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ABSTRACT:
It is recommended that the new datasets produced within the last 25 years to
describe plate motions should be used to calculate new global plate motion datasets for
general use. The widely used parameterisation of Euler rotations with amounts of angular
rotation relative to the present day (Total rotations) should be converted to a Cartesian
vector in R 3 parameterisation and combined using matrix calculus. It is also recommended
that a large, stable continental landmass is the best fixed reference frame for most tectonic
reconstructions provided that any internal deformation is able to be quantified and that the
hotspot reference frame may also be useful when combining crustal plate motion
reconstructions with geodynamic/whole earth reconstructions provided that relative motion
of hotspots due to mantle convection is carefully incorporated. It is important to update the
assigmnent of ages to magnetic anomaly picks to produce a consistent final dataset and to
publish details of how such anomaly age assignment was performed.
The main findings of this research are as follows:
A revised model for plate motions around the Indian Ocean since the Jurassic
calculated by combination of recent published data reveals significant changes to the
motion of the Indian subcontinent compared to previous models. In particular the motion of
India appears to be less extreme and erratic than previously thought and peak velocities
only occur immediately after separation of the Indian subcontinent from Gondwana and just
prior to engagement of the leading edge of the Indian plate with a series of intra-oceanic
subduction systems in the neo-Tethys ocean in the late Cretaceous-Early Tertiary. A major
slowing of the Indian plate that had previously been interpreted as a direct result of collision
between the Indian and Asian continental landmasses could have occurred up to 12 million
years earlier than this collision event (in the period 62.5 Ma to 51.7 Ma). This slowing of
the relative motion rate is most probably related to a change in the balance of plate-driving
forces resulting from continent-microcontinent collision in the present-day NW Himalaya.
Furthennore, the relative motions of India and Asia have been very constant in both
direction and magnitude over the last 20 million years indicating the present-day high
elevation of the Tibetan Plateau may already have been attained by the early to middle
Miocene, and only the amount of shear coupling along the subduction interface has varied
in order to produce the varying structures developed in the overriding plate since that time
A revised model for motion between the Pacific and Australian plates was used to
plot the relative positions of major features (such as the New Zealand and Australian
continental landmasses) on the two plates over time by Dr. W.P. Schellart These positions
were used as boundary constraints for the reconstruction of the motion of tectonic elements
in the intervening regions (oceanic plateaus and continental crust fragments in the Tasman
Sea the SW Pacific). The revised motion model was also used to calculate relative rates of
plate motion for comparison with geodynamic models. These motion rates were slow
enough that episodic retreat and advance of the subducting plate hinge was geodynamically
likely during the past 100 million years. It is recommended that calculation of such relative
plate motion rates must take into account the location of the point for which the relative
motion rates are required, as the maximum relative motion rate will not necessarily occur at
a point that is located within the actual plate boundaries.
The tectonic reconstruction computer program PlatyPlusPlus can be successfully
used to perform tectonic reconstructions using the revised datasets. Postscript output from
this program is particularly useful as it can be modified in standard drawing packages.
PlatyPlusPlus can be used to model defonnation of, for example, continental landmasses by
representing crustal mass or volume by a distribution of points however this facility is
presently most useful as a visual aid and is not yet suitable for quantitative analyses . The
ability of PlatyPlusPlus to accept relative motion file data will greatly reduce the amount of
processing and manipulation of rotational data required to perform tectonic reconstructions.
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Chapter 1: Introduction
CHAPTER 1: INTRODUCTION

1.1 Motion Analysis in Plate Tectonics

With the advent of Plate Tectonic theory (Dietz, 1961; Hess, 1962) geologists were
provided with an excellent tool to explain a wide range of geologic observations and
experimental results.

The descriptive geometry of plate tectonics is beautiful in its

simplicity (e.g. McKenzie and Morgan, 1969), although the quantitative analysis is not
always so.
Although it is possible to perform tectonic reconstructions using only a stereonet
and tracing paper (e.g. Cox and Hart, 1986), it is far easier to deal with large amounts of
data and complicated tectonic histories using computers.

In the last four decades

various attempts have been made to produce computer programs that can be used to
carry out tectonic reconstructions. The ATLAS program, developed at Cambridge
University, was one of the first pieces of scientific software available for this purpose;
this program is still available through Cambridge Palaeomap Services Ltd.
(http://www.the-conference.com/CPSL/main.htm).
Geophysics,

University

of

A team

at the Institute

Texas

(http://www.ig.utexas.edu/research/projects/plates/plates.htm)

at
created the

of

Austin
PLATES

program that has been widely used in published reconstruction work over the last two
decades. Other reconstruction programs that have been created include GMAP 2001
(http://www.geodynamics.no/ gmap/GmapHelp2001.htm), the Palaeogeographic Atlas
Project (http: //pgap.uchicago.edu/) and various software available through the Paleomap
Project (http://www.scotese.com).

A new open-source program known as Gplates,

which will be able to link tectonic reconstructions and geodynamic models, will be
available in early 2006 (http://www.gplates.org/).
The above programs are all very useful for 'classical' tectonic reconstructions in
which plates and continents are treated as rigid objects, however there are limits to their
usefulness when analysing real geological situations, where plates are subject to internal
deformation (e.g. Cande et al. , 2000; Royer and Chang, 1991) and plate boundaries are
not fixed with respect to plate interiors (e.g. Schellart, 2003).

Hence a tectonic

modelling program called PlatyPlusPlus was developed in partnership between the
Australian Crustal Research Centre (ACRC) at Monash University, and the Victorian
Partnership

for

Advanced

Computing

(VPAC)

(www.vpac.org/PlatyPlusPlus).
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PlatyPlusPlus has the ability to deform geological objects as well as carrying out
'classical' reconstruction tasks.

1.2 PlatyPlusPlus and Tectonic Reconstructions

The initial reason for carrying out the work described in this thesis was to
provide input parameters so that tectonic reconstructions could be performed using
PlatyPlusPlus.

Although a previous version of the program (PlatyPlus) has been

available for approximately 4 years, during which time it has been successfully used to
perform tectonic reconstructions (e.g. Rosenbaum et al., 2003), the more graphically
advanced PlatyPlusPlus program has been under continuing development over the past
two years.

During this time, the programmers have ~orked to build into the new

version certain capabilities that are necessary for a reconstruction program to be useful
to geologists. I have provided input into the development process, both by providing
test cases for calculations performed by the program and by providing ideas for
necessary program capabilities.
At the time that I commenced this work, PlatyPlusPlus had not yet been
programmed to accept input of relative motion data (further description of this type of
data can be found in Chapter 2 of this thesis); therefore I have carried out most of the
calculations here using a series of Microsoft Excell spreadsheets. PlatyPlusPlus has
recently been updated to accept such input data, and now these spreadsheets can be used
to test the calculations performed by PlatyPlusPlus.

1.3 Revision of Plate Motion Calculations

The primary data used in reconstructing the relative motions of tectonic plates
and features on the surface of the earth are the positions of magnetic anomalies and
fracture zones on the ocean floor. During the last 10 years, availability of increasingly
high resolution magnetic (e.g. Schreider and Schreider, 2001 ), and bathymetric data
from

the

ocean

floor

(Smith

and

http://www.ngdc.noaa.gov/mgg/image/2minsurface)

Sandwell,
has

1997;

allowed

also

geoscientists

see
to

determine the positions of marine magnetic anomalies and fracture zones with greater
accuracy.

This position data has been used to calculate more accurate rotation

parameters for the relative motions of tectonic plates. The high-resolution graphical
display abilities of modem computers also highlight any gaps or misfits in the existing
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data, and many issues identified in this way have been addressed in recent publications
( e.g. Cande et al., 2000).
The application of advanced computer systems to processing and display of the
available data continues to drive a quest for better data. Since the plate motion data
derived from this information from the ocean floor is often used as input to complicated
geodynamic models (e.g. Beaumont et al_., 2001; Replumaz and Tapponnier, 2003), it is
important to have highly accurate information.
Unfortunately much of the new data is only calculated for isolated areas (e.g.
Royer et al., 1997; Srivastava and Roest, 1996; Hall et al., 1995). The work described
in this thesis has been undertaken in order to combine and synthesise some of the new
data, so that it will be available for future use. To illustrate some of the potential uses
of the revised data, I will present cases where revised data has been applied to further
understand geological problems and as model inputs.

1.4 Previous Revised Plate Motion Studies

There are some notable recent examples where revision of plate motion data has
allowed new and exciting interpretations of tectonic histories and processes to be made.
Rosenbaum et al. (2002) carried out revised plate motion analyses which illustrated that
the changes in plate motion rate between the African and Eurasian Plates were much
less extreme than indicated in previous studies, varying only from O to 20 km Myr- 1,
rather than from 10 to 80 km Myr- 1• The relative motion rates had a distinct periodicity,
with two major episodes of very slow convergence. The authors recognised that the
first of these periods occurred soon after ophiolite emplacement events that have
previously been taken as evidence of a collisional event between Africa and Eurasia.
The second corresponded to a time when back-arc extensional processes were
particularly active in the intervening Mediterranean Sea basins. They recognised that
slow convergence rates can theoretically promote back-arc extension. Thus by revising
the plate motions they discovered a real example where this theoretical process may
have occurred.
A similar process is inferred for the back-arc basin formation on the eastern
margin of Eurasia behind the Pacific-Eurasian plate boundaries (Northrup et al., 1995).
Here revision of plate motion and convergence rates illustrated that the age of formation
of the basins was mostly coincident with periods of very slow convergence between the
Pacific and Eurasian plates.

3
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Revised studies of the motions of plates and hotspots in the Pacific basin have
been carried out in order to understand the origin of the 43 Ma bend in the HawaiianEmperor seamount chain (see Figure 2.2).

The revised model of Norton (1995)

indicated that the hotspot forming this seamount chain was not fixed with respect to the
remainder of the hotspots on the Pacific plate prior to 43 Ma and that no major change
in Pacific plate motion occurred at the time of the bend in the chain.

Steinberger and

O'Connell (2000) combined models of the effect of mantle flow on hotspot motion with
true palaeomagnetic polar wander of the order of 5 degrees and plate motion data, to
show that inter-hotspot motion did occur, but was of lower magnitude than proposed by
Norton (1995), and hence the bend in the Hawaiian-Emperor seamount chain must
result from a change in motion of the Pacific plate. By further revision of plate motions
in conjunction with models of mantle flow, Steinberger et al. (2004) determined that,
while a > 1cm yf 1, south( east)ward motion of the Hawaiian hotspot relative to the
Pacific plate explains its position in the last 4 7 million years, additional plate motion
over that presently detennined must have occurred in Antarctica between 65 and 47 Ma,
and in the New Zealand region on an unrecognised boundary in the period 83 to 65 Ma,
to account for the position of the hotspot at these times. This indicates that future
revisions of southwest Pacific plate motions are needed.

1.5 Thesis Structure

The methods employed to revise plate motion data are detailed in Chapter 2 of this
thesis. I have applied these methods to two different case studies.

In Chapter 3 I

outline a revision of the motion data for tectonic plates in and surrounding the Indian
Ocean. This was, in part, carried out so that good quality boundary constraints are
available for future reconstructions of the closure of the Tethys Ocean and the IndiaAsia collision. I have considered how the revised motion data in this case can be used
to analyse the forces driving the motion of the Indian plate. Revised plate motions
between the Pacific and Australian Plate were carried out at the request of Dr. W.P.
Schellart of the Australian National University who used them as input for
reconstructions of the Southwest Pacific region. I also analysed the rates of relative
motion in this area to elucidate his geodynamic hypotheses based on fluid dynamical
modelling. This work is described in Chapter 4. Chapter 5 comprises an examplebased user guide for the PlatyPlusPlus program and may be useful as a stand-alone
document.

