and subducting plate sides, and a prescribed
bent slab down to 220km depth. We examined both this set up with a prescribed
initial slab in the upper 220 km of the box with no initial strain, as well as a set up
where we kinematically drive the slab to a comparable depth before continuing the
calculations without kinematic constraints. No significant differences in the evolution
with the two initial conditions were observed and, accordingly, we present only the

results from the former approach.

We use a subducting plate with initial age of 65 Myr and overriding plate with initial
age of 20 Myr, both with the same initial length (Fig. 3.2a). The young overriding plate
exerts relatively low resistance to trench motion (Garel et al., 2014). In this study we
do not vary initial subducting- and upper-plate ages to focus on varying lithospheric
and asthenospheric strengths. The top surface is a free surface, which leads to a nat-
ural ridge push, and all other sides are free slip. Thermal boundary conditions are
insulating on the left, a constant temperature at the top and bottom, and we apply
mantle temperature to the right-hand side boundary to force a ridge at the edge of the

overriding plate. The trench and the ridge on the subducting side are mobile.

We use a temperature, pressure and strain-rate dependent composite rheology, which

naturally results in a strong lithosphere and weaker asthenosphere. Other factors
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Figure 3.2: Model set up illustrated with the initial viscosity field of the reference long-
plate model, with text indicating parameters for the reference short-plate model. Ini-
tial trench ages are indicated for the overriding and subducting plates, which have
linear age variations between the ridges and the trench. Initial plate temperature is
set according to half space cooling (Turcotte and Schubert, 2002). See text for bound-
ary conditions and further information. (a) Full model view, (b) Zoom of initial slab,
(c) Zoom of trench and decoupling layer. The irregular adaptive mesh is presented on
the right side of each panel. White lines mark the initial location of the trench (ver-
tical line), the ULMB at 660 km, the bottom of the asthenosphere (chosen at 220 km)
and the bottom of the lithosphere (at the 1100°C isotherm).

may contribute to the contrast between lithosphere and asthenosphere viscosity, e.g.
hydration, partial melt and anisotropy (e.g. Hirth and Kohlstedt, 1995; Korenaga and
Karato, 2008; Becker and Kawakatsu, 2011). Here, we consider diffusion and dislo-
cation creep mechanisms, combined with a low-pressure yield-stress mechanism to
approximate brittle failure and an approximation of Peierls low-temperature plastic-
ity at high pressure (e.g. Cizkova et al., 2002; Garel et al., 2014). The parameterisation
of diffusion and dislocation creep mechanisms are consistent with the experimental
range derived from olivine deformation (e.g. Hirth and Kohlstedt, 2003) and predict
realistic bulk upper mantle viscosities consistent with large-scale observations (Garel
et al., 2020). The parameterisation of the Peierls creep is simplified (Garel et al., 2014),
but is consistent with first order approximation of the dependency on temperature-
and strain-rate (e.g. Kameyama et al., 1999). The yield stress mechanism is derived
from Byerlee’s law (Eq. 3.8) using rock-deformation experimental data (e.g. Burov,
2011). Such parameterisation of a low yield stress is common in geodynamical mod-
elling (e.g. Mallard et al., 2016) to model surface plate deformation. We vary parame-

ters, as discussed below, to evaluate different relative lithosphere and asthenosphere
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viscosities. A 5km thick weak, or decoupling, layer is included on top of the subduct-
ing plate and slab (Fig. 3.2¢). The decoupling layer has a relatively low viscosity, which
arises from modified rheological parameters (see Table 3.1 for further details) effec-

tive only at depths shallower than 200 km.

We examine the effect of basal drag by comparing long and short plates with initial
lengths of 5000 and 3000 km from ridge to trench, respectively, adapting both plate
size, through the initial thermal field, and box size. We examine the role of astheno-
spheric and lithospheric strength by adapting their rheology independently from the
background rheology using a simple scaling factor. This method allows us to iso-
late the influence of changing lithosphere or asthenosphere strength without some
of the additional feedbacks that arise in a fully dynamically controlled rheology. To
do this, we use the 1100°C isotherm to delineate the lithosphere-asthenosphere bound-
ary (LAB) and use passive markers to track the outlines of the subducting lithosphere
and differentiate it from the overriding plate. We set the base of the asthenosphere
at 220 km depth, which is below the bulk of the modelled minimum in viscosity, and
consistent with the seismically imaged depth of the base of the asthenospheric low
wave-speed zone (e.g. Dziewonski and Anderson, 1981; French et al,, 2013). A 10km
linear transition is set across the boundaries of the lithosphere and the asthenosphere
to prevent introducing sharp discontinuities in viscosity. Finally, we test the insights
from these systematic models against a model where the relative lithosphere to as-
thenosphere viscosity contrast is modified self-consistently by changing the rheologi-

cal parameters.

To model a system with weak asthenosphere we multiply its viscosity by 0.5, so that,
with strain-rate feedbacks, it reaches minimum values of 10'8-10' Pa-s. These values
are consistent with current estimates of minimum asthenospheric viscosities based
on postglacial rebound and laboratory experiments (e.g. Korenaga and Karato, 2008;
Paulson and Richards, 2009; Billen and Arredondo, 2018). To simulate a strong litho-

sphere, we multiply its viscosity by factors of 2.0 or 10.0, limiting the strongest litho-
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Quantity Symbol Units Value
UM UM (modified LM
(reference)(@ | self-consistent)(®
Gravity g m/s? 9.8
Thermal expansivity coef. a 1/K 3:10°°
Thermal diffusivity K m?/s 10-6
Reference density Ps kg/m 3300
Surface temperature T, K 273
Mantle temperature T K 1573
Gas constant R J/(K-mol) 8.3145
Maximum viscosity Dimaz Pa:s 1026
(Strong Lith. model)
Maximum viscosity Nmaz Pa-s 1025
(Ref. and other models)
Minimum viscosity Nimin Pa-s 1018

Diffusion Creep

Activation energy E J/mol 300-10° 335.10° 200-10°
Activation volume Vv m3/mol 41076 5-10-°¢ 1.5.10°6
Pre-factor A 1/(Pa™-s) 3-10- 1t 1.5-:10° 6-10-17
Stress exponent n 1
Dislocation Creep
Activation energy E J/mol 540-103 472-103 300-103
Activation volume Vv m?/mol 12-10-6 11-10-6 2106
Pre-factor A 1/(Pa™-s) 5.10~1° 1.34.10~ %7 1042
Stress exponent n 3.5 3.472 3.5
Peierls Creep
Activation energy E J/mol 540-10° 540-10° 300-10°
Activation volume % m3/mol 10-10-6 10-10-6 2:10-6
Pre-factor A 1/(Pa™-s) 10150 10145 10300
Stress exponent n 20
Yield Strength Law
Surface yield strength Ts Pa 2-10°
Friction coefficient fe 0.2
Friction coefficient fe weak 0.02 0.07
(decoupling layer)
Maximum yield strength Ty maz Pa 1010

Table 3.1: Physical and rheological parameters of all models, following the model set-
up used by Garel et al. (2014). (a) Activation parameters and stress exponent are con-
sistent with experimental data on Olivine (e.g. Karato and Wu, 1993; Hirth and Kohlst-
edt, 1995; Ranalli, 1995; Hirth and Kohlstedt, 2003; Korenaga and Karato, 2008). Lower
mantle pre-factor value for dislocation and Peierls creep are set at a low value to en-
sure diffusion creep-controlled viscosity in the lower mantle (in accordance with Eq.
3.5). (b) Upper mantle values for the modified self-consistent models were determined
using optimisation method described in Maunder et al. (2016).
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sphere to 10% Pa-s (reference and most other cases) and 10%¢ Pa-s (strong lithosphere
cases), which results in average lithospheric viscosity of 10%4-10% Pa-s. These values
are consistent with the highest estimates of effective lithospheric strength (Conrad
and Hager, 1999; Billen and Hirth, 2007; Burov, 2011) where a maximum 10%° Pa-sis an
upper bound of viscosities for subductable plates. With this range of lithospheric and
asthenospheric viscosities, we can generate continuous Earth-like oceanic style sub-
duction while avoiding immediate slab detachments which result from to lithospheric
weakening due to high strain rates, or the stalling of subduction due to unattainable

forces required for the bending of very strong lithosphere.

Before implementing the design of the models in this study, we ran a set of benchmark
tests, including the 2D mantle convection models with a cold thermal boundary at the
top and a hot thermal boundary at the bottom from Blankenbach et al. (1989). We also
ran other models, not further used below, where we tested how different aspects of
our model design affect subduction dynamics. We examined the effect of strength of
the decoupling layer by modifying the friction coefficient (f. ,..x; Table 3.1) between
0.01 and 0.1. The trends identified in this set agree with the findings in other stud-
ies (e.g. Cizkovéa and Bina, 2013). We also examined subduction dynamics in settings
where the asthenosphere flows towards the trench faster than the plate, effectively
creating basal drag in the trenchward direction. This was accomplished by adding a
buoyant hot layer (triggering a mantle plume) under the ridge of the subducting plate.
These experiments resulted in a very fast subducting plate motions and significant
trench advance. Lastly, we tested a set of models with different boundary conditions
where the mid-ocean ridge was fixed to the edge of the box for either the subducting
plate or overriding plate side. In these models, trench motion was limited in mod-
els with fixed overriding plate ridge, or much more extensive in models with fixed

subducting plate ridge.
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3.4 Results

3.4.1 Reference model

The long- and short-plate reference models progress in stages, with their temporal
evolution shown in Fig. 3.3. The initial stage is characterised by slab sinking through
the upper mantle at relatively high subduction velocities. Asthenospheric viscosity
and mantle viscosities around the slab are lowered due to high strain rates. This stage
ends when the slab reaches the ULMB at 660 km depth. At this point, velocities and

strain rates drop and viscosities rise.

The second stage exhibits periodic oscillations in velocity between intermediate and
low values (Fig. 3.5a). The oscillations are caused by episodes of flattening and steep-
ening of the slab on the ULMB and may have a surface expression of oscillating trench
motion (e.g. Clark et al., 2008; Lee and King, 2011). During this stage, the slab buckles,
and the resulting folds are preserved during the descent of the slab into the lower
mantle. The amplitude of the buckling decreases with time, such that if the models
are run long enough (time is dependent on rheology), the subducting plates evolve
to a final stage of more or less steady subduction. This is achieved in the long-plate
reference model. The shorter plate has higher subduction velocities than the long
plate (Fig. 3.5a), whilst the longer plate exhibits enhanced trench retreat compared
to the short-plate case (Fig. 3.5b). These results indicate a significant influence of
basal drag. Higher basal drag resistance leads to the slower subduction velocity of the
long plate. In an additional feedback, less strain-rate weakening occurs in the astheno-
sphere under the long plate, as the asthenosphere moves with a similar velocity to the
overlaying lithosphere in each model. This results in higher asthenospheric viscosity
and resistance and makes subduction by trench retreat energetically preferable over
subduction by plate advance over the asthenosphere. Trench advance does not occur

at any stage in our reference models.



3.4. Results 101

 le+26

le+25

le+24

—_
o
+
N
w

le+22

Viscosity (Pa s)

~ le+2]
le+20

le+19

t-t660: 44.3 Myr t-t660: 67.8 Myr t-t660: 91.8 Myr le+18

Figure 3.3: Viscosity field evolution at various times for the reference long-plate model
(top row) and reference short-plate model (bottom row). White contour marks the
1100°C isotherm as the outline of the lithosphere. The vertical and horizontal spatial
scales are identical and only part of the full model domain is shown. Note each model
presents a distinct evolution of the slab and trench, which is the result of a difference
in basal drag.

To evaluate the relative importance of basal drag in the overall force balance, we es-
timate basal drag below the subducting plate for each time step in the models, and
compare it to the main driving force, slab pull. We do this using the following approx-
imate equations from Section 6.3 in Turcotte and Schubert (2002), yielding forces per

unit length out of the model plane:

Fgp = M (243 huit - Lojate (3.11)
il/ist }zz4st
Fsp=Ap-g- Saa (3.12)

where Fpp and Fsp are the basal drag and slab pull forces respectively, 7., is the vis-
cosity of the asthenosphere, AU velocity difference between the lithosphere and the
asthenosphere, 4, and hp;; the thickness of the asthenosphere and the lithosphere,

respectively, L. is the length of the unsubducted part of the plate, Ap is the density



102Chapter 3. Effects of basal drag on subduction dynamics from 2D numerical models

difference between the slab and mantle, with a typical value of 40-50 kg/m?, g is the
gravitational acceleration and S, is the cross-sectional area of the slab. The param-
eters for basal drag, nas, AU, hay and hy;, are measured at a representative vertical
profile through the subducting plate (Figure 3.4): provided that the profile is taken
away from the trench and ridge, there is negligible sensitivity to the profile location.
The 1100°C isotherm is used as the LAB in determining /4, and %; and to outline the
edge of the slab, for S, (see Fig. 3.2). Plate velocity is measured at 20 km and astheno-
sphere velocity and viscosity at 160 km depth. For the calculation of S, the length of
the slab is measured as the length of a straight line connecting the trench and the deep-
est point of the slab, or the coldest point of the slab at the ULMB, and the width of the
slab is measured along a horizontal cross section at 220 km depth. These approximate
expressions for Fzp and Fsp are sufficient to understand variations in subduction be-
haviour between models and through time. Note that the expression for Fsr assumes
stresses are effectively transmitted from the slab to the plate, which is appropriate be-
cause the adaptive grids of our models ensure we always resolve the strong slab core,
even when it is quite thin (Garel et al., 2014). Both slab pull and basal drag evolve in
our dynamic models (Fig. 3.5d-e). The cyclical nature of the buckling phases is asso-
ciated with the evolution of the slab pull and basal drag forces. As the slab slows and
flattens on top of the ULMB as a result of the increased resistance to sinking at this
depth, its dip decreases, and slab pull increases. The higher pull increases the veloc-
ity and consequently the basal drag. The increased drag subsequently contributes to
the slowing down the plate leading to steepening of the slab, and a reduction of slab
pull. The following decrease in subduction velocity leads to lowering of drag. This

reduction then allows for increase in slab pull and a new flattening episode.

For the reference models, we find that basal drag averages around 10% of slab pull,
ranging from just below 30% in the fast, early stage of subduction to 3-5% in the final
stage (Fig. 3.5f). This is similar to the estimated magnitude of ridge push relative to
slab pull (e.g. Turcotte and Schubert, 2002). Furthermore, the basal drag ratio (of slab

pull) for the short plate is systematically several % lower than the basal drag ratio for
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Figure 3.4: (a) Temporal evolution of parameters used for the calculation of basal drag
for the long- (left panels) and short- (right panels) plate reference model. Top panel
shows the velocities of the lithosphere (red line) and asthenosphere (blue line) (mea-
sured along the dashed and dotted lines in the bottom panel, respectively). Middle
panel shows the magnitude of the viscosity of the asthenosphere (green line, mea-
sured along the dotted line in the bottom panel). Bottom panel shows a vertical pro-
file (0-660km depth) through the magnitude of the effective viscosity field. White
lines mark the base of the lithosphere (1100°C isotherm) and asthenosphere (constant
depth of 220 km). Parameters for the lithosphere were measured at 20 km depth (black
dashed line) and parameters for the asthenosphere at 160 km depth (black dotted line).
Time before ¢660 is shaded and is not shown in Figs. 3.5 and 3.7-3.9. (b) Location of the
vertical profile location along which the quantities in (a) are measured (brown line),
marked on an outline of the lithosphere at the initial condition of the long- (magenta
line) and the short- (green line) plate reference model. The vertical and horizontal spa-
tial scales are identical and only part of the full model domain is shown. Grey lines
mark 220 km, 660 km (ULMB) and 1000 km depths.

the long plate (Fig. 3.5e-f). Note that due to the nonlinear feedbacks in the models,
there are about 10 Myr right after the plates reach the ULMB (time ¢660) where the
short plate experiences a higher drag than the long plate (Fig. 3.5). These relatively
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Figure 3.5: Temporal evolution of the long-plate reference model (full lines) and the
short-plate reference model (dashed lines). ¢ — t450 indicates the time since the initial
interaction of the slab with the ULMB. (a) Velocity of the subducting plate (positive
towards the upper plate, red) and the trench (positive away from the upper plate,
yellow), measured at 2000 km distance from the initial subducting plate ridge. (b) Dis-
placement of the subducting plate (red) and the trench (yellow) relative to the initial
condition. (c) Percent of plate convergence (calculated as the sum of trench retreat
and plate displacement) achieved by trench retreat. (d) Upper mantle slab pull and
basal drag below the subducting plate, calculated as described in the main text. (e)
Basal drag force from (d). (f) Ratio of basal drag to upper mantle slab pull force. This
shows that basal drag is of a similar magnitude as effective slab pull (i.e. the differ-
ence between gravitational pull and the viscous mantle resistance on the slab sides)
which is 10% of the upper-mantle slab pull force.

high drag values for the short plate are a consequence of the high velocities that the
short plate attains in response to the initially significantly lower drag (Fig. 3.4). The
difference in basal drag ratio between the long- and short-plate models is apparently
sufficient to change subduction velocity and influence the overall evolution of the

morphology of the slab.
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3.4.2 Weak asthenosphere

The most direct mechanism to reduce basal drag is to lower the asthenosphere vis-
cosity. A lower basal drag allows for higher subduction velocity to develop, which in
turn decreases the asthenospheric viscosity through the feedback effect of increased
strain rate. The compound effect of applying the 0.5 reduction factor and consequent

strain-rate weakening is an order of magnitude decrease in asthenospheric viscosity

compared to the reference models.
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Figure 3.6: Comparison of final slab shapes for different models shown as a snapshot
of the viscosity field. Long-plate (top row, (a)-(d)) and short-plate (bottom row, (e)—(h))
cases of Reference models ((a) and (e)), Weak Asthenosphere models ((b) and (f)), and
Strong Lithosphere models with strength scaling factors of 2 ((c) and (g)) and 10 ((d)
and (h)). White contour marks the 1100°C isotherm as the outline of the lithosphere.
The vertical and horizontal spatial scales are identical, with grey lines to mark depths
of 220 km, 660 km and 1000 km. For every type of model, the subducting slab in the
short-plate model has more buckles and has undergone less trench retreat than in the
long-plate model.

Assigning a weak asthenosphere results in an increase in subduction velocity and a
reduction in trench retreat, as shown in Fig. 3.6 and Fig. 3.7. However, the reduced
basal drag does not remove the plate-length dependence of the subduction evolution;
the difference between the displacement of the subducting plate for the long and short

plates remains similar even if the total displacement has slightly increased due to the
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higher subduction velocities (Fig. 3.7a). The basal-drag ratios are lower than in the
reference models and the difference between the long and short plates has increased,
with the basal drag ratio for the short plate ranging from about 20% to less than 1%
over the evolution of the models (Fig. 3.7d). Although overall ratios of basal drag to
slab pull are lower than in the reference model, basal drag still plays a significant role
in these low-viscosity asthenosphere cases, as is clear from the difference in the final
shapes of the long- and short-plate slabs (Fig. 3.6b and f). The overall contribution of
trench retreat to plate convergence is reduced for both the long- and the short-plate

models compared with the reference models (Fig. 3.7¢).

3.4.3 Strong lithosphere effect (factor 2 and 10)

A second mechanism to reduce the significance of basal drag as a resistive force is to
increase the energy cost of bending through increased lithospheric viscosity (Conrad
and Hager, 1999). This was implemented by applying the strengthening factor only
in the subducting lithosphere and the slab. This process, unlike the reduction in as-
thenosphere viscosity, does not trigger any strong feedbacks between strain rate and
effective viscosity. We therefore tested models where we increase lithospheric viscos-
ity by a factor of 2 or 10 to compare the strengthening mechanism with the prescribed
and the effective asthenosphere weakening. The resulting plate strength of the factor
10 experiments was at the upper bound of suggested realistic plate viscosity and at

the upper bound of what is subductable in our models.

Increasing the strength of the lithosphere by a factor 2 reduces the amount of mate-
rial subducted for the short-plate model, relative to the short-plate reference model,
much more than it reduces the amount subducted for the long plate compared to the
long-plate reference case (i.e. the behaviour of the long and the short plates becomes
more similar). Trench retreat for both plates is similar to the reference models. The

resulting basal drag ratio is slightly reduced relative to the reference models (by 1-
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2%), as shown in Fig. 3.7e-h. Slab shapes at the end of the simulation are similar to
the reference models with somewhat less slab deformation and buckling at the ULMB

interface because less material has subducted (Fig. 3.6c¢).

