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Key Points:

e During the Eocene tectonic reorganization, the Pacific Plate rotation vector de-
veloped an increased radial component (spin around the centroid) with a counter
clockwise (CCW) sense

« Both the Zealandia plate boundary, and the Izu-Bonin-Marianas (IBM) margin,
could efficiently partition plate boundary normal forces into CCW Pacific Plate
radial torques at 47 Ma

* Recent numerical mantle convection simulations support our geometric analysis,
particularly in terms of the role of the IBM
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Abstract

The Pacific Plate underwent a significant change in motion during the early Eocene.
The motion change has been linked to plate boundary reconfiguration, particularly in
relation to the evolution of its subduction margins. The reconfiguration also resulted in
a new Pacific-Australian plate boundary section transecting the rifted Gondwanan frag-
ment of Zealandia. In the period ca. 47-32 Ma, the relative rotation axis of the Pacific
and Australian Plates was located close to (often within) continental Zealandia. Previ-
ous studies have speculated that the Zealandia continental boundary could have acted
as a pivot point for Pacific-Australia relative motion. Here we investigate the extent to
which collision resistance along the intra-continental Zealandia boundary (~ 1000 km)
might have impacted the motion of the Pacific Plate, which is characterised by trench
and ridge lengths more than one order of magnitude higher. We first highlight a signif-
icant change in the radial component of the absolute Pacific Plate rotation at 47 Ma (i.e.
the spin around the plate centroid axis) which helps to facilitate the relative pivoting
between the Pacific and Australia. We then consider how parameterised plate bound-
ary forces impact the tangential and radial components of the net torque vector (which
includes both fictitious and true torque components). We show that during the Eocene
transition, both the Zealandia boundary and the IBM subduction zone were well-oriented
in terms of partitioning boundary-normal forces into CCW radial torques. The radial
torque components were complimentary, while the tangential components were opposed,
i.e. the two boundaries operate in the sense of a double-couple. The analysis predicts
that the IBM should have had an anomalous influence on the radial component of Pa-
cific torque, relative to the rest of the paleo-subduction margin at 47 Ma. This is sup-
ported by results from recent global scale numerical mantle convection simulations. The
role of Zealandia cannot be established unambiguously, based on our analysis, but ef-
fects can be quantified under different assumptions. For instance, if collision resistance
along the Zealandia boundary was comparable to the subduction force density at the IBM,
the ratio of radial torque components is about 1/3. Zealandia could plausibly constitute
a ‘first order’ effect, albeit only on the radial component of Pacific rotation, and prob-
ably subordinate to the role of the IBM. Overall the study suggests that the onset of Pacific-

Australia pivoting at 47 Ma was a consequence of broader changes in the plate driving/resisting

forces, as was unlikely to have been dominated by collision resistance across Zealandia.

1 Overview

This section covers two main issues: Firstly, we discuss the context and analyti-
cal approach of the paper, with particular emphasis on the dynamics of the Pacific Plate
in the Cenozoic. Secondly, we briefly summarise the tectonic evolution of Zealandia, in-
cluding the proposed role of the Hikurangi Plateau, from the middle Cretaceous. The
section ends with an outline of the remainder of the paper.

1.1 Approach and context of study

This study is fundamentally motivated by questions relating to the relative motion
of the Pacific and Australian plates during and following the major Eocene tectonic re-
organisation (Whittaker et al., 2007). During the period ca. 47-32 Ma, the Euler Pole
of Pac-Aus relative motion lay close to or within Zealandia (Sutherland, 1995; Keller,
2005). Reyners (2013) has suggested that collision resistance - involving the underthrust
Hikurangi Plateau - may have had a ‘first order’ effect on plate motions.

In exploring this problem we will first highlight the fact that the absolute motion
change of the Pacific Plate (ca. 47 Ma) comprises significant changes in both the tan-
gential and radial components of the rotation vector. Both of these components have the
effect of drawing the Euler Pole (of Pacific Plate absolute motion) towards Zealandia,
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as compared to the Pole locations prior to 47 Ma. Therefore Pacific Plate absolute mo-
tion appears to strongly facilitate the anchoring of relative (Aus-Pac) Euler Poles within
or close to Zealandia at the same period.

Next we will analyse how different plate boundary normal forces contribute to the
torque components that may drive such changes. The Zealandia boundary is shown to
have a particularly high radial torque component, relative to tangential component, and
the sign is consistent with the radial rotation change of the Pacific Plate (CCW). Fur-
thermore, collision resistance forces are expected to evolve rapidly, in comparison to man-
tle buoyancy, and could therefore help to explain the rapidity of the Pacific motion change
(Anderson, 2002; Hu et al., 2022). Based on these connections, our investigation, which
begins with the effect of Zealandia on relative (Aus-Pac) motion, will ultimately focus
on the capacity of Zealandia to effect the radial component of Pacific Plate torque - a
subtle change in emphasis that we want to signal at the outset.

However, we cannot investigate the influence of the Zealandia plate boundary in
isolation, particularly considering the long-standing concept that Eocene Pacific Plate
motion changes can be dominantly attributed to the evolution of the subduction mar-
gins, including ridge subduction, cessation, initiation and polarity reversal (Whittaker
et al., 2007; Wessel & Kroenke, 2008; Faccenna et al., 2012; Sutherland et al., 2017; Hu
et al., 2022). The following paragraphs provide a brief background to these issues.

The evolution of Pacific Plate motion in the Cenozoic is connected with several im-
portant question in geodynamics, for instance: the role of subduction-related buoyancy
distribution relative to other plate driving/resisting forces; the nature of the coupling
between slabs and trailing plates; the causes of rapid changes in plate motion - partic-
ularly the Eocene change at around 47 Ma (Whittaker et al., 2007; Wessel & Kroenke,
2008; Faccenna et al., 2012; Hu et al., 2022).

Global plate motions are thought to be strongly influenced by the subduction-related
buoyancy structure of the mantle (McKenzie, 1969; Hager & O’Connell, 1981; Becker
& O’Connell, 2001; Conrad & Lithgow-Bertelloni, 2002; Ghosh & Holt, 2012). However,
there remains significant debate regarding how the buoyancy structure related to past
subduction is coupled to the surface plates. Some studies have advocated a strongly asym-
metric coupling model, where a significant component of upper mantle slab buoyancy
is directly coupled to the trailing plate (Elsasser, 1969; Conrad & Lithgow-Bertelloni,
2002). The magnitude of the resulting ‘net slab pull’ would constitute the dominant force
acting on subducting plates, with expected force density magnitudes of O(10) TN/m.
Other constraints, such as trends in the intra-plate stress field , geoid patterns over sub-
duction zones, and predictions from dynamic subduction modelling, suggest the typical
magnitude of the slab stress guide must be much lower than upper-end inferences (e.g.,
Conrad & Lithgow-Bertelloni, 2002). Such studies tend to predict that net slab pull should
be on the same order as contributions from typical oceanic gravitation potential energy
(GPE) variation (O(3) TN/m) (Hager & O’Connell, 1981; Moresi & Gurnis, 1996; Schel-
lart, 2004; Sandiford et al., 2005; Coblentz et al., 2015). These lower-end estimates of
net-slab pull may reflect strong flow-induced support of the slab in the mantle, mechan-
ical weakness of the subducted lithosphere, or a combination of these factors (e.g., Forsyth
& Uyeda, 1975; Hager & O’Connell, 1981; Moresi & Gurnis, 1996).

The primary analysis undertaken in this paper is to quantify the evolution of what
Becker and O’Connell (2001) refer to as “parameterised plate boundary forces”. In par-
ticular, we focus on the relative effects of collision resistance at Zealandia, compared with
subduction related forces acting on the Pacific Plate margins. Similar approaches have
previously been used to link changes in Pacific Plate motion to the evolution of slab pull
forces (Faccenna et al., 2012; Taffaldano & Lambeck, 2014), but also to suggest limita-
tions of slab pull, at least in the absence of additional active mantle driving forces (Stotz
et al., 2018; Rowley & Forte, 2022). In this study we do not consider the age of the litho-



118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

sphere in estimating subduction-related forces, and hence the analysis is purely geomet-
ric (e.g., Iaffaldano & Lambeck, 2014).