The examples deal with modelling deformation during the India-Asia
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collision, and describe a test case for implementation of relative motion files in
PlatyPlusPlus that will allow future users to test the abilities of the software package as
it is further developed.

In Chapter 6 I summarise and discuss the relevance and

scientific contribution of the work undertaken during these studies and propose ideas for
future research in this field.

5
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CHAPTER 2: METHODS
2.1

Introduction
The motions of tectonic plates occur on the surface of a spherical globe,

therefore they are subject to Euler's fixed point theorem which states that any motion of
a rigid body on the surface of a sphere may be represented as a rotation about an
appropriately chosen rotation pole, called an Euler pole (Le Pichon et al., 1973). The
orientations of transform faults and spreading ridges have a simple geometrical
relationship to the location of the Euler pole that can be used to determine the
orientation of relative motions between oceanic plates (McKenzie and Parker, 1967).

2.2

Determining Plate Motion Parameters from the Geological Record
There are a number of possible methods to determine the location of the Euler

pole about which one tectonic plate moves with respect to another. Three of these
methods are described below. In the later two methods, the rate of relative rotation of
the plates about the Euler pole is also determined.

2.2.1 Method 1: Geometric relationship of ridges and transform faults to Euler poles
Wilson, ( 1965) and Wilson, (1968) introduced the concept that "great faults" (now
commonly known as

faults)

occur

on

transform '

two

Eule r .Pole of Rotation

Rdativc rotation of
Plate 13 with respect to
Plate A reference fr:1mc

plates

bounding a spreading ridge where
there is no component of relative
velocity perpendicular to the fault
strike. Hence the strike of the fault
must be parallel to the relative
velocity vector between the two

Tmnsforrn faul1
I

plates, and all faults common to the

//
/

two plates must lie on small circles

I

PLATE B

/l

/ I

concentric about the Euler pole of

/. Crreat Circle

relative motion. The location of the
Figure 2.1: Idealised spreading ridge and transform fault

Euler pole can be determined from configuration, illustrating the relation ship of the orientation of
the intersection point of the great

these features to the location of the Euler pole of relati ve
rotation between Plates A and 8.
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circles perpendicular to the azimuths of measured transform faults that describe the
same rotation (Wilson, 1968). If relative plate motion occurs perpendicular to the strike
of a spreading ridge, then the ridge will be aligned along a great circle through the Euler
pole (Figure 2.1 ). Wilson, (1968) recognized that the relative motion between the two
plates does not necessarily occur perpendicular to the strike of spreading ridges,
however offset of the spreading ridge segments by transforms probably results in an
average orientation close to parallel to the relative motion between the two bounding
plates (Cox and Hart, 1986).

Thus the point of intersection of great circles through a

number of ridge segments is approximately the location of the Euler pole.

2.2.2 Method 2: Fitting angular velocity profiles along spreading ridges

Magnetic and, to a lesser extent ferromagnetic, materials in magmatic rocks formed at
spreading ridges record the orientation of the earth's magnetic field at the time at which
they cooled through the Curie point (;:::;580°C and 675°C for common magnetic minerals
magnetite and hematite respectively; (McElhinny and MacFadden, 2000; Butler, 1992).
The basaltic layer (Layer 2) of oceanic crust formed by magmatism at spreading ridges
therefore records the orientation of the Earth's magnetic field, which has been
periodically reversed or normal with respect to its current orientation over at least the
last 200 Million years (Cande and Kent, 1992; Gradstein et al., 1994).

Blocks of

normal and reverse magnetised material are formed aligned parallel to the crest of
spreading ridges, and these blocks drift away from the centre of the ridges in the
direction of spreading (Vine and Matthews, 1963). By correlation with the geomagnetic
polarity timescale the magnetic anomaly patterns of the ocean floor can be used to
constrain the age at which particular segments of the transform faults were formed. The
spreading rate (relative velocity) between two plates at any point along their common
boundary is related to the great circle distance of the point from the Euler pole by the
equation

v

= m · RsinB

where v = velocity tangent to the surface of the sphere at that point
w = angular velocity of relative plate motion

R = radius of the earth
8 = angle between the point and the Euler pole in radians

7
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In the ideal situation, a plot of spreading rates at points along the boundary, calculated
from the offset of magnetic anomalies, against distance from the Euler pole will be a
symmetrical sine curve.
rotation.

This type of data can be fit to find the Euler pole for the

In the non-ideal situation spreading occurred oblique to the great circle

through the Euler pole, and the velocities determined by this method are less than the
true value indicated by the equation above.

Thus this data should be used only in

conjunction with knowledge of the trend of transform faults and their relation to the
apparent spreading direction (Cox and Hart, 1986).

2.2.3 Method 3: Matching offset features across plate boundaries

A third method that can be used to determine the location of the Euler pole is by fitting
of the shape of magnetic anomalies or continental outlines on two plates that previously
bounded the same spreading ridge. McKenzie and Sclater, ( 1971) described a method to
determine this rotation by fitting a trial Euler pole that minimised the area between the
observed and modelled positions of the features.

Most bathymetric and magnetic

anomaly data was collected from ships; hence only discrete points along these features
are known where they have been intersected by the lines of data collection runs. An
improved method for fitting such data was suggested by Hellinger, ( 1981 ), in which the
best fit rotation is computed by minimising the sum of the misfits of conjugate sets of
magnetic anomaly and fracture zone data points with respect to individual great circle
segments (least-squares fit). This is the method that is most commonly employed in
modem analyses of plate motions.
The path followed by a feature as it
1s rotated around the Euler poles for a
relative plate motion will consist of a series 50°N
of small circle segments.

Long, gently

curved segments, called tracks, occur on a

40·:i N

motion path where the Euler pole is located
far from the feature, and there are no major
changes in relative plate motion.

Short,

300

N

20}N

sharply curved segments or sharp bends,
160°E

termed cusps, occur where the Euler pole is
located close to the segment, or where two
differently orientated gently curved segments

1 70°E

180°E

17o·~ w

160(W

Figure 2.2: Bathymetric map of the central
north Pacific (after Smith and Sandwell,
1997) illustrating the Hawaiian and Emperor
seamount chains (Hawaiian-Emperor
hotspot track) and the appearance of a cusp.
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of the motion path intersect. The existence of cusps indicates an episode of major plate
motion change. An example is the meeting point between the Hawaiian and Emperor
seamount chains (Figure 2.2).

2.3

Finite Rotations

Since the data that is used to determine rotation parameters in plate tectonics is
usually only available for discrete time steps ( e.g. the boundary of a polarity interval in
the geomagnetic record), the rotational parameters derived are finite rotations of a
certain angular distance about an Euler pole.
There are a number of possible parameterisations of a finite rotation (Chang et
al., 1990). These include:
1) Pseudo-spherical coordinates, as suggested by [Bullard, 1965 # 164 ],
comprising the latitude and longitude of the rotation axis on the Earth and
the angle of rotation [A,cp,Q]. The rotation angle can be substituted by the
rotation rate, co, in° Myr- 1 (Le Pichon et al., 1973).
2) The Cartesian coordinates of a vector of length equal to the rotation angle,
and orientated parallel to the axis of rotation [E, or (r1, r2, £3) - a column
vector in R 3] (McKenzie and Parker, 1967; Morgan, 1968).
3) Three Euler angles [cp,8,\V] which are angles of rotation about an axis
equivalent to Z in the Cartesian system, followed by a rotation about the X
axis, then again about the Z axis (Le Pichon et al., 1973). The coordinates .
system may transform with each rotation ( as suggested in the original
definition of Bunge, ( 1965) or may remain fixed in its original position.
4) Unit quaternions of Hamilton, ( 1969) as suggested by Francheteau, ( 1970);
(Le Pichon et al., 1973) [q or (q 0 , q 1, q 2 , q 3 ) - a unit column vector in fourspace, or four values limited by one constraint)].
Most of the published literature uses parameterisation ( 1) to represent the
location of the Euler pole and rotation; however it is computationally simpler to use
parameterisation (2) (Cartesian vector in R3). This Cartesian parameterisation is also
employed in the published literature for description of errors in the rotations; mostly
because there is no variation in the area represented by the unit of measurement with
changes in latitude (i.e. 1° of longitude at the equator represents a much larger region
than 1° near the north pole; hence error ellipse parameters at the two locations would
not be numerically comparable if given in pseudo-spherical notation).
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In the analyses reported here,
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Figure 2.3: Rela tionship of Cartesian coordinate system a.xes
to rhe geographic reference frame

n can be left out of these equations to give an unscaled unit vector (e1,

e 2 , e 3 ) in the direction of the rotation pole.

The action of a finite rotation on any position vector [v, or (v1, v2, v3) - a column
vector in R 3) can be described by multiplication of the vector by a 3x3 transformation
matrix, called a rotation matrix:

11R12

A

B

The rotation described by this matrix is that which translates an object B in a
reference frame fixed to object A at time t1 to its position at time t2 (where times in the
past are positive). If t1 = 0 this is a total reconstruction rotation; if t2 = 0 this is a total

forward motion rotation (Figure 2.4). The symmetrical rotation matrix is derived using
Rodrigues' Formula (Shabana, 1998) and consists of the following elements, which are
derived from the Cartesian components of the direction vector of a rotation presented in
parameterisation (2):

e1e,(l-cosn)+cosn e2e,(l-cosn)+e3 sinn e3e,(l-cosn)+e2 sinnl
e 2 e 2 (1-cosn)+cosn e 3 e 2 (1-cosn)+e 1 sinn
3 sinn

~R12 = [ e,ejl-cosn)+e

e1e3(l-cosn)+e2 sinn e2e3(l-cosn)+e, sinn

e3e3(l-cosn)+cosn
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The location of a total/finite (reconstruction or forward motion) Euler pole is the
only point that remains fixed with respect to both plates as they undergo a relative
rotation. Each rotation is described in a frame of reference fixed with respect to plate A
at time tl. When total reconstruction or forward motion rotations are considered (tl
or t2 = 0):

11R12 _ -(t2R11)
ABAB

an

d

11R12 _ -( 11R12)
ABBA

where a negative rotation is one where the opposite angular motion is applied around
1

the same Euler pole (and is equal to K and RT). This is not the case for stage rotations

2.4

Stage Rotations
Fuk,r l'nl11 Llf Roin!i,,11
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position. For the rotation denoted
by:

11R12
A B

if t1, t2 -f:. 0, the Euler pole and angle of the rotation define a stage rotation.
Engebretson et al., (1984) first described the method used to determine a stage rotation.
It is specifically designed to be used where a magnetic anomaly profile is only
11
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preserved on one plate (usually the plate formed on the other side of the spreading ridge
was destroyed by subduction, e.g. the Phoenix Plate, which was subducted beneath New
Zealand in the Cretaceous (Hilde et al. , 1977).

Stage rotations are also useful to

describe motions about spreading ridges that became extinct at some past time. For
stage rotations derived from a subducted spreading ridge, in order to obtain relative
rotations between the existing and the now-destroyed plate, it is assumed that spreading
occurred symmetrically around the ridge. This is not always the case as shown by the
maps of asymmetry of crustal accretion of Muller et al., (1993a), but without some
proof of asymmetrical spreading, the synimetrical situation is assumed.
Any attempt to relate a stage rotation to what was happening on the plate on the
other side of the spreading ridge must first remove the effect of any subsequent rotation
on the position of the stage pole.