For the factor 10 increase of subducting-lithosphere viscosity, the long- and short-plate
models achieve similar amounts of subducted material. The amount of material sub-
ducted by the long plate deviates substantially less from the reference than the short
plate, while trench retreat is reduced more in the long- than the short-plate model
(Fig. 3.7i-j). This is as expected following the work of Conrad and Hager (1999); the
resistance to plate bending becomes a more important control on subduction velocity
than basal drag if the plate is sufficiently strong. However, we consider this model as
an endmember of plate strength, as it is close to what, in our models, is the limit of
subductable plates. The basal drag ratio for these strong-plate models is substantially
lower than the reference models, with average values of around 5% only, and with a
small systematic difference remaining between the long- and short-plate models (Fig.
3.71). This amount of reduction in basal drag ratio by about 3-5% is sufficient to influ-
ence subduction dynamics, as can be observed at the final stages of the models (Fig.
3.6d) where the long- and short-plate models achieve different trench locations and

slab shapes than the reference models.

In models where we combined a weaker asthenosphere with a stronger lithosphere
(factor 2 and factor 10), the result was a joint effect of what we observed when we
changed asthenosphere and lithospheric viscosity individually. The combined models
subduct an increased amount of plate but there was less difference between the long-
and short-plate models, and trench retreat was reduced. Thus, the models with strong
lithosphere and weak asthenosphere exhibit the most Earth-like behaviour in terms
of a low contribution of trench motion to convergence and limited sensitivity to plate

length. However, this behaviour only appears for the upper bound of plate strength.
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Figure 3.7: Temporal evolution of the long-plate (full lines) and short-plate (dashed
lines) models. Rows of graphs are for different types of models, where (a)—-(d) are
Weak Asthenosphere models, (e)-(h) are Strong Lithosphere (factor 2) models and (i)-
(1) are Strong Lithosphere (factor 10) models. The first column, (a), (e) and (i), shows
the displacement of the subducting plate from the initial state, the second column, (b),
(f), and (j), the amount of trench retreat, the third column, (¢), (g) and (k), shows trench
retreat significance as percentage of the total material converged, the fourth column,
(d), (h) and (1), shows the ratio of basal drag to upper mantle slab pull force. All models
are compared with the reference models, shown in light red.

3.4.4 Self-consistent rheology

We tested how a model in which the flow law parameters were modified to produce a

self-consistent rheology that yields a stronger lithosphere and weaker asthenosphere
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than the reference models. We aimed to achieve the same weakening of the astheno-
sphere and strengthening of the lithosphere as described in previous sections, but
without artificially modifying the effective viscosity. To achieve this, we extracted
profiles of temperature, pressure, strain rate and effective viscosity from the model
with artificially modified viscosities at 100 Ma (long after ¢440), 2000 km away from the
initial position of the trench on the subducting plate side (as in Fig. 3.4). We used
the temperature, pressure and strain-rate fields as inputs and applied the same cal-
culation as done in the model to get the instantaneous effective viscosity for a self-
consistent rheology. We then optimised the rheological parameters (activation energy,
E, and volume, V, the pre-factor, A, and the stress exponent, n, for diffusion, disloca-
tion and Peierls creep; see Table 3.1) to obtain an effective viscosity profile similar to
the profiles with prescribed viscosity increase or decrease. We optimised the rheolog-
ical parameters within ranges which agree with experimental data, using a similar
approach to Maunder et al. (2016). We required that the modified composite rheology

still satisfied the set of Earth-like conditions that Garel et al. (2014) imposed. These
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Figure 3.8: Temporal evolution of the long-plate case (full lines) and the short-plate
case (dashed lines) for the self-consistent rheology model. Lines and symbols are the
same as in Fig. 3.5.
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conditions include: (i) that viscosities of the upper mantle and lower mantle will be in
a range reasonable for postglacial rebound (Paulson and Richards, 2009), (ii) Peierls
low-temperature plasticity is required to control deformation in the lower lithosphere
and in the slab once subducted, to account for deep slab weakening, (iii) the transi-
tion from dislocation to diffusion creep as the dominant deformation mechanism is
required to comply with the depth range inferred from seismic anisotropy (i.e. around
250 km depth in background mantle; Ranalli, 1995), (iv) the lithospheric thickness is
similar as in the models with prescribed increase or decrease in viscosity. Table 3.1
lists our preferred set of modified parameters that satisfies all constraints. We then
tested that under the new rheology, subduction remained viable. We found that, in
addition to adjusting the overall rheological parameters, we needed to increase the
strength of the weak decoupling layer to limit subduction velocities (and avoid slab

detachment) early in the evolution of the model.

All these conditions together strongly narrow the set of possible rheological parame-
ters that allow strengthening of the lithosphere while weakening the asthenosphere,
and we were not able to strengthen the lithosphere as much as in the artificially

scaled rheology models without stalling subduction. This is due to the nature of self-
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Figure 3.9: Temporal evolution of the long-plate (full lines) and short-plate (dashed
lines) extended domain (grey) and reference (light red) models. (a) displacement of
the subducting plate from the initial state. (b) amount of trench retreat. (c) trench
retreat significance as percentage of the total material converged, (d) ratio of basal
drag to upper mantle slab pull force.
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consistent rheology, which couples the strength of the plate and its thickness. Any
plates with 10 times higher strength were also thicker thus additionally increasing
bending resistance and impeding subduction. Fig. 3.8 shows how the evolution of
subducting plate morphology and trench retreat are similar to our models where we
artificially lower the viscosity of the asthenosphere and increased the viscosity of the

lithosphere.

3.4.5 Models with extended domain

In the models discussed above, we changed the size of the model domain together with
plate size, so that the models always contained the only two plates with their bounding
spreading ridges at the box edge. To test whether box size affects the results, we also
ran a set of models where we use an extended and fixed box size but vary the plate size
inside the box. We tested both the long- and the short-plate reference cases in a box
of 15,000 km length. Compared to the reference models, the box was extended by an
additional 5000/9000 km, for the long- and short-plate models respectively, to the left
(trailing end) of the subducting plate. The initial condition in the extended section was
set to mantle temperature throughout, i.e. the extended section contained no initial
lithosphere. The upper plate was set to be the same length as the reference models
(i.e. 5000 km and 3000 km for the long plate and short plate models respectively). The
top thermal boundary condition allowed for lithosphere to develop in the extended
section with time. Comparing with the reference models, these cases display the same
trends of plate advance and trench motion, with differences in diagnostic parameters
of less than 5% (Fig. 3.9). These differences are minor and indicate that box size does

not bias the results.



112Chapter 3. Effects of basal drag on subduction dynamics from 2D numerical models

3.5 Discussion

3.5.1 Trench motion

The trench always retreats in both the long- and short-plate reference models. Al-
though strengthening the lithosphere and weakening the asthenosphere affect trench
behaviour, only the short-plate model with the weak asthenosphere displays periods
of trench advance. In this model, due to the lowered basal drag, subduction is able to
occur through more plate advance, whilst limited periods of trench advance occur dur-
ing the buckling interaction between the strong slab and lower mantle. These periods
occur when, as a result of increased subduction velocity, a colder and stronger slab
segment interacts with the ULMB. The interaction between the steep strong slab and
the upper mantle, which has lowered viscosity due to strain-rate weakening, does not
allow the slab to unbend. Instead, the cold slab attains a rolled-over shape that upon
interaction with the higher viscosity lower mantle pushes the plate forward. These
episodes end once subduction velocity reduces, as this gives the slab time to heat and
weaken, and to regain the ability to unbend. This type of trench advance mechanism
can be observed in other models (Bellahsen et al., 2005; Di Giuseppe et al., 2008; Ribe,
2010; Billen and Arredondo, 2018), in particular models where slab strength does not
decrease with increasing temperature (i.e. models without a Peierls type plasticity).
This type of rolled-over slab is rare on Earth, and has been imaged only below part
of the Indian collision front (e.g. review by Goes et al., 2017); below other advancing
trenches, slabs are steep but do not have the shape expected for trench advance re-
sulting from the push of a strong slab at the ULMB. So, although the modelled trench
advance episodes have magnitudes and rates in the range of observations, other mech-
anisms for trench advance, such as external forcing by background mantle flow and
mantle plumes (as happens in the models from Hoink and Lenardic, 2008) or an imbal-
ance between ridge push and slab pull (e.g. Capitanio et al., 2009) may be more likely

drivers of trench advance on Earth.
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The ability of the upper plate to move plays a significant role in determining the
amount of trench motion. A fixed upper plate, for example, can prevent trench motion
completely, thus also modifying the shape of the slab (Capitanio et al., 2010; Quinquis
et al., 2011; Chertova et al., 2012). Previous studies also show that resistance to mo-
tion of the upper plate (due to large thickness or viscosity leading to high basal drag)
limits trench motion and may result in trench stagnation (compared to cases where
a more mobile upper plate allows continuous trench migration; Sharples et al., 2014;
Holt et al., 2015b). In our models, the upper plate is the same length as the subducting
plate in both the long- and short-plate models. As a result, in the long-plate models,
the energy spent on resisting plate motion by basal drag is increased on both sides of
the trench. That is, the overriding plate in the long-plate models is less mobile and
thus more strongly resists trench motion. Yet, trench retreat in the long-plate model
is increased in both absolute terms and as a share of the convergence velocity (Fig.
3.5a-c). Thus the ability of basal drag to limit the movement on the subducting plate
side appears to be more significant than than the increased resistance to the motion

of the upper plate side and the expected reduction in trench motion.

3.5.2 Model limitations

The models approximate subduction in a number of ways: we study only a single
initial age for subducting and overriding plates and neglect the effect of upper man-
tle phase transitions. Phase transitions exert a second-order effect on the difference
between short- and long-plates, that would mainly enhance the slab buckling and flat-
tening that happens in the models (for review, see e.g. Goes et al., 2017). The effect
of plate age was studied by Garel et al. (2014) and Agrusta et al. (2017), who used a
similar model set up as we use here but varied the age of subducting and upper plates
without varying plate size. These models show that the initial ages of subducting and
overriding plates affect the partitioning of plate convergence between trench retreat

and subducting plate advance, with a lower contribution of trench retreat for initially
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younger subducting plates and initially older overriding plates, resulting in a steeper
more buckled slab. The difference in motion partitioning and resulting slab morphol-
ogy between our short- and long-plate reference models is similar to the difference
between subduction of an initially 100 Myr old and an initially 30-50 Myr old plate
(Garel et al., 2014). This further emphasises the importance of drag below the plate in

the total force balance of our models.

However, one should also bear in mind the limitations of the 2D setup of the models.
For 3D plates, there may be more convergent boundary length (and hence slab pull)
relative to plate surface area than in the 2D cases. This influences the ratio of slab
pull to basal drag, which we investigate with some basic analytical calculations for
end-member natural subduction systems in the following section. Furthermore, in
a 3D system mantle flow may be at an angle to the plate advance direction, which
will affect the component of velocity used to calculate the drag. A more Earth-like 3D
system will also include mantle upwelling as well as downwelling flows. Upwelling
flow, together with the global system of subduction-driven flow can result in driving
drag below some plates (e.g. Colli et al., 2014; Stotz et al., 2018; Coltice et al., 2019), and
cannot occur in our model setup. These complications, as well as local phenomena (e.g.
the presence of mantle plumes, lateral variations in slab properties, or an imbalance
between ridge push and slab pull; Capitanio et al., 2009; Capitanio, 2013) may result

in more complex behaviour than presented in our models.

3.5.3 The role of basal drag on Earth

Our set of models clearly shows that basal drag is an important component of the
force balance governing subduction dynamics, across the parameter space investi-
gated. This is consistent with simple first-order analytical calculations of basal drag.
We demonstrate this, by calculating basal drag and slab pull for the Pacific and Cocos

plate as large and small plate end members. We use Eq. 3.11 and 3.12 but for plate
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U Splate ‘/slab

[Cm/Yr] [1 06 ka] leab Wslab Lt’r‘ench
[km] [km] | [10%km]

Pacific 6.3 108 700 80 12
Cocos 6.6 3 40 2.5
7 Ast Ap Rpits hast Fsp Fgp

[Pa-s] [kg/m?] [km] | [10"N] | [10"YN]

Pacific 19 100, 33.6 11.1
10 50 150

Cocos 3.5 0.3

Table 3.2: Slab pull and basal drag force calculations, with associated parameters, for
the Pacific and Cocos plates. U is subduction velocity, S,.. is subducting plate surface
area, V, is the slab volume, L, is the length of the slab in the upper mantle, W,
is the thickness of the slab, contributing to the difference in buoyancy due to slab age,
Lirench 18 the length of subduction trench, 7,4, is the viscosity of the asthenosphere, Ap
is the density difference between the slab and surrounding mantle and /;;; and h
are the thickness of the lithosphere and asthenosphere. Fsp and Fzp are the slab pull
and basal drag forces, calculated using Eq. 3.11 and 3.12.

area Sy rather than length L, and slab volume V., = Sqa X Lirencn, Yather than
slab area S, = Lga X Waa- We consider only pull from the upper mantle part of the
slab. Ly 1s the length of a slab extending through the whole upper mantle under an
average dip of 70° (representative dip from the global compilation of Lallemand et al.,
2005). We also assume the observed plate velocity U is a reasonable estimate of the dif-
ference in velocity between lithosphere and asthenosphere, AU. The properties used
for the calculation and the forces calculated are summarised in Table 3.2. The rela-
tive basal drag, measured as the ratio of basal drag to slab pull, is around 30% for the
Pacific plate, but only around 10% for the Cocos Plate. The analytical values of basal
drag are somewhat larger than the values in the second stage of subduction in our
models because the Pacific plate is about a factor of two larger than our subducting
plate in the long-plate model, and our model velocities are on the low side compared
to those observed around the Pacific. So, all evidence points to a role of basal drag
that is significant, and the models would predict that unless other factors mask this

trend, subduction velocities should vary with plate size.
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We re-examine the observations of velocity and plate size throughout the Cenozoic Era,
using GPlates (Miiller et al., 2018) and the reconstruction of Miller et al. (2016b). This
was done for all trenches previously studied by Sdrolias and Miller (2006) who con-
sidered the Andean subduction zone, Central-North Farallon subduction systems, sub-
duction below Alaska and the Aleutians, Japan-Kuriles-Kamchatka subduction, Izu-
Bonin-Marianas subduction, Tonga-Kermadec subduction and Sunda-Banda arc. To
these we added the subduction of the Philippine Sea plate and the final stages of the
subduction of the Izanagi and Kula plates. In processing this database, we considered
all the Pacific subduction systems (i.e. Alaska-Aleutians, Japan-Kuriles-Kamchatka,
Izu-Bonin-Marianas and Tonga-Kermadec) as a single Pacific system (see further de-

tails in chapter 2).

The relevant trenches were identified by extracting the global subducted segments of
all plate polygons in GPlates (Muller et al., 2018). All trenches were sampled at 50 km
intervals, and the coordinates were output and then plotted to select those belonging
to the major subducting plate systems listed above. For each selected system, age and
velocities along the trench were plotted every 10 Myr to remove any clearly erroneous
data and edge points where these were clearly anomalous from the rest of the trench
(e.g. because of an anomalous age or convergence direction). We evaluated the point
subduction velocity, overriding plate velocity and convergence velocity and direction
to select the segments to analyse. Maps showing the trench segments included in our
analysis at each stage are shown in Fig. 3.10, where the sampling points along the
trenches are also coloured according to absolute subduction velocity (in the moving
hotspot reference frame of O’Neill et al., 2005) and age. These maps illustrate the evolv-
ing set of subduction systems through the Cenozoic as well as the variability of age and
velocity along each trench. Aside from some edge points, we excluded from our anal-
ysis the part of the South American trench at 40 and 50 Myr which was south of the
Antarctic ridge and the Cocos subduction system at 20 Myr, because according to the
plate motion model there is limited convergence along most of the trench at this time.

Finally, we considered for our analysis the mean value of the velocities and trench
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age for each subducting system, and the standard variation of the mean value as the
uncertainty. We average age and velocity of the active subduction systems along each
trench at each time step and calculate plate area for the plate polygons that make up
the subducting plate at the corresponding time. Resulting trends are similar for the

full velocity of the subducting plate and the trench-normal component of it.

The resulting size-velocity trend is shown in Fig. 3.11a. The recent reconstruction
shows a similar present-day trend (bold symbols) as the older reconstructions (Fig.
3.1), with a hint of a trend of increasing subduction velocity with increasing plate size
for small plates, but a flat trend for plates with a larger than 30002 km?. When all sub-
ducting plates through the Cenozoic are considered, no significant trend of velocity
with age is present. However, it is also observed (Fig. 3.11b) that, on average, sub-
duction zones with older plates at the trench tend to be bigger, like the present-day
Pacific and Indo-Australia plate, than those subducting younger material at the trench,
such as the present-day Cocos, Nazca and Juan de Fuca. Previous (thermo-)mechanical
models show that the age of the subducting plate strongly affects subduction dynamics.
Older plates, i.e. those with older age at the trench, are colder and therefore denser
and stronger. Consequently, they exert more pull force and are harder to bend, result-
ing in higher subduction velocities and higher trench retreat rates (Bellahsen et al.,
2005; Capitanio et al., 2007; Stegman et al., 2010b; Garel et al., 2014). A consequence
of the observed correlation of average age at the trench and plate size is that plates
with a stronger slab pull tend to also have larger surface area and hence a stronger
resisting basal drag. This provides a mechanism that offsets the velocity enhancing
effect of larger driving forces of old plates, and could explain the observation that
velocities of subducting plates on Earth, today and throughout the Cenozoic, do not
increase with age but tend to be mostly stable around 8-10 cm/yr (Fig. 3.11, Sdrolias

and Miller, 2006; Goes et al., 2011).

Note that the relation between age and size is not a causal relationship, but a feature

of the plate configuration that has dominated most of the Cenozoic. Early in the Ceno-
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Figure 3.10:
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global analysis
of Cenozoic sub-
duction systems,
in intervals of
10Myr. 3 maps
are shown for
each time inter-
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used for the
analysis  (left),
absolute sub-
ducting plate ve-
locity in hotspot
reference frame
(O’Neill et al,
2005, middle)
and age at the
trench  (right).
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boundaries of
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Data following
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GPlates (Muller
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Figure 3.11: (a) Velocity of subducting plates from Miiller et al. (2016b) in lower mantle
(plume) reference frame (O’Neill et al., 2005) throughout the Cenozoic, as a function of
characteristic plate size (measured as the square root of plate surface area). (b) Plate
size as a function of age at the trench for subducting plates throughout the Cenozoic.
Maps showing the subduction zones at each time are shown in Fig. 3.10. Blue bold cir-
cles represent data from present-day subducting plates. Linear regression fits (black
lines) show that there is no resolvable trend of velocity with plate size (p-value 0.351,
R? 0.03) while there is a trend of size with age (p value < 0.05 and R? of 0.52).

zoic, there are several cases that deviate from the buffered velocity trend. At the start
of the Cenozoic, much of the subduction surrounding the Pacific plate consumed rela-
tively young lithosphere, even though the Pacific plate itself was already large in size
(horizontally aligned points at the top of the area—age trend in Fig. 3.11b). Other early
Cenozoic deviations include very high velocities of the last remnants of the Izanagi
and Kula plates (points with area of about 25002 km? and velocities around 17 cm/yr

in Fig. 3.11a) and low velocities of Farallon plate (area about 60002 km? in Fig. 3.11a).

Previous models documented that older plates tend to drive more trench retreat due
to both their larger bending strength and their larger negative buoyancy (e.g. Capi-
tanio et al., 2007; Stegman et al., 2010b; Garel et al., 2014). This has been suggested to
help explain the difference between Cenozoic subduction styles along the western Pa-
cific (subducting mainly older plate with significant trench retreat) and eastern Pacific
(subducting younger plates with low trench retreat contributions) (Goes et al., 2017).
Our results suggest that plate size may further enhance these differences, as the high

basal drag exerted on the dominantly westward-subducting large Pacific plate would
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favour more trench retreat than for the smaller eastward-subducting Cocos, Nazca

and Juan de Fuca plates.

3.6 Conclusions

We presented a set of 2D models to examine the role of basal drag in subduction dy-
namics. Previous studies have reached contradictory conclusions, with some propos-
ing that drag between the subducting plate and the underlying asthenosphere plays
only a small role in dictating the subduction force balance (e.g Conrad and Hager, 1999;
Billen and Arredondo, 2018; Wolf and Huismans, 2019), but others invoking a more
significant role for basal drag in controlling subduction and plate motions on Earth
(e.g. Conrad and Lithgow-Bertelloni, 2006). A low contribution of basal drag could
explain the lack of a correlation between plate velocity and size (Conrad and Hager,
1999). Furthermore, the observation that trench migration velocities are mostly low
compared to convergence velocities, can be either positive or negative in sign (Billen
and Arredondo, 2018), and may be the result of a high ratio of lithosphere to astheno-
sphere viscosity drag (Conrad and Hager, 1999; Hoink and Lenardic, 2008; Billen and

Arredondo, 2018), is also suggestive of a low contribution from basal drag.