Our analysis makes the simple assumption that subduction and collision-related
forces act in a margin-normal sense (e.g., Faccenna et al., 2012; Taffaldano & Lambeck,
2014). In the case of the subduction related forces, we are not particularly concerned with
whether these forces represent ‘net slab pull’ sensu stricto, or other components of the
subduction-related driving force: ‘slab suction’, trench GPE etc. While this type of anal-
ysis has a long history, the novelty here is to investigate how such margin-normal forces
would contribute, respectively, to what we describe as the tangential and radial compo-
nents of the net torque (as described in Section 3).

We address the limitations of this simple geometric analysis, by considering results
from high-resolution global convection models (Hu et al., 2022). In such models, the plates

and mantle are a single system: an incompressible continua subject to viscosity and bouyancy

variations that depend on the thermal structure (among other factors). The flow is cal-

culated based on global mechanical equilibrium, approximated with a Finite Element Method

(Stadler et al., 2010). These models support the geometric analysis based on parame-
terised plate boundary forces. Specifically, they support our prediction of disproportion-
ate impact of the IBM margin in the radial component of the Pacific Plate torque at ca.
47 Ma.

1.2 Zealandia and the Hikurangi Plateau

Along with changes in the Pacific Subduction margin, the Eocene tectonic recon-
figuration involved development of a new Pacific-Australian plate boundary section tran-
secting the rifted Gondwanan fragment of Zealandia. During the period ca. 47-32 Ma,
the Euler Pole of the relative rotation between the Pacific and Australian Plates, was
situated within or close to Zealandia (Sutherland, 1995; Keller, 2005). This configura-
tion was expressed geologically in ‘scissor tectonics’ with extension in the southern Zealan-
dia domain (Emerald Basin - Macquarie Ridge Complex), and convergence and short-
ening in the north (Sutherland, 1995; Keller, 2005; Stagpoole & Nicol, 2008).

The nature of the relative motion in this period led Reyners (2013) to propose that
“resistance of the [Hikurangi] plateau to subduction had a first-order effect on plate mo-
tions...the western tip of the [Hikurangi] plateau appears to have acted as a pivot point
on the plate boundary” (see also Eberhart-Phillips et al. (2018)). To elucidate this state-
ment, we need to briefly outline the origin of Hikurangi Plateau (HP) and its proposed
role on the evolution of Zealandia. This outline largely follows Reyners (2013); Eberhart-
Phillips et al. (2018), and these studies provide additional details as well as visual sum-
maries.

The HP emerged as part of the Ontong-Java large igneous province at ca. 120 Ma,
which then separated into smaller plateau regions due to spreading ridge development
(Mahoney et al., 1993). Based on the plate reconstructions considered in this study (e.g.,
Miiller et al., 2016, 2019), the Hikurangi Plateau was part of a small, oceanic ‘Hikurangi
Plate’ during the mid-Cretaceous. The Hikurangi Plate was located directly to the south
of the Pacific Plate, and subducted southwards, centered on the Zealandia section of the
Gondwanan continental margin. Collision and underthrusting of the HP with the mar-
gin of Gondwana occurred at about 90 Ma, leading to a rapid tectonic shift in the South-
ern proto-Pacific. Capture of the Hikurangi Plate by the NW moving Pacific Plate cor-
responded to a transition from subduction beneath Zealandia to rifting and Tasman Sea
spreading in the continental back arc.

Tasman Sea spreading ceased during the Eocene plate reorganisation, and a new
Pacific-Australian plate boundary emerged, comprising an intra-continental fault zone
through Zealandia (Gaina et al., 1998). The architecture of the underthrust HP has been
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argued to control the localization of this boundary (Mortimer, 2018; Lamb et al., 2016).
Finally, Reyners (2013) has proposed that resistance within this intra-continental plate
boundary, may have had a ‘first-order’ effect on the relative motion of the Pacific and
Australian Plates.

The proposed evolutionary sequence summarised here would constitute a remark-
able, long-lived cascade of effects due to subduction collision and congestion. In this study
we focus on the latter part of the sequence - the pivoting of the Pacific and Australian
plates during the Eocene. We do not focus specifically on the Hikurangi Plateau, but
more generally on the degree to which collision resistance along the Eocene Zealandia
boundary could be expected to effect plate torques, relative to the effect of subduction
margins (e.g., Whittaker et al., 2007; Faccenna et al., 2012; Hu et al., 2022).

1.3 Outline of the paper

 In Section 2 we highlight plate motion changes of the Pacific Plate in the period
of interest, with particular attention to changes in both the tangential and radial
components of the plate rotation.

¢ In Section 3 we provide the mathematical background and highlighting the ori-
gin and differences between the tangential and radial components of plate bound-
ary generated torques.

e In Section 4 we show that during the Eocene transition, both the Zealandia bound-
ary and the IBM subduction zone were well-oriented in terms of partitioning boundary-
normal forces into CCW radial torques on the Pacific Plate.

¢ In Section 5 we estimate evolving torque components on the Pacific Plate, con-
sidering the contribution of subduction related forces as well as assumed collision
resistance in Zealandia.

 In Section 6 we consider the dynamics of subduction initiation, and explore a sim-
ple ad hoc representation of these processes.

e In the Discussion we consider results from global geodynamic models, which re-
inforce the importance of the IBM in driving Pacific Plate radial rotation at 47
Ma. We consider the potential role of Zealandia under different assumptions, such
as typical collision resistance forces inferred for present-day Earth.

2 Plate motion models

In this study we use recent global plate reconstruction models of the EarthByte
Group (Miiller et al., 2016, 2019), to address both the relative and absolute (i.e. rela-
tive to spin axis via a hotspot reference frame) motions of the Pacific and Australian plates
during the Cenozoic, as well as to analyse parameterised plate boundary forces.

A significant source of (epistemic) uncertainty in the plate reconstructions relates
to the structure and evolution of the NW-Pacific subduction margin in the Cretaceous
and early Cenozoic. Recent studies propose a diversity of reconstructions, including po-
tential intra-oceanic subduction zones that are not present in the reconstructions we utilise
(Lin et al., 2022; Hu et al., 2022). The analysis carried out in this paper is subject to
these uncertainties, increasingly-so for earlier stages.

The Cenozoic rotation poles of the Pacific and Australian Plates from Miiller et
al. (2016) are shown in Fig. 1. Note that the relative poles (red triangles) have been re-
constructed into their past location as defined by the position of the Australian and Pa-
cific Plates in the absolute reference frame (an Indo-Atlantic hotspot reference frame).
The small symbols in Fig. 1 show the Euler poles prior to 47 Ma (red and green) and
prior to 44 Ma (blue). There is a clear correspondence between the SE migration of ab-
solute Pacific poles (green) and a similar jump in the relative Pacific-Australian poles

(red).



Figure 1. Cenozoic locations of Pacific and Australian Plate Euler poles. Location of plate
boundaries (black lines) are shown for 47 Ma from (Miiller et al., 2016). Green symbols: Pacific
Plate relative to reference frame (Pac:Ref). Blue symbols: Australian Plate relative to reference
frame. Red symbols: Pacific plate relative to Australian plate. Small filled symbols are pre-47
Ma poles (or pre 44 Ma for Aus:Ref), large filled symbols are 47-32 Ma poles (or 44-32 Ma for
Aus:Ref). Open symbols are 32 Ma-present. Note that the relative poles (red triangles) have
been reconstructed into their location as defined by the position of the Australian Plate in the
absolute reference frame, at a given time. Coloured lines represent smoothed temporal paths,

to help show the trajectory of the pole migrations. Migration of Zealandia is represented by the
restored coastline locations. Bold coastline shows 47 Ma location. The black cross shows the av-
erage location of the Pacific plate centroid; circles represent planes drawn at 90°+ 20 relative to
the centroid (solid and dashed respectively). A Pac:Ref Euler pole lying on the 90° circle corre-
sponds to purely tangential motion at the Pacific Plate centroid. Three labelled circles show the

calculated Euler poles at 47 Ma from different numerical models from Hu et al. (2022).
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In terms of trying to quantify the role of tectonic forces in driving changes in plate
motion, we focus primarily on the changes expressed in the absolute motion of Pacific
Plate (for reasons that are elaborated throughout the manuscript). Fig. 2 (purple lines)
shows several different components of the absolute Pacific Plate rotation during the Ceno-
zoic: the azimuth, tangential magnitude and radial rotation at the centroid .