Once this is done, stage poles determined from

spreading patterns of either of the two plates will be co-incident. This concept is well
illustrated in Fig. 7.2 of Cox and Hart, (1986) and Fig. 5.14 of Keary and Vine, (1990)
and the reader is directed to these texts if further explanation is required. As a result of
the changes in location of stage poles by subsequent rotations, generally:

,1R,2 _ -('2 R'i)

AB-AB

b t

,1R,2

UAB

-::f:.-('1R,2)
BA

although the absolute size of the rotations will always be equal.

2.5

Combining Rotations
Like

any

affine

(i.e.

preserving

co-linearity

and

ratios

of distance)

transformation matrix, the successive action of a number of individual rotations can be
described by an overall rotation matrix that is the dot product of the individual rotations.
For example, if two rotations (R 1, then R 2) are applied, the resulting matrix, R1 is found
from:

R3 ==R2 ·R1
Note that the first rotation to be performed (R 1) is listed second in the above equation.
Stage rotations

can be applied successively (multiplied) to find

total

reconstruction or forward motion rotations. Due to the non-commutability of matrix
multiplication, only the following equations are valid:
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11R13

A

13R11

A

2.6

12R13 11R12

B == A

B ·A

B

12R11 t3R12

B == A

B ·A

B

where tl may = 0
where t1 may = 0

Interpolation to Determine Intermediate Rotations

It is often necessary to calculate the rotation parameters for a time (e.g. 30Ma)

for which data is not directly available. It is possible to interpolate between known
rotations for times older (say t3) and younger (say tl) than the desired time (say t2). It
is assumed that the angular rotation rate during the period tl to t3 remained constant.
The stage pole for this rotation is calculated by:

t1 R'3 _ tlRtO JO Rt3
A B -A B A B

then a portion of that stage rotation is added to the total reconstruction pole for the older
(t3) or younger (tl) time. Two possible equations give the total finite rotation for time
t2:

JR~2 ==(((t3-t2)!(t3-tl)}~R~ }~R1
JRi == (((t2-tI)!(t3-tI)}~R1 }~R1
The first of these two equations was used in the analysis reported here.

2. 7

Errors in Pole Locations and Reconstructions
Each of the three methods to determine rotations between plates described in

section 2.2 results in a different kind of error in the location of the best-fit Euler pole.
The error distribution in all methods used to be portrayed as a 95% confidence ellipse
centred on the best-fit pole.

If the pole was found by fitting of great circles

perpendicular to the azimuths of measured transform fault trends, the error ellipse is
elongated along the great circle between the best-fit pole and the mean of the fitted data
points.

If the sine curve fit of the spreading velocity is used, the error ellipse is

elongated perpendicular to this great circle. Therefore analysing both these kinds of
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data for any situation minimises the error (Cox and Hart, 1986). However, as most
modem analyses fit a number of fracture zone and anomaly intersection points, rather
than velocity data, these sorts of error ellipses are not common in the literature.
Since finite rotations are affine transformations, the errors associated with them
become increasingly non-linear with increasing size of the rotations (Stock and Molnar,
1983). Stock and Molnar, (1983) suggested the size of these non-linear uncertainties
could be quantified as follows: after the data had been reconstructed using the leastsquares fit method of Hellinger, (1981) the misfits of the reconstructed data could also
be fit by small rotations that either misfit the fracture zones, the anomalies, or skewed
the entire data set. These were termed partial uncertainty rotations. Any features that
were rotated around the best-fit pole (e.g. a continent boundary) could also be rotated
around the partial uncertainty poles, giving the errors in the location of the rotated
feature. The locations of the partial uncertainty poles describe an ellipse around the
best-fit pole of rotation (Molnar and Stock, 1985).
A more rigorous method that continues to be used in present day analyses was
described by Chang et al., (1990). It is once again based on finding the best estimate of
the reconstructing rotation using the least squares fit method of Hellinger, (1981 ). The
uncertainty is described by a covariance matrix, which is approximately derived using
common statistical theory from a vector in the direction of the Euler pole for a rotation,
with length equivalent to the size of the rotation, that maps the best-fit rotation onto the
true rotation pole for each data point. ( Covariance = the average of the products of the
deviations of feature values from their means). Kirkwood et al., (1999) review the
methods to determine best-fit rotations between plates, describe in detail the estimation
of errors in seafloor data, and provide new methods to combine errors (in the form of
covariance matrices) for a number of successive finite rotations, with particular regard
to combination of rotations based on different data distributions. They also discuss the
mathematical relationship between the covariance matrix and the partial uncertainty
rotations of Stock and Molnar, (1983). Software to perform their statistical analyses is
available via anonymous ftp from www.stat.virginia.edu.
Most of the authors of the finite rotation parameters that I have used for
calculations in the following chapters do not provide estimates of the errors is their data
(Collet et al., 2000; Cowles, 2000; Kiltgord and Schouten, 1986; Lawver and Scotese,
1987; Marks and Stock, 2001; Marks and Tikku, 2001; Muller et al., 1990; Norton,
1995; Roest et al., 1992; Royer and Sandwell, 1989; Srivastava and Roest, 1989;
Srivastava and Roest, 1996; Srivastava et al., 2000; Torsvik et al., 2001 ), hence I could
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not attempt to calculate a total error for each resultant rotation pole without first
estimating these missing errors. This would be best done by studying the original data
from which the rotation parameters were derived, and represents a large body of w ork in
its own right, which would greatly exceed the time constraints and scope of the present
study.

I recommend that this work should be undertaken in the future , using the

methods described by Kirkwood et al. , (1999).

2.8

Plate Circuits
Plate circuits are a fundamental concept used when calculating relative plate

motion parameters from magnetic anomaly and other relative motion data. Since it is
only possible to calculate relative rotations from this data across past spreading ridges,
of two plates that do not have a common spreading ridge (either because they are not
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adjacent or because the only common boundary is a subduction zone), it is necessary to
find the rotation of both plates relative to a common intervening plate or plates.
Possible links in modem plate circuits, corresponding to spreading ridges, are shown in
Figure 2.5.
An example of the use of a plate circuit is to find the relative motion between the
Pacific and the Nubian plates in the Nubian plate reference frame.

In this case the

rotation parameters of the Pacific plate relative to the Antarctic plate; and of the
Antarctic plate relative to the Nubian plate would be found by reconstructing magnetic
anomaly patterns and other seafloor data .. These two rotations would then be combined
using either vector addition for. instantaneous motion data (i.e. where the angular
rotation rate, w is known), or matrix multiplication for finite rotation data (i.e. where the
total rotation, n, is known).
For the finite rotation calculations, since each rotation describes a motion
between two plates (say the Antarctic and Nubian) in a reference frame fixed to one of
the plates (say the Nubian), any subsequent motion of the Antarctic plate with respect to
the Nubian plate will also move the Pacific-Antarctic Euler pole. It is computationally
simplest to calculate a combined rotation which first performs the rotation about the
Euler pole for Pacific-Antarctic relative motion, then performs the rotation about the
Euler pole for Antarctic-Nubian relative motion, rather than to recalculate the position
of the Euler pole after this rotation.

In effect, this observation defines the order in

which rotation matrices should be multiplied to find a combined rotation pole:

0 Rtl
ORtl
ORtl
NUB PAC=NUB ANT ANT PAC
0

The resulting rotation will be the total rotation for the Pacific plate in a reference
frame fixed to the Nubian plate.

As a general rule, such plate circuit rotations are

performed towards the fixed plate (i.e., in a series of combined rotations, the one
furthest from the fixed plate has to be performed first, then the next closest and so on).

2.9

Frames of Reference

It can be useful to describe a set of global plate motions relative to a single
reference frame, rather than listing all relative motions between plates. Possible frames
of reference are described in the following section so that they can be assessed for use in
the plate reconstructions that are discussed in this thesis.
16

Chapter 2: Methods
2.9.1 Hotspot reference frame
Morgan, ( 1971) proposed that the hotspots remained fixed with respect to each
other over geologically long periods of time. Magma feeding the formation of hotspot
volcanoes was derived from mantle melting; therefore the volcanic seamounts

that

formed as this magma is erupted through the overlying crust occur in linear chains that
became progressively older further from the hotspot due to motion of the crust over the
mantle source.

The hotspot tracks describe small circles around the Euler poles of

rotation for the motion of the overlying plate. Based on this theory, relative motions
between plates that are calculated from the orientation of spreading ridges and offset
magnetic anomalies have been re-calculated relative to a "hotspot" reference frame that
was assumed to remain fixed relative to the deep mantle (e.g. Engebretson et al., 1985).
Due to revisions of the plate motion circuit it has more recently been proven that
there is relative motion between hotspots located in different sectors of the globe. For
example, the Pacific and Atlantic Ocean hotspots show up to 30 mm yf 1 relative motion
(Gordon, 1997; Tarduno and Gee, 1995).

Changes in palaeomagnetic declinations

recorded in the Hawaiian-Emperor seamounts indicate this hotspot migrated southwards
by at least 14° of latitude over the last 75 Million years (Tarduno et al., 2003). Plate
motion data derived from fracture zone trends and magnetic anomaly fitting also do not
support a fixed position for this hotspot over the Cretaceous period (Norton, 1995).
There is debate about the depth within the mantle that magma to feed hotspots is
derived from. This is particularly important if the hotspots are to be used as a reference
frame, as one could suppose_ that if magma is derived from different regions of a
convecting mantle, the resulting hotspots would be very likely to move with respect to
one another. Plumes are supposedly derived from the lower thermal boundary layer of
the mantle and retain long-lived 'tails' that continue to erupt magma long after the
plume head has reached the surface (Duncan and Richards, 1991 ).

The Hawaiian-

Emperor hotspot probably represents such a plume (Courtillot et al, 2003), however
some authors (e.g. Anderson, (2005) argues that many other in trap late volcanoes form
in response to intraplate tensional stresses associated with the forces acting on present
plate boundaries and represent shallow, passive upwellings from the upper mantle (see
also: Solomon and Sleep, 1974; Favela and Anderson, 2000).
It is possible that hotspot tracks may still be used to determine plate motions in
certain segments of the globe within the limits of accuracy of our current description of
plate tectonics (e.g. Muller et al., 1993b ). However, the continuing debate about the true
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'fixivity' of the hotspots means that they cannot be considered a reliable reference
frame.

This is unfortunate, as some revised plate motion data is only presented as

rotations relative to the hotspot reference frame (e.g. Muller et al., 1993b ), and cannot
therefore be used in deriving many of the revised models presented here.
There are also limitations to the accuracy of rotational parameters that can be
derived from the analysis of hotspot tracks. The duration of volcanic activity for a
typical Hawaiian volcano is estimated to be approximately 1.4 Ma (Guillou et al.,
1997), thus the error in the age of hotspot volcanism at any particular seamount must be
assumed to be at least this large. In addition, the motion path determined from hotspot
tracks may be artificially smoothed if there is no hotspot located at a cusp in the motion
path. · However, it could be argued that the error resulting from such cases is no larger
than that resulting from inability to determine the exact fracture zone trends during
changes in plate motions. The oldest oceanic hotspot volcanoes are approximately 130
million years old (Walvis Ridge hotspot; Muller, 1993b).

Some hotspots piercing

continental crust are older (e.g. the Permian-Triassic boundary Siberian Traps; Renne
and Basu, 1991 ), however the continental masses they are hosted in have undergone
poorly quantified amounts of deformation with respect to the surrounding oceanic plates
since hotspot formation, and the hotspots are usually erupted over a large area,
introducing large position errors into plate motion calculations. Also, eruption through
thick continental crust (as opposed to thin oceanic crust) means the motion of the
hotspot 'plume' may be greatly affected by the motion of the overlying plate as the
magma may reside in the crust for some time before being erupted to the surface. For
these reasons continental hotspots are not a reliable reference frame.