Our 2D numerical models comprise a single subduction system with a mobile trench
and composite non-linear rheology. We consider long and short subducting plate mod-
els to evaluate the effect of plate length and the associated basal drag. The set-up of
these regional subduction models is similar to those of previous studies, which have
been used to elucidate how slab buoyancy, slab strength, slab interaction with the
upper-lower mantle boundary or subduction-upper plate interaction influence sub-
duction dynamics (e.g. Bellahsen et al., 2005; Capitanio et al., 2007, 2009; Stegman
et al., 2010b; Cizkova and Bina, 2013; Garel et al., 2014; Agrusta et al., 2017; Billen and
Arredondo, 2018; Wolf and Huismans, 2019). We found that basal drag limits subduc-

tion velocities for our reference models and models with a lower asthenospheric vis-
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cosity (in arange consistent with likely viscosities on Earth and still allowing for steady
subduction, without rapid slab detachment, leading to lithosphere-asthenosphere vis-
cosity ratios of a factor 10% to 10*). Models with a low-viscosity asthenosphere do re-
duce the contribution of trench motion to plate convergence to more Earth-like values,
as observed in previous studies (e.g. Capitanio et al., 2007; Billen and Arredondo, 2018).
They also allow for periods of trench retreat and advance (Billen and Arredondo,
2018), although we note that trench advance with reclining/vertical slab geometries as
observed in nature probably requires additional forcing (e.g. by upwellings or other

forces within the global plate system).

Strengthening the lithosphere can significantly lower the dependency of velocity on
plate length but requires strengthening by as much as a factor of 10 (to maximum
viscosity of 10% Pa-s), which is an upper bound: our models that incorporate litho-
spheric strengthening of this magnitude often preclude subduction. Although it has
been shown that the relative strength of the lithosphere to asthenosphere is impor-
tant in controlling the dynamics of subduction (Hoink and Lenardic, 2008, 2010; Ribe,
2010), with non-linear rheologies, increasing lithosphere strength and decreasing as-

thenosphere strength have distinct effects.

Basal drag values in our models range from a few percent of slab pull (in the strongest
lithosphere cases) to up to 10-30%. Similar values are estimated in analytical calcula-
tions of basal drag to pull ratio assuming a reasonable set of parameters for the Pacific
and Cocos plate. This, together with results from global flow models where basal drag
by whole mantle flow has been shown to be important to reproduce patterns of plate
motion (Lithgow-Bertelloni and Richards, 1998; Becker and O’Connell, 2001; Conrad
and Lithgow-Bertelloni, 2006), indicates that basal drag is a substantial contributor to-
wards the subduction force balance, of the same order as effective slab pull (i.e. slab

pull minus the viscous resistance to sinking) and ridge push.

Based upon an analysis of a Cenozoic plate motion reconstruction (Miller et al., 2016b),

we suggest that the reason that most plates in the past 60 Myr moved at velocities
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around 8-10 cm/yr is because the plate configuration during this era was such that
plate size correlated with plate age at the trench, i.e., both driving and resisting forces
increased together. Note however, that this correlation between size and age is not
causal and may not have existed in other times of Earth history. As a result, during
the Cenozoic, the increase in basal drag more or less balanced the increase in plate ve-
locity induced by increased slab pull with increasing age. Such co-variations between
plate velocity, age and size should be considered in regional models of subduction

systems.



Chapter 4

3-D subduction regimes and choice of

reference model

4.1 Summary

All models necessarily approximate different aspects of the complex properties of nat-
ural subduction. This chapter illustrates the importance of carefully choosing the
properties of the model reference case to ensure that model response to variations
in plate density, strength and width indeed correspond to those expected for subduc-
tion systems in an Earth-like regime. Published numerical and analogue models illus-
trate that subduction can be either in a ‘sinking’ regime (where most of the sinking
potential energy is dissipated in overcoming the viscous resistance of the mantle) or
a ‘bending’ regime (where the energy spent on bending the plate is an additional sig-
nificant energy sink). We present here a set of three-dimensional mechanical models
with Earth-like parameters and variations in viscosity, density and plate geometry.
Although observations indicate most subduction zones on Earth are likely within the
‘sinking’ regime our models predominantly exhibit ‘bending’ behaviour. We show

how our reference model produces opposite responses to changes in plate properties

123
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to those that occur in models with platesin the ‘sinking’ regime. Our 3D models further
show how the style of subduction is expected to vary along strike due to the effects of
toroidal flow along the plate edges. Finally, although some previous studies identified
plate stiffness as the main control on subduction style, our models indicate buoyancy
is expected to be additionally important for slabs interacting with a higher-viscosity
lower mantle. These results are further used to design a new reference model with
rheologically layered plates (reducing strength without affecting density) which is in
the ‘sinking’ regime. We use this model set up in our investigation into the effects of

buoyant feature subduction in Chapter 5.

4.2 Introduction

The subduction of plates into the Earth is the main driver of plate tectonics. The pull
force due to the negative buoyancy of the slabs and the transmission of stresses to
the surface is the first order control of subduction and consequent plate motions (e.g.
Forsyth and Uyeda, 1975; Becker and O’Connell, 2001; Conrad and Lithgow-Bertelloni,
2002; Goes et al., 2011). While the dynamics of subduction has been the focus of many
studies (e.g. Forsyth and Uyeda, 1975; Conrad and Hager, 1999; Funiciello et al., 2003a;
Schellart, 2004a; Lallemand et al., 2005; Stegman et al., 2006; Capitanio et al., 2007; Li
and Ribe, 2012; Goes et al., 2017), fundamental aspects remain debated. Among these
are how subduction dynamics are controlled by strength, density and dimensions of
the plate (Bellahsen et al., 2005; Stegman et al., 2006; Di Giuseppe et al., 2008; Schel-
lart, 2008; Fourel et al., 2014; Dasgupta et al., 2021), what the relations are between
slab morphology and trench motion (Funiciello et al., 2003a; Faccenna et al., 2007; Fu-
niciello et al., 2008) and what the role is of the viscous mantle that resists subduction

(Conrad and Hager, 1999; Funiciello et al., 2006).

Many studies have investigated how subduction styles vary as a function of subduc-

tion parameters using models of a single subducting plate in an ambient mantle, i.e.
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‘free-subduction’ (e.g. Funiciello et al., 2003a; Capitanio et al., 2007; Funiciello et al.,
2008; Schellart, 2008; Capitanio et al., 2009; Ribe, 2010; Li and Ribe, 2012), while others
focused on the system with an upper plate (e.g. Garel et al., 2014; Billen and Arredondo,
2018). Some of these studies predict that increased plate viscosity will lead to an
increase in trench advance (e.g Funiciello et al., 2008; Billen and Arredondo, 2018)
while others find higher plate viscosity increases trench retreat (e.g Capitanio et al.,
2007; Garel et al., 2014; Stegman et al., 2010b). Similarly ambiguous are the results
on the role of plate density, where increased trench retreat has been found to be en-
couraged by high plate density by some (e.g Capitanio et al., 2007; Garel et al., 2014;
Stegman et al., 2010b) and by low plate density by others (in combination with high
plate strength, e.g. Funiciello et al., 2008; Billen and Arredondo, 2018). A decrease in
plate width has been associated with both stronger trench retreat (e.g Schellart et al.,
2007) or weaker trench retreat (Stegman et al., 2006, 2010a) or a transition to trench
advance (Bellahsen et al., 2005). The question remains which of these predictions is

most representative of natural subduction systems on Earth.

Behaviour of free-subduction models can be divided to two regimes: ‘bending’ and
‘sinking’ (Ribe, 2010). In both regimes, subduction is driven by the potential energy
of the slab, while the main resisting force differs. For the ‘sinking’ regime, the vis-
cous displacement of the mantle is the dominant resisting force while in the ‘bending’
regime, the stiffness of the plate and the resulting resistance to bending is the main
force hampering subduction (Ribe, 2010; Li and Ribe, 2012). ‘Sinking’ and ‘bending’
regimes are distinct in slab geometry, trench behaviour and style of interaction with
the upper-lower mantle boundary (ULMB) at 660 km depth, and can be further divided
into different modes (Bellahsen et al., 2005; Di Giuseppe et al., 2008; Funiciello et al.,
2008; Schellart, 2008; Ribe, 2010; Stegman et al., 2010b; Li and Ribe, 2012, see further
details in Fig. 4.1):

* The mode of very weak plates is vertical-folding (VF) where the slab undergoes

extensive deformation and folds on itself at the ULMB. Due to poor stress trans-
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mission to the surface, plates in vertical-folding mode have minor trench motion

which frequently switches from retreat to advance.

» Stronger plates under the ‘sinking’ regime are in retreat mode in which the trench
retreats continuously while the slab either lies flat on the ULMB or penetrates it
in an angle significantly lower than 90°. In the weak-retreat (WR) mode, the deep
dip angle of the slab (when it reaches the ULMB) is closer to 90° while slabs in

strong-retreat (SR) mode have smaller deep dip angles.

» Strong plates in the ‘bending’ regime develop an initial backwards fold as the tip
of the slab reaches the ULMB. Plates which consequently overturn completely
evolve in advance (A) mode and will remain overturned as the trench advances.
Plates which do not overturn are in folding (F) mode, and can be further di-
vided into fold-and-retreat (FR) and fold-and-advance (FA) modes, depending on

trench motion after the initial folding.

Various mechanisms have been proposed to control the transition between these dif-
ferent modes of subduction. The evolution of subduction into the different modes
depends on the contact angle between the plate and the ULMB (Torii and Yoshioka,
2007; Schellart, 2008; Li and Ribe, 2012). Contact angles <90° result in ‘sinking’ regime
while angles larger than 90° lead to ‘bending’ regime (Ribe, 2010). Several studies pro-
pose that the main controls on this angle are plate thickness (relative to upper mantle
depth) and plate bending strength, with an additional influence of the length of the
dipping slab at model initiation (Schellart, 2004a, 2008; Ribe, 2010; Li and Ribe, 2012).
These parameters together control the amount of bending during the descend of the
slab through the upper mantle (i.e. does it overturn or not) and whether it can unbend
before reaching the ULMB. The role of slab buoyancy may be limited, because of its
dual affect. High buoyancy increases the force that bends the plate while at the same
time increasing the sinking velocity allowing less time to achieve bending (Ribe, 2010).
However, some studies found that a combination of slab strength and slab buoyancy

isrequired to predict subduction modes and regimes (Stegman et al., 2010b; Capitanio
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Figure 4.1: (A) outline of subducting plate, coloured by normalised value of the sec-
ond invariant of the strain rate tensor, £;;. Main forces are marked by blue, black and
red arrows. (B) Schematic regime diagram of slab shapes (black) in various subduc-
tion modes. Orange background indicates ‘bending’ regime and blue background in-
dicates ‘sinking’ regime (modified after Goes et al., 2017). (C) Global subduction trench
segments sorted by subduction mode based on previous compilation of shapes from
seismic tomography and seismicity by Goes et al. (2017). Subduction mode abbrevia-
tions (black): A - advance, F - folding, SR - strong retreat, VF - vertical folding and WR
- weak retreat. Trench abbreviations (red): Ala - Alaska, Ale - Aleutians, An - Antilles,
Ch - Chile, Cl - Calabria, Co - Cocos, Cs - Cascadia, He - Hellenic, Ho - Honshu, In - India,
Iz - Izu, Ja - Java, Ka - Kamchatka, Ke - Kermadec, Ku - Kuril, Ma - Mariana, Pe - Peru,
Ry - Ryukyu, Sc - Scotia, Su - Sumatra, To - Tonga.

and Morra, 2012; Goes et al., 2017). Such a regime diagram is schematically illustrated

in Fig. 4.1B.

A compilation of global slab morphologies and dips indicates that the large majority
of subducting slab segments have deep dips <80° (Lallemand et al., 2005) and are in
weak-retreat mode with no or few observed folds in the upper mantle (Fig 4.1; Ribe,

2010; Stegman et al., 2010b; Goes et al., 2017, and references therein). A few slabs, like



128 Chapter 4. 3-D subduction regimes and choice of reference model

Mariana and Sumatra appear to penetrate through the ULMB vertically and only the

Indian slab, under the Himalayan collision zone, is overturned (Goes et al., 2017).

In this chapter, we will use 3-D mechanical numerical models to show how the choice
of parameters for a reference model determines its regime and mode. The choice of
reference model in turn determines how it is affected by variations in plate viscosity,
density and width. We will use these findings to (i) discuss the reasons previous stud-
ies came to contradicting conclusions regarding the role of plate strength, width and
buoyancy on subduction dynamics, and what should be considered in future models
of Earth-like subduction and (ii) to show how variations in mode along strike of our
3D models further complicate subduction style. Finally, we will use our conclusions
to design a reference case for further study on the effects of buoyant features on sub-

duction dynamics in the Chapter 5.

4.3 Modelling methods

4.3.1 Modelling system and setup

We design 11 models in a 3-D Cartesian domain. We use a multi-material approach
to simulate subduction of a plate into ambient mantle, with no upper plate (i.e. ‘free
subduction’). We use a multi-material approach to distinguish the subducting litho-
sphere from the mantle, taking the constant density and viscosity plate to represent
the combined impact of the crust and the mantle lithosphere. The absence of an up-
per plate allows us to analyse the dynamic forcing by the subducting plate which is
widely agreed to be the main driver of subduction dynamics and diversity (e.g. Forsyth
and Uyeda, 1975; Goes et al., 2017). Our approach neglects the thermal evolution of
the slab and associated feedbacks on density and viscosity (e.g. Garel et al., 2014; Su-
choy et al,, 2021). This simplification enhances numerical efficiency, allowing us to

perform a systematic 3-D study across a wide parameter space. Previous studies have
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Figure 4.2: Initial condition of (A) model domain and (B) subducting half-plate with
geometry and boundary conditions. See table 4.1 for material properties (viscosity
and density) of the plate and the mantle. Dimensions modified between models shown
in parentheses.

demonstrated that the multi-material, mechanical approach used herein captures the
first-order dynamics of subduction (e.g. Bellahsen et al., 2005; Capitanio et al., 2007;
Stegman et al., 2010b; Chen et al., 2022h).

We use Fluidity, an adaptive, unstructured mesh, finite-element, control-volume com-
putational modelling framework (e.g. Wilson, 2009; Davies et al., 2011; Kramer et al.,
2012, 2021), to solve the conservation equations of mass and momentum for an incom-

pressible fluid under the infinite Prandtl number and Boussinesq approximations:

V-u=0 4.1)

V- [u (ﬁu + <ﬁu> T)} —Vp = —gApl'y (4.2)
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or -
EJru-VF—O (4.3)

where « is the velocity, 1 1s the dynamic viscosity, p is the pressure, g is the acceleration
due to gravity, Ap is the difference in density between different materials, I' is the
material volume fraction (I' = 1 within a given material and I" = 0 elsewhere) and ¢
is a unit vector in the direction of gravity. We utilise an adaptive unstructured mesh
of tetrahedral elements, with minimum and maximum element sizes of 1 and 450 km,
respectively (Fig. 4.3). This allows us to resolve fine-scale features where the gradients
of velocity and viscosity are strong, whilst maintaining computational efficiency (see

Davies et al., 2007, 2011, for further detail).

Our model setup consists of a Cartesian domain of 6160x660x2640km? (length x
depth x width), and includes half a plate, assuming symmetry at the centre of the
plate along the long (i.e. X) axis (Fig. 4.2). The symmetry plane (Z=0km), bottom
(Y=660km) and back (X=0km) boundaries are prescribed as free slip, while the front
(X=6160 km) and side (Z=2640 km) boundaries are no slip, and the top (Y=0 km) bound-
ary is a free surface. The plate is initially placed 500 km away from the back (X=0km)
domain boundary (Fig. 4.2). An initial slab tip of 264km long, dipping at an angle
of 60° from the vertical, is prescribed to initiate subduction (similar to Stegman et al.,

2010Db).

The plate is 2600 km long, and thickness and width are varied for different cases (Table
4.1). Density of the mantle is 3300 kg/m?, and mantle viscosity is set to either 2-10%° Pa-s
or 5-10?° Pa-s, dependent on the case. Plate density and viscosity are varied to evaluate
sensitivity of the subduction mode to these parameters. All properties of the models

are presented in Tables 4.1 and 4.2.



4.3. Modelling methods 131

Figure 4.3: Examples of grid cell geometry in (A) full model domain, (B) the front of
the plate and (C) at the top of the edge of the trench. The mesh is refined during the
evolution of the model to increase resolution in areas of high velocity and viscosity
gradients to increase computational efficiency (see also Davies et al., 2007, 2011). The
smallest and largest edges of the grid cells, shown in (C) and (A), respectively, are 1 km
and 450 km long.

4.3.2 Model Cases

For our reference case Ea, we explore the behaviour of a model where we assigned
material properties typical of natural subduction on Earth (Table 4.1). The viscosities
of the plate and the mantle are 10* Pa-s and 2-10?° Pa-s, respectively. This choice of
viscosities is motivated by previous studies that have concluded that effective plate
viscosities are between 102-10° times that of the underlying mantle (e.g Billen and
Hirth, 2007; Schellart, 2008; Ribe, 2010; Stegman et al., 2010b; Li and Ribe, 2012). Plate

and mantle densities are set to 3360 kg/m? and 3300 kg/m?, respectively, resulting in
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Model | Hp x Wp | 7 [10%! Pa-s] Plate-mantle Bp
Name [km?] Plate Mantle | Ap [kg/m?3] | [10'3 N/m]
Ea 67x2000 | 100 0.2 60 8.04
V1 67x2000 | 200 0.2 60 8.04
V2 67x2000 | 40 0.2 60 8.04
V3 67x2000 | 20 0.2 60 8.04
V4 67x2000 | 100 0.5 60 8.04
D1 67x2000 | 100 0.2 120 16.08
D2 67x2000 | 100 0.2 30 4.02
VD 67x2000 | 100 0.5 120 16.08
T 50%x2000 | 100 0.2 60 6.00
TD 50%2000 | 100 0.2 80.4 8.04
N 67x1000 | 100 0.2 60 4.02

Table 4.1: Model variables. Underlined parameters differ from model Ea. Hp is plate
thickness, Wp is plate width and Bp is plate buoyancy per unit length. Note the simu-
lated plate width is half the full plate width, Wp, assuming symmetry at the centre (at
Z=0km). Bp is calculated as Ap- H - W - g, and is positive in the direction of gravity.

plate negative buoyancy valid for plates of an age of approximately 80 Myr. Full plate

width is 2000 km, similar to the length of many subduction arcs.

Next, we examine 10 cases where viscosity, density, plate thickness and plate width
are varied (V, D, T and N type models, respectively; see Table 4.1). The ratio of plate
to mantle viscosity in all models is set within the range common on Earth of 102-103.
The range of plate thicknesses and densities is typical of plates on Earth according
to plate cooling models which are consistent with surface heatflow and bathymetry
(McKenzie et al., 2005), with the exception of the plate densities in cases D1 and VD,

which represent a relatively strong sinking-force end member.

In the lead-up to the work discussed in this chapter, we ran a set of benchmark tests
of mantle convection in a 3-D box with a top cold thermal boundary and a bottom
hot thermal boundary, following the design of cases 1a and 1b in Busse et al. (1994) in
which the initial condition resulted in bimodal convection flow. We also reproduced

the subduction model described in Stegman et al. (2010b) and in Mériaux et al. (2018)
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Parameter Symbol Value
Gravitational acceleration g 10 m/s?
Domain length Liom 6160 km
Domain width Waom 2640 km
Domain depth Daom 660 km
Plate length Lyate 2600 km
Initial plate trailing edge distance L, 500 km
Initial slab tip length Lg 264 km
Initial slab angle from vertical Qg 60°

Mantle density Pm 3300 kg/m?

Table 4.2: Parameters common to all simulations. Note the domain is simulating half
space, assuming symmetry at Z=0 km.

when we designed the reference model described in Section 4.5.3, which was used as

a reference model for the study in Chapter 5.