In this study we define the radial component of plate rotation as the component
of the rotation vector in the direction of the plate centroid (e.g. Eq. 3). This measures
the tendency of the plate to spin around an axis through its centroid. If we ignore the
variations in the magnitude of the rotation vector (i.e. the angular velocity), the radial
component can be expressed in terms of the angle between the centroid and the Euler
pole (we discuss this representation further in Section 4). In Fig. 2, the radial compo-
nent is shown as the deviation of this angle from 90°. When the resultant value is zero,
the Euler pole is 90° from the centroid and there is no radial rotation at the centroid;
when it is 90°, the plate simply spins around a radial axis at its centroid.

An important issue in recent geodynamic literature has been to understand the cause
of rapid changes in the plate motion changes, such as the Eocene reorganization (Faccenna
et al., 2012; Colli et al., 2014; Hu et al., 2022). Fig. 2 shows that such changes are present
in both the tangential and radial components, as well as the magnitude of the Pacific
Plate velocity (although apparently not always simultaneously across these components).
The rapidity of such changes is suggested to be incompatible with the evolution of long
wavelength buoyancy and flow in the mantle (Bercovici et al., 2000; Iaffaldano & Bunge,
2015). Such changes have often therefore been related to the evolution of force trans-
mission through the plates and plate boundaries (England & Molnar, 2022; Hu et al.,
2022). The current study is guided by these ideas.

Fig. 2 shows the major change in Pacific Plate rotation at 47 Ma, which includes
the much-discussed westwards change in the azimuth of the tangential rotation compo-
nent (Fig. 2A). Another important aspect of this transition, is the significant change in
the radial component of the rotation (Fig. 2C-D). At 47 Ma, the total change in radial
component is about 28° (+10° CW to -18° CCW) based on average values either side
of the 47 Ma transition (shown with black dashed lines). The radial component of the
Pacific Plate rotation remains high through 47-32 Ma, which we refer to as the ‘pivot
period’; this period sees the largest sustained radial rotation component of any stage dur-
ing the Cenozoic. At about 32 Ma, the radial rotation component rapidly reverts to weakly
CW, and has remained relatively stable until present.

The change in the location of absolute Pacific Euler Poles at 47 Ma brings them
much closer to Zealandia, compared to their locations prior to 47 Ma (i.e. green sym-
bols, Fig. 1, or black symbols in Fig. 2). It is clear that changes in both the tangential
and radial components are involved in terms of moving the 47-32 Ma poles towards Zealan-
dia. A similar SE migration of the relative poles (red symbols Fig. 1) suggests that changes
in the absolute motion of the Pacific Plate at 47 Ma, strongly facilitate the correspond-
ing change in the locations of the relative poles. This relationship cannot simply be as-
sumed at the outset, as the relative Euler Poles could (in principle) be completely con-
trolled by changes in the Australian Plate absolute motion. This does not seem to be
the case.

The evolution of Pacific Plate Euler poles clearly depends on the choice of refer-
ence frame. The reference frame in Miiller et al. (2016) represents a ‘hybrid’ approach,
based on the approach of Torsvik et al. (2008) using a moving hot spot reference frame
that takes mantle convection into account. Supplementary Fig. S5 shows a number of
different reference frames based on different hotspot reference frames, including the fixed
Pacific hotspots that are used to define absolute motion in Wessel and Kroenke (2008).
All of these reference frames show the same overall pattern, with a SE migration of the
poles, along with a radial excursion in the period 47-32 Ma. See the caption for Fig. S5



269 for further details. We note that in the ‘hybrid’ reference frame implemented in Miiller
270 et al. (2016), the distinctive bend in the Hawaiian—Emperor seamount chain is attributed
m to a combination of hotspot drift and non-trivial absolute plate motion change.
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Figure 2. Comparison of Pacific Plate motion trends (purple — left hand axes) and estimated
slab pull torques (green — right hand axes); The shaded regions represent the span of estimates
from two reconstruction models (Miiller et al., 2016, 2019): A) shows the azimuth of the velocity
at the centroid (purple), versus azimuth predicted by the net slab pull torque (green), assuming
uniform plate boundary normal force. Note that in the early Cenozoic, there is significant mis-
alignment between these quantities (~ 90°); B) shows the magnitude of the tangential part of
the Pacific rotation vector at the centroid (purple) and the (dimensionless) tangential compo-
nent of the slab pull torque (green); C) and D) show the radial rotation component, measured in
terms of the angle of the Euler pole relative to a 90° great circle around the centroid (purple),
and the (dimensionless) radial component of the slab pull torque (green). D) in this panel the
radial component of the slab pull torque (green) includes an simple representation of subduction
initiation dynamics (see Section 5), resulting in a lag between IBM initiation (55 Ma in the plate

reconstruction) and the effect on radial rotation at 47 Ma.
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3 Torques due to plate boundary forces
3.1 General case

Because plate motion is restricted to the surface of a sphere, the 6 degrees of free-
dom that apply to rigid body motion, can be reduced to 3 rotational components (Forsyth
& Uyeda, 1975; Bird et al., 2008). The equilibrium problem is then to understand the
balance of torques that give rise to observed rotations. For plate motions, rotations are
commonly expressed in terms of a rotation axis (Euler Pole) and angular velocity, or sim-
ply a rotation vector (&).

The rotations and torques are naturally described with respect to the center of the
earth, and hence the radius of the earth enters the description as the moment arm length.
For instance, in terms of parameterised plate boundary forces (Forsyth & Uyeda, 1975;
Becker & O’Connell, 2001), the torque vector component due to a plate boundary nor-
mal force, over a small section of trench, may be written as:

d7 = F, (% x n)dl (1)

Where F, is the (scalar) normal force density (force per unit length, expressed in this
study in units of TN/m), 7 is a unit vector in the local tangent plane that is normal to
the plate boundary, and 7 is the radius vector that points to the location of the plate
boundary. The total torque due to plate boundary normal forces is:

7?net = Z Fn (TB X ﬁ)dl (2)

Eq. 2 represents a typical description used to investigate mechanical equilibrium
of rigid plates on a sphere (Forsyth & Uyeda, 1975; Becker & O’Connell, 2001). How-
ever, this description tends to obscure an important aspect of the mechanics, which is
that the torque vector described by Egs. 1 and 2, conflates two kinds of torques. The
distinction between these types of torques is closely related to the more familiar case of
the motion of a solid object constrained to a planar surface. As we will show, the me-
chanical descriptions converge for very small plates (which are approximately planar).
Fig. 3 attempts to clarify these relationships. We will hereafter condense the notation
by denoting the point force along a small boundary increment (dl) as F, = F,dl n,
and dropping the differential symbol, so that Eq. 1 can be written as:

F=ryx F, (3)

Fig. 3 shows the effect of an arbitrary point force F, acting on a square plate con-
fined to (a) a planar surface and (b) the surface of a sphere. In each case the point force
acts at the corner of the square plate, in the direction given by the dashed edge (and hence
normal to the adjacent edge), as shown by the green arrows. In each case, the point force
vector is also decomposed into components that are parallel (blue) and orthogonal (brown)
to the centroid direction, which is shown with the blue line / great circle arc. In both
cases the z axis is aligned with the vertical direction at the centroid of the plate (or cen-
ter of mass).