Plate motions

therefore cannot be reliably related to a fixed hotspot reference frame for any time
earlier than approximately 130 Ma.
Despite the above limitations, the hotspot reference frame is useful if the
reconstructions are to be related to geodynamics of the lithosphere and mantle.

In

recent years, models of the effect of mantle flow on the motion of plumes and hence the
locations of hotspots have been constructed (Steinberger and O'Connell, 1998; 2000).
These authors have also convincingly shown that hotspot locations can be reasonably
well predicted by these models (e.g. Steinberger et al., 2004), and hence it may soon be
possible to constrain a 'no net rotation' reference frame for the whole earth. Of course,
a published correlation of motion of one (or more) large plates, such as the Pacific and
Atlantic plates, to this reference frame would be required for this reference frame to be
of use to the wider geoscientific community.
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2.9.2 No net torque reference frame
Solomon and Sleep, (1974) and Cox and Hart, (1986) suggest that a frame of
reference may be defined where no net torque is exerted on the mesosphere by the set of
plates that comprise the lithosphere or vice versa. This reference frame moves with the
mean velocity of the mesosphere (Solomon and Sleep, 1974). In order to calculate the
motion of the lithospheric plates with respect to this reference frame, the plate torques
are integrated over the surface of the plates. This means that this reference frame is
very useful for description of current plate motions, but is more difficult to constrain for
past plate motions since it requires knowledge of the exact plate boundary
configurations and relative plate motions at all times. Hence this reference frame will
not be used in description of the revised plate models presented herein.

2. 9.3 Geomagnetic pole reference frame
Palaeomagnetic studies of magmatic and sedimentary deposits have yielded
numerous measurements of the relationship of these rocks to the location of the Earth's
geomagnetic field back to the Pre-Cambrian (Cox and Hart, 1986). The location of the
mean palaeomagnetic pole is co-incident with the location of the geographic North Pole.
It is possible to define an apparent polar wander path for all of the major continents and
plates, and many minor ones ( e.g. Van der Yoo, 1993).

The globally average

palaeomagnetic pole location could well be used as a fixed reference frame. Individual
plates may have moved with respect to this frame, however their motions relative to the
frame can be found by determining the rotations that are required to obtain coincidence
between their apparent polar wander paths and the global true polar wander path. The
inverse of this method was recently used by Besse, and Courtillot (2002) for a new
determination of 'true polar wander'; ie. a globally consistent motion of the
geomagnetic pole with respect to the geographic frame.
There are two limitations to this method: Firstly, as the true polar wander path is
determined from the apparent polar wander paths of various continents, related through
rotational parameters derived from magnetic anomaly and other seafloor data,
calculation of rotational parameters from the fit of true and apparent polar wander paths
is a circular argument.

Secondly, palaeomagnetic poles can only record the

palaeolatitude relative to the geomagnetic pole.

There is no way to determine the

palaeolongitude from this method, as the geomagnetic dipole field is identical at all
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points along a small circle of equal latitude on the Earth's surface. Hence any amount
of rotation around the location of the palaeomagnetic pole at that time is possible
(although this situation would be highly coincidental). Scientifically viable fitting of
apparent polar wander paths of different continents can only be carried out in
conjunction with use of relative plate motions determined from sea-floor spreading.
Despite this possible (but hardly significant) source of error, the real reason the mean
palaeomagnetic reference frame is not used here is because it is computationally far
more labour intensive, requiring analysis of large sets of palaeomagnetic data, and it is
not widely used in the literature for the Jurassic and younger time periods used in these
studies.

2. 9. 4 Fixed-plate reference frames
It is also possible to define reference frames that are fixed with respect to one of
the lithospheric plates. Plate motions that are calculated relative to one plate can be
related to any of the previously described reference frames by:
1) Calculation of the relative motion between the fixed plate and a plate with
known hotspot-relative motions
2) Calculation of all plate configurations and motions and hence calculation of the
no net torque reference frame
3) Examination of the fit of the apparent polar wander path of the fixed plate to the
global mean apparent polar wander path.
Some of the larger plates ( e.g. the Eurasian Plate) are considered to be very slow
moving with respect to any of the other reference frames and could be used as an
approximation to the mantle reference frame ( e.g. Hall et al. , 1995). There is some error
associated with this reference frame as these large plates are subject to internal
deformation over time (e.g. rifting in the Rhine Graben; Behrmann et al. , 2003). In the
following studies (e.g. Chapter 3, section 3 .4.1 ), such deformation was quantified and
found to be an insignificant source of error in the plate motion calculations.

2.10

Geomagnetic Polarity Timescales and Magnetic Anomaly Picks

The geomagnetic polarity timescale was originally calculated from the marine
magnetic record, assuming a constant spreading rate.

The timescale has since been

revised by correlation with palaeontological data (Cande and Kent, 1995; Opdyke and
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Channell, 1996) and correlation between the anomaly patterns formed at multiple
spreading ridges, which underwent different changes in spreading rates over time
(Huesits and Acton, 1997). These revised timescales are used in the various analysis
presented in this thesis. The selected ages for each magnetic anomaly are listed where
used. Uncertainties in the present calibration of the Cenozoic timescale are up to 0.3
million years (or <17% of the length of the polarity interval) (Cande and Kent, 1992),
and in the Mesozoic timescale during the period for which marine magnetic anomalies
are preserved, are up to c. 4 million years (<200% of the length of a polarity interval)
(Gradstein et al., 1994). Future work may reduce these uncertainties, at which point
further revisions to plate motions will be required.
Magnetic anomaly profiles from the ocean floor are measured from aboard ships
floating on the surface of the ocean. The pattern of magnetised crust that results in the
anomaly profile is usually forward-modelled using the measured magnetic data, the
present-day magnetic field, and the geometry of the ocean floor.

The profiles are

subject to exponential attenuation of both their amplitudes and short wavelengths during
upwards continuation to the ocean surface (Figure 2.6). As a result, in deep water ( e.g.
at oceanic trenches), the size of the
variation in the anomalies can be
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cases the peak of the anomaly corresponds to the point of change of magnetisation. It is
common practice to pick the beginning or end of an anomaly as these points, where the
anomaly pattern changes most rapidly, are most easily recognised. It is noted that if the
anomaly age were routinely assigned at the middle of the _corresponding magnetic
isochron (as the average of the young and old ends picked from the magnetic pattern),
the error for cases where the part of the isochron that was picked is not clearly stated
would be greatly reduced, however this is not common practice in the literature.
Very few authors clearly state the exact point (beginning, middle or end) within
a polarity interval at which they 'pick' a magnetic anomaly (from which to determine
the rotational parameters to place it in coincidence with the mirror anomaly pick on the
opposing plate).

Magnetic anomaly correlations from the data sources used for the

calculations reported here were examined where possible so that the correct ages could
be assigned to the anomaly data. Two different methods were employed, depending on
the information provided by the authors:
1) Some authors do publish the measured anomaly data and show the model of
magnetised crust they used to simulate it. In these cases they usually mark the
point at which the anomaly was 'picked' (e.g. Roest et al., 1992), in which case
it is apparent from the correlation with the modelled crust whether this was the
young, old or middle of the anomaly.
2) Other authors give the name of the anomaly and correlate this to a date (e.g.
Royer and Chang, 1991 ). In these cases the timescale used by the author to
assign ages to the anomalies was examined to find which part of the particular
polarity interval correlated to the time they had stated.
Once these correlations were made, updated ages were assigned to the magnetic
anomalies based on the most recent calibrations of the geomagnetic polarity timescale.
This does not adversely affect the rotation parameters as the location of the Euler pole
and amount of rotation required to place two mirror anomalies back into co-incidence is
independent of the time at which those anomalies were formed. The only effect is to
vary the angular velocity to a more accurate value.
The amount of change in these angular velocities was estimated by finding the
difference between the assigned age for an anomaly pick using the updated timescales
and the age assigned by the original author. This time interval can be expressed as a
percentage of the time interval over which the total reconstruction rotation acts. For
example, the revised age I assigned to C20n( o) in the E Antarctica-Australia rotation
data based on the timescale of Cande and Kent, (1995), is 2.4 million years younger
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than the age originally assigned by Royer and Sandwell, (1989) based on the timescale
of Kent and Gradstein, (1986). This corresponds to a percentage change in time and
hence in angular velocity of 5.5%. This is one of the larger percentage changes in time
and angular velocity, which range from 0%, through to 7.1 %.
The percentage change in the time and angular velocity during a stage rotation
interval is potentially much larger as it is dependant on the size of the interval over
which the stage rotation acts. In the case discussed above, the percentage change in the
time and angular velocity for the period C 18n.2n(o) to C20n( o) is a reduction by 5. 7%
of the original (Royer and Sandwell, 1989); for the period C20n( o) to C24n.3n( o) there
is an increase of 4.0%. The maximum change in time and rotation rate during a stage
period that occurs within the ·dataset 1ue to the revision of age assignments is
approximately 90% for revision of the stage rotation between C32n. ln(y) and C33n(o)
in Africa-Antarctica relative motion, although most values are in the range 0-40%. It is
apparent that reassignment of ages can have a significant influence on these datasets and
is therefore an important step that should be undertaken in all revised analyses.
The transition from one geomagnetic polarity to the other does not occur
instantaneously, but is instead preceded by a period of rapid dipole reversals and nondominance of axial dipoles (Glatzmaier et al., 1999).

The transition takes only

approximately 5000 years (Cox and Hart, 1986; Glatzmaier et al., 1999). Opdyke and
Channell, (1996) suggest that most polarity intervals are in the range 0.1 to 1 million
years and that polarity intervals with durations over 2 million years are very rare outside
of the Kaiman and Cretaceous quiet zones. Hence such variation can contribute an error
of between 5% and 0.25% to the age correlation. This effect may introduce as much
error as is derived from poor assignment of ages to polarity intervals but cannot
presently be corrected for.
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CHAPTER 3: PLATE MOTIONS IN THE INDIAN OCEAN AND INDIA-ASIA
COLLISION

This chapter is a revised version of a manuscript that was submitted to
Tectonophysics in January 2004 and is now being revised for resubmission. The work
contained herein is my own, although the idea to undertake it was provided by Prof G.
Lister of The Australian National University, and the manuscript greatly benefited from
discussions with him. A copy of the manuscript is appended to this thesis.

3.1 Introduction

The analyses reported in this chapter were undertaken in order to provide an
updated and accurate description of the convergence of the major lithospheric plates
bordering the Eastern Alpine-Himalayan Orogenic Belt.