For analysis purposes, the plate is defined as an iso-surface where the mantle material
volume fraction is 0.5. Fig. 4.4 shows each case at the final stage of the simulation,
after considerable interaction with the bottom boundary (i.e. the ULMB). The trench
is defined as the front of the plate (along the X axis) at 20 km depth. Measurements
of plate evolution, as shown in Figs. 4.5-4.11 and 4.13-4.14, were done in 3 points
along the trench: 15 km from the symmetry (Z=0km) boundary, 50 km from the edge
of the plate and at a point half way along the trench (denoted as ‘symmetry’, ‘edge’
and ‘middle’, respectively). Red diamonds mark the locations of the measurement at

chosen times in Figs. 4.5, 4.7, 4.9,4.11 and 4.14.
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Figure 4.4: Slab geometries at the end of the simulation for all model cases, coloured
according to the pressure. Case name and simulation time are shown for each panel.
Cell length of the grid cells is 400 km. The symmetry boundary is to the right of the
plate in each panel.

4.4 Results

4.4.1 Reference: Case Ea

We first explore the behaviour our case Ea, with parameters that are typical for Earth
subduction (Table 4.1). While it might be expected such a model would result in ‘weak-
retreat’ style of subduction, common in most plates on Earth, this is only partially true.
Like in other subduction models, the behaviour of the plate is characterised by 2 stages
(as initially described by Funiciello et al., 2003a), following an initialisation phase of
~5 Myr where the slab steepens from the initially assigned dip. In the first stage, the
slab sinks through the upper mantle, accelerating as the slab lengthens. In the second

stage, the slab interacts with the ULMB (bottom of the modelling domain in our case)
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Figure 4.5: Temporal evolution of reference model Ea. (A)-(C) Trench retreat, plate
advance and ratio of retreat to convergence, respectively, as a function of time. Red
lines are for measurements at the symmetry boundary (i.e. at the centre of the plate),
blue lines are for measurements in the middle of the half-plate and black lines for
measurements at the edge of the plate. Vertical green lines mark the time that the
slab reaches the bottom of the domain (i.e. t660). (D)-(F) Evolution of trench shape
(top down view), slab shape at the symmetry (cross-section view) and slab shape at
the edge, respectively. Red diamonds on (D) mark the location where slab and trench
position, motion and velocity were measured, with results displayed in the other pan-
els. Horizontal and vertical axes in (D)-(F) are scaled the same.

and reaches a quasi steady state. The time when the slab first reaches 660 km depth,

marking the transition between the first and second stages, is referred to as t660.

During the first stage of the subduction, plate convergence velocities of case Ea are sim-
ilar to moderate convergence velocities observed on Earth, at 2-4 cm/yr. Following the
start of interaction with the bottom of the domain at 11 Myr, convergence velocity sta-
bilises at ~3.5 cm/yr. Trench retreat dominates convergence in both the first and the
second stages of subduction. While in the first stage the ratio of retreat to convergence

peaks at ~60%, after t660 this ratio drops slightly to ~55%.
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The behaviour of the subducting plate changes along strike. While the plate advances
at the same rate everywhere, trench retreat is greatest at the centre of the plate (~470 km
by 25 Myr at the symmetry boundary) and smallest at the edge (~380 km by 25 Myr;
Fig. 4.5A-B). This difference is the result of toroidal flow around the edge of the plate
(Schellart et al., 2007). This variation leads to a similar along strike variation in the
ratio of retreat to convergence. While convergence is always dominated by trench
retreat at the centre of the plate, at the edge, convergence at later stages of the simu-
lation is dominated by plate advance, with the ratio of retreat to convergence slightly
less than ~50% (Fig. 4.5C). These variations lead to along strike changes in slab geom-
etry, evolving to a vertical slab at the centre of the plate and an S-shaped slab at the

edge (Fig. 4.5E-F).

The along-strike differences in slab geometries and trench retreat are expressions of
different modes of subduction. The centre of the slab displays typical weak retreat
behaviour, while the shape of the slab at the edge of the plate could be associated with
either vertical folding or a fold-and-retreat mode. We classify it as the latter because
(i) the plate is strong enough to continue to drive trench motion even during folding,
and (ii) this mode is most compatible with the change in subduction behaviour upon

increasing plate viscosity, which is discussed in the next section.

The change in mode towards a more bending dominated style at the plate edge is the
result of the additional along-strike bending that is introduced by the toroidal flow,
dissipating more of the potential energy, as previously noted in the 3-D models of Li
and Ribe (2012). This additional dissipation also leads to the lower sinking velocities

at the plate edge than at the centre of the plate.

4.4.2 Effects of plate viscosity: Cases V1-V4

We next inspect cases where we vary the viscosity contrast between the plate and the

mantle, by either changing the viscosity of the plate (cases V1-V3) or the mantle (case
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V4). In all cases, modified viscosities affect final slab and trench shapes (Figs. 4.4 and

4.7), although not necessarily the subduction mode.

Trench retreat after t660 is much diminished in case V1, with increased plate viscosity,
compared to case Ea (Fig. 4.6A). The higher viscosity for the same plate density means
that the slab does not have time to unbend before reaching the base of the model.
This results in an overturning of the plate at t660 (Fig. 4.4) which starts at the centre
of the plate and propagates to the edge. After t660, trench retreat of the overturned
plate decreases at the same time as plate advance rate decreases (Fig. 4.6B-C). The tip
of the overturned slab is able to slide along the bottom of the domain (Fig. 4.7B-C)
facilitated by the low drag associated with the ‘free-slip’ bottom boundary condition.
A high-viscosity lower mantle would be expected to cause trench advance, leading to
a similarly overturned plate, as observed in analogue models (Funiciello et al., 2003a;

Schellart, 2004a; Bellahsen et al., 2005).

Trench retreat is greater in centre of the plate for the low-viscosity case V2 and the
even lower-viscosity case V3 compared with case Ea. At 20 Myr, the trench at centre
of the plate has retreated ~550km in case V2, compared with ~570 km in case V3 and
only ~430km in case Ea (Fig. 4.5A and 4.6D,G). The edges of the trenches in cases V2
and V3 move at higher rates than model Ea, but most of this motion is along-strike,
leading to increasing trench curvature with decreasing plate viscosity (Fig. 4.7D,G),
and very little trench motion in the direction of plate motion (i.e. X direction) at the
plate edges. The shape of the slab in both cases V2 and V3 is close to vertical at the
centre of the plate and S-shaped at the edge, similar to case Ea (Figs. 4.5E-F and 4.7B-C,
E-F). However, the low trench retreat rate for cases V2 and V3 indicates the edges of

these plates may actually be closer to vertical folding than fold-and-retreat mode.

The main effect of the increased mantle viscosity in case V4 is to slow the evolution of
the model. This model has the same plate-mantle viscosity contrast as model V2 and
displays the same behaviour, however the evolution of model V4 takes ~2.4 longer

(e.g. t660 at 26 Myr and stable trench retreat rate of 1.2 cm/yr in case V4 compared
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Figure 4.6: Trench retreat, plate advance and ratio of retreat to convergence (left, cen-
tre and right columns, respectively), as a function of time for models V1-V4, at the
locations marked on Fig. 4.7. Lines styles are the same as in Fig. 4.5A-C.

with 11 Myr and 2.75 cm/yr respectively in case V2; Fig. 4.6D,]). The curvature and
amount of trench retreat in cases V4 and V2 is similar after 1.5-t660 (i.e. at 39 Myr and
15 Myr, respectively). That is, the subduction process is slowed down in proportion
to the increase in mantle viscosity. Like in case V2, the slab shape in case V4 ends up

almost vertical at the centre of the plate and S-shaped at the edge (Fig. 4.7E-FEK-L).

In summary, the retreat rates are higher and trench curvature stronger than case Ea
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Figure 4.7: Evolution of trench shape (top down view), slab shape at the symmetry
(cross-section view) and slab shape at the edge (left, centre and right columns, respec-
tively), for models V1-V4. Markings are the same as in Fig. 4.5D-F. Red diamonds on
left column mark the location of measurements, with results displayed in the other

columns and in Fig. 4.6.

in the lower plate-mantle viscosity contrast cases V2-V4. However, the mode of sub-

duction in these cases does not change strongly from model Ea. The centre of the plate

in models V2-V4 is in weak retreat and the edge may be in vertical folding mode. The

strong plate V1 case is in advance mode all along the plate, with little along strike vari-

ation in trench motion. Nevertheless, the centre of the plate behaves as if it is stronger

than the edge as it overturns slightly earlier.
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4.4.3 Effects of plate density: Cases D1, VD and D2

We investigate the role of plate buoyancy on subduction mode by examining cases
with modified density contrast between the plate and the mantle. Cases D1 and VD
have twice the density contrast, while case D2 has half the density contrast, compared
with case Ea. The mantle viscosity in case VD is increased relative to case EA to the

same value as in case V4.

The evolution of case D1, with increased plate density, is ~2.4 faster than model Ea (e.g.
t660 at 5 Myr and a final trench retreat rate of ~4.6 cm/yr in case D1 compared with
12 Myr and ~1.9 cm/yr, respectively, in case Ea; Figs. 4.5A and 4.8A). Convergence in
case D1 is slightly more dominated by trench retreat than model Ea, peaking at 58%
ratio of trench retreat to convergence after t660 (Fig. 4.8C). The dip of the slab between
200 and 500 km is ~85° at the centre of the plate and vertical at the edge (rather than
overturned as in case Ea) (Fig. 4.9B-C). In this case, the whole plate appears to be

marginally in weak retreat mode.

The reduced buoyancy in case D2 results in much longer evolution than in case Ea.
Evolution of case D2 is ~4 times slower than that of case Ea (e.g. t660 at 41 Myr and fi-
nal trench retreat rate of ~0.55 cm/yr in case D2 compared with 12 Myr and ~1.9 cm/yr
respectively in case Ea; Figs. 4.5A and 4.8G). This change in slab properties does not
result in a different slab behaviour, although slab shape at the centre is more S-shaped
than in case Ea. Subduction mode in both the centre and the edge of the plate appears

to shift further towards a fold-and-retreat compared with case Ea.

In case VD, the increased viscosity of the mantle, which slows down subduction, cou-
pled with the higher density contrast, which speeds up subduction, results in overall
very similar evolution to case Ea. The net effect is a slightly faster evolving version of
model Ea, with t660 of 11 Myr and a final trench retreat rate of ~2.4 cm/yr compared
with 12 Myr and ~1.9 cm/yr, respectively, in case Ea (Figs. 4.5A and 4.8D). The shape

of the slab in case VD is also similar to that of case Ea, with S-shaped slab at the edge
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Figure 4.8: Trench retreat, plate advance and ratio of retreat to convergence (left, cen-
tre and right columns, respectively), as a function of time for models D1, VD and D2,
at the locations marked on Fig. 4.9. Lines styles are the same as in Fig. 4.5A-C.

of the plate and almost vertical slab at the centre (Figs. 4.5E-F and 4.9E-F), indicat-
ing fold-and-retreat mode at the edge and slight change towards more weak retreat

behaviour at the centre.

4.4.4 Effects of plate dimensions: Cases T, TD and N

Plate thickness affects both sinking force, through slab volume, and bending resis-
tance. We explore how the thickness of the plate determines subduction mode by mod-
elling subduction of thinner plates in cases T and TD, as significantly thicker plates
than the reference plate in case Ea are not consistent with plates on Earth. We also

consider the effects of plate width by modelling a narrow plate in case N.
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Figure 4.9: Evolution of trench shape (top down view), slab shape at the symmetry
(cross-section view) and slab shape at the edge (left, centre and right columns, respec-
tively), for models D1, VD and D2. Markings are the same as in Fig. 4.5D-F. Red dia-
monds on left column mark the location of measurements, with results displayed in
the other columns and in Fig. 4.8.

The combined effects of reduced buoyancy and decreased strength in case T, com-
pared with case Ea, result in slightly slower subduction evolution (t660 at 15 Myr and
final trench retreat rate of ~1.3 cm/yr in case T, compared with 12 Myr and ~1.9 cm/yr,
respectively, in case Ea; Figs. 4.5A and 4.10A). The slab at the centre of the plate is ver-
tical and S-shaped at the edge, similar to case Ea (Figs. 4.5E-F and 4.11B-C).

Plate thickness in case TD is the same as in case T, while plate buoyancy is adjusted to
the value of case Ea. The smaller thickness reduces plate bending strength relative to
case Ea without changing plate viscosity. The weaker plate evolves at a similar rate
as case V2, with t660 at 10.5 Myr and final trench retreat rate of ~2.9 cm/yr, compared

with 11 Myr and 2.75 cm/yr respectively in case V2 (Figs. 4.6D and 4.10D). Similarly,
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Figure 4.10: Trench retreat, plate advance and ratio of retreat to convergence (left,
centre and right columns, respectively), as a function of time for models T, TD and N,
at the locations marked on Fig. 4.11. Lines styles are the same as in Fig. 4.5A-C.

the slab in case TD is vertical at the centre of the plate and S-shaped at the edge, as in
cases V2 and Ea (Figs. 4.5E-F, 4.7E-F and 4.11E-F). However, the trench curvature of
case VD is similar to that of case Ea, and significantly less curved than the trench in

case V2 (Figs. 4.5D, 4.7D and 4.11D).

The evolution of the narrow plate in case N is similar to case Ea up until t660 at which
point it overturns, similar to case V1 (Fig. 4.4). As in case V1, the overturning ad-
vances from the centre of the plate to the edge (Fig. 4.11H-I), resulting in rapid decline
in trench retreat rate (Fig. 4.10G). After ~15Myr of minor trench retreat, and due
to lack of traction at the bottom of the domain imposed by the boundary condition,
the trench resumes retreating, albeit at a lower rate than other cases (~1.2 cm/yr; Fig.

4.11G). Case N displays fold-and-advance behaviour, where initial folding of the slab
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is followed by trench advance. The slab edge in case Ea displays similar behaviour,
but is forced into a fold-and-retreat mode due to the retreat at the centre of the plate.
Since the centre of the plate in case N is closer to the edge and is more strongly af-
fected by the toroidal flow of the mantle, it retreats less and does not affect the edge
the same way as in case Ea. We note that due to the the free slip impenetrable bot-
tom boundary condition in our model, distinguishing between fold-and-retreat and

fold-and-advance modes at the plate edge is difficult.
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Figure 4.11: Evolution of trench shape (top down view), slab shape at the symmetry
(cross-section view) and slab shape at the edge (left, centre and right columns, respec-
tively), for models T, TD and N. Markings are the same as in Fig. 4.5D-F. Red diamonds
on left column mark the location of measurements, with results displayed in the other
columns and in Fig. 4.10.
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4.5 Discussion

4.5.1 Model modes

The design and parameters used in model Ea reflect typical effective properties (vis-
cosity, density, and width) of subducting plates on Earth as estimated in other stud-
ies (Zhong and Davies, 1999; Billen et al., 2003; Buffett, 2006; Funiciello et al., 2008;
Schellart, 2008; Wu et al., 2008; Ribe, 2010; Stegman et al., 2010b; Li and Ribe, 2012).
However, all the models in this study, apart from models D1 and V3, turn out to be
fully or partly in a ‘bending’ subduction regime, i.e. where subduction dynamics is
dominated by resistance to bending over Stokes sinking (Table 4.3 and Fig. 4.12). This
behaviour is inconsistent with observed behaviour of plates on Earth, as determined

by tomography and slab morphology (Fig. 4.1C).

Model | Mode | Model | Mode

Ea WR-FR | VD WR-FR || Sinking
V1 A-A T WR-FR | Sinking
V2 WR-VF | TD WR-FR

V3 WR-VF | N FA-FA | Bending
V4 WR-VF | Ly VF-VF | Bending
D1 WR-WR | Lm WR-WR

D2 FR-FR | Lo SR-SR || Transition

Table 4.3: Summary table of subduction modes for each case at the centre of the plate
(left) and the edge of the plate (right). Case names are coloured by regime of subduc-
tion. See Table 4.1 and 4.4 for specific case parameters.

Cases Ea, V2,V4, VD, D2, T and TD are all classified as subducting marginally in weak
retreat mode at the centre of the plate and in fold-and-retreat mode at the edge. Case N
is classified as fully subducting in a fold-and-advance mode due to observed fold at the
tip of the slab, which subsequently overturns. The final slab shape of case N resembles
that of case V1, which has no folds. Case V1 is therefore classified as advance mode.

Case D1, which has the largest buoyancy contrast between the plate and the mantle



146 Chapter 4. 3-D subduction regimes and choice of reference model

(A) (B) ’
16 A ® f ® i @ 10° 4 @ .\Il ®
T 1 '
° ’ ] ° N >e< Ea ,
14 {Ly J / 1 ® p2 /D1
Al | e Tose M2,
17 1 ‘ , va /7 TD /
< _ . / .
T V4V2 /N Ea wn 10 1- VD V3 Lo
] vi Y/ [V v :
10 1Lm ° Gl ° j ’ L.m
’ \ I :
g VD D2 D1 ® ] ,
Lo nEl 107 Ly /
6 ML T T T AL | T T ] T T l' T T T T T T M
10? 103 10713 10712
Ne/Nm Fs

Figure 4.12: All model cases plotted on subduction regime diagram (A) in ratio of plate
and mantle thickness to the ratio of plate and mantle viscosity following Li and Ribe
(2012) and (B) in plate stiffness to slab negative buoyancy force following Stegman
et al. (2010b). Plate stiffness is calculated as S = np/ny - (h/H)? and slab buoyancy
as Fg = Ap - h-g/ny. Regime abbreviations (in circled black font) are the same as in
Fig. 4.1, where our Folding (‘F’), Advance (‘A’), and Retreat (‘R’) regimes correspond
to regimes V, III and a combined I, IT and IV in Stegman et al. (2010b), respectively.
Case names are coloured by subduction mode. See Table 4.1 and 4.4 for specific case
parameters and Table 4.3 for our mode classification for each model.

of all cases, is the only model fully in weak retreat mode in both the centre and the
edge of the plate. The behaviour at the edge of the plate in case V3 resembles fold-
and-retreat mode but can also be classified as vertical folding mode because the weak
plate allows the development of an increasing trench curvature with little retreat or

advance of the slab edge.

Although plate-mantle viscosity ratios in all models are in the range previous stud-
ies identified as appropriate to simulate Earth-like subduction, the combination with
plate thickness (10% of the domain depth) puts our models mostly in the ‘bending’
regime. These results agree well with predictions by the regime diagrams proposed
by Schellart (2008) and Li and Ribe (2012) (Fig. 4.12A) which explore the parameter
space of plate-mantle viscosity ratio and plate-mantle depth ratio. According to this

classification, cases Ea, T and TD are in folding mode, case V1 in advance mode and
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cases V2-V4 in retreat mode. Variations in density and width, as in cases D1, D2 and N,
are not distinguished by this analysis (Fig. 4.12A). The retreat mode field is larger for
thinner and much thicker plates than we explored. Since thicker plates are not con-
sistent with plate thermal thicknesses observed on Earth (McKenzie et al., 2005), this
indicates that effective plate thickness, i.e. the thickness of the plate which contributes

to plate stiffness, must be smaller. We will return to this point in Section 4.5.3.

The parameters of viscosity and thickness ratios, which several studies found are suf-
ficient to classify subduction behaviour (Schellart, 2008; Ribe, 2010; Li and Ribe, 2012),
do not provide insights into the differences in subduction mode that we find between
cases Ea, D1 and D2. The distinct behaviour of these cases points to an additional de-
pendence of subduction mode on density. This density dependence can be captured
by using the parameters of buoyancy and stiffness proposed by Stegman et al. (2010b).
Indeed we find that these two parameters can classify the variations in subduction
style for all our cases (Fig. 4.12B). Stegman et al. (2010b) characterise buoyancy with a
Stokes sinking time (function of density contrast, plate thickness and mantle viscosity)
and non-dimensional stiffness (function of plate viscosity and thickness and mantle
viscosity and depth). In this parameterisation, mantle and plate viscosities have in-
dependent effects, with the former also modulating buoyancy and the latter solely

controlling stiffness.

The role of density in modifying the subduction regime is not immediately obvious.
In a perfect Stokes flow, buoyancy (v ~ gAp) increases the driving force but similarly
increases the bending force, which entails that greater density contrast is expected
to result in similar behaviour at a faster rate. Ribe (2010) proposed that a density
dependence of subduction style could be introduced if rheology has non-linear de-
pendency on deformation rates, or in visco-plastic and visco-elastic plates (Stegman
et al., 2010b; Capitanio and Morra, 2012). In the presence of such non-linearity, the
effect of increased sinking time does not simply offset the increased bending force

due to the increase density, as both plate bending resistance and mantle resistance to
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slab sinking evolve independently. However, in our models, rheology is linear. The
free-surface (¢ = 0) top boundary condition in our models may introduce non-linear
impact on velocities. Such impact was not observed in the models of Ribe (2010) and
Li and Ribe (2012), which also have a free surface, and which did not display a depen-
dence of mode on plate density. Instead, we propose that our boundary conditions
of no-slip (v = 0) and free-slip (v = 0 in the normal direction) result in non-linear
interaction of the mantle flow with the ULMB and other domain boundaries, and in-
troduces an additional dependence of the dynamics on deformation velocities. A re-
cent comparison between subduction in Cartesian and spherical geometry by Chen
et al. (2022a) indicates that these boundaries are likely responsible for the non-linear
density-dependent effects which impact subduction more as the slab sinks and ap-

proaches the lower mantle.