In the planar case (a) the distinction between the net force and the torque is straight-
forward. A torque arises because the point force is not parallel to the centroid direction
(shown by the blue line). This torque is given by 7x E,, or |Fy||7]sin(6)2. The black
arrow, which is orthogonal to the centroid direction, shows the component of the force
that produces the torque around the z axis, with a moment arm 7. The net force in (a)
is F,.

—10—
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For a rigid body on a planar surface (a), pure translation requires that the point
force is parallel to the centroid direction. In this case the net force has no dependence
the length 7. Pure rotation requires a force distribution such that the torques are com-
plimentary, but the net forces cancel. A ‘double couple’ is the simplest example. These
end-member cases require very specific force distributions: any arbitrary force distribu-
tion along the boundary is expected to give rise to a combination of translation and ro-
tation, and can be represented by a combination of an equivalent net force at the cen-
troid, as well as a torque produced by an appropriate double couple.

In the spherical case (b) the point force F,, is assumed to contribute to a driving
torque 7, as given by Egs. 1 or 3. We can decompose this torque into components around
each of the (Cartesian) axes shown in the figure. The moment arms associated with each
of these components are shown with the blue, brown and black dashed lines. Consider
first the component of the torque associated with the force parallel to the centroid di-
rection (blue arrow). For the configuration shown in (b), this component of the torque
vector is parallel to the x axis. The moment arm length is rg, it has no dependence on
the location of the point force (which is analogous to the planar case in(a)). This com-
ponent of the driving torque produces purely tangential motion at the centroid, because
7. X & is tangent to the surface, where 7. is a unit vector that points radially outward
at the centroid. For the configuration shown in (b), 7. = 2.

Next consider the component of the torque in (b) that acts in the centroid direc-
tion (z or 7). This represents the component of a torque vector that tends to spin the
plate around centroid. We refer to this as the radial component of the torque. This ra-
dial component of the torque has a moment arm length of rqsin(¢) where ¢ is the an-
gle between the centroid and the boundary where the force is located. As in the planar
case, this component of the torque has an intrinsic dependence on the distance between
the point force and the centroid (or z axis). Note that in the case of a very small plate,
we can use the small angle approximation (sin(¢) = ¢ ) in which case, the z compo-
nent of the torque depends on ro¢ = y, i.e the torque is simply proportional to the dis-
tance from the z axis, as in the planar case.

The brown arrow shown in (b) is the component of the force that gives rise to the
torque component around the gy axis. This also produces purely tangential motion at the
centroid. Again, this is analogous to the effect of the net force in (a), given by the com-
ponent of force acting orthogonal to the centroid direction. The moment arm length is
given by 7 cos(¢), or by ro in the small angle approximation.

With reference to Fig. 3b, we can associate the x, y, z axes with the unit vectors:

As shown in Fig. 3, the radial and tangential components of the torque can be writ-
ten in terms of angle between the plate boundary normal and the centroid direction ()
and the angle between the plate boundary point force and the centroid (¢):

Trad = | Enlro sin(f) sin(¢) 2
Tran = |ﬁn|ro cos(0) & (4)
+ \ﬁn|r0 sin(6) cos(¢) ¢

The tangential component of the torque can also be described by an equivalent force
acting at the centroid (e.g., Becker & O’Connell, 2001):
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ﬁeq = (’ﬁc X 7_-jcan)/TO (5)

Because the surface of a sphere is locally flat, the description of the spherical case
must be identical to the planar case for a small plate. If we apply the small angle ap-
proximations (for ¢) to the tangential components of the torque, and noting that the cross
products in Eq. 5 simply switches the = and y axes, the net force at the centroid can be
written:

ﬁeq = (’ﬁc X 7_-jcan)/TO
= | cos(6) 3 (6)

Which is identical to expression for ﬁeq for the planar case shown in Fig. 3a. A sim-
ilar equivalence applies in the case of the radial component of the torque. Based on these
considerations we refer to the tangential and radial components of the torque vector as
fictitious and true torque components.

For the radial component of plate driving/resisting torques, the magnitude of the
torque depends on two aspects of the geometry: the azimuth of the plate boundary rel-
ative to the centroid (i.e. the component of the force that is normal to the centroid di-
rection (sin(#)), and also the angle (distance) between the plate centroid and the bound-
ary (sin(¢)). Hence, plate boundary normal forces that are perpendicular to the centroid
direction, and are a long way from the centroid (i.e. sin(¢),sin(6) — 1) have the great-
est potential to impact the radial component of torque. Of course, large ¢ implies a large
plate, and the area increases more rapidly (O(¢?)) than the moment arm length of the
torque (sin(¢)). If basal drag plays an important role in resisting plate boundary forces,
then large plates will exhibit less sensitivity to radial torques, even though the net ra-
dial component may be higher than in the case of small plates. At the present day, there
are 2 ‘rigid’ plates with anomalously high radial rotation: the Cocos and Philippine Sea
Plates (e.g., Becker & O’Connell, 2001). This observation is consistent with the idea that
net radial torques from the plate boundaries may be balanced by basal drag, with small
plates requiring significantly higher radial rotations to achieve such a balance.

In the following section we extend these generic ideas to the case of the Zealandia
and the IBM margin in the Eocene.

3.2 Pacific Plate at 47 Ma

The concepts outlined in the previous section are now extended to the Pacific Plate
boundary during the Eocene transition period. The purpose of this section remains pri-
marily conceptual; the actual estimation of torques based on plate tectonic reconstruc-
tions is presented in Section .

Fig. 4 shows the tectonic configuration at 47 Ma, rotated so that the Pacific Plate
geometric centroid lies along the z axis of a Cartesian coordinate system, and so that
the great circle arc that connects the centroid to a point on the IBM trench, is paral-
lel to the y-axis (the great circle arc is shown with a thin blue line). This rotation places
the Pacific plate, and the IBM trench, into a similar configuration as shown in the generic
case (square plate) in Fig. 3b. The left hand panel of Fig. 4 shows the outline of the plate
boundaries as well the evolution of the absolute Pacific plate Euler poles during the Ceno-
Zoic.

In the right hand panel of Fig. 4, the force due to slab pull at the IBM is repre-
sented as a point force acting in a margin normal direction (shown schematically with
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Figure 3. Effect of an arbitrary point force F, acting on a square plate confined to (a) a pla-
nar surface and (b) the surface of a sphere: (a) shows the familiar case of a point force acting on
a rigid body, contributing to a net force and a torque around the center of the object. F, acts at
the corner of the square plate, in a direction parallel to the edge of the square outlined with the
dashed red line, and normal to the adjacent edge. The blue and brown arrows show the compo-
nents of the force that are parallel and perpendicular to the centroid direction. The components
of the net force (Fiq), and the torque (7) are written as a function of 6, the angle between the
point force on the boundary and the centroid direction; (b) shows the equivalent situation for

a square plate on the sphere. Here the point force F_"eq is associated with a torque (1), as in Eq.
3. This torque has components in the z, y, and z directions. The z direction is aligned with the
vector that points radially outward at the plate centroid (7.). We refer to the component of the
torque in the z (or 7.) direction, as the radial component of the torque; this is the true torque
component, which analogous to the usual definition of the torque as in case (a). For small plates
(where the small angle approximation for ¢ is valid), the descriptions of the mechanics in (a) and

(b) are identical, as discussed in the main text.
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Parameter name Type Symbol Units

Earth mean radius scalar 7y km
Earth radius vector vector 7 km
Earth radius unit vector vector 7g -
Plate boundary normal vector vector 7 -
Plate boundary normal force densityf scalar F), TN/m
Plate boundary normal point force vector ﬁn TN
Plate centroid unit vector vector 7 -
Angle btw 7 & centroid direction scalar 6 rad.
Angle btw boundary point & centroid scalar ¢ rad.
Rotation vector vector & °/Ma
Radial rotation unit vector I vector  Wraq °©
Angle btw centroid and Euler Pole scalar v °

Table 1. Quantities and symbols used in the paper. f We discuss both dimensionless and di-
mensional values for plate boundary normal forces. Where dimensional values are used, the units

are TN/m, or TN. i See Section 4 for a description of units and how @raq is visualised.

a green arrow). As in the previous section, this point force is decomposed into compo-
nents parallel (blue) and orthogonal (brown) to the centroid direction. These compo-
nents of the point force generate torques around the x and y axes respectively, with mo-
ment arms shown with the dashed lines in the same colors. Likewise, the black arrow,
which is the projection of the brown arrow on the hemispheric plane (z = 0), is the com-
ponent of the point force that is responsible for the true torque — the rotation around
the centroid vector (in this configuration the z axis).