These plates and major

tectonic features of the region are labelled on Figure 3 .1. The plate motions provide
boundary constraints for future analyses of processes in the deformed collision zones of
this orogenic belt.
Motions of India relative to Eurasia have been previously calculated (e.g.
McKenzie and Sclater, 1971; Patriat and Achache, 1984 and Dewey et al., 1989). In the
past 25 years, a number of authors have published new data describing the rotations of
India with respect to Africa, Australia and Antarctica (Conder and Forsyth, 2001;
DeMets et al., 1990; Klootwijk et al., 1992; Martin and Hartnady, 1986; Muller et al.,
1993; Patriat and Segoufin, 1988; Reeves and De Wit, 2000; Royer et al. , 1988; Royer
and Sandwell, 1989; Royer and Chang, 1991; Royer and Gordon, 1997; Royer et al. ,
1997; Wiens et al., 1986; Weissel et al. , 1980). However, the most recent, wellconstrained set of parameters for the motion of India relative to Eurasia, recalculated
through the entire plate circuit, was published in 1989 (Dewey et al. , 1989). In some
reconstructions, the model of Patriat and Achache, (1984) is still used in analyses of the
motion of tectonic elements of this collision zone (e.g. Replumaz and Tapponnier,
2003). The kinematic analyses reported in this chapter focus mostly on this motion
between India and Eurasia.
It is particularly interesting to consider whether there are any correlations
between the timing of changes in the rates of plate motion and events in the Indian
Ocean and the Himalayan collision zone. Because the Tethys Ocean has been almost
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Figure 3.1: Bathymetric map of the Indian Ocean and surrounding region from Smith and Sand well, (1997).
Positions of major plates and plate boundaries as well as tectonic features mentioned in the text are labelled.
Fine black lines indicate approximate positions of marine magnetic anomalies in the Indian Ocean.

completely destroyed, especially in the western section of the Alpine-Himalayan
orogen, determining the plate configuration in the ancient ocean is particularly
difficult.
There are, however, some constraints on the tectonic history due to preserved
ophiolite and island arc sequences around the India-Asia suture zone (the Indus-Yarlung
Suture Zone). I therefore also present a discussion about whether all changes in the
relative motion of the bounding plates (India and Asia) can be attributed to changes in
spreading ridge configuration in the modem Indian Ocean, or whether (some of) the
motion changes can be inferred to have been caused by tectonic events in the
intervening Tethyan Oceans.
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3.2 Data and Analysis Methods

3.2.1 Criterion governing selection of data

Marine magnetic anomalies are preserved in crust that was formed at spreading
ridges.

Rotations, such as those used in this analysis, are those required to move

anomalies formed at the same time at a common spreading ridge back into coincidence
(see Chapter 2 of this thesis for more detail). Since the boundary between Eurasia and
the other plates that bordered the eastern Tethys (India, Australia, Africa, Somalia and
Arabia) has been a convergent boundary for at least the last 150 million years (Stampfli
and Borel, 2002), anomaly patterns have not been formed, and cannot be used to
directly derive rotations of the plates relative to Eurasia. Hence the relative motions are
calculated using a plate circuit through Africa-North America-Eurasia, based on seafloor spreading in the Atlantic Ocean. Updated rotations for the Atlantic Ocean relative
motion were collated and discussed by Rosenbaum et al., (2002).
I have not attempted to reanalyse the locations of marine magnetic anomalies
and fracture zones in order to find rotation parameters (poles and angles of rotation) for
tectonic plates.

Instead I have collated the rotational parameters describing these

motions published from previous studies (Chu and Gordon, 1999; Cowles, 2000;
Gordon et al., 1998; Lawver and Scotese, 1987; Lemaux II et al., 2002; Marks and
Stock, 2001; Marks and Tikku, 2001; Norton, 1995; Reeves and De Wit, 2000; Royer
and Gordon, 1997; Royer et al., 1997; Royer and Sandwell, 1989; Tikkau and Cande,
1999).

In general, I have given precedence to the most recently published

comprehensive datasets, but have applied additional criteria to data selection as
described in the following.
Palaeospreading directions on mid ocean ridges are constrained best by fracture
zone orientations (Cox and Hart, 1986). The bathymetric maps of Smith and Sandwell,
( 1997) are the most accurate presently available, hence rotation parameters calculated
with consideration to the positions of fracture zones that were identified from these
maps rather than by shipboard surveys were preferentially used in the analyses reported
here. An exception was made in the case of Reeves and De Wit, (2000) who split the
history of the Indian Ocean into four major 'regimes' during which they use a single
rotation to fit all the motions. This is reminiscent of early plate tectonics workers who
attempted to describe the motions of the Pacific Plate in terms of fit of, for example, the
Mendocino Fracture Zone with only one small circle around an Euler pole (e.g. Morgan,
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1968). This method will not detect small changes in spreading direction as the inherent
longevity of crustal-scale discontinuities such as fracture zones tends to prevent
formation of small cusps or bulldozer them flat after formation. More recent work has
used numerous small circles to more accurately fit large numbers of intersection points
between anomalies and fracture zones of all scales (e.g. Marks and Stock, 2001) and
this data has been used preferentially used over the Reeves and De Wit, (2000) best-fit
rotations. It is noted that Marks and Stock, (2001) gave an interpolated pole of rotation
for Antarctica relative to Africa at 96 Ma. Whilst this is a synthetic construction, the fit
of the pole to the conjugate fracture zones is good and no other data is available;
therefore this pole has been used here.
Internal deformation of the Indian-Australian plates has occurred during the last
40 million years (e.g. Conder and Forsyth, 2001; Gordon et al., 1998; Royer and Chang,
1991 ). The deformation has been modelled by assuming the existence of three diffuse
plate boundaries, that split the Indian-Australian into the Indian, Australian, and
Capricorn Plates (Conder and Forsyth, 2001; Gordon et al., 1998; Royer and Gordon,
1997; Royer and Gordon, 1997).

Similarly, the African plate can be split into the

Nubian and Somalian plates along the East African Rift. Rotational parameters for this
motion were calculated by Chu and Gordon, (1999), Cowles, (2000) and Lemaux II et
al., (2002). The rates of angular rotation on these diffuse boundaries are of comparable
size to those across slow spreading narrow plate boundaries such as the Southwest
Indian Ridge (Gordon et al., 1998) and therefore they are taken account of in the
following analysis.
The rotations of India with respect to Africa calculated by Royer and Chang,
( 1991) were based on accurate fits of fracture zone and anomaly intersections in the
Indian Ocean. However, if the reconstruction pole they proposed for Anomaly 26n (57.9
Ma) is included in the plate motion model calculated in this paper, a large westward
swerve in plate motion occurs only at this time (Figures 3.2, 3.3, 3.4). I consider this
swerve to be an artificial result of error in their analysis or data, and prefer the rotational
parameters calculated without this rotation pole. However, in the absence of a better
reason than just the observation of erratic motion to discard this rotation pole, I have
also calculated the rotational parameters that would result if this data point is included
and have illustrated the resulting positions and motions in Figures 3 .2, 3 .3 and 3 .4.
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3.2.2 Methods

The published rotation parameters used for this study are listed in Tables 3.la and 3.lb.

Table 3.la: Total rotations to reconstruct second-listed plate to its position relative
to the first-listed plate at the given time from its present day position for plates
surrounding the Indian Ocean
Magnetic Anomaly 1

I

Age (Ma)

I

Latitude (0 N)

Longitude (0 E)

Rotation (0 )3

Reference

Somalia-India
C 2An.2 (y)
C 5n.2n

3.2
11.2

26.2
24.4

28.1
30.4

-1.23
-4.35

18.4
20.2
33.3
51.7
57.9

24.2
25.3
21.8
17.6
23.1

32.3
30.7
35.0
38.9
26.7

-7.88
-8.49
-14.39
-29.54
-31.71

(Gordon et al., 1998)
(Gordon et al., 1998)
(Royer and Chang, 1991)
(Royer and Chang, 1991)
(Royer and Chang, 1991)

62 .5
67 .7
79 . l
83.0
130.0

9.7
9.4
8.2
7.8
-4.40

17.4
13.7
11.0
10.9
16.7

-45 . 12
-51.59
-62. l 8
-65.10
-92.77

(Royer and Sandwell,
(Royer and Sandwell,
(Royer and Sandwell,
(Royer and Sandwell,
(Lawver and Scotese,

10.6
19 .7
33.3
43.2
47 .1
51.4
56.l
63.1
71. l
79.l
83.0
96.0
120.4
131.9
165

11.47
6.41
9.44
12.21
12 .8
10.38
6.72
-1.89
-2. l l
-1.22
-0.45
-2.5
-9.8
-8.9
-5.7

-43.84
-37.16
-39.9
-41.52
-42.07
-43.41
-41.9
-37 .94
-42.68
-41.3
-40.0
-34.0
-27.1
-28.8
-33.0

1.59
2.91
5.59
7.82
8.77
9.72
10.36
11 .25
12.98
15.80
17.77
26.12
42.03
45 .52
54.73

(Gordon et al., 1998)
(Gordon et al., 1998)

Nubia-India
C 5En (young)
C 611
Cl3n (m)
C 23n.2n
C 26n

Antarctica-India
C 28n (y)
C 31 n (y)
C 33n
C 34n (y)
Fit of continents

1989)
1989)
1989)
1989)
1987)

Nubia-Antarctica
5n .2n (m)
611 (m)
13n (m)
20 n (m)
21 n (m)
23n.2n (m)
25n (m)
28n (m)
C 3211 . ln (y)
C 33n
C 34n (y)
C MOr (y)
C MlONn

(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Marks and Stock, 2001)
(Marks and Stock, 2001)
(Marks and Tikku, 2001)
(Marks and Stock, 2001)
(Marks and Tikku, 2001)
(Marks and Tikku , 2001)
(Marks and Tikku, 200 I)

E Antarctica-Australia
C
C
C
C
C
C
C
C
C
C
C

Sr. In (y)
611
13n
l8n .2n
20n
24n.3n
30n (y)
3 ln (y)
32n. l n (y)
33n
34 (y)

QZB 1

11.3
20.2
33.5
40.1
43 .8
53 .3
65.6
67.7
71.1
79.l
83.0
- 96Ma

12.5
14.5
-13 .696
14.32
15.1
12.65
11.79
8.7
11.2
5.1
2.1
-3.4

36.7
32.8
-146 .025
31.75
31.3
32.76
32.96
33.2
36. l
39.8
40 .8
46.4

6.62
11 .98
-20.485
23.77
24.50
25.24
26.05
25.83
26.26
26.57
27.12
28.27

(Royer and Sandwell, 1989)
(Royer and Sandwell, 1989)
(Cande et al., 2000)
(Royer and Rollet, 1997)
(Royer and Sandwell, 1989)
(Royer and Rollet, 1997)
(Royer and Rollet, 1997)
(Royer and Sandwell, 1989)
(Tikkau and Cande, 1999)
(Tikkau and Cande, 1999)
(Tikkau and Cande, 1999)
(Tikkau and Cande, 1999)

Africa (Nubia+Somalia)-Madagascar
C MOr (y)
C MlONn
Fit of continents

120.4
131.9
165.0

5.4
5.4
4.4

-76.2
-76 .2
94.6

0 .90
4 .94
-20.12

(Marks and Tikku, 2001)
(Marks and Tikku, 2001)
(Marks and Tikku, 2001)

3.2
11.2

-2 .07
-9.9

12 .39
-37 .0

-0.10
-0.22

(Cowles, 2000)
(Lemaux II et al., 2002)

Nubia-Somalia
C 2An.2n (m)
C 5n.2n
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Magnetic Anomalr
Somalia-Capricorn
C 2An .2 n (y)
C 5n.2n
CSE (y)
C 6n

1

Age {Ma)

Latitude {0 N)

Longitude (0 E)

Rotation {0 )3

3.2
11.2
18.4
20.2

14.6
13.7
15 .9
17.4

48 .7
47 .1
44.4
43 .3

-1.93
-6 .32
-10 .24
-10.86

4.7
13 .0
30.0

32.75
32.15
32.11

22.64
22 .59
22.57

-1. 89
-5 .36
-7.36

A..fhca(Nubia+Soma!ia)-Seychelles
65.0
Fit to fracture zones
89.0
Fit to fracture zones

0
-5.50

0
44.8

0.00
-5 8.50

Somalia-Arabia
Based on fit of
continents
Dating from sediments?