Although side boundaries may not be the optimal approximation of the setting of nat-
ural subduction, even if the box size is large, a strong resistance at the ULMB is a
more realistic condition than the fully open bottom boundary often used in boundary-
element models (Ribe, 2010; Li and Ribe, 2012) and the ULMB would be a factor which,
in addition to non-linear rheology, introduce a density dependence of natural subduc-
tion styles. Moreover, the dimensions of the box in our models represent Earth-like
subduction systems where subduction is limited in space by the spherical geometry
of the mantle and other plates. We, therefore, expect that in natural subduction slab

buoyancy can affect subduction mode.

Based on the stiffness and buoyancy parameters, most of our cases would be expected
to be in folding mode (regime V in Stegman et al., 2010b), consistent with the observed
behaviour. To separate the different modes in our models in Fig. 4.12B, the regime
boundary of the retreating regime had to be shifted to lower Fz compared to this
boundary in Stegman et al. (2010b), possibly reflecting differences in model set up (e.g.
plate thickness and rheological layering, and the free-slip bottom boundary). The low

viscosity of the upper mantle and the thick plates considered in Stegman et al. (2010b)
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result in large Stokes velocities and, in some cases, fast sinking velocities of the order
of 102 cm/yr, which are much faster than observed on Earth (e.g. Seton et al., 2012).
The retreat mode (regime IV in Stegman et al. (2010b)) expands to lower buoyancy for
low stiffness values. We argue below that low stiffness values are the plausible reason

for the ‘sinking’ behaviour observed in subduction zones on Earth.

4.5.2 Mode changes with plate parameters

In our model set, stronger and lighter plates lead to decreased trench retreat and in-
creased slab dip (Figs. 4.5, 4.6, 4.7, 4.8 and 4.9). These trends are typical of subduction
in a ‘bending’ regime and were observed in several previous studies (Di Giuseppe et al.,
2008; Funiciello et al., 2008; Billen and Arredondo, 2018, and experiments 9 and 14 in
Bellahsen et al,, 2005). Instead, in models in an Earth-like ‘sinking’ regime (e.g. Cap-
itanio et al., 2007; Schellart, 2008; Capitanio and Morra, 2012; Li and Ribe, 2012, and
most experiments in Bellahsen et al., 2005), trench retreat decreases for weaker and
lighter plates (and increases for stronger and denser plates). The reduction in plate
width in case N results in folded behaviour which indicates higher plate bending re-
sistance and more prominent ‘bending’ regime behaviour compared with case Ea, as
was also observed by Bellahsen et al. (2005). However, the opposite behaviour is ob-
served in models that are in the ‘sinking’ regime, in which trench motion decreases
in wider plates (e.g. Schellart et al., 2007; Morra et al., 2012). Thus the choice of refer-
ence model parameters and the corresponding subduction regime is key for studying
Earth-like subduction behaviour (See Schellart, 2008; Ribe, 2010; Stegman et al., 2010b;
Li and Ribe, 2012; Goes et al., 2017).

Other factors will further modulate subduction modes. Strong coupling between the
subducting and overriding plates may hamper trench retreat (Cizkovéa and Bina, 2013;
Pokorny et al., 2021), as could a strong and thick overriding plate (Capitanio et al., 2009;
Guillaume et al., 2009; Capitanio et al., 2010; Garel et al., 2014; Sharples et al., 2014;
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Holt et al., 2015b). Higher resistance to sinking at the ULMB may also modify subduc-
tion mode by slowing subduction and enhancing the tendency for folding (Garel et al.,
2014; Holt et al., 2015a). Models with rheology that allows deep slab weakening (e.g
Cizkova et al., 2002) accommodate more folding and flattening of the slab at the ULMB
than models with strong deep slabs (e.g. Billen and Arredondo, 2018). In models with
such added complexity it is important to test that the base models are indeed in an
Earth-like ‘sinking’ regime. Once that is established, additional factors, such as inter-
action between nearby subducting plates exerting external forcing which can lead to
enhanced retreat or advance can be investigated (CiZkova and Bina, 2015; Kiraly et al.,

2016; Holt and Becker, 2017).

Additional complexities arise in 3-D models. The along-strike plate bending that oc-
curs in 3-D adds to the energy dissipated in plate deformation as previously noted by
Li and Ribe (2012); Morra et al. (2012) and Chen et al. (2022b). This adds to the stiffness
of the plates, beyond the calculated stiffness in the regime diagrams which depends
only on plate-mantle viscosity ratio and plate thickness. As a result, in many of our
3-D plates, the edges of the plates are in modes that indicate stronger bending dissi-
pation than the centre. In models with plates wider than those presented here, more
‘bending’ style behaviour can also occur in the middle of the plate (Schellart et al.,
2007; OzBench et al., 2008; Chen et al., 2022b). The along-strike variation in trench
curvatures results in additional energy dissipation in more bent areas, which is likely
to come at the expense of the availability of potential energy for sinking. This can ex-
plain variations in sinking rates between the edge (lower) and the centre of the trench

(higher), observed in 3-D cases by Li and Ribe (2012).
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4.5.3 Modelling Earth subduction

Our results reinforce previous work by Conrad and Hager (1999); Buffett (2006); Ribe
(2010); Buffett and Becker (2012) and Li and Ribe (2012) which concluded that subduct-
ing plates are relatively weak compared to the estimates based on laboratory derived
flow laws (e.g. Billen and Hirth, 2007) applied over the full thickness of the plate. Me-
chanical models often neglect common weakening mechanisms such as brittle failure
and strain-dependent weakening which weaken areas of high bending (i.e. areas of
high strain rate) along the plate, contributing to a reduction in bending resistance (e.g.
OzBench et al., 2008; Buffett and Becker, 2012; Garel et al., 2014) while effective plate
viscosity remains unaffected where strain rates are low. In addition, temperature
and stress dependent rheologies inferred from experimental data predict that plate
strength is concentrated in the core of the plate (Billen and Hirth, 2007; Buffett and
Becker, 2012; Garel et al., 2014; Holt and Becker, 2017). Therefore, subducting plates
may be better represented by a rheologically layered plate with a strong viscous core
sandwiched between top and bottom low-viscosity or visco-plastic layers (e.g. Morra
et al., 2006; Capitanio et al., 2007; OzBench et al., 2008; Capitanio et al., 2009; Stegman
et al., 2010b). Such a layered rheology reduces bending resistance at the trench and
upon interaction with the ULMB, while the strong core allows for efficient transmis-
sion of stresses from the slab to the plate (Capitanio et al., 2009; Stegman et al., 2010b;
Garel et al., 2014).

The viscous approximation of layered plate rheology may still overestimate bending
strength, due to the lack of elastic behaviour in the core of the plate, which facili-
tates bending and unbending (OzBench et al., 2008; Farrington et al., 2014; Fourel
et al.,, 2014). Wadati-Benioff earthquakes are evidence of such elastic energy storage
in plate cores. Therefore, implementations of laboratory derived rheology in a purely
viscous model require an additional yielding or viscosity capping mechanism to limit
the strength in the core of the plate (e.g. variations of Peierls’ creep law have been

used for this in Cizkova et al., 2002; Agrusta et al,, 2014; Garel et al., 2014) allowing
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Figure 4.13: Trench retreat, plate advance and ratio of retreat to convergence (left,
centre and right columns, respectively), as a function of time for layered models with
old, moderate and young plates, at the locations marked on Fig. 4.14. Lines styles are
the same as in Fig. 4.5A-C.

plates to have a low enough effective strength such that subduction behaviour is in

the ‘sinking’ regime.

The results from this chapter motivated the model design that was subsequently used
by Chen et al. (2022b) and constitutes the reference case for Chapter 5. Our preferred
model design includes a three-layer plate with strong viscous core and visco-plastic
outer layers. By using core thicknesses ranging from 15 to 40 km within 45 to 100 km
plates, respectively (Table 4.4), we are able to account for the full range of Earth-like
plate thickness and strength. In this design, we also extend the modelling domain to
account for higher-viscosity and penetrable lower mantle to better reflect the resis-

tance plates encounter at the ULMB. We designed three cases representative of the
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Figure 4.14: Evolution of trench shape (top down view), slab shape at the symmetry
(cross-section view) and slab shape at the edge (left, centre and right columns, respec-
tively), for layered models with old, moderate and young plates. Markings are the
same as in Fig. 4.5D-F. Red diamonds on left column mark the location of measure-
ments, with results displayed in the other columns and in Fig. 4.13. The lower mantle
is depicted on the centre and right columns by yellow semi-transparent rectangle.

buoyancy, thickness and strength of relatively young, moderate-age and old oceanic
plates. Parameters chosen are further motivated in the Chapter 5. Figs. 4.13 and 4.14
present the evolution of layered young, moderate and old plate models for 1200 km
wide plates from Chen et al. (2022b). These cases display an increase with plate age of
trench retreat, trench curvature and slab dip angle (both at the centre of the plate and
at the edge), as expected for subduction in a ‘sinking’ regime. When plotted onto the
subduction regime diagrams of Li and Ribe (2012) and Stegman et al. (2010b) (cases
Ly, Lm and Lo in Fig. 4.12 and Table 4.3), the old and moderate layered cases fall

under retreat mode, while the young layered case is in folding mode. For Chapter 5



154 Chapter 4. 3-D subduction regimes and choice of reference model

Model LxHxW He, Hyp | n[10%' Pa-s] Plate-mantle Bp
Name [km?| [km] | Plate Mantle | Ap [kg/m?® | [10" N/m]
Ly 2200x45x1200 15,15 20 0.2 40 2.16
Lm 2200x70x1200 30, 20 20 0.2 80 6.72
Lo 2200x100x1200 | 40,40 20 0.2 120 14.40

Table 4.4: Modified model variables. L is plate length in the direction of subduction,
H is plate thickness and W is plate width along strike. Note the simulated width is half
the full plate width, assuming symmetry at the centre of the plate. H- and Hyp are the
thicknesses of the high-viscosity core and the visco-plastic outer layers, respectively.
Bp 1s plate buoyancy per unit length, calculated as Ap- W - H - g, and is positive in the
direction of gravity.

where we investigate the effects of the subduction of buoyant ridges, we use models
with plates which are 2400 km wide to allow evaluation of lateral variations in sub-
duction dynamics (Schellart et al., 2007; Chen et al., 2022b). In these models, bending
resistance dissipates about <20% of the potential energy, and slab sinking is achieved

mainly through trench retreat.

4.6 Conclusions

Observations of slab morphology and trench motions strongly indicate that typical
plates on Earth predominantly subduct according to a ‘sinking’ regime. Published
subduction models in varying subduction regimes have documented different, and
sometime opposite, responses to changes in plate density, strength and width. Our set
of 3-D numerical models of free-subduction with Earth-like rheological parameters
shows that the responses to these subduction parameters depend on the subduction
regime, ‘sinking’ or ‘bending’, of the reference model. Where the reference model
is in Earth-like ‘sinking’ regime, trench retreat and low upper-mantle slab dips are

encouraged by increased plate strength and density, and decreased plate width.

When designing an Earth-like dynamic subduction model, it is important to ensure
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that the reference case is in ‘sinking’ subduction regime. The two key parameters
to control this are plate stiffness, or bending resistance, controlled by plate viscosity,
thickness and width, and plate sinking potential energy, determined by slab buoyancy
and mantle viscosity. There is no one global set of parameters that will achieve the
right behaviour for all models. The choice of parameters will depend on specific prop-
erties and approximations of the model including the chosen representation of rheol-
ogy, plate coupling, the presence of an overriding plate, viscosity of the mantle, dimen-
sions of the plate, boundary conditions and initial state. However, regardless of other
parameters, Earth-like subduction requires relatively low effective plate strength (ra-
tio of 100-200 between the average viscosity of the plate and mantle, assuming viscous
or viscoplastic rheology; Conrad and Hager, 1999; Wu et al., 2008). Furthermore, earth-
like subduction is difficult to achieve with iso-viscous plates with natural thicknesses
and density contrasts (Stegman et al., 2010b). In mechanical models, Earth-like sub-
duction behaviour is better simulated using a rheologically layered plate with strong
core surrounded by weaker material. These insights are implemented to create the

reference model for investigating subduction of buoyant ridges in the Chapter 5.



Chapter 5

How buoyant features modify the

dynamics of free subduction

5.1 Summary

The subduction of positively buoyant features has been implicated in the development
of flat and shallow dipping slabs, the formation of cusps in trench geometry, and the
cessation of associated arc magmatism. However, how such buoyant anomalies in-
fluence subduction dynamics to produce these different tectonic expressions remains
debated. In this chapter, using a series of multi-material 3-D simulations of free sub-
duction, we investigate how linear buoyant ridges modify subduction dynamics, in
particular downgoing plate velocities, trench motions and slab morphology. We exam-
ine the sensitivity of results to downgoing plate age (affecting buoyancy and strength),
ridge buoyancy and ridge location along the trench, finding that buoyant ridges can
locally change slab sinking and trench retreat rates, in turn modifying the evolution
of slab morphology at depth and trench shape at the surface. In all cases examined,
trench retreat is reduced, or switches to trench advance, where the ridge subducts.

These effects depend strongly on downgoing plate age: on young, weak plates, the

156
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change in trench shape is more localised than on old, strong plates. Slab shallowing
at the ridge only occurs for young plates, while the stronger and more negatively buoy-
ant older plates pull down the ridge at a steeper angle than the rest of the slab. On old
plates, ridges located near regions of trench stagnation or advance, which typically
develop in wide slabs, have a stronger effect on trench and slab shape. The combined
effects of buoyant feature location, subducting plate age and overriding plate prop-
erties can result in a range of responses: from mainly trench deformation, through
local slab shallowing, to the formation of a flat slab, a variation in expressions also

observed on Earth.

5.2 Introduction

Buoyant features are thickened ridges and plateaus on the ocean floor that mark the
surface expression of excess mantle melting (Coffin and Eldholm, 1994; Tetreault and
Buiter, 2014). Ridges are typically elongated features with a specific orientation, whilst
plateaus are often more uniform in their dimensions. Owing to their composition
and thickness, they add a component of positive buoyancy to the associated litho-
sphere and will typically resist the subduction of this lithosphere (Kelleher and Mc-
Cann, 1976). As a result, the subduction of buoyant features has been implicated in
many irregularities of subduction tectonics, including the interruption of arc volcan-
ism on the corresponding overriding plate (e.g. Vogt et al., 1976; Nur and Ben-Avraham,
1983; Mahlburg Kay and Mpodozis, 2002; Hu et al., 2016), uplift and compression in
the overriding plate (e.g. Humphreys, 1995; Espurt et al., 2007; O’Driscoll et al., 2009)
and either enhancement or suppression of seismic activity (e.g. Nur and Ben-Avraham,

1983; Gutscher et al., 1999, 2000b; Kumar et al., 2016).

Although they have been widely studied, there is currently no consensus on how the
subduction of buoyant features modulates subduction dynamics. It was first proposed

that buoyant-feature subduction alters the shape of the trench (Vogt, 1973). The main
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evidence was the proximity of many features to trench cusps (e.g. the Emperor Chain
at the intersection of the Aleutian and Kuril trenches, the Caroline Ridge between the
Mariana and Yap trenches and the Ogasawara Ridge between the Mariana and Bonin
arcs: Vogt, 1973; Vogt et al., 1976; Miller et al., 2006c; Mason et al., 2010; Rosenbaum
and Mo, 2011). A proposed consequence of subduction of buoyant features is the asso-
ciation with low angle (i.e. ‘flat’), subduction (Sacks, 1983; Gutscher et al., 2000b). The
main examples of flat slab subduction are where the Nazca plate subducts beneath
South America: the Nazca ridge is associated with the Peruvian flat slab (Gutscher
et al., 2000Db), the Juan Fernandez ridge with the Chilean flat slab (Mahlburg Kay and
Mpodozis, 2002) and the Carnegie ridge with the Ecuadorian flat slab (Gutscher et al.,
1999). The Northeast Pacific hosts an example of a present-day flat slab which is asso-
ciated with subduction of the plateau-like Yakutat Terrane beneath Alaska (e.g. Gulick
et al., 2007). Subduction of the Palau-Kyushu ridge under Japan (Xia et al., 2021) has
also been associated with low-angle subduction along the Nankai Trench, and subduc-
tion of the Emperor chain with shallow subduction under Kamchatka (Davaille and
Lees, 2004). Finally, the subduction of the Shatsky Rise conjugate has been linked to
past flat subduction below North America leading to the Laramide Orogeny (Atwater,

1989; Liu et al., 2010).

It is proposed that when a buoyant feature subducts, its buoyancy counteracts down-
going motion of the surrounding negatively buoyant plate, keeping it afloat (Sacks,
1983; Gutscher et al., 1999). When a full flat slab matures and develops a horizontal
section that extends several hundred kilometres from the trench, the lack of mantle
wedge flow between the slab and overriding plate might cause a shut-down in arc
volcanism (Nur and Ben-Avraham, 1981; Isacks, 1988; Atwater, 1989). Furthermore,
the release of slab fluids into the thin coupling layer between the plates may reduce
seismic activity (Nur and Ben-Avraham, 1983; Kim et al., 2012; Manea et al., 2013) and
the induced slab bathymetry may limit the size of large ruptures (Sparkes et al., 2010).
Other studies propose that a wide upper-lower plate contact area above a shallow slab

increases the potential for large inter-plate earthquakes (Corbi et al., 2017; Muldashev
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and Sobolev, 2020).

Although there are a number of observations supportive of a link between the subduc-
tion of buoyant features and shallow-angle or flat slab subduction (Vogt et al., 1976;
Nur and Ben-Avraham, 1983; Gutscher et al., 1999; Van Hunen et al., 2002), there are
also buoyant ridges and plateaus that subduct without affecting slab dip. Skinner and
Clayton (2013) observed that some of the largest features subducting in the Pacific (e.g.
the Magellan seamounts, Louisville ridge, Caroline ridge) are not correlated with any
lower-angle subducting slab. Moreover, for some flat slab segments (most notably,
Mexico, and past subduction below the Altiplano-Puna region) no candidate buoyant
features have been identified to explain the anomalous subduction angle (Rosenbaum
and Mo, 2011; Skinner and Clayton, 2011). In addition, a number of numerical and ana-
logue subduction models indicate that although the subduction of buoyant features
may lead to slab shallowing, by themselves they are insufficient to generate a flat slab

(Van Hunen et al., 2002; Martinod et al., 2005; Gerya et al., 2009; Manea et al., 2017).

Several other mechanisms have been suggested to cause or contribute to the forma-
tion of flat or low-angle slabs. One mechanism is the active overthrusting of the up-
per plate, which results in forced trench retreat and can lead to a flat slab if the plate
is unable to increase its sinking velocity accordingly (van Hunen et al., 2004; Currie
and Beaumont, 2011; Liu and Currie, 2016). Episodes of fast convergence (>10 cm/yr;
Currie and Beaumont, 2011; Manea et al., 2017) have been proposed to have a simi-
lar flattening effect. Suction forces in the mantle wedge, although unlikely to lead to
flat subduction on their own, generate an upwards force above the slab and can be en-
hanced by a higher viscosity mantle wedge or thick (cratonic) upper plate (van Hunen
et al.,, 2004; Manea and Gurnis, 2007; O’Driscoll et al., 2009; Roda et al., 2011; Manea
et al.,, 2012; Taramon et al., 2015; Schellart and Strak, 2021), thus encouraging the evo-
lution from a low-angle to a flat slab. Another mechanism suggested to contribute to
low-angle subduction is the presence of buoyant mantle support below the slab, as

would be expected from a hot upwelling plume (Bishop et al., 2017; Betts et al., 2009),
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or as a result of slab tearing (Liu and Stegman, 2012), although this effect may be rela-
tively small (Schellart, 2020). Finally, it has been suggested that long-lived, very wide
subduction zones for which the slab is anchored in the lower mantle, can develop a
shallow-dipping segment in their centre (e.g. Farallon plate; Schellart, 2020). Most
studies suggest that varying combinations of mechanisms, likely involving buoyant
features, may be required to explain the observed range of low-angle and flat slab
cases (van Hunen et al., 2004; Skinner and Clayton, 2013; Antonijevic et al., 2015; Hu

et al,, 2016).