The net torque vector associated with slab pull at the IBM trench at 47 Ma is shown

with the green double-ended arrow at the centroid location (pole) in Fig. 4. This net torque

vector is based on the actual summation of incremental torques based on the 47 Ma bound-
ary configuration of Miiller et al. (2016). The dashed green line shows the total tangen-
tial component of the torque vector, which contains the contributions of the two com-
ponents (& & ) described in Eq. 4. The full torque vector is also decomposed into ro-
tations around the three axes, shown in blue, brown and black; the relative size of these
torque components is shown to scale. One can see that the radial component (black) is
of similar magnitude to the components that contribute to the tangential torque (blue
and brown).

In addition, Fig. 4 shows the orientation of a boundary-normal collision resistance
force at Zealandia (shown schematically with the red arrow). To simplify the figure, we
have not shown the full decomposition of this point force, but only the projection of the
point force onto the hemispheric plane (also with a red arrow). This evidences the ca-
pacity for a plate boundary normal force at Zealandia to produce a radial component
of torque, primarily because angle between the centroid direction and the boundary nor-
mal (i.e. #) is large. Again, this is a schematic representation that is designed to high-
light how the geometry of the boundaries is related to the capacity to generate radial
and tangential torque components.

The key insight from Fig. 4 is that plate boundary normal forces along the IBM
trench and Zelandia, both have a relatively large capacity to influence the radial torque
components. In addition, the radial torque components are complimentary — both hav-
ing a CCW sign (when looking down on the Pacific centroid). In fact, these two bound-
aries act in the sense of a double couple, as the tangential component of collision resis-
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tance along Zealandia tends to oppose the tangential component of torque due to the
IBM. However, this statement does not imply that the 2 margins would act as a perfect
double couple, as the relative size of the plate boundary forces, and hence the torques
is unknown (and will depend on further assumptions). This point is discussed further
in the following section, and highlighted in Fig. 5.

3.3 Estimation and visualisation of torque components

Having discussed the general aspects of torques due to plate boundary forces, we
conclude this section with some methodological details in applying this framework to plate
reconstruction models. In this study we restrict our attention to the plate boundary nor-
mal forces that arise from Pacific Plate subduction, as well as the potential collision re-
sistance from the intra-continental Zealandia boundary. Eq. 4 provides a means of cal-
culating the radial and tangential components of the torque, in a rotated reference frame.
This is instructive for the case of a specific plate boundary point force, but is inefficient
for analysing the effect of extended boundary segments. Instead, to calculate torque com-
ponents due to Pacific Plate subduction, we first calculate the net torque (7,;) as the
sum of torque increments, as in Eq. 2. Having calculated a net torque vector (T,et) in
a fixed Cartesian reference frame, we derive the radial and tangential components by sim-
ply taking the dot product of the net torque with the unit vector that points radially
outward at the plate centroid (7.). We compute the torque components both in terms
of the total subduction related torque from Pacific Plate Slabs, and at the level of in-
dividual trench segments (e.g. IBM, Tonga, Aleutian etc.). Fig. 5 shows the results of
this analysis applied to the evolving subduction margin of the Pacific plate, based on the
plate reconstructions of Miiller et al. (2016, 2019).

Our analysis does not account for the age of the subducting plate in terms of the
predicted slab pull force, and is purely based on the geometric information. In keeping
with this assumption, our calculations are based on the geometric centroid of the (Pa-
cific) Plate, rather than attempting to estimate the center of mass. The torque values
in Fig. 5 are non-dimensionalised by assuming a reference torque 7ot = FnRez. The
torque calculations (e.g Eq. 1) are scaled by 7yef, such that the magnitude of F,, is not
actually specified in our calculations; again the values plotted in Fig. 5 represent geo-
metric information only. To recover a dimensional torque from the values shown in Fig.
5, one would multiply by 7..t. For instance, if a boundary normal force of 5 TN/m were
assumed, a dimensionless torque magnitude of 1 would equate to torque magnitude of
about 2 x 1026 Nm. If this value represented the tangential component of the torque,
it could be described as an equivalent force of ~ 3.2 x 10* N acting at the centroid.

To estimate the torque contributions due to collision resistance at Zealandia, we
have made a few simplifying assumptions. We model the collisional boundary during the
pivot period (ca. 47-32 Ma), as a 1000 km segment which is perfectly parallel to the cen-
troid direction. This means that the plate boundary normal force is orthogonal to the
centroid direction, or # =90° (see Fig. 4). The main reason for the simplified approach
is that the precise length of the the boundary that might contribute to a collisional re-
sistance force is uncertain. The length of intra-continental boundary, parallel to the cen-
troid direction, is on the order of 1000 km, as shown in Supplementary Figure S2.

The same process is used the decompose the radial and tangential components of
the Pacific plate rotation vector (&J):

Wrad = W " T¢

Wtan = W — Wrad
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470 Note that when a plate rotation is purely tangential (at the centroid), the rotation

an axis is orthogonal to the centroid vector, and hence the Euler Pole of the rotation lies
a2 at 90° from the plate centroid; the finite rotation at the centroid is then a great circle
a3 arc. In contrast, the plate rotation is purely radial when the Euler pole lies at the plate
a7 centroid; in which case the plate spins about the radial axis.

a7 The radial and tangential rotation components expressed in Eq. 7 will clearly de-
476 pend on the magnitude of the rotation vector . However, if we consider only the ori-
ar7 entation of &, (i.e. &), then the radial component of rotation can be approximated as
478 an angle:

Goraa = c08(7) = sin(3 =) ~ (5 =) (8)
a1 where ~ is the angle between the Euler Pole and the centroid. In Fig. 2C&D we
480 use the value of § — v to represent the radial component of the rotation (making use
281 of the small angle approximation). This has the advantage of providing a intuitive ge-
182 ographic representation of the radial component, which is the angle between the Euler
483 Pole and a great circle drawn at 90 ° from the centroid. Hence, in Figs. 1 & 4, the Pa-
a8 cific Plate Euler poles can be seen to deviate from the 90 ° great circle, particularly dur-
a5 ing the period 47-32 Ma (i.e. the pivot period). Supplementary Fig. S4 shows a com-
486 parison between the approximation of the radial component (3 — 7) and the true ra-
as7 dial component (&yaq, in units of °/100 Ma).
488 In the following sections we will refer to the relative magnitude of plate boundary
489 force densities (e.g. TN/m) that might arise from net slab pull Fj,, versus those that
490 arise from the Zealandia collisional boundaries F,. We denote the ratio as Fr = F../Fsp.
401 4 Evolution of torques due to Pacific Plate boundary forces
102 There is a long-standing view that the c. 47 Ma change in Pacific Plate motion may
203 be related to plate boundary reorganization, in particular of subduction margins (Whittaker
404 et al., 2007; Faccenna et al., 2012; Sutherland et al., 2017; Hu et al., 2022). Although
495 the overarching problem addressed in this study concerns the relative motion between
496 the Pacific and Australian plates, our analysis is focused mainly on the changes in the
a07 absolute motion of the Pacific plate throughout the Cenozoic (for reasons discussed in
108 Sections 1 & 2). In this section we focus on reconstructions of the evolving Pacific sub-
499 duction margin, and in particular, how this evolution might be reflected in terms of the
500 radial component of the subduction-related torque. We also estimate the effect of col-
501 lision resistance along the Zealandia boundary, as discussed in the previous section.
502 Fig. 5 shows the radial and tangential torque components, based on the geomet-
503 ric information from plate reconstructions. The solid black lines in Fig. 5 show the es-
504 timated total (Pacific-wide) torque components due to trench normal slab pull. Note that
505 the total tangential torque (Fig. 5A) is the vector sum of the boundary contributions,
506 it is not the sum of the magnitudes of those components, nor is it the sum of the mag-
507 nitudes of the trench segments (e.g. IBM, Tonga, etc., shown with colored circles Fig.
508 5). This is simply because the torque vectors of different subduction segments are gen-
509 erally not parallel. In fact, the total tangential subduction-related torque estimated for
510 the Pacific plate, averages about 50-60 % of the sum of the magnitudes of the individ-
511 ual components; this means that of the total subduction boundary of the Pacific plate,
512 there is only about a 50-60 % constructive contribution. This has implications for ar-