Reference
(Gordon
(Gordon
(Gordon
(Gordon

et al.,
et al.,
et al.,
et al.,

1998)
1998)
1998)
1998)

(Collet et al., 2000)
(Collet et al., 2000)
(Collet et al. , 2000)

(Reeves and De Wit, 2000)
(Reeves and De Wit, 2000)

t Ages are of the old end of the polarity interval, unless marked (m), indicating the age is the approximate
middle of the normal polarity interval, or (y), indicating the age is of the young end of the polarity
interval. Normal and reverse polarity intervals are denoted by 'n'and ' r ' respectively.
2
QZB = Quiet Zone Boundary; i.e. boundary of recognised magnetic anomalies, considered equivalent to
the location of the edge of the Australian continent by Tikkau and Cande, (1999)
3
Anticlockwise rotations are positive when viewed from above the surface of the Earth

Table 3.lb: Total rotations to reconstruct second-listed plate from its present day
position from its position relative to the first-listed plate at the given time for
Africa-North America-Eurasia plate circuit
Magnetic
Anomal 1

Age (Ma)

North America-A.frica(Nubia)
C 5n.2n (m)
C 6n (m)
C 13 n (m)
C 21n (m)
C 25n (m)
C 30n (m)
C 32n.2n (m)
C 33n (y)
C 33n
C 34n (y)
C MOr (y)
C M4n (m)
C M!ONn
C Ml In * (m)
C MI6r (m)
C M2In
CM25n
BSMA 2
Fit of continents
Eurasia-North America
C 5n.2n (m)
C 6n (m)
C l3n(m)
C 21n (m)
C 24n.2n (m)
C 25n (rn)
C 31n (m)
Labrador Sea
C MOr (y)
From APWP 3
BSMA 2
Fit of co ntinents

Latitude

ON

Longitude
OE)

Rotation

I

Reference

(0'\4

10.6
19.7
33 .3
47.1
56.2
66 .6
72.3
73.6
79.1
83 .0
120.4
127.2
131.9
132.6
138.8
147.2
154.3
170.0 2
175 .0 2

80.12
81.07
75.37
75.30
79.68
82.90
81.35
80.76
78 .30
76 .55
66.09
65 .97
65.95
66.14
66.24
66.24
66.70
67.02
65.97

50.80
56.51
1.12
-3.88
-0.46
4.94
-9.15
-11.76
-18.35
-20 .73
-20.18
-19.43
-18.50
-18.72
-18.33
-18.33
-15.85
-13.17
-12 .76

-2.52
-5 .21
-10 .04
-15.25
-18.16
-20.76
-22.87
-23.91
-27.06
-29.90
-54.45
-56.63
-57.40
-58.03
-59.71
-62.14
-64 .90
-72.10
-76.44

(Muller et al. , 1990)
(Srivastava et al., 1990a)
(Mu ller et al. , 1990)
(M ull er et al., 1990)
(Muller et al. , 1990)
(MU iler et al., 1990)
(Kiltgord and Schouten, 1986)
(Kiltgord and Schouten, 1986)
(Kiltgord and Schouten, 1986)
(Kiltgord and Schouten, 1986)
(Srivastava et al. , 1990a)
(Roest et al., 1992)
(Kiltgord and Schouten, 1986)
(Roest et al., 1992)
(Roest et al., 1992)
(Roest et al., 1992)
(Roest et al., 1992)
(Ki ltgord and Schouten, 1986)
(Srivastava et al. , 1990a)

10.6
19.7
33.3
47.1
52.8
56.2
68.2
92 .0
120.4

65.38
68 .92
65 .64
66. 15
63.89
63.14
64.84
66.67
69.67

133 .58
136.74
136.95
135.40
139.27
141.66
143 .96
150.26
154.26

2.44
4.97
7.51
10.87
12.89
14.22
16.95
20.37
23.17

(Lawver et al. , 1990)
(Lawver et al., 1990)
(Lawver et al., 1990)
(Srivastava and Roest, 1996)
(Srivastava and Roest, 1996)
(Srivastava and Roest, 1989)
(Srivastava and Roest, 1989)
(S ri vastava and Roest, 1989)
(Srivastava et al., 2000)

155.0 2
170.0 2
175.02

69.03
69.10
71.61

155 .52
156.70
156.13

23.28
23 .64
25.27

(Torsvik et al., 2001)
(Royer et al., 1992)
(Torsvik et al. , 2001)

1

Ages are of the old end of the polarity interval, unless marked (m), indicating the age is the approximate
middle of the normal polarity interval, or (y), indicating the age is of the young end of the polarity
interval. Normal and reverse polarity intervals are denoted by 'n'and 'r' respectively.
2
BSMA = Blake Spur Magnetic Anomaly
3
The reconstruction matches the apparent polar wander paths (APWPs) of Europe and North America
4
Anticlockwise rotations are positive when viewed from above the surface of the earth.
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The relative plate motions described by these parameters were combined using
the finite rotation matrix methods described in Chapter 2 of this thesis run in Microsoft
Excell spreadsheets.

The order of rotations conforms to the rule that the rotations are

performed sequentially from the plate furthest from the fixed plate in any circuit
towards the fixed plate. For example, the motion of India relative to North America is
calculated by performing rotation of India relative to Africa, then Africa relative to
North America, i.e. (Africa 7 North America x (India 7 Africa)). In cases where the
finite rotation for a particular time was unknown, an interpolated pole of rotation was
calculated from the finite rotations for the two adjacent times
The plate circuits listed in Table 3 .2 were used to calculate the motions of
Africa, Antarctica, Australia, India, Arabia, the Seychelles microcontinent and
Madagascar relative to Eurasia. In most cases the decision to use a particular plate
circuit was based on the relative motions for which the best data (as defined in Section
3 .2.1) was available in the literature.

Table 3.2: Plate circuits used for calculation of the revised plate motion model
Plate Name

Relevant Age

Plate Circuit

Africa (Nubia)

0.0-165.0 Ma

Africa (Nubia) 7 North Ame1ica 7 Eurasia

Antarctica

0.0- 165 .0 Ma

Antarctica 7 Africa (Nubia) 7 Nort h America 7 Eurasia

165 .0-165.0 Ma

Antarctica= Africa 7 North America 7 Eurasia

India

0.0 - 11.2 Ma

India 7 Somalia 7 Nubia 7 No11h America 7 Eurasia

11 .2-62.5 Ma

India 7 Africa 7 North America 7 Eurasia

Arabia

Capricorn

Australia

Madagascar

Seychelles

62.5 - 131.9 Ma

India 7 Antarctica 7 Africa 7 North America 7 Eurasia

131.9- 165.0 Ma

India = Antarctica 7 Africa 7 North America 7 Eurasia

0.0 - 25.0 Ma

Arabia 7 Nubia (Africa)"'? North America 7 Eurasia

25.0 - 165 Ma

Arabia= Africa 7 North America 7 Eurasia

0.0 - 11.2 Ma

Cap1icorn 7 Somalia 7 Nubia 7 North America 7 Eurasia

11.2 - 20.2 Ma

Capricorn 7 Africa 7 North America 7 Eurasia

20.2 - 62.5 Ma

Capricorn= India 7 Africa 7 North Ame1ica 7 Eurasia

62.5 - 131.9 Ma

Capricorn= India 7 Antarctica 7 Africa 7 North America 7 Eurasia

131.9 - 165.0 Ma

Capricorn= India= Antarctica 7 Africa 7 North America 7 Eurasia

0.0-96.0 Ma

Australia 7 Antarctica 7 Africa 7 North America 7 Eurasia

96.0 - 165.0 Ma

Australia= Antarctica 7 Africa 7 North America 7 Eurasia

0.0- I 1.2 Ma

As for Somalia

11.2 - 120.4 Ma

As for Nubia (Africa)

I 20.4 - I 65 .0 Ma

Madagascar 7 Africa 7 North America 7 Eurasia

165.0- 165.0 Ma

Madagascar= Africa 7 No11h America 7 Eurasia

0.0 - 65.0 Ma

As for Nubia

~

65.0 - 83.0 Ma

Seychelles 7 Africa 7 North America 7 Eurasia

83.0- 165.0 Ma

Seychelles= Afiica 7 No11h America 7 Eurasia

~------------·-----·----·-··---------------~-------·----------·--------------·-··--·---

= indicates the boundary between two plates is inactive at this time
*Nubia+Somalia is equivalent to Africa. Somalia is the crust to the east of the East African Rift System
(EARS). Nubia comprises the remainder (majority) of Africa. For times older than the initiation of
rifting in the EARS, which began c. 25-20 million years ago, I refer to Africa, which is Nubia+Somalia.
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3.2.3 Ages of magnetic anomalies

Ages of magnetic anomalies were reassigned for the analyses reported here,
based on revised timescales of Huesits and Acton, (1997), Cande and Kent, (1995), and
Gradstein et al., (1994). The selected ages for each anomaly are listed in Tables 3.3a
and 3.3b.
The ages assigned to magnetic anomalies within the Indian Ocean are of the old
end of the anomaly unless otherwise stated. Most ages of magnetic anomalies within
the Atlantic Ocean are of approximately the middle of the magnetic anomalies.
Srivastava et al., (1990b) state that they picked magnetic anomalies at their positive
peaks, and that hence the ages correspond to the middle of the normal polarity interval
with an accuracy of 0.5 Ma.
Table 3.3a: Ages of magnetic anomalies used in analysis of Indian Ocean data
Magnetic Anomaly 1
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron
Chron

2An.2n (y)
2An.2n (m)
5n.2n
5En (y)
6n
13n (y)
13n (m)
21n
23n.2n
26n
28n (y)
31 n (y)
3211. l n(y)
33n
34n (y)
MOr (y)
MlONn

Age (Ma)
3.2
3.3
11.2
18.4
20.2
33.1
33.3
47 .9
51.7
57.9
62.5
67 .7
71.1
79.1
83.0
120.4
131.9

Reference
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Gradstein et al., 1994)
(Gradstein et al., 1994)

Table 3.3b: Ages of magnetic anomalies used in analysis of Atlantic Ocean data
Ma~etic i\,llom~ly
Chron 5n.2n (m)
Chron 611 (m)
Chron 13n (m)
Chron 21n (m)
Chron 24n .2n (m)
Chron 25n (m)
Chron 30n (m)
Chron 31 n (m)
Chron 32n.2n (m)
Chron 33n (y)
Chron 33n
Chron 34n (y)
Chron MOr (m)
Chron M4n (m)
Chron M 1On
2
Chron Ml ln (m)
Chron Ml6r (m)
Chron M2ln
2
Chron M25n

Age _{_,Ma)
10.6
19.7
33.3
47.1
52.8
56.2
66.6
68.2
72.3
73 .6
79 . 1
83 .0
120.7
127.2
131.9
132.6
138.8
147.2
154.3

Reference
(Hues its and Acton, 1997)
(Huesits and Acton, 1997)
(Huesits and Acton, 1997)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Gradstein et al. , 1994)
(Gradstein et al. , 1994)
(Gradstein et al. , 1994)
(Gradstein et al. , 1994)
(Gradstein et al. , 1994)
(Gradstein et al. , 1994)
{Qr_adstein et al. , 1994)

1

Ages are of the old end of the polarity interval, unless marked (m), indicating the age is the approximate
middle of the normal polarity interval, or (y), indicating the age is of the young end of the polarity
interval. Normal and reverse polarity intervals are denoted by 'n'and 'r' respectively.
2
All subchrons included
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Correlations between anomaly picks and the original magnetic profiles from the
data sources used for the calculations reported here were examined wherever possible so
that the correct ages could be assigned to the anomaly data (as described in section
2.10).

When correlation information was not published, we have assumed that the

anomaly pick corresponds to the middle of the anomaly, as this minimises the possible
error if the beginning or end of the anomaly were picked (see Section 2.10 for
discussion).