While previous studies have modelled the subduction of buoyant features, the major-
ity have done so in 2-D (e.g. Van Hunen et al., 2002; van Hunen et al., 2004; Gerya et al,,
2009; Arrial and Billen, 2013; Schellart and Strak, 2021), which is most appropriate
for simulating features with large lateral extent. Of the 3-D studies undertaken, some
focus on modelling specific subduction zones (Espurt et al., 2008; Mason et al., 2010;
Hu et al., 2016). Only a few, analogue modelling, studies have systematically explored
how variations in the shape and position of buoyant features affect subduction dynam-
ics with and without overriding plate (Martinod et al., 2005, 2013; Florez-Rodriguez
et al,, 2019). These show that the relative buoyancy of a buoyant feature compared to
the rest of the slab affects the extent to which it modulates subduction. Several other
numerical 3-D models, which did not include buoyant features, examined how over-
riding plate thickness (Capitanio et al., 2011; Rodriguez-Gonzalez et al., 2014b; Manea
et al., 2012; Taramon et al., 2015) and the width of the subducting plate (Schellart et al.,
2007; Schellart, 2020; Chen et al., 2022b) influence slab dip and can possibly cause flat
subduction. In this study, we build on and complement previous work, using 3-D nu-
merical models to investigate the effects of the relative buoyancy of buoyant features
and their position along the trench. It is the first study which explores the effect of
the age-dependent buoyancy and strength of the background subducting slabs. This
study uses fully dynamic numerical simulations to simulate a subset of buoyant fea-
tures, i.e. elongated, trench-perpendicular buoyant ridges, on single-plate subduction

(i.e. ‘free subduction’) to evaluate effects on trench shape and the slab dip angle. We
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find that the different modes of ridge subduction, as discussed in Section 5.5.3, help to
explain the different expressions of subducting buoyant features around the Pacific

and on the Indo-Australian plate.

5.3 Methods

5.3.1 Modelling system and reference setup

We simulate subduction using Fluidity, an adaptive, unstructured mesh, finite-element,
control-volume computational modelling framework (e.g. Wilson, 2009; Davies et al.,
2011; Kramer et al., 2012, 2021). We designed a series of models of single 3-D mechani-
cal visco-plastic plates (i.e. ‘free-subduction’) within a Cartesian domain representing
the viscous upper and lower mantle. We use a multi-material approach to distinguish
the subducting lithosphere from the mantle, taking the density and viscosity plate to
represent the combined impact of the crust and the mantle lithosphere. The modelling

system is discussed in further detail in Section 4.3 in Chapter 4.

Our reference young and old ‘no-ridge’ models (Table 5.1) follow two Cartesian model
designs from Chen et al. (2022b) (models W2400_young and W2400_ref, respectively).
We use a domain of 4000x2890x4000 km? (length x depth xwidth) to simulate half the
subducting plate, assuming symmetry at the centre of the plate along the long axis

(Z=0; Fig. 5.1).

We apply a free-surface boundary condition at the top of the domain and free-slip
boundary conditions at all other boundaries. The initial half-plate is 2200 km long (in
the direction of subduction), 1200 km wide (along strike) and 45 or 70 km thick, for
young or old plates, respectively. We limit lateral flow from the mantle to the section
below the plate by adding a side plate (Fig. 5.1A) with an initial gap of 22km away
from the edge of the subducting plate (e.g. Holt and Becker, 2017). A 600 km gap was
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Model H Wgr | Ho,Hp Ap [kg/m?] Ridge Bp
Name [km] | [km] | [km] | Plate- Ridge- | location | [10'® N/m]
Mantle Plate

NR_Old 70 - 30, 20 80 - - 13.44
HB_C_Old 70 200 30, 20 80 -50 Centre 12.74
LB_C_Old 70 200 30, 20 80 -25 | Centre 13.09
LB_S_Old 70 | 2x200 | 30, 20 80 -25 Side 12.74
NR_Young 45 - 15, 15 40 - - 4.32
HB_C_Young | 45 200 15,15 40 -75 Centre 3.65
LB_C_Young | 45 200 15,15 40 -37.5 | Centre 3.98
LB_S_Young | 45 | 2x200 | 15,15 40 -37.5 | Side 3.65

Table 5.1: Parameters for all model cases. H - plate thickness, W} - ridge width (cases
with side ridges effectively contain two symmetrical ridges of this width), H - thick-
ness of high-viscosity core, Hp - thickness of visco-plastic layers above and below the
plate core, Ap - excess density of plate or ridge, By - buoyancy of the plate per unit
length, calculated as (App.ps - Wp + Aprp - Wg) - H - g, and which is positive in the direc-
tion of gravity. Model name abbreviations: NR - no-ridge, HB - high positive buoyancy,
LB - low positive buoyancy, C - central ridge, S - side ridge. High and low positive buoy-
ancy refer to ridge buoyancy relative to the rest of the plate. Central and side ridge
locations pertain to a ridge at the symmetry boundary or at the centre of the half-plate,
respectively (see also Fig. 5.1B). Old and young refer to the age of the plate, which is
assumed to affect both density and thickness (and thereby strength and buoyancy) of
the plate.

prescribed between the trailing edge of the subducting plate and the domain bound-
ary at X=0. The initial slab morphology follows an arc with a radius of 250 km along
the top surface, to a dip of 77° (as in Garel et al., 2014; Suchoy et al.,, 2021), extending
to an initial depth of 200 km (Fig. 5.1B).

The subducting plate is composed of 3 layers with a strong isoviscous core in the cen-
tre, and visco-plastic layers at the top and bottom. The core has a viscosity 100 times
nua- The visco-plastic layers have this same initial viscosity, but follow a von Mises

yield criterion (e.g. OzBench et al., 2008) so that:

TII i
5, <7
T 11 Yy
77P = 1T (5.1)
T .
2_?[[, lfT][ZTy




5.3. Methods 163

(A) ’i\/\%@ | // ]

X‘—\ m Plate

Z Side plate
% Upper mantle
\ m Lower mantle

| vz Symmetry boundary
| (B) 7//////////////////////////////////////////////////////////

\rsso km % /’
~ s‘
e /
S & |
58 |
R / Central ridge location m Plate core (viscous)
\ / (symmetry boundary) mm Plate top and bottom
\ ‘ m Side ridge location (visco-plastic)
4000 km (middle of half-plgte) vz Symmetry boundary

Figure 5.1: Initial conditions of (A) our computational domain and (B) the subducting
plate. See text and Table 5.1 and 5.2 for material properties and dimensions. We apply
a free-surface boundary condition at the top of the domain, and free-slip boundary
conditions elsewhere.

where the second invariant of the stress tensor r;; = 27 - ¢;; , with £;; the second
invariant of the strain-rate tensor and r, the yield stress. This rheological layering
captures the concentration of slab strength in the centre of the dense plate, as expected
from temperature and strain-rate dependent mantle rheology (OzBench et al., 2008;
Capitanio et al., 2009; Buffett and Becker, 2012). For the old reference plate, the core
is 30 km thick and the top and bottom layers are each 20 km thick, while for the young
plate each layer is 15km thick. This results in the old plate being more negatively
buoyant and effectively stronger than the young plate. We applied the same density
contrast to the full thickness of the plate, i.e. only considering joint buoyancy effects of
the crust and mantle lithosphere. The densities and thicknesses of the two background
plates yield a range of plate buoyancies similar to that expected for 20 and 120 Myr
lithosphere from plate cooling models (e.g. McKenzie et al., 2005). The upper-lower
mantle boundary (ULMB) is implemented as a viscosity jump at 660 km depth, with
an upper mantle viscosity, 7y, of 2-10?° Pa-s and a lower mantle viscosity, 1., of
50-nyas- The side plate has a viscosity of 1000 times 7;;,,. Material properties common

to all simulations are summarised in Table 5.2.
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Parameter Symbol Value
Gravitational acceleration g 10 m/s?
Domain length Liom 4000 km
Domain width Waom 4000 km
Domain depth Daom 2890 km
Plate length Lyate 2200 km
Full plate width Wiate 2400 km
Upper-lower mantle boundary depth Dyrus 660km
Initial plate trailing edge distance Lye 600 km
Initial top of slab radius Rg 250 km
Initial slab maximum angle from horizontal «g 77°

Upper mantle viscosity Num 2-10%° Pa-s
Lower mantle viscosity LM 50- nyar
Plate core viscosity e 100- nyar
Side plate viscosity Nsp 1000- nyar
Yield stress Ty 100 MPa
Mantle density Pm 3300 kg/m?

Table 5.2: Parameters common to all simulations. Plate length, L,;.., is in the direction
of subduction and plate width, .., is along strike. Note the simulated width is half
the full plate width, assuming symmetry at the centre.

5.3.2 Cases with ridges

To examine the effect of buoyant ridges (see Table 5.1), we decrease the density in a
trench-perpendicular strip of the subducting plate (Fig. 5.1B). We ran cases with a
ridge positioned either at the centre of the plate (i.e. the symmetry edge of the half-
plate, at Z=0) or positioned offset from the centre, in the centre of the half plate (ini-
tially centred at Z=600 km). The off-centre ridge cases effectively include two ridges
(mirrored across the symmetry plane). The distance between these ridges is suffi-
ciently large to allow us to investigate the effect of a single offset ridge. For off-centre
ridges, we use a 200 km wide segment. For the central ridges, we use a 100 km wide

segment of the plate, to represent half of a 200 km wide symmetrical ridge.

We consider 8 cases (Table 5.1). For each reference plate type (old and young), we ran
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a case without any ridges (‘NR’ or ‘no-ridge’ models, Table 5.1), as well cases with a
central ridge of high and low excess positive buoyancy (‘HB’ and ‘LB’ models) relative
to the buoyancy of the plate (i.e. counteracting the negative buoyancy of the downgo-
ing plate). We also ran simulations for each plate type with a low positive buoyancy

(‘LB’ cases) ridge at the side of the plate (i.e. at the centre of the half-plate).

We based the properties of ridges in our model on the topography of buoyant ridges
on Earth today. Buoyant features in the Pacific and Indian oceans are typically associ-
ated with a bathymetric rise of 1-2 km (Table 5.3). Using a typical plate cooling model
and assuming isostasy (e.g. McKenzie et al., 2005), such excess topography requires
an excess positive buoyancy of between 2.0-10° and 4.5-10° kg/m?, irrespective of the
age of the background plate. Excess buoyancy can also be calculated from estimates
of buoyant feature crustal thickness (following Cloos, 1993; Gutscher et al., 2000b; Ru-
daviciute, 2015, see Table 5.4). For the shown isostatic calculation, we used a density
difference between the lithosphere and the mantle of 77 kg/m? and plate thickness of
79 km, typical of 66 Ma plate (following McKenzie et al., 2005). This yields a density dif-
ference of 29 and 58 kg/m? and excess positive buoyancy of 2.25-10° and 4.5-10° kg/m?,
for 1 and 2 km rise, respectively, similar to the range of buoyancies estimated using

isostasy and plate cooling model above.

Our choice of ridge buoyancies for our high- and low-buoyancy ridge models was
based on the calculation above. For our HB cases we used an excess positive buoy-
ancy of 3.5-10°kg/m?, typical of bathymetric rise of 1.5 km. However, we found that
this value was already high for our HB_C_Young case and resulted in a ridge which
was difficult to subduct using our models. We therefore chose to use an excess posi-
tive buoyancy of 1.75-10° kg/m?, typical of bathymetric rise of 0.75 km, for our LB cases

to examine the impact of ridges with low positive buoyancy.

To calculate ridge density we distribute the excess positive buoyancy across the 70 km
thickness of the *0Old’ plate, which yields a density difference of 25 and 50 kg/m3. For

the 45 km thick ’Young’ plate models, these same buoyancies yield a density difference
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Name Plate Surface area | Crustal | Rise Age Reference
[km xkm)] thickness | [km)] [Ma]
[km]

Agulhas Indian 600x400 20 2.5 100 Parsiegla et al. (2008)
Plateau

Benham Philippine 300x400 15 2 48-26 | Barretto et al. (2020)
Rise

Caribbean Caribbean | 3500x1000 15-20 - 92-88 | Whattam and Stern (2015)
Plateau

Carnegie Cocos 1350x300 19 2 23 Sallares et al. (2005)
Ridge (Farallon)

Cocos Cocos 1000x250 21 2 25 Walther (2003)
Ridge (Farallon)

Hess Rise Pacific 550x1350 15-20 1-2 | 110-100 | Baiet al. (2019)
Manihiki Pacific 1000x 800 15-25 2-3 125 Timm et al. (2011)
Plateau

Nazca Nazca 1000x200 20 1.5 65 Hampel (2002)
Ridge (Farallon)

Ninetyeast | Indo- 5600x200 - 2 77 Krishna et al. (2012)
Ridge Australian

Ogasawara | Pacific 300x600 10 2-3 80 Tsuji et al. (2007)
Plateau

Ontong Java | Pacific 2300x1100 30 2.5 120 Korenaga (2005)
Plateau

Roo Rise Indo- 200x250 11.5 2-2.5 | 125-155 | Kopp et al. (2006)

Australian

Shatsky Pacific 2000x600 30 2-3 | 128-145 | Zhang et al. (2017a)
Rise

Tuamotu Pacific 1150x1300 21 2-3 50 Patriat et al. (2002)
Plateau

Table 5.3: Properties of buoyant features in the Pacific and Indian oceans.

of 37.5kg/m? and 75 kg/m?. The highest positive buoyancy value for the HB_C_Young

case results in a ridge which is lighter than the mantle. Our compilation also shows

that typical ridge widths are between around 200-300 km (and wider for plateaus and

other buoyant features; Table 5.3), i.e. our modelled ridges are on the narrow end of

this range.

When calculating subduction diagnostics, the plate-mantle interface was delineated

as the iso-surface where the the field of the mantle material volume fraction is 0.5.

Snapshots of slab morphologies for all 8 cases, following interaction with the ULMB,

are presented in Fig. 5.2. The trench is defined as the front edge of the plate at 20 km

depth (Fig. 5.3). We measure the motion and velocity of the trench and the tip of the
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p Thickness [km]
[kg/m?] Plate | 1kmrise | 2 km rise

Water 1000 2 1 0
Crust 3000 7 13 19
Lithosphere 3377 72 66 60
Asthenosphere | 3300 0 1 2
Plate p (crust and 3344 3315 3286
lithosphere) [kg/m3]

Ridge-plate Ap [kg/m?] 29 58

Table 5.4: Isostatic calculation for 1 and 2 km bathymetric rise for 66 Ma oceanic plate.
Plate thickness (lithosphere and crust) assumed to be constant. Lithosphere density
and depth following McKenzie et al. (2005). The plate density is the thickness-weighted
average density of the crust and lithosphere.

slab at 3 points along strike: 15 km from the symmetry boundary, 50 km from the edge
of the plate and at a point half way along the trench (denoted as ‘symmetry’, ‘edge’
and ‘middle’, respectively). The location of the edge and the middle was calculated at
each timestep of the simulations to account for temporal changes in trench shape (red

diamonds in Fig. 5.3).

5.4 Results

5.4.1 Noridge behaviour

We first discuss the behaviour of the two reference ‘no-ridge’ models (NR_Old and
NR_Young). The evolution of both is consistent with similar 2-D and 3-D models in pre-
vious studies (Funiciello et al., 2003a; Schellart, 2005; Capitanio et al., 2007; Stegman
et al., 2010b) and includes two phases: initial sinking of the slab through the upper
mantle and subsequent interaction of the slab with the lower mantle. We refer to the

time of the first slab-ULMB interaction as ¢660.
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Figure 5.2: Representative slab geometries after plates start interacting with the ULMB
for all model cases. Old plate cases are presented in panels (A)-(D) at 10 Myr and young
plate cases in panels (E)-(H) at 30 Myr. The lower mantle is depicted by green semi-
transparent box. For scale, grey grid cells of 400 km by 400 km are shown on domain
boundaries. The ridges are located at the left side (symmetry boundary) of the half-
plate in (B)-(C) and (F)-(G) and at the centre of the half-plate (i.e. half way between the
symmetry plane and edge of the plate) in (D) and (H).

In case NR_Old, the slab sinks through the upper mantle at an increasing rate, reaching
the ULMB after ~7 Myr (Fig. 5.4A). Over the same period, the trench retreats at rates of
between 1 and 3 cm/yr, depending on the position along the trench: the highest rates
are at the middle of the half-plate (~120 km in 7 Myr), with lower rates at the symmetry
plane (~100km in 7 Myr) and the lowest rate at the slab edge (~70 km in 7 Myr; Figs.
5.3A and 5.5A). As the slab approaches the ULMB, it flattens due to interaction with
the more viscous lower mantle, which reduces the sinking velocity from an average
rate of ~6.5cm/yr before 660 to ~2.7 cm/yr after ¢660 (Fig. 5.4A). Upon interaction
with the ULMB, the trench stagnates and even advances slightly at the edge and at the
symmetry boundary (Figs. 5.3A and 5.5A). As a result, the trench develops a ‘W’-shape
with a stagnation point, where trench motion tends to zero, at the centre (i.e. at the
symmetry boundary) surrounded by faster retreating segments, with a maximum in

retreat at the middle point of the half-plate (and its symmetrical equivalent).
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Figure 5.3: Temporal evolution of trench shape, corresponding to the front of the plate
measured at 20 km depth, for all models. Dashed lines in panels (B)-(D) and (F)-(H)
represent the location of the trench in the corresponding reference models without a
ridge (cases NR_Old and NR_Young). Red diamonds mark the location where motion
of the trench and slab were measured, with results displayed in Figs. 5.4 and 5.5. Note
that the X and Z axes are differently scaled.

In case NR_Young, the slab has less negative buoyancy and, accordingly, sinks at a
slower rate of ~2 cm/yr, reaching the ULMB after 24 Myr. Owing to its reduced thick-
ness, the NR_Young plate is also weaker and, consequently, as the slab approaches the
ULMB, it buckles (Fig. 5.2E), as its sinking velocity reduces to ~0.5 cm/yr (Fig. 5.4E).
Both before and after 660, the trench slowly advances at a steady rate of 0.1-0.5 cm/yr
(Fig. 5.5E). The rate of trench advance is similar everywhere along the trench, result-

ing in a reasonably straight ‘T’-shaped trench (Fig. 5.3E).
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Figure 5.4: Slab depth as a function of time for old plate models in panels (A)-(C) and
young plate models in panels (D)-(F). Dashed lines represent motions of the corre-
sponding reference model without a ridge (cases NR_Old and NR_Young). Red lines
are for measurements at the symmetry boundary (also ridge location in (A), (B), (D)
and (E)), blue lines are for measurements in the middle of the half-plate (also ridge
location in (C) and (F)) and black lines for measurements at the edge of the plate. Z-
positions (along strike) where sinking was measured are marked on Fig. 5.3. Vertical
lines mark the time that the slab reaches ULMB (i.e. ¢660) for the ridge model (light
green) and the reference cases (dark green). Solid horizontal black line corresponds
to the initial depth of the slab tip at 200 km.

In both the young and old reference models, the shape of the trench is determined by
slab-mantle interactions (Schellart et al., 2007). The difference in trench retreat along
strike for the old plate is due to return flow caused by slab rollback, which creates
toroidal flow cells in the mantle near the edges of the plate. When the toroidal cell is
smaller than the width of the half-plate, a stagnation point emerges at the centre of the
trench (Schellart et al., 2007; Schellart, 2020). Our reference old plate is wide enough

for such a central stagnation point to develop (Chen et al., 2022b), thereby providing
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an excellent basis for evaluating the effect of ridge position. Narrower old plates de-
velop a ‘C-shaped trench instead, where the centre of the slab retreats more than its
sides. The young plate sinks slower, which provides more time for deformation and
bending at the trench. As a result, the young plate sinks almost vertically and drives
very little trench motion (e.g. Capitanio et al., 2007). The slight curvature at the edge
of the plate is the result of the weak toroidal cell caused by the displacement of mantle
material due to plate sinking, and overall the trench stays reasonably straight (Chen

et al,, 2022b).
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Figure 5.5: Trench motion evolution for old plate models in panels (A)-(C) and young
plate models in panels (D)-(F), at the locations marked on Fig. 5.3. Lines styles are as in
Fig. 5.4,1.e., solid lines are for the ridge models, and dashed lines for the corresponding
reference cases. Vertical lines mark ¢660 for the ridge (light green) and no-ridge (dark
green) cases. The initial location of the trench, i.e. 0km, is marked with solid black
horizontal lines.
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5.4.2 Ridge buoyancy effects

Next, we examine cases with ridges at the centre of the plate (i.e. at the symmetry
plane), with low and high positive buoyancy relative to the downgoing plate: cases
HB_C and LB_C. In all cases, the addition of a buoyant ridge results in less trench
retreat, or even trench advance, at the location where the ridge intersects with the
trench. Compared with the NR_Old reference case, trench retreat at the centre of the
plate in case LB_C_Old is reduced from ~100 km to ~30 km by ¢660 (Fig. 5.5B), while
in case HB_C_Old, the centre of the trench advances ~15km by 660 (Fig. 5.5A). In
the NR_Young reference case, the centre of the trench is already advancing, and the
addition of the ridge enhances this advance. For case LB_C_Young, the trench at the
centre of the plate advances by ~70km by the reference ¢660 compared with ~30km
in NR_Young case (Fig. 5.5E). For the HB_C_Young case, the trench advances ~110km
by the reference ¢660 (Fig. 5.5D). In both young and old plate models, trench retreat at
locations away from the ridge is increased or trench advance is decreased compared
to the corresponding NR case. The hampered motion of the trench at the intersection
with the ridge is expected to act as an axis of trench rotation, which is consistent with
predictions from models where such motion is possible (i.e. models with full subduct-

ing plate and mobile side plates: Mason et al., 2010; Moresi et al., 2014).