513 guments about the value of trench length to plate area (Hager & O’Connell, 1981; Forsyth
514 & Uyeda, 1975), which is already much lower for the Pacific Plate than for other oceanic
515 subducting plates (e.g. Nazca and Cocos).
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Figure 4. Schematic showing how different torque components are generated from plate
boundary forces. Both panels show the tectonic configuration at 47 Ma. Globe is rotated so that
the Pacific centroid lies at the pole (along the z-axis) while the arc from the centroid to the IBM
trench is parallel to y-axis. Left panel shows the Pacific Plate Euler poles relative to the reference
frame (black points). The right panel shows a schematic representation of plate boundary normal
forces: for subduction at the IBM (green) and collision resistance at Zealandia (red). The blue,
brown and black arrows show how the IBM plate boundary normal force contributes to three
orthogonal torques. The component of force parallel to the centroid direction (and the y-axis)
produces a torque around the x-axis (blue symbols). This is a psuedo-torque because it has no
dependence in the angle ¢. The component of the force orthogonal to the centroid direction pro-
duces a radial torque (a ‘true’ torque) around the z-axis (or centroid axis). Both the IBM and

Zealandia are expected to produce CCW radial torques on the Pacific Plate.
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In the plate reconstruction of Miiller et al. (2016) there is a significant increase in
Western Pacific subduction zone length at about 55 Ma, associated with the initiation
of IBM and Kurile segments. This is reflected in a significant increase in the total tan-
gential component of the slab pull torque at 55 Ma, shown with the solid black line in
Fig. 5A. For the rest of the Cenozoic, the predicted magnitude of the tangential torque
component relatively stable, with an average dimensionless value of around 1.4.

Fig. 5B shows the radial component of the estimated torque. At the beginning of
the Cenozoic, the predicted radial component of the torque is negligible. Overall, there
is a trend from a predicted CCW slab pull radial torque from 55-32 Ma, to a CW slab
pull radial torque from 32 Ma - present. This broad trend is reflected in radial compo-
nent of the (absolute) Pacific plate motion (e.g. Fig. 1) although the variations that are
present in the plate reconstruction models are generally more abrupt than the slab pull
contributions would predict.

At this stage, the most important takeaway from the analysis shown in Fig. 5B,
is the importance of the IBM trench in terms of the predicted radial torque component.
Within the period of 47-32 Ma, the radial component of the IBM torque is more than
twice that of the next highest subduction segment (Aleutian). This is in contrast to the
magnitude of the tangential torque component, where the IBM produces a comparable
magnitude to other segments.

The red lines in Fig. 5, show estimates for the contribution of Zealandia collision
resistance, based on the assumptions outlined in Section 3.3. The dashed red lines in Fig.
5 show the estimated torque contributions for Zealandia, when the magnitude of the plate
boundary normal force density (F,: TIN/m) is assumed to be the same as that of the sub-
duction boundaries (i.e. Fr = 1). Again, we see that Zealandia has a relatively high
radial torque component compared to the tangential component. For the assumption that
Fgr =1, collisional resistance along Zealandia amounts to about 1/3 of the radial torque
produced by IBM. This is mainly a reflection of the length of the 2 boundaries, with the
IBM trench being about 4.5 times longer than the assumed Zealandia collision length.
The fact that Zealandia segment is sub-parallel to the centroid direction, partially com-
pensates for the length difference, through the sin(#) dependence described in Eq. 4. The
dot-dashed red line shows the estimated contribution of Zealandia if the magnitude of
the plate boundary normal force is 3 times higher than the subduction margins (i.e. Fr =
3). In this case the CCW radial torque contribution from Zealandia is similar to that
of the IBM during the pivot period (Fig. 5B). We revisit these assumptions in Section
5. The dashed and dot-dashed black lines in Fig. 5 show the combination of the total
subduction related torques, with the torque from Zealandia, assuming Fr = 1 and Fr =
3. Note that the radial components are complimentary while the tangential components
are opposed.

In terms of the ratio of the radial to tangential components of the torque vector,
the IBM margin has a predicted maximum Cenozoic value of almost unity (~ 0.9, at 45
Ma). In comparison, averaged across the entire Pacific subduction system, this ratio has
an average Cenozoic value of only 0.09, and a maximum value of 0.25. This maximum
occurs at present day, a reflection of the fact that the radial torque components of all
Pacific margin subduction segments are currently atypically complimentary, dominated
by CW components (as shown in Fig. 5). Meanwhile, under the assumptions outlined
above, the 47 Ma intra-continental Zealandia boundary, has a radial /tangential ratio of
~ 1.5 (from Eq. 4 this ratio is equal to cos(¢)/sin(¢), and corresponds to ¢ of 56 °). From
a purely geometric standpoint, Zealandia has the highest propensity to effect radial torques
(for a given component of boundary normal force). The IBM margin (particularly around
45 Ma), also had a large radial torque efficiency, when compared with the average across
the entire Pacific subduction margin.
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Figure 5. Evolution of torque components due to Pacific slabs (colored dots) and the total
slab pull torque (solid black lines). Red lines show estimated torque contributions due to colli-
sion resistance at the Zealandia boundary, assuming collision force densities equal to slab pull
(Fr = 1 dashed red line), and three times slab pull (Fr = 3 dot dashed red line). The dashed
and dot-dashed black lines show the potential combined contribution from slabs and Zealandia.
Note that radial torques are complimentary and the tangential torques are opposed (although the
partitioning is not equal). A) shows tangential torque components; B) shows radial torque com-
ponents; C) shows radial torque components with a simple representation of subduction initiation

dynamics applied to the slab pull torques, as discussed in Section 5.
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567 5 Timing and evolution of subduction initiation

568 In the previous section we highlighted the potential link between IBM subduction
569 and the increase in CCW radial rotation of the Pacific plate that occurs at 47 Ma. An
570 obvious limitation of this model is the lag between the IBM initiation time (55 Ma) in
571 the reconstruction of (Miiller et al., 2016) and the corresponding change in Pacific plate

572 motion (47 Ma)

573 This issue has also been highlighted in the recent study of Hu et al. (2022). That
574 study focused on the drivers of the rapid change in the azimuth of the Pacific plate (ef-
575 fectively the tangential part of the rotation). They argued that new evidence suggests

576 a somewhat later IBM initiation phase (51 Ma), while the force of the slab is not actu-
577 ally felt for another 4 Myr, representing the time taken for the slab pull to begin to dom-
578 inate over forces resisting subduction (such as bending, interplate friction etc.)