3.3 Revised Plate Motion Model

The finite rotation parameters calculated during this study are listed in Table 3 .4.
Positive rotations are anticlockwise when viewed from above the surface of the earth.
The rate of motion of the point at 94°E 28°N on the Indian Plate with respect to
Eurasia is plotted in Figure 3.2. Comparison is made to the rates and azimuths of motion
implied by the models of Patriat and Achache, (1984) and Dewey et al., (1989).
Trajectories of four points on the boundary of the present-day undeformed Indian
crustal boundary, i.e, the Main Boundary Thrust (MBT) (34.7°E 73.5°N; 27.8°E 82.4°N;
28.5°E 95.8°N) relative to Eurasia fixed to its present day geographical position are
illustrated in Figure 3.3. Figure 3.4 illustrates the positions of India relative to a fixed
Eurasia for the times calculated during this study. The northern margin of India in this
reconstruction is taken as the present-day location of the Indus Y arlung Suture Zone
(the meeting point between crust of Indian and Asian affinity in the India-Asia
collision).
Prior to 131.9 Ma, the Indian continent was still attached to Australia and
Antarctica (Gondwana) and all were moving slowly southeastward as they separated
from Africa and Madagascar.
anomaly

MlONn

India separated from Australia and Antarctica at c.

(131.9 Ma) (Li and Powell, 2001) and began to drift northeast at

7 .3 cm yf 1. The rate of northward motion increased to 8.1 cm yf 1 during the midCretaceous, then dropped to 7.1 cm yr- 1 after 96 Ma. During the Late Cretaceous, the
motion rate increased to a peak of 14.3 cm y{ 1 between 67.7 Ma and 62.5 Ma, and
thereafter decreased slowly until approximately 20.2 Ma. Velocities have been close to
their present-day values (approximately 5.0 cm yf 1) and motion has occurred in
virtually the same direction as it does today since approximately 20 Ma.
The overall motion of India in a Eurasian reference frame was towards the eastnortheast during the Early Cretaceous, northeast during the Late Cretaceous, and to the
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north-northeast during the Tertiary.

India has rotated a total of approximately 22°

degrees anticlockwise with respect to Eurasia since the beginning of the Tertiary (a rate
of 0.34° Myr- 1) and approximately 18° since the approximate time of the India-Asia
collision at 50 Ma (a rate of 0.36° Myr- 1).
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Figure 3.2: Velocity and azimuth of motion of a point that is now located at 29°N 94°E ( on the IndusYarlung Suture) if it had moved with the Indian plate during the last 165 million years. Results from
this study are compared to results using the rotational parameters of Dewey et al., (1989) and Patriat
and Achache, (1984). In the period 5 l.7Ma to 62.5Ma, an additional rotation pole may be included at
57 .9Ma, giving results indicted by the red solid line

Figure 3.3 (next page): Trajectories of four points (34.7°E 73.5°N ; 27.8°E 82.4°N; 28.5°E 95.8°N) that
are now located on the Main Boundary Thrust of the Himalayas, if they moved with the Indian plate
relative to Eurasia fixed in its present-day position. The rotational parameters are those calculated in
this study. Extra positions at 57.9Ma incorporating the pole of Royer and Chang (1991) are indicated
bv red lines.
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Table 3.4: Total rotations to reconstruct the tectonic elements of the Indian Ocean
and surrounding continents to their positions relative to Eurasia at the given time.
Magnetic
Anomaly

I

Age
(Ma) 1

Eurasia-India
C 2A11.2 (y)
C 5n.2n
C 5En (y)
C 6n
Cl3n(m)
C 23n.2n
C 26n
C 28n (y)
C 31 n (y)
C 32n. In (y)
C 33n
C 34n (y)
C MOr (y)
C MlONn

Eurasia-Antarctica
C 2A11.211 (y)
C 5n.2n
C 5En (y)
C 6n
Cl3n
C 23n.2n
C 26n
C 28n (y)
C 31 n (y)
C 32n. ln (y)
C 3311
C 34n (y)
C MOr (y)
C MION11

Eurasia-Somalia
C 2A11.2n (y)
C 5n.2n
C 5E11 (y)
C 611
Cl3n
C 23n.2n
C 26n
C 28n (y)
C 31n (y)
C 3211. ln (y)
C 33n
C 34n (y)
C MOr (y)
C MIONn

Eurasia-Capricorn
C 2A11.2n (y)
C 5n.211
C 5En
C 6n
Cl311
C 23n.2n
C 26n
C 28n (y)
C 3111 (y)
C 32n. ln (y)
C 33n

I

Lat.
(ON)

I

Long .
(OE)

I

Rotation

(0)2

3.2
11.2
18.4
20.2
33.3
51.7
57.9
62.5
67.7
71.1
79.1
83.0
96.0
120.4
131.9
165 .0

-23.4
-22.3
-22.6
-23.6
-23 .7
-19.2
-23 .0
-17.2
-17.8
- 17 .1
-18.2
-19.1
-20 . 1
-24.2
-23.0
-28.5

-162.8
-162.1
-157.6
-159.3
-160.5
-154.9
-164.3
-159.9
-163.5
-164.3
-167.1
-167.5
-165.8
-165.9
-165 .0
-160.8

1.55
5.27
9.30
10.15
18.92
36.31
40.47
48.16
54.21
58.46
67.25
70.90
78.94
95.81
103.94
114 .29

3.2
11.2
18.4
20.2
33 .3
51.7
57.9
62.5
67.7
7 1.1
79.1
83.0
96.0
120.4
131 .9
165.0

4.5
3.5
-5.5
-8.9
-41.6
-34 .8
-41 .2
-48 . 1
-47.0
-44.0
-48.2
-49.3
-48.9
-49.5
-45 .8
-37.5

-77.9
-77.4
-68.5
-69.7
-113.0
-108.3
-104.5
-94.9
-87.3
-97.3
-100.7
-100.4
-9 1.3
-84.7
-86.0
-91.4

0.21
0.76
1.29
1.40
2.74
5.13
6.01
6.98
8.31
8.97
12.03
13.95
21.13
38.58
42.87
55.70

3.2
11.2
18.4
20.2
33.3
51.7
57.9
62.5
67.7
71.1
79.1
83.0
96.0
120.4
131 .9
165.0

-10.6
-10 .3
-12.5
-14.2
-27.1
-2 9.4
-28 .3
-29 .3
-2 8.9
-30.5
-35.8
-3 7.9
-40.1
-43.4
-45 .1
-50 .5

166.0
156.7
162.0
162.4
160.2
160.6
162.0
162.7
162.9
162.9
164.0
164.7
168.7
172.7
174.3
179.6

0.41
1.34
1.97
2.23
6.12
10.03
10.73
10 .8 1
11.05
12.17
16.22
18.74
26.42
40 .83
44.17
55.07

3.2
11.2
18.4
20.2
33.3
51.7
57.9
62.5
67 .7
71.1
79.1

-30.7
-31 .8
-35.6
-37.4
-28 .0
-22.0
-25.6
-19.5
-20.0
-19 .2
-20 .3

-133.0
-135 .6
-136.9
-138 .5
-170.1
-158.8
-168 .3
-162.8
-166.1
-166.7
-169.1

2.41
7.79
13.02
14.09
17.54
34.47
39.12
46.49
52 .71
56.99
65.92

Magnetic
Anomaly

I

Age
(Ma)'

Eurasia-Nubia
C 5n.211 (m)
C 6n (m)
C 13 n (m)
C 21n (m)
C 25n (m)
C 30n (m)
C 31n (m)
C 3211.2n (m)
C 33n (y)
C 33n
C 34n (y)
C MOr (y)
C M4n (m)
CMlOn
C Ml ln (m)
CMl6r(m)
CM 21n
C M2511

I

Lat.
(ON)

I

Long.
(OE)

I

Rotation

co)2

10.6
19.7
33.3
47.1
52.8
56.2
66.6
68.2
72.3
79 . 1
83.0
92.0
120.4
127.2
131 .9
132 .6
138.8
147.2
154.3
155 .0
170.0
175.0

-13.9
-15.1
-28.3
-31.1
-29 .9
-28.7
-30.8
-30.6
-31.9
-36.2
-38.4
-39.6
-43.6
-44.6
-44.9
-45.4
-46.3
147.2
-48.8
-48.9
-51.3
-50.5

158.8
165.1
160.9
160.7
161.3
162.3
163.9
163.6
163 .5
164.4
165.1
168.2
173.1
173 .9
174.7
174.6
175.2
-47.3
177.7
177.9
-179.1
-178.1

1.09
1.90
5.96
9.11
10.05
10.54
10.73
11.19
12.45
16.08
18.61
23.99
40.90
42.98
43.71
44.24
45.80
175 .5
50.57
50.86
57.07
59.81

65 .0
67.7
71.1
79.1
83.0
96.0
120.4
131.9
165.0
65.0

-30.4
-17.8
-9.6
-3.5
-2 .2
-1.3
-6.1
-7.8
-13.5
-30.4

163.6
-173.2
-161.9
-154.5
-15 3.7
-155.3
-162.3
-163.4
-166.3
163.6

10.70
14.77
22.24
42.52
52.94
72.04
82.37
84.76
92 .81
10.70

3.2
11.2
18.4
20.2
33.3
51.7
57.9
62.5
67.7
71.1
79.1
83.0
96.0
120.4
131.9

-11.6
-11.8
-15.1
-15.7
-1 7.6
-1 8.4
-19 .6
-21.9
-21.1
-22.2
-20 .8
-20.5
-22.9
-35.3
-34.8

-138.3
-137.4
-140.1
-140.8
-143 .7
-143.1
-142 .5
-141.7
-139.6
-137.4
-134.8
-1 33.9
-126.0
-119.4
-117.4

1.97
6.89
11.25
12.40
22.52
29.10
29.96
30.28
30.49
32.58
34.91
36.51
42.01
55.61
60.29

3.2
11.2
18.4
20.2
30.0
33.3
51.7
,57.9
62 .5
67.7
71.1
79.1

-31.5
-29.5
-28 .8
-28.9
-30.8
-31.1
-31.4
-30.5
-31.0
-31.4
-31.9
-34.9

-162 .3
-166.4
-166.6
-167 .3
-174.3
-176.3
178.6
178.7
179.1
179.1
178.2
176.4

3.02
5.49
7.47
7.92
11 .74
12 .67
16.43
17 .15
17.27
17.68
18.69
22.68

Eurasia-Seychelles
C31n(y)
C 32n.111 (y)
C 3311
C 3411 (y)

C MOr (y)
CMlON11

Eurasia-Australia
C 2A11.2n (y)
C 5n.2n
C 5E11
C 611
Cl3n
C 23n.2n
C 28n (y)
C 3111 (y)
C 3211.!11 (y)
C 33n
C 34n (y)
C MOr (y)
CMIONn

Eurasia-Arabia
C 2A11.2n (y)
C 5n.2n
C 5E11 (y)
C 6n
Fit
Cl3n
C 2311.211
C 26n
C 2811 (y)
C 3111 (y)
C 32n. In (y)
C 33n

35

Chapter 3: Plate Motions in the Indian Ocean and India-Asia Collision
Magnetic
Anomaly
C 34n (y)
C MOr (y)
C Ml ONn

I

Age
(Ma) 1
83 .0
96.0
120.4
13 1.9
165.0

Eurasia-Madagascar
120.4
13 1. 9
165.0

C: MOr (v)
C MlONn

I

Lat.
(ON)
-2 1. 1
-22. 1
-26. 0
-24 .8
-30.3

-41 .4
-43.7
-39.7

I

Long.
(OE)
-1 69 .4
- 167 .3
- 166.9
-1 65.8
-1 6 1.3

174.7
-1 76.6
-154.4

I

Rotation

co/

69.59
77.56
94.48
102.55
11 2.79

Magnetic
Anoma ly
C 34n (y)

I

C MOr (y)
C MI ONn

Age
(Ma) 1
83.0
96 .0
120 .4
I 31.9
165.0

I

Lat.
(ON)
-36.5
-38. 1
-41 .2
-42 .8
-47.8

I

Long.
(OE)
175 .9
176.4
177.3
I 78.2
-178.3

I

Rotation
(0)2
25.20
33 .04
47 .63
50.94
61.74

40 .62
42.98
58.43

l

Ages are of the old end of the polarity interval, unless marked (m), indicating the age is the approximate
middle of the normal polarity interval, or (y), indicating the age is of the young end of the polarity
interval. Normal and reverse polarity intervals are denoted by ' n ' and ' r ' respectively.
2
Anticlockwise rotations are positive when viewed from above the surface of the Earth

3.4 Discussion

3.4.1 Effect of internal deformation of Eurasia

There is no doubt that intra-continental defonnation has occurred in the Tibetan
Plateau, the Tien-Shan and central Asia in general, in order to accommodate indentation
of the Indian continent (Yin and Harrison, 2000; Replumaz and Tapponnier, 2003;
England, 1997; and numerous others).