The sinking velocity of the slab carrying the ridge is reduced locally due to the added
positive buoyancy of the ridge. Particularly in the young plate models, the local plate
sinking velocity at the ridge is significantly lower than in the rest of the plate. In model
HB_C_Young, the ridge has not sunk at all by the reference ¢660 (Fig. 5.4D). The differ-
ential sinking rate in this model is accommodated through thinning of the slab at the
ridge-slab intersection, which could facilitate slab tearing under certain rheological
parameterisations. In comparison, the less buoyant ridge in model LB_C_Young has
sunk ~200 km, from its initial depth, by the reference ¢660 (Fig. 5.4E). For older plate
models, sinking velocity at the ridge deviates less from that in the rest of the plate. The

part of the slab with the ridge has sunk ~300 km for the HB_C_Old case and ~400 km
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for LB_C_Old case (Fig. 5.4A, B). Elsewhere along the slab, the sinking velocity remains

similar to the reference case for both young and old plate models.

Previous 2-D models have demonstrated that, in free-subduction, higher slab pull and
increased resistance to bending at the trench encourage trench retreat (Capitanio
et al., 2007; Ribe, 2010). In our 3-D models, it is the difference between slab pull at
the ridge and in the rest of the plate that drives the variable trench retreat, hindered
at the ridge and enhanced elsewhere. This differential trench motion increases trench
curvature, leading to the formation of a ‘W’-shaped trench in the young plate models
and a more pronounced ‘W’-shape in the old plate, with more retreat at the edge of
the plate than at the symmetry boundary (Fig. 5.3B, C, F, G). Due to the low resistance
to bending in young plates, such a “‘W’-shaped trench is difficult to generate by young
plate subduction without along-strike buoyancy variations (Chen et al., 2022b). The
differential sinking between the ridge and rest of the plate also creates along-strike
tension in the plate. The higher plate strength of the old plates facilitates stress trans-
mission along strike. As a result, old plates can pull the ridge more effectively into the
mantle, resulting in less along-strike variations in sinking and a smoother trench and
slab shape in comparison to the corresponding young plates with ridges (Figs. 5.2B, C,

F, Gand 5.3B, C, F, G).

5.4.3 Ridge location effects

We evaluate the impact of ridge location by comparing results from models LB_C and
LB_S. As for the models with a central ridge, subduction of a ridge on the side of the
plate results in locally reduced trench retreat and, sometimes, induces a small amount
of trench advance (Fig. 5.3D, H). Although the side ridge cases effectively contain two
ridges, there is no indication from the resulting trench shapes (Fig. 5.3D, H) that there
is an interference due to superposition of the influence of the two ridges, so these

models can be used to study the effect of the subduction of a ridge offset from the slab
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centre.

The along-strike changes in trench motion compared to the reference cases are less for
the cases with a side ridge than for the cases with a central ridge. For case LB_S_0ld,
the reduction in trench retreat by 660 is ~50 km, compared to a reduction of ~80 km
for case LB_C_Old (Fig. 5.5B, C). This islikely because the impact of the ridge in LB_S_Old
is concentrated at the point where a ridge-free trench (case NR_0Old) would retreat the
most. Therefore, in this case, ridge subduction reduces the overall curvature of the
trench in comparison to the reference case (Fig. 5.3A, D). For case LB_S_Young, the
increase in trench advance relative to case NR_Young by the reference 660 is ~20 km,
compared with ~35km for case LB_C_Young (Fig. 5.5E, F). All young plate cases with
a ridge deform the trench from the straight reference shape of the NR_Young case to

a curved trench with a cusp (Fig. 5.3E, G, H).

As for cases with central ridges, the sinking velocity is reduced relative to the corre-
sponding NR cases where the side ridge is subducted. The local reduction in sinking ve-
locity is smaller for the LB_S cases than for the LB_C cases. The ridge in case LB_S_Old
has sunk ~410 km by the reference 660, compared with ~400km for case LB_C_Old
(Fig. 5.4B, C). Similarly, in LB_S_Young, the ridge has subducted ~70 km deeper by the
reference ¢660 than case LB_C_Young at the same time (Fig. 5.4E, F). The side-ridge
cases, that effectively contain two ridges, also demonstrate that a subducting buoyant
ridge can lower the overall sinking velocity of the plate if the ridge adds enough posi-
tive buoyancy. The reduction in overall sinking velocity is small, resulting in a delay
of ~0.2 Myr in ¢660 in model LB_S_Old. In LB_C_Old, where the change in buoyancy
is only half of that in the LB_S_Old case, the {660 delay is half as small, ~0.1 Myr. The
effect is somewhat larger for the LB_S_Young case, where ¢660 is delayed by ~5 Myr

compared with the reference NR_Young case (Fig. 5.4F).

As in the cases with central ridges, a side ridge’s main effect is to locally reduce trench
retreat and sinking velocity. These effects are both diminished when the ridge subducts

along a part of the trench that is otherwise strongly retreating. When the ridge im-
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pacts at the side, the composite trends of the plate’s tendency to retreat and the re-
duced trench retreat of the ridge leads to less along-strike variation in trench shape.
The lower amount of along-strike bending in the LB_S cases may explain the slightly
higher sinking velocities for the side ridges compared to the central ridges, as less po-
tential energy is lost in plate deformation. Thus, our results imply that ridges that
subduct along parts of the trench where trench motion is already hampered by other

factors impact subduction more.

5.5 Discussion

5.5.1 Buoyantfeature subduction and the morphology of the trench

and slab

While 2-D models can elucidate some of the effects of buoyant feature subduction, they
overestimate the buoyancy force exerted by the feature, due to the implicit assump-
tion of infinite feature width. The full effects of the subduction of buoyant features of

limited along-strike extent can therefore only be investigated using 3-D models.

All our ridge-subduction cases lead to trench deformation, with decreased trench re-
treat, trench stagnation or increased trench advance where the buoyant ridges subduct.
Previous 3-D models that investigated the effect of buoyant feature subduction (Mar-
tinod et al., 2005; Mason et al., 2010; Florez-Rodriguez et al., 2019) also found that
trench retreat was impeded where the buoyant feature subducts, leading to differen-
tial retreat along strike. This observation was independent of size, shape and orien-
tation and applied to both buoyant ridges and plateaus (Martinod et al., 2005, 2013).
The resulting formation of trench cusps can be offset from the position of ridge impact
at the trench if the feature subducts obliquely (Martinod et al., 2013). We show that

significant trench deformation occurs in both old and young plates. Plate strength
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and the relative buoyancy of the ridges compared to the underlying plate determine
how pronounced trench deformation is. That is, trenches where a weaker young plate
subducts are deformed more locally than those where a stronger old plate subducts,

for the same excess ridge buoyancy.

We also find that the position of buoyant ridges along the trench affects the response of
the trench and resulting slab morphology. In older plates, ridges near intrinsic trench
stagnation points accentuate along-strike variations in trench shape while ridges in-
tersecting the trench at other locations lead to less pronounced curvature. Schellart
(2020), in 3-D models without buoyant features, found that the central trench stagna-
tion point can, at a late stage of subduction zone evolution, facilitate local slab shal-
lowing. Our results suggest that the subduction of a buoyant ridge at or near such a
stagnation point would further enhance such behaviour. We note that trench stagna-
tion points can also form in response to other factors, for example at the edge of a
subducting plate, due to interaction with a side plate or existence of a triple junction,
and by interaction with a thick upper plate (Capitanio et al., 2011; Jadamec and Billen,

2012).

Although it is commonly assumed that the subduction of buoyant ridges leads to a de-
creased slab dip (e.g. Gutscher et al., 2000b), our models display a range of behaviour
(Fig. 5.6). In old plate cases (Fig. 5.6A-D), the slab is steepened where the ridge
subducts, while the dip of the slab along the rest of the plate is slightly lower than
in the reference case without a ridge. Although buoyant ridges act to inhibit sinking,
the older subducting plates are sufficiently strong that the pull from the rest of the
plate leads to a steeper slab where the buoyant feature enters the subduction zone. In
this case, the lowest dips occur where the trench retreats most. In contrast, ridges on
young plates develop shallower dip angles than the surrounding plate, and the shal-
lowing is stronger for ridges with a higher positive buoyancy (Fig. 5.6E-H). In these
cases, the rest of the plate is weak, and is not negatively buoyant enough to pull down

the segment with the ridge. Martinod et al. (2005) found that their slabs shallowed
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Figure 5.6: Top-down view of final plate top surface depth above 250 km of all models,
coloured by depth, thereby providing an illustration of the along-strike variations in
slab dip. Note that the X and Z axes are scaled differently.

where the buoyant feature was subducting but steepened below. Florez-Rodriguez
et al. (2019) found yet another variation in their 3-D analogue models of subduction
of buoyant ridges on relatively narrow plates, where the slab shallows in the centre
of the ridge but steepens on its sides. In a spherical geometry, effective resistance to
plate bending at the trench is higher than in equivalent Cartesian plates (Morra et al.,
2006; Mahadevan et al., 2010; Chamolly and Ribe, 2021; Chen et al., 2022b). Models of
spherical plates display trench and slab deformation in response to along-strike vari-
ations in slab buoyancy comparable to Cartesian models (Morra et al., 2006), and are
therefore likely to respond to subduction of buoyant ridge similarly. The differences
in model behaviour illustrate that the effect of buoyant features on slab dip varies
depending on plate strength and relative feature buoyancy, and a range of responses

are possible.
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5.5.2 Buoyant ridges and low-angle subduction

Our results confirm that ridge subduction alone is insufficient to generate a flat slab,
a finding that is consistent with other 3-D free-subduction models (Martinod et al.,
2005; Florez-Rodriguez et al., 2019). Even in 2-D models (van Hunen et al., 2004; Gerya
et al.,, 2009), where the buoyant features are essentially infinite in their along-strike di-
mension, the subduction of buoyant features alone does not generate a fully flattened
slab. Instead, a number of studies have now confirmed that slab flattening requires
additional mechanisms such as an upper plate that (by external forcing) overrides
the lower plate faster than it can subduct (Van Hunen et al., 2002; Arcay et al., 2008;
Currie and Beaumont, 2011; Martinod et al., 2013; Liu and Currie, 2016) or a thick
upper plate that generates an upward suction force in the relatively high viscosity
mantle wedge, which can pull a shallow-angle slab into a flat-slab geometry (Gerya
et al., 2009; O’Driscoll et al., 2009; Manea et al., 2012; Rodriguez-Gonzalez et al., 2012,
2014b; Taramon et al., 2015; Schellart and Strak, 2021).

While upper plate forcing or thickness can result in a flat slab in the absence of buoy-
ant feature subduction, these mechanisms have clear limitations (Hu et al., 2016).
Overthrusting requires a highly forced upper plate velocity (3-5 cm/yr, e.g. van Hunen
et al., 2004; Currie and Beaumont, 2011) and would usually apply to the entire upper
plate, failing to localise flat subduction in bounded regions of several hundred kilome-
tres, as is observed on Earth at present. A similar issue arises for a thickened upper
plate which needs to be of a craton-like thickness (O’Driscoll et al., 2009; Manea et al.,
2012; Taramon et al., 2015). While cratons comprise limited parts of the upper plate
(e.g. Wyoming Craton in North America; Amazonia Craton in South America), they
extend over scales of 1000 kilometres (e.g. Kusky et al., 2014, and references therein)
and, therefore, can only explain very wide flat slabs. Conversely, modelling studies
demonstrate that the subduction of buoyant features can aid flat slab formation, by
locally reducing trench motion and slab dip (van Hunen et al., 2004; Gerya et al., 2009;

Martinod et al., 2013). Thus the contribution of buoyant ridge subduction can help to
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explain the limited lateral extent and temporal duration of flat slabs.

60°E 120°E 180° 120°W 60°W

60°E 120°E 180° 120°W 60°W

Figure 5.7: Map of buoyant features (white outlined polygons) interacting with sub-
duction zones in the Pacific and Indian oceans. Maroon surfaces indicate oceanic
large igneous provinces (LIPs) and volcanic island chains. Slab depth contours are
marked in RBG colours. Black lines indicate plate boundaries. Abbreviations for buoy-
ant features discussed in the main text (white text): C - Caroline ridge, Ca - Carnegie
ridge, Co - Cocos ridge, Em - Emperor ridge, H - Hikurangi plateau, Iq - Iquique ridge,
JF - Juan-Fernandez ridge, Lo - Louisville ridge, Nz - Nazca ridge, O] - Ontong Java
plateau, Og - Ogasawara plateau, PK - Palau-Kyushu ridge, R - Roo rise, T - Tehuan-
tepec ridge, Ya - Yakutat block. Other features (italic grey text): D - Daito ridge, M -
Manihiki plateau, Ni - Ninetyeast ridge. Data from Coffin et al. (2006); Skinner and
Clayton (2011); Tetreault and Buiter (2014), plate boundaries after Bird (2003), bathy-
metric data from Amante and Eakins (2008) and slab depth data from Hayes et al.
(2018).

5.5.3 Buoyant feature subduction styles on Earth

Together with published dynamic models, our results illustrate a number of differ-

ent responses to buoyant feature subduction, both ridges and plateaus, are possible.
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These include three types: (1) a ‘trench deforming’ response is an end-member in
which subduction of a buoyant feature mainly deforms the trench with minor slab
steepening or contortion. Our results demonstrate that this occurs when the posi-
tive buoyancy force of a buoyant ridge is low compared with overall plate strength.
The upper plate in a ‘trench deforming’ subduction style is typically thin or weak and
therefore does not impede trench deformation; (2) a ‘slab deforming’ response, in
which subduction of the buoyant feature reduces slab dip locally whilst also deform-
ing the trench. This happens when the buoyancy force associated with the feature is
strong enough to locally decrease slab dip while any forcing by the upper plate does
not play a significant role; (3) a ‘slab flattening’ response, an end-member in which
the slab is flattened at shallow depth over a distance of up to several hundred kilome-
tres. This response occurs when the positive buoyancy of a feature is substantial, and
it subducts under a thick, possibly advancing, upper plate. Observations of buoyant
features subducting at the plate boundaries of the Pacific and Indian Oceans reflect
these different expressions (see Fig. 5.7 and Table 5.5), although many subduction

zones do have additional complexities.

The best example of ‘trench-deforming’ buoyant-feature subduction occurs along the
Izu-Bonin-Mariana (IBM) system. The two main buoyant features interacting with the
IBM subduction system and impeding retreat of the Mariana trench are both located
near major cusps (i.e. the Caroline ridge near the Mariana-Yap junction and the Oga-
sawara ridge near Bonin-Mariana junction) and these cusps are inferred to have de-
veloped when these buoyant features began interacting with the trench (Miller et al.,
2006a,c; Seton et al., 2012; Xia et al., 2020). The slab below the Ogasawara Plateau is
slightly steeper than adjacent slab segments subducting north and south of it (Miller
et al., 2006¢c; Hayes et al., 2018). The Caroline Island Ridge at the southern end of Mar-
iana is located at a clear cusp where it has reduced convergence velocity significantly
and blocked subduction (Miller et al., 2006a; Xia et al., 2021). The slab on the side of
the Caroline Ridge, subducting below the southern Mariana trench (Miller et al., 2006a;

Zhu et al., 2019) is steep, while the part of the slab along the Yap trench may have de-
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Name Slab shape Trench Upper plate | Subducting Comments
affected deforming type plate age
Hikurangi Dip decreased Yes'®!4 | Continental old Near slab edge?
Plateau above 100 km and
increased below
100 km*2
Louisville Minor shallow Minor!?® | Island arc old Oblique sub.?
Ridge dip decrease,
deep contortion!:?
Ontong Java Unsubductable* Yes*14 Island arc old Collision resulted
Plateau in subduction
polarity reversal*
Caroline Not subducting, Yes® Island arc old Collison with the
Ridge S. Mariana slab Yap Arc at
steepened® ~20 Ma?°
Ogasawara Slab steepened Yes® Island arc old
Plateau and deformed®
Palau-Kyushu Dip decreased Minor!* | Island arc Young Near the Boso triple
Ridge north of ridge!” junction and
possible slab tear”
Emperor Dip decreased!® Yes!? Island arc or 0ld Near possible slab
Ridge Young oceanic tear®
Yakutat Block Flat slab!?? Yes!4 Continental Young Near slab edge’
Tehuantepec Flat slab! Minor'® | Continental Young Flat slab segment
Ridge much bigger than
ridge!
Cocos Dip decreased Minor!® | Continental Young Near slab edge!
Ridge significantly!?
Carnegie Flat slab!:!! Unknown | Continental Young Near slab edge
Ridge and near the
northern end of the
Peruvian flat slab!
Nazca Flat slab®-!! No! Continental Moderate | Near the southern
Ridge end of the Peruvian
flat slab!!
Iquique Ridge No effect! Unknown | Continental Moderate
Juan-Fernandez | Flat slab!:!! No! Continental Moderate
Ridge
Roo Rise Not yet Minor!7-!® | Island arc old Previous sub. of
subducted!:!2 similar features
implicated in slab
tear!?
Investigator Minor local Minor!® | Island Arc Moderate | Near possible slab
Frac. Zone and | shallowing and tear!?
Wharton Ridge | slab contortion®

Table 5.5: Properties of buoyant features discussed in the main text. Superscripts refer
to information source: 1 - Hayes et al. (2018), 2 - Reyners et al. (2011), 3 - Bonnardot
et al. (2007), 4 - Mann and Taira (2004), 5 - Miller et al. (2006a), 6 - Miller et al. (2006c), 7
- Xia et al. (2021), 8 - Davaille and Lees (2004), 9 - Gulick et al. (2007), 10 - Morell (2015),
11 - Gutscher et al. (2000b), 12 - Hall and Spakman (2015), 13 - Schellart and Spakman
(2012), 14 - Seton et al. (2012), 15 - Rosenbaum and Mo (2011), 16 - Suarez (2021), 17 -
Kopp et al. (2006), 18 - Shulgin et al. (2011), 19 - Jacob et al. (2014), 20 - Lee (2004)
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tached in response to impingement of the Caroline Ridge (Zhang and Zhang, 2020).
Another example of ‘trench-deforming’ buoyant-feature subduction is at the south-
ern end of the Tonga trench, where the Hikurangi Plateau appears to have served as
a pivot for the rotation and migration of the Tonga-Kermadec system (Schellart and
Spakman, 2012; Seton et al., 2012). Although there is some shallowing of the Hikurangi-
southern Kermedec slab above 100 km, this shallowing occurs mainly north of the
plateau, while below 100 km depth, the slab is steeper than further north (Reyners
et al,, 2011; Hayes et al., 2018). These examples all display the expected behaviour for
old plates with sufficient slab pull to carry buoyant features into the trench. Rosen-
baum and Mo (2011) previously noted that this behaviour is typical of the western
Pacific, where subduction of buoyant features often leads to locally hampered trench

retreat and to slab steepening rather than slab shallowing.