579 Along similar lines, we modify our analysis to capture a simple ad hoc represen-

580 tation of the dynamics of subduction initiation. This tries to capture 2 main processes,
581 motivated by previous studies. The first process relates to the anticipated conditions of
582 compressive stress across the margin during early stages of subduction (Cloetingh et al.,

583 1989; Gurnis et al., 2004). The second process is informed by geodynamic models which
584 show that the fastest subducting plate velocities and highest slab pull forces will be gen-
585 erated shortly before the slab interacts with the a higher-viscosity transition zone (Garel
586 et al., 2014; Holt et al., 2015).

587 In order to explore a simple realisation of these processes, we modify the Pacific

588 Plate subduction torques in the following way: 1) we choose a time representing the to-
589 tal initiation phase, i.e. the time from the onset of convergence, through to anticipated
590 interaction with the slab with the lower mantle; 2) we then modify the torques such than
501 in the first half of this period, the plate boundary acts as a resisting component in the

502 plate torque balance, while in the second half of the initiation period, the plate acts a

503 driving force, with a value of twice the reference slab pull force (which for Fig. 5 is unity
504 due to the values being non-dimensional).

505 Fig. 5D shows the estimated radial torques when this simple representation of sub-
596 duction initiation dynamics is included. The total initiation phase time reflected in Fig.
597 5D is 16 Ma, and was arbitrarily chosen to try to align the estimated radial torque sig-
598 nal with the 47 Ma change in Pacific plate motion. The duration is not unreasonable how-
599 ever, being comparable to the upper mantle transit time, assuming 45° dip, and a ve-

600 locity imposed by the typical rate for Pacific plate (e.g. 6 cm/y). Of course, recent stud-
601 ies have advocated for a slightly later onset time of 51 Ma for the IBM (Hu et al., 2022),

602 in which case somewhat a shorter initiation phase time could be accommodated.

603 The exercise simply demonstrates that general insights about of the dynamics of

604 subduction initiation processes help to account for both the lag, and the magnitude of

605 change in the CCW radial rotation of the Pacific Plate at 47 Ma. Based on these assump-
606 tions, the changes in subduction related torque at around 47 Ma are now even more strongly
607 linked with the IBM margin, which first acts as a resisting force on the Pacific Plate (~

608 55-47 Ma), and then contributes twice the net slab pull (~ 47-39 Ma) relative to when

609 the slab is assumed to be fully supported in the lower mantle. In Fig. 2D, we show the

610 predicted radial component of the slab pull torque with parameterised subduction ini-

611 tiation, which correlates fairly closely with the radial rotation component of the Pacific

612 Plate from the plate reconstruction models (Miiller et al., 2016, 2019) reconstruction (shown
613 in purple).
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6 Discussion
6.1 Insights from global geodynamic models

Even when modified to try to better represent dynamic process (such as subduc-
tion initiation), the use of parameterised plate boundary forces has obvious limitations
(Becker & O’Connell, 2001). The results from dynamic computational models provides
an alternative route to try to establish potential links between evolving plate boundaries,
and plate motion changes. Computational methods have now developed to the point where
it is possible to model global-scale flow, at sufficient spatial scale to capture the coupled
plate-mantle system including plate boundaries at the kilometer scale.

A recent example of this approach is demonstrated in Hu et al. (2022), which com-
pares two alternative models for the subduction boundary evolution of the Pacific Plate.
The motivation for that study is to understand the rapid change in motion (particularly
the azimuthal change) at 47 Ma. Such models are dependent on an assumed plate re-
construction model, as this establishes, for instance, the upper mantle density structure
as well the location of the weak plate boundaries (e.g., Hu et al., 2022; Stadler et al., 2010).

The reference model (‘MT’) presented in Hu et al. (2022) is based on the plate re-
construction of Miiller et al. (2016), the same model as we use in this study to evaluate
torques due to plate boundary forces. An alternative model (‘MN’) includes a several-
thousand kilomter north-dipping intra-oceanic ‘Kronotsky’ subduction, which is active
until 50 Ma. They also test this alternative model with (‘MN-IBM’) and without (‘MN”)
the IBM system. It should be noted that in all of these alternative models, the lithospheric
structure includes the new plate boundary through Zealandia (from 47 Ma). The mod-
els can, in principle, accommodate deformation and collision resistance across this bound-
ary. The models do not, however, include features such as a strong, buoyant, underthrust
Hikurangi Plateau, which could limit how accurately it will capture collision resistance
across such a boundary (e.g., Reyners, 2013). Surface velocity fields for models of Hu
et al. (2022) are provided in the original study, and are shown in Supplementary Fig. S3.
Euler poles were calculated based on least squares fitting of the velocity grid. Based on
these velocity models we make the following observations:

1. In the reference model (MT) of Hu et al. (2022) the Pacific Plate exhibits a NW
velocity azimuth at 60 Ma (-48 °, e.g Fig. 2A). This is nearly orthogonal to the
calculated azimuth based in the torque due to subduction-related normal forces,
based on the same plate reconstruction (-130 °).

2. The inclusion of the IBM has a relatively large effect on the radial component of
the rotation, compared to the effect on tangential motion. This observations is based
on the model setups that are identical except for the inclusion of the IBM (MN-
IBM & MN: shown as yellow and red circles in Figures). These models predict that
the IBM induces a 13° (CCW) change in the radial rotation component. Mean-
while the azimuthal change in the tangential velocity is about 9°.

3. The change in the Pacific Plate Euler Pole location, due to the inclusion of the
IBM in the numerical models, is along an arc that points almost directly towards
Zealandia (as can be seen by comparing the red and yellow markers in Fig 1).

4. When the IBM is not included, the Pacific plate at 47 Ma has negligible radial ro-
tational component (‘MN’ model, red symbol in Figures). In this model, there is
no residual CCW ‘signal’ which might be identified with the effect of the Zealan-
dia margin, independent from the IBM.

In summary, the models of Hu et al. (2022) suggest that: (1) Pacific Plate motion
is sensitive the structure of the subduction boundaries, although other driving forces (along
with net slab pull) may be equally important; (2) the inclusion of subduction initiation
at the IBM (at 52 Ma) has a relatively large impact on the radial rotation component
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(at 47 Ma), substantiating the earlier geometric analysis as to high radial torque efficiency
of the IBM; (3) The absolute motion changes induced by the IBM, would in turn seem

to facilitate Aus-Pac (relative) pivoting, as they move the Pacific Plate Euler Poles to-
wards Zealandia.

Given these conclusions as to the role of the IBM, is there any requirement for col-
lision resistance forces within Zealandia to play a significant additional role? Unfortu-
nately, the models of Hu et al. (2022) do not provide an unambiguous answer to this ques-
tion. The two models that directly explore the effect of the IBM (MN & MN-IBM), pro-
vide an estimate that the IBM produces a 13° CCW radial rotation change. This is about
2/3 of the average CCW radial component throughout 47 - 32 Ma (~ 18 °) based on the
plate reconstruction models. This would apparently leave room for an additional (po-
tentially unmodelled) radial torque component, such as Zealandia collision. Complicat-
ing this interpretation, is that fact that the MT model (which also includes the IBM, but
no intra-oceanic Kronotsky subduction) predicts a radial rotation component compara-
ble to plate reconstruction models (~ 18 °). From the numerical models, the effect of
Zealandia collision resistance cannot be reliably estimated.

6.2 The role of Zealandia collision

Our geometric analysis tells us about the inherent (geometric) capacity of differ-
ent plate boundary forces to generate tangential and radial torque components for a given
plate. However, it requires additional assumptions in order to compare the torque con-
tributions of different boundaries. For instance, if we assume an equivalent given force
density (i.e pull at the IBM and push in the Zealandia collision) we can say that the ra-
tio of the radial torque magnitudes on the Pacific Plate (at 47 Ma) would be about 3:1.