Based on palaeomagnetic constraints, Chen,

(1993) concluded that there has been 1700±610 km of shortening between southern
Tibet and the Siberian craton since the Cretaceous.

Similarly, Patzelt et al. , (1996)

imply that there has been 1500 km of shortening in northern India, although other
estimates are as low as 300 km (see Johnson, (2002) for review). These estimates must
be taken into account in reconstructing the evolution of the collision zone.

The

PlatyPlusPlus program is specifically designed to model this sort of deformation and
preliminary deformation models are presented in Sections 5.3.3 and 5.3.4. However,
the analyses presented in this chapter only provide boundary constraints for
reconstructions of such defonnation; hence the boundary given in Figure 3 .4 is the
present-day India-Asia boundary rotated backward in time.
The relative motions presented here are only correct if stable continental Asia
has remained fixed with respect to Europe since the Triassic. There is disagreement
about whether palaeomagnetism records relative motion between Asia and Europe
(Bankard et al. , 2003; Zhao et al. , 1994). Most of the area of Eurasia between the
Scandinavian border with the North Sea and the Siberian Craton (which is taken as
stable Asia in this study) has been geologically inactive since the Jurassic (Exxon
Production Research Company, 1989). There is evidence for some small scale and
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aerially isolated intra-continental rifting in the North Sea Rift (Ziegler, 1992) and Rhine
Graben system (Behrmann et al., 2003), however in this case there is a good
understanding of the opening history which may be able to be quantified in the future to
find rotational parameters for the adjacent continental masses, as has been done for the
East African Rift (Chu and Gordon, 1999; Cowles, 2000; Lemaux II et al. , 2002). This
should be addressed in future research. The plate motion model presented here may
therefore be subject to further revision when such motions are described, and when
sufficient high-quality palaeomagnetic data is collected to quantify any other relative
motions between Eurasian blocks during the Cenozoic. For the present analysis, we can
estimate the amount of error that may have been introduced due to extension in the
North Sea region and the Rhine Graben. Extension has occurred over the entire Tertiary
period in these rifts, amounting to approximately 100 km (Ziegler, 1992) and 10 km
(Meier and Eisbacher, 1991) respectively.

Both rift systems have little variation in

width along their lengths (Ziegler, 1992), (Meier and Eisbacher, 1991 ), indicating the
Euler poles about which they opened are located far from the rift systems themselves. If
we assume the Euler poles are located an angular distance of 90° away from the rifts
and distribute the total extension evenly over the Cenozoic period, we obtain opening
rates of 0.015° Myf 1 and 0.0015° Myf 1 respectively.

Hence the total errors from

omitting these relative rotations are estimated to be less than 0.017° Myr- 1•

3.4.2 Variation in rate of motion of India relative to Eurasia

In our model India was still attached to Australia and Antarctica prior to
anomaly MlONn (131.9 Ma). The first increase in motion rate observed in the data
occurs at this time, when continental rifting began between India/ Australia and
Antarctica. Seafloor spreading in this rifted area commenced in the Late Cretaceous,
forming the Southern and Indian Oceans (Veevers et al. , 1991). The motion averages
7.6 cm yr-' between 130 Ma and 83 Ma which is comparable to the rates of spreading
on modem intermediate-spreading ridges such the Southeast Indian Ridge and sections
of the East Pacific Rise (DeMets et al. , 1990; DeMets et al. , 1994). At 83 Ma the
spreading rate began to rapidly increase towards its peak between 67.7 Ma and 62 .5 Ma.
The only significant change in plate configuration close to this time in the Indian Ocean
was the separation of Madagascar from southwest India and its amalgamation to the
African plate. Marks and Tikku, (2001) suggest that this reconfiguration may have first
occurred at approximately 96 Ma. Hence it is possible that the relative motion rate
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actually began to increase in the period between 96 Ma and 83 Ma. This would lead to
a lower peak motion rate
It is apparent that the maximum relative plate velocities calculated in this study

are not as large as those indicated by Patriat and Achache, (1984), although they are of
similar magnitude to those indicated by Dewey et al., (1989). The maximum velocity of
motion oflndia relative to Eurasia at a point now located at 28°N 94°E was 14.3 cm yf 1
and occurred between anomalies 3 ln (y) (67.7 Ma) and 28n (y) (62.5 Ma),
approximately 12 million years earlier than indicated by the data of Dewey et al.,
(1989). The Indian plate then decelerated with respect to Eurasia until approximately 20
Ma at a relatively constant rate. There appears to be a large deceleration at c. 52 Ma,
which could be related to final engagement of the Indian and Asian continents.
However, this deceleration may also be an artefact of the small amount of data in the
period between anomaly 23n.2n (51.7 Ma) and anomaly 13n (m) (33.3 Ma).

A

relatively constant deceleration from 62.5 Ma to 20.2 Ma is just as probable as a varying
one within the resolution of the analysed data.
It is noted that a more accurate analysis of the data would consider a larger

number of datapoints if this infonnation were available (for example, the analysis of
Klootwijk et al., 1991) and could be expected to result in a more smoothly varying
motion rate. It is possible that any of the motion rate changes described above could
have occurred in the intervals between the times at which magnetic anomaly positions
were reconstructed, rather than at those times as is apparently indicated in Figure 3.2
and the above discussion.

3.4.3 Accuracy of motion between 51. 7 Ma and 33.3 Ma

Clearly there is a shortage of data in the period between 51.7 Ma and 33.3 Ma in
this model.

One reason for non-inclusion of published data during this period was

outlined in section 3 .2.1. A second is presented here.
Patriat and Achache, (1984) proposed that 'erratic' motion and slowing of India
observed in their model between 52 Ma and 36 Ma resulted from the first engagement
of Indian and Asian crust and hence could be used to date this collision. Dewey et al. ,
(1989) used more accurate anomaly identifications to display that there was little
evidence for such erratic motion and instead produced a relatively smooth path for the
relative motion between India and Asia during this time. This change probably resulted
from increased accuracy of data in the later analysis. Ideally, the rotational data of
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Dewey et al., (1989) could be incorporated into my model during this period, however it
is difficult to do so since it is not possible to remove the effect of changes in motion of
links in the plate circuit between India and Eurasia (e.g. Antarctica, Africa, North
America) that were used by Dewey et al., (1989) without also knowing all of these
relative motions , which were not published. The motions in the period 51.7 Ma to 33.3
Ma were approximated by calculating the rotation required to bring the total
reconstruction pole for India-Eurasia motion to 33.3 Ma proposed by Dewey et al.,
(1989) into coincidence with the pole from my model for the same time period, then
rotating the Dewey et al., (1989) stage poles for 33.3 Ma to 42.5 Ma and 42.5 Ma to
49.0 Ma by this amount. The rotated stage poles were then combined with the rotations
for OMa to 33.3 Ma from my model to approximate the motion in the period 51.7 Ma to
33.3 Ma.

The resulting relative velocities of India with respect to Eurasia are illustrated in
Figure,3.5. There are only minor differences between the relative motion of India in
this period and that previously calculated without inclusion of Dewey et al., (1989)' s
data.

In particular, India appears to have rotated slightly anticlockwise about its

northwestern corner between 51.7 Ma and 49.0 Ma, and correspondingly, rates of
motion of the eastern parts of the continent were relatively large (up to 15.0 cm yf 1).
This rapid rotation seems anomalous and indicates that results from this type of analysis
cannot presently be used to draw concrete conclusions about the relative motions in this
period.
Note, however, that even if motion between 51.7 Ma and 49.0 Ma was as rapid
as is indicated by this analysis, there is still a significant reduction in the motion rate in
the period 62.5 Ma to 5 l.7Ma, therefore there must have been some major event that
resulted in slowing of motion in that time period.

From analysis of palaeomagnetic

data, Klootwijk et al. , (1991) proposed a major decrease in the northward motion of
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India occurred at 53 Ma, while Acton, (1999) found an abrupt decrease at 57±3 Ma.
These dates both lie within the period of major decrease in the convergence rate from
the present study, which therefore cannot contribute any further accuracy to the exact
timing of this change in motion rate.

3.4.4 Effect ofplate driving forces on motion rates

It is interesting to consider how the forces driving motion of the Indian plate

(e.g. ridge push force, slab pull force; Forsyth and Uyeda, 1975) may have varied due to
changes in the plate configuration in the Indian Ocean at this time, and which events
could have caused the motion changes that are observed.
First we consider the ridge push force, which was provided by the SW Indian
ridge, along which India separated from Gondwana.

Rifting of the Seychelles

microcontinent from the western side of the Indian plate occurred at around the time of
the Cretaceous-Tertiary boundary (65 Ma) and ceased at anomaly 28 (approximately
62.5 Ma) (Courtillot et al., 1986). This rifting event is thought to have been driven by
thermal effects related to impact of the Deccan plume on the western portion of India,
which erupted between approximately 69 Ma and 63 Ma (Pantle, 2002), averaging
approximately 65.6 Ma (Allegre et al., 1999). Most of the flood basalt material was
erupted in the period 69 Ma to 65 Ma (Courtillot et al., 1988). Such an event may be
responsible for an increase in the motion rate due to increased magma supply and
dynamic topography at the ridge, however there is no reason why this would then lead
to the observed deceleration of India.
Previous authors (e.g. Dewey et al., 1989) have suggested that the slowing of the
Indian plate resulted from collision between Indian and Asian continental crust.
However, this assumes there is a direct link between collision processes and far-field
plate motions. It has been demonstrated that the tectonic situation in the area between
two major converging continents can display far more complexity than that observed in
the motion of the major bounding continents (e.g. Rosenbaum et al., 2003).

Some

palaeomagnetic and sedimentological evidence indicates that there was still an oceanic
gap between the Indian and Asian continents during this period (Patzelt et al., 1996;
Aitchison et al., 2000), therefore it is possible that complete engagement of the Indian
and Asian continental crust occurred at a later time.
There were at least one, and possibly two, intra-oceanic subduction systems
active in the Neotethys during the Late Cretaceous to Palaeocene.

In the east, the
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Zedong Arc of Aitchison et al., (2000) collided with the northern margin oflndia on the
southern side of the Neotethys at approximately the Cretaceous/Tertiary boundary. In
the west, the Ladakh Batholith was finally sutured to the southern margin of Asia at
approximately 50 Ma (Weinberg and Dunlap, 2000), but was probably originally
erupted close to this margin between 70 Ma and 50 Ma. There is dispute as to whether
the Ladakh magmatic rocks were erupted in an entirely oceanic