Several other buoyant features in the Pacific and Indian Oceans are associated with
‘slab deforming’ subduction, in which both a cusp in the trench and local shallowing of
the slab dip is observed. Some cases correspond to smaller features on plates of young
or intermediate age (as in our young plate models), and others to larger features on
older plates (similar to the models of Florez-Rodriguez et al., 2019). The most straight-
forward example of ‘slab deforming’ buoyant-feature subduction may be the Cocos
ridge, which coincides with a cusp and shallowing of the slab (Morell, 2015). Subduc-
tion of the Louisville Ridge below the Tonga trench introduces a minor cusp and some
slab shallowing and contortion along the downdip projection of the obliquely subduct-
ing ridge (Bonnardot et al., 2007; Hayes et al., 2018). The Tonga-Kermadec trench is
of moderate length, and might be expected to evolve to a ‘C’ shaped trench (Schellart
et al., 2007). However, the present-day shape of the Tonga-Kermadec trench is rela-
tively straight, which may be due to early interaction between the middle of the trench,
where it would have had the largest curvature, and the Louisville Ridge. This process
would also account for the small size of the observed cusp where the ridge currently
interacts with the Tonga-Kermadec trench. The cusp between the Japan and Kurile

trench near Hokkaido is also associated with shallow slab below the island (Miller
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et al., 2006b; Kennett and Furumura, 2010; Hayes et al., 2018). Although there is no
buoyant feature evident on the incoming plate, it has all the signatures of a recently

subducted feature.

The interaction of the Ontong Java Plateau (OJP) with the South Pacific Trench is prob-
ably an extreme example of ‘slab deforming’ style of interaction. The OJP separated
from the Hikurangi plateau at ~120 Myr and from the Manihiki plateau at ~100 Myr
(Taylor, 2006; Chandler et al., 2012; Seton et al., 2012) to reach the South Pacific trench
at ~20 Myr (Mann and Taira, 2004; Seton et al., 2012). The impinging of the OJP on
the trench hampered trench retreat and deformed the trench which, until that time,
had a typical concave shape similar to the present-day Japan trench (Mann and Taira,
2004; Seton et al., 2012). The large extent of the OJP made it too buoyant to subduct,
perhaps acting similarly to the ridge in model HB_C_Young. As a result, subduction in

the region ceased and eventually reversed polarity (Mann and Taira, 2004).

Slab deformation due to buoyant-feature subduction may expose parts of the slab to
increased stresses, which result in slab tears (e.g. models by Mason et al., 2010). This
may be the case for the subduction of the Emperor ridge at the cusp between the Kam-
chatka and Aleutian trench, which is associated with a low slab dip angle and a pos-
sible tear (Davaille and Lees, 2004). However, this cusp may predate subduction of
the Emperor chain (Seton et al., 2012), and its formation may instead have been asso-
ciated with the subduction of previous, arc-related, buoyant features (e.g. Vaes et al,,
2019). Another example is the Palau-Kyushu ridge, located at the cusp between the
Ryukyu and Nankai trenches, which has been proposed to contribute to shallow sub-
duction along Nankai trench, possibly with a tear near the subducting ridge (Wu et al.,
2016; Pownall et al., 2017; Xia et al., 2021). The low dip of the Nankai slab may also be
affected by the fact that its northern end lies at the Boso triple junction, where trench
motion is limited by interaction between the Nankai, Izu and Japan trenches. In the
Indian ocean, subduction of the Investigator Fracture Zone and the extinct Wharton

spreading ridge coincide with a cusp in the Sumatra trench, a local slab ‘kink’ and
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possible slab tear (Hall and Spakman, 2015). The excess buoyancy is likely due to sub-
duction of the Wharton ridge, as oceanic fracture zones like Investigator are not usu-
ally associated with changes to plate buoyancy (e.g. Jacob et al., 2014). Along the Java
trench, where the Roo rise is starting to deform the trench (Kopp et al., 2006; Shulgin
et al,, 2011), it has been suggested that past subduction of similar buoyant features is

responsible for a slab tear within the Java slab (Hall and Spakman, 2015).

Flat subduction is currently observed in several subduction zones in the Eastern Pa-
cific, under Alaska, Mexico, and South America. In all cases, the strong westward
motion of the Americas over the subducting Pacific, Cocos and Nazca plates may fa-
cilitate slab flattening (Van Hunen et al., 2002; Manea et al., 2017). In Alaska, the sub-
duction of the Yakutat terrane occurs at a major cusp at the eastern end of the Aleu-
tian trench and is associated with subduction of a narrow flat slab segment (Gulick
et al., 2007). The Yakutat terrane subducts under a continental plate, although not of
cratonic thickness, with a possible tear on the side (e.g. Daly et al., 2021). In South
America, the Ecuador-Peru flat slab is associated with the subduction of the Carnegie
and Nazca Ridges (which bound it from north and south) and the Chilean flat slab is
associated with subduction of the Juan-Fernandez Ridge (Gutscher et al., 1999, 2000b;
Skinner and Clayton, 2013; Kumar et al., 2016; Bishop et al., 2017; Manea et al., 2017).
The upper South American plate comprises several old platforms which may all have
had thick roots, although not all persist to the present day (Feng et al., 2007). Although
the Carnegie ridge interacts with the edge of the trench, where the trench motion is
expected to be limited (Schellart et al., 2007), the associated Ecuador-Peru flat slab is lo-
cated closer to the centre of the trench, as is the Chilean flat slab. Below the major cusp
in the Andean trench, at the Bolivian Orocline, the slab is relatively steep. Although
the cusp is in front of the subducting Iquique Ridge at present, it was formed before
the arrival of the ridge to the trench, at 40-25 Ma (Allmendinger et al., 1997; Schepers
et al.,, 2017). It may have formed above a previous flat slab segment which has been
proposed to have existed between 40-20 Ma (Ramos and Folguera, 2009; Skinner and

Clayton, 2013). A previously subducted buoyant feature may have formed the older
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flat slab and, aided by its location close to the centre of a long trench, have induced
slab flattening. Capitanio et al. (2011) proposed that, in contrast to most trenches
whose shape appears to be determined by subducting plate forcing, the recent (<20
Ma) rise of the Andes and corresponding shape of the South American trench may be
controlled by variations in thickness of the upper plate. Finally, flat subduction below
Mexico is generally thought to be too wide to be induced by the buoyant Tehuantepec
ridge that subducts at its southern end (Gutscher et al., 2000b; Skinner and Clayton,
2011). Factors that may contribute to the formation of the Mexican flat slab include
the subduction of a spreading ridge near the northern end of the plateau, a continen-
tal overriding plate, and the flat slab location just north of the boundary between
the North and South American plates, where shearing due to differential movement
between the Americas may result in fast moving upper plate over slow and young

subducting plate.

5.6 Conclusions

We performed a set of 3-D multi-material numerical models of free subduction car-
rying a buoyant ridge, to investigate the role of plate age, ridge buoyancy and ridge
location on trench shape and slab morphology for lower-plate controlled subduction
(i.e. cases where the upper plate is young, thin or weak). Our models are the first
to illustrate systematically that age-dependent slab density and viscosity can lead to

different expressions of the subduction of buoyant features.

Our old-plate cases with buoyant ridges induce significant trench deformation and
some steepening (rather than shallowing) of the dip angle of the subducting slab at
the ridge. A similar type of ‘trench-deforming’ response is observed in several West-
ern Pacific subduction zones (e.g. Ogasawara Plateau on the old Pacific plate). Our
young-plate cases with buoyant features generate both trench deformation and local

shallowing of the subducting plate. This style of ‘slab-deforming’ response is observed
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at several other locations around the Pacific, where the buoyant features are substan-
tial enough that the background plate’s pull and strength is insufficient to override the
effect of local buoyancy (e.g. Cocos Ridge on the young Cocos plate). Finally, the posi-
tion of the buoyant features relative to the natural slab shape, which is governed by
slab width (Schellart et al., 2007; Schellart, 2020), may lead to a stronger or more sub-
dued expression of ridge subduction. For example, the subduction of the Louisville
ridge near the centre of the Tonga-Kermadec trench may explain the relatively mild

expression of this ridge in slab dip and the relative straightness of the Tonga trench.

Our results, considered alongside previously published 3-D models that investigated
other combinations of subducting plate buoyancy, strength and width, as well as buoy-
ant features of various sizes and densities (Martinod et al., 2005; Mason et al., 2010;
Florez-Rodriguez et al., 2019), illustrate that a range of responses are possible for dif-
ferent subducting plate ages, and it is not expected that all subducting features lead to
a shallowing of slab dip (Rosenbaum and Mo, 2011; Skinner and Clayton, 2011). Other
studies have shown that the upper plate, if comprised of sufficiently thick continental
lithosphere, can lead to further modulation of the expressions of buoyant feature sub-
duction including the formation of flat slab segments (Manea et al., 2012; Rodriguez-
Gonzalez et al.,, 2012; TaramoOn et al., 2015). Our results suggest that buoyant features
can play an important and varied role in shaping subduction dynamics and, particu-
larly, on the evolution of plate boundaries, where local hampering of trench motion

can induce boundary rotations and segmentation.
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Conclusions

6.1 Overview

In this dissertation, I examined how several of the key properties of the plate and
underlying mantle contribute to global subduction variability. I used 2-D and 3-D nu-
merical models as well as reconstructed plate age and velocity data to examine this
question. I first examined how subduction variability is expressed in age and velocity
trends along the evolving global trench system in two different plate reconstruction
models. I then focused my investigation on the effects that plate size has on subduction
dynamics in 2-D thermo-mechanical models. I also explored how the choice of a set of
buoyancy and strength parameters for the plate, within the range observed on Earth,
can modify the observed subduction mode in 3-D mechanical models. I built upon
these results to examine, in 3-D, the impact of the location and buoyancy of buoyant
features carried by either old or young subducting plates, on the evolution of trench
and slab shape. Together these studies shed new light on some of the main mecha-

nisms behind the large diversity of subduction behaviour observed on Earth.

In Chapter 2, I examined the variability in subduction parameters in a global com-

pilation of subduction zone parameters based on the GPlates models of Miiller et al.
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(2016b) and Miller et al. (2019) for the past 120 Myr. This compilation illustrates how
age and velocity of the subducting plate at the trench changed both spatially, between
different subduction zones, and temporally, at the same trench. It also highlights dif-
ferences between small and large subduction zones, with the behaviour of the lat-
ter somewhat correlated with the properties of the subducting plate, and the former
more impacted by external factors such as the motion of adjacent plates. The varia-
tion in subduction parameters appears to be bounded in a limited range. I found that
the overall majority, 74% of the sampled points, move in a direction close to normal
to the trench (within 45° to trench normal). Of the points where subduction occurs
within 60° of the trench normal, 76-85% display trench retreat, emphasising how lo-
cal slab pull controls subduction dynamics, in particular for large trenches. Where
large plates subduct in the Pacific and Indian Oceans during the Cenozoic, I found that
trench motion ranged from minor advance (1 cm/yr) to mild retreat (5 cm/yr). This ob-
servation of relatively small trench motion forms part of the motivation for the mod-
els and analysis in Chapter 3. The discussion of the evolution of different subduction
zones indicates that some are mostly impacted by local subducting-plate properties,
while others are influenced by along-strike variations in properties e.g. due to buoy-
ant features on the subducting plate, and a third group seems significantly affected
by external forces that are likely the result of feedback between different plates and
global-scale mantle flow. The effect of local plate properties is discussed in Chapter 4

and that of buoyant features was analysed further in Chapter 5

In Chapter 3, I analysed how one force, the drag of the mantle at the base of the plate
(i.e. ‘basal drag’), can impact subducting plate velocity. Observations of the relative
small contribution of trench motions to plate convergence, and the presence of both
trench advance and trench retreat has previously been proposed to be caused by low
basal drag (Billen and Arredondo, 2018). A low contribution of basal drag has also
been suggested to cause the absence of a trend between plate size and plate velocity
in subduction models and on Earth (e.g Conrad and Hager, 1999; Billen and Arredondo,

2018; Wolf and Huismans, 2019). In contrast, several global mantle flow models indi-
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cate that there is a large contribution of basal drag in determining global plate motion
patterns (e.g. Conrad and Lithgow-Bertelloni, 2006). In this chapter, I showed how, in
2-D models of single subduction zone with non-linear rheology, which produced a
low-viscosity asthenosphere (and hence relatively low drag), trench motions are in-
deed low. However at the same time, in our models, long plates were consistently
subducting at a lower rate than short plates. This effect only diminished, although
not completely, in models with plate strength at a value near or above what is consid-
ered an upper bound for subducting plates on Earth. When re-analysing observations
on Earth at the present-day and through the Cenozoic, I found that there is covariance
of plate size and age, and as a result, there was no observed trend of increased veloc-
ity with plate age or decreased velocity with plate size. Rather than indicating a mi-
nor role of basal drag, the absence of these trends means that significant resistance of
basal drag to plate motion (for larger plates), is likely balanced by an increased driving
force, through older and more negatively buoyant slabs. My models with low-viscosity
asthenosphere of 10'°-10%! thus reconcile low trench motions with a significant role

of basal drag.

Variations in subducting-plate parameters have been proposed to explain atleast some
of the observed subduction variability (e.g. Capitanio et al., 2007; Funiciello et al.,
2008). In Chapter 4, I explored the variability of behaviour in subduction models, for
the purpose of finding an Earth-like set of model parameters for Chapter 5. Studies
of previous subduction models of a single plate into the mantle (i.e. ‘free subduction’)
have observed contradictory changes in behaviour in response to changes to plate den-
sity, strength and width. My 3-D mechanical models of free subduction indicate how
these contradicting behaviours are linked to the dominant resistive force in the ref-
erence model. Increased trench advance with increased plate viscosity or increased
trench retreat with reduced plate density were both found in models where the main
resistive force is the resistance to bending of the plate (called ‘bending’ regime), while
the opposite trends occur in models where subduction is mainly resisted by the vis-

cous resistance of the mantle to plate sinking (i.e. ‘sinking’ regime). While both types
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of behaviour are possible in subduction models, observations of slab shapes and sub-
duction parameter trends on Earth show that the overall majority of subducting plates
are in the sinking regime. To achieve this behaviour in 3-D subduction models, I fur-
ther examined a set of models where plate strength is concentrated in a thin core. The
use of such rheologically layered plates with Earth-like density and thickness, together
with an extended model domain to include a high-viscosity penetrable lower mantle,
resulted in similar behaviour as observed on Earth. This design was then use for the

models in Chapter 5.

In the study in Chapter 5, I investigated how subduction of buoyant features (ridges
and plateaus) impacts subduction dynamics. Such features are common on all the
major subducting plates on Earth, but so far had not been studied much using 3-D
subduction models. I explored how the buoyancy and location of an elongated ridge
modify trench shape and slab dip when included in either a young or old subducting
plate. While some previous studies indicated that buoyant feature subduction is likely
to cause slab shallowing, I found that in the models of old plates (which are strong
and have a high negative buoyancy) subduction of buoyant features causes steepen-
ing above 250 km as well as significant trench deformation. In models of young plates,
slab shallowing together with trench deformation are observed near the location of
the buoyant feature. In combining the results of the models with observations of the
subduction of buoyant features on Earth, I observed three distinct buoyant-feature
subduction regimes. The first ‘trench deforming’ regime, deforms the trench accom-
panied by minor slab steepening or contortion and is typical of old subducting plates
carrying buoyant features that have a relatively low positive buoyancy force, under
thin overriding oceanic plates. The second ‘slab deforming’ regime, results in local
reduction of the slab dip angle and deformation of the trench, and is associated with
the subduction of buoyant features with an intermediate to strong positive buoyancy
force relative to the underlying plate, below a weak or thin upper plate. In the third
‘slab flattening’ regime, subduction of the buoyant feature results in a flat slab at shal-

low depth, over a distance of several 100 km, and is associated with the subduction
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of buoyant features with a very strong positive buoyancy force below a thick, and

possibly advancing, upper plate.

In summary, the work in this dissertation illustrates that although subduction on
Earth shares some common traits, including that it occurs mostly in ‘sinking’ mode,
with a relatively small contribution of trench motion to the total convergence, there
is significant variability in styles (Chapter 2). Part of this variability can be explained
by the variation in local downgoing plate properties (Chapter 4). However, lateral vari-
ations in downgoing plate buoyancy can significantly modify subduction behaviour
and explain quite a few cases of complex subduction evolution on Earth (Chapter 5).
Low basal drag, due to a low-viscosity asthenosphere, explains the observed small
trench motions, yet when integrated over large plates exerts a significant influence
on plate motions (Chapter 3), and thus also facilitates large-scale interactions between

plates and mantle flow.

6.2 Future Work

There are still many outstanding questions on the dynamics of subduction, which fu-
ture numerical models, in particular in 3D and spherical geometries, can help shed

light on.

Intra-plate stress regime near subducting buoyant features

Further insights in the role of buoyant ridges on modifying subduction behaviour
might be gained by studying earthquakes that reflect intra-plate stress. In 2021, a
magnitude 7.3 earthquake occurred offshore East Cape, New Zealand, in which shal-
low trench-normal extension was observed alongside deep trench-parallel compres-

sion (Okuwaki et al.,, 2021). The earthquake’s deformation only partially reflects the
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expected stress regime due to plate bending into the trench, which for a linear trench,
should be trench-normal, with extension in the top and compression in the bottom
of the plate. The rotation of the compressional stress direction away from the trench
normal was attributed to plate warping (Okuwaki et al., 2021) in response to lateral
variations in plate buoyancy due to the proximity of the Hikurangi Plateau or a sub-

ducted seamount.

Initial analysis of the stress directions in the models in Chapter 5 reveals a similar ro-
tation in stress near the subducting ridge which are more apparent in the models with
older subducting plates. I am now investigating whether there are other examples of
such intra-plate stress rotation on Earth by examining the focal mechanisms from the
Global CMT catalogue (DziewonsKki et al., 1981; Ekstrom et al., 2012) of previous earth-
quakes near subducting buoyant features at major subduction zones subducting old

lithosphere (e.g. West Pacific) and young lithosphere (e.g. Nazca and Cocos Plates).

Outlook

The models in Chapters 4 and 5 clearly illustrate the role that 3-D variations in forc-
ing, and specifically of slab pull, can have on controlling the evolution of subduction
dynamics. Several other outstanding questions also require 3-D modelling. These in-
clude the impact of slab tearing and the subduction of ‘slab windows’, which can result
from the subduction of spreading ridges (parallel to the trench, as in the case of the
Izanagi subduction, or perpendicular to the trench, as in the case of the Cocos-Nazca
subduction). The development of tears and gaps are common processes resulting from

or causing plate boundary evolution.

Another important avenue for future investigation would be adding an overriding
plate. Quite a few models comprising both subducting and upper plate, in 2-D and 3-D,
exist for specific scenarios of subduction. These models investigate the plausibility of

a specific factor in governing local trench history (e.g. the development of flat slabs be-
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neath South America due to subduction of buoyant ridges; Manea et al., 2012; Hu et al.,
2016). Some systematic studies on the effects of the upper plate have been done in 2-D
(e.g.van Hunen et al., 2004; Capitanio et al., 2010; Roda et al., 2011; Rodriguez-Gonzalez
et al.,, 2012; Holt et al., 2015b) but only a few in 3-D, mostly due to computational chal-
lenges (e.g. Butterworth et al., 2012; Sharples et al., 2014; Rodriguez-Gonzalez et al.,
2016). Systematic examination in 3-D of the impact of the overriding plate on subduc-
tion dynamics has remained an important avenue to progress our understanding of

the variations in subduction dynamics.

The models in Chapter 3 illustrate the feedback mechanisms that occur when numer-
ical models include thermally dependent rheology. Such complex rheology is so far
mostly limited to 2-D models (e.g. Cizkova et al., 2002; Garel et al., 2014), with only few
3-D models incorporating it (e.g. Crameri et al., 2017), due to computational limitations.
Implementing thermally dependent rheology in 3-D models will be an important next
step in order to better understand, for example, the interplay between rising mantle
plumes and subduction dynamics (e.g. Gurnis et al., 2000; Becker and Faccenna, 2011)

and capture thermally governed variations in buoyancy and viscosity.

The compilation of subduction parameters presented in Chapter 2 illustrates that in-
teractions between adjacent subduction zones can have a significant impact on sub-
duction evolution. Modelling the interactions between neighbouring plates and the
main subducting plate will allow for investigation of the interactions between sev-
eral subducting plates. Only a few studies investigated two or more plate systems,
e.g. on two plates subducting in the same direction (as in the Izu-Bonin-Mariana and
Ryukyu-Nankai subduction zones; Mishin et al., 2008; Cizkova and Bina, 2015; Holt
etal., 2017), or two neighbouring slabs subducting in opposing directions (Zhang et al.,
2017b; Peral et al., 2020). When larger systems are studied, it will be important to set

up the models in spherical geometry (Chen et al., 2022a).

The studies presented in this dissertation demonstrate the potential of numerical mod-

els to advance our understanding of the dynamics of subduction and its expressions
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at the surface.
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