Investigations in numerous settings have concluded that collisional margins may
produce force densities equal to or larger than typical subduction related forces (England
& Houseman, 1986; Cloetingh & Wortel, 1986; England & Molnar, 2022; Reynolds et al.,
2002). Some of these estimates are based on the dynamics of the Himalayan System, in
which the GPE component of the collision resistance is large, and potentially inconsis-
tent with the Eocene Zealandia margin. However, significant Eocene shortening and up-
lift are recorded in Zealandia, such as ~ 12-15 km of motion of the Taranaki fault be-
ginning around 40-43 Ma (Stagpoole & Nicol, 2008), as well as the distributed Eocene
deformation of Zealandia that has recently been documented (Sutherland et al., 2020).
We also note that the modern day Zealandia Plate boundary (Alpine Fault - Southern

Alp System) is thought to transmit margin normal force densities of about 3 TN/m (Reynolds

et al., 2002; Sandiford et al., 2004). These magnitudes are similar to the typical estimates
of subduction-related forces discussed in Section 1.1.

Hence, the proposition of equivalent force densities between subduction and (e.g.
IBM) collisional margins (e.g. Eocence Zealandia) is certainly plausible. To reiterate,
based on our analysis for 47 Ma, equal force densities translate to a total radial torque
from the Zealandia boundary, that is about 1/3 that of the IBM. If we define first or-
der effects as effects that lie within an order of magnitude of the largest, the speculation
of Reyners (2013), appears to be reasonable. The caveat is that this relates only to the
radial torque, whereas changes in both radial and tangential motions of the Pacific seem
to facilitate the relative Pac-Aus pivoting. In this wider sense, we would suggest Zealan-
dia collision did not have first order effect on Pacific Plate motions.

7 Summary

The overarching problem addressed in the study relates to the pivoting (relative
motion) of the Pacific and Australian plates, around an axis lying within or close to Zealan-
dia, during the Eocene. We are motivated by the suggestion that collision resistance (po-
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tentially involving the Hikurangi Plateau) had a first order effect on plate motions (Reyners,
2013). In evaluating plate motions in this period, we draw particular attention to the
increase in the radial component of the (absolute) Pacific Plate motion at 47 Ma. The
pivoting (Pac-Aus) around Zealandia, is partly facilitated by this increased radial com-
ponent.

The geometric analysis allows us to compare how different plate boundary normal
forces contribute to the radial torques that may drive such a change. The geometric anal-
ysis highlights the fact that the Eocene IBM trench and the Zealandia margins were both
well oriented in terms of partitioning plate boundary normal forces into CCW radial torques
on the Pacific Plate. This is particularly so for Zealandia, which has a radial/tangential
torque ratio of ~ 1.5. Thus, if Zealandia did have a significant effect on Pac-Aus rela-
tive motion, the expression is expected to be largely in the radial component of Pacific
Plate motion.

The numerical models support the prediction of the geometric analysis, in terms
of the disproportionate effect of the IBM on the radial component of the Pacific motion,
but they do not provide a clear conclusion as to the role of Zealandia. This partly due
to the nature of that study - models are run both with and without the IBM at 47 Ma,
but all models contain the same structure along Zealandia (and it is certainly not guar-
anteed than this structure accurately represents the nature of that boundary, in partic-
ular it neglects the Hikurangi Plateau).

We show that for equivalent force density (i.e force per unit length; pull at the IBM
and push at the Zealandia collision) the relative impact of the two boundaries, in terms
of radial torque on the Pacific Plate, would be about 3:1. We have briefly addressed some
additional constraints on the typical relative magnitude of forces due to collision and sub-
duction. Based on these constraints, Zealandia may have contribute a first order order
effect, albeit only on the radial torque.

However, as we have shown, both radial and tangential changes in absolute Pacific
Plate motion appear to have facilitated Pac-Aus Euler Poles locating within or close to
Zealandia in the middle Eocene. Boundary normal forces along Zealandia have relatively
little impact on the Pacific Plate tangential torques, compared to the integrated effect
subduction margins. Hence, our analysis suggests that the onset of Pac-Aus pivoting at
47 Ma was a consequence of broader changes in the plate driving/resisting forces, rather
than being dominated by force arising from collision resistance across Zealandia.

Viewed in the absolute reference frame (relative to the spin axis), the location of
the Pac-Aus Euler Poles have remained quite stable since 47 Ma. In fact, since 47 Ma,
they have completed a circuit, first migrating ca. 1500 km eastwards then returning west-
wards, and currently lie within about 500 kilometers from the 47 Ma locations (i.e. red
triangles in Fig. 1, based on the Miiller et al. (2016, 2019) reconstructions). In this ref-
erence frame, Zealandia has drifted NW away from the location of the Euler Poles. Again,
this suggests that the location of the Pac-Aus Euler Poles has been a relatively stable
long term feature since ca. 47 Ma., and therefore probably dominated by long wavelength
structure of buoyancy in the mantle, to which Pacific Plate subduction provides a ma-
jor source.

8 Open Research

Plate motion reconstructions used in this study are available from https://www
.earthbyte.org/category/resources/data-models/global-regional-plate-motion
-models/. Geographical figures were made with GPlately (Mather et al., 2023). Veloc-
ity grids from numerical models of (Hu et al., 2022) are available at Caltech Data https://
doi.org/10.22002/D1.2150 (see original study).
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Figure S1. Cenozoic evolution of Pacific subduction margins from Miiller et al. (2016).
Colored arrows show the net force arising from each boundary segment, with a common
scale. The segmentation follows the structure of the underlying dataset. For instance, ar
some time periods (e.g. 40 Ma), the IBM (dark green arrows) comprises 1 segment, while
at other times it comprises 4 segments (20 Ma). The colors are the same as shown for
Fig. 4 in the main manuscript. The white arrow at the plate centroid shows the azimuth
of the equivalent force from the tangential torque due to subduction margin forces (not

shown to scale across different periods).
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Figure S2. Configuration of Pacific-Australia plate boundary in the Zealandia region at
47 Ma, based on Miiller et al. (2016). The colormap shows oceanic lithosphere age, and the
grey regions represent continental crust. The pink region shows approximate boundary of
the Hikurangi Plateau, based on Reyners (2013). At the time of onset of Pac-Aus pivoting
(47 Ma) we assume that the intra-continental part of Zealandia boundary had a length of
1000 km and was parallel with the Pacific Plate centroid direction, as shown by the thick

dashed black line.
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Figure S3. Pacific Plate velocity fields at 47 Ma, in absolute reference frame. Top
left shows velocity field from plate reconstruction of Miiller et al. (2016). Other panels
show velocity fields from global geodynamic models of Hu et al. (2022), labelled according
to that study. The Pacific Plate Euler Poles are shown with colored points. The solid
black line is the great circle that lies 90° from the Pacific Plate centroid (black cross).
Note that in all cases the plate structure shown is from Miiller et al. (2016), whereas the
“MN” and “MN-IBM” models of Hu et al. (2022) contain modifications to the Pacific

Plate boundary. At 47 Ma, these differences are minor however.
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Figure S4. Comparison between the radial component of the Pacific Plate rotation

vector (Wrag = @ - 7°.) shown in red, and the approximation of this value, based on the

angle between the Euler Pole and the plate centroid () shown in black.
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Figure S5. Comparison of Cenozoic Pacific Plate Euler poles in different absolute
reference frames. Original studies are Miiller et al. (2016); Wessel and Kroenke (2008);
Doubrovine et al. (2012); O'Neill et al. (2005). The reference frame from O’Neill et al.
(2005) is based in the Tristan Hotspots, as defined in the GPlates *.rot file from Miiller et
al. (2016). We highlight this particular frame, as it predicts Pacific Plate absolute Euler
Poles that lie very close to Zealandia. In all cases, the solid line shows the smoothed
trajectories of the hotspots, which gives a sense of the overall temporal trends. The
model of Wessel and Kroenke (2008) is a fixed Pacific Plate model, and hence in this
model the Pacific Plate motion does not depend on a relative motion chain that links the
Pacific realm to the Indo-Atlantic. Tﬁg I’lﬁ?ul7el," P2’812e:; ’inl‘él?e? a\%essel and Kroenke (2008)

reference frame have a small component of random noise added so that separation can be

seen between identical poles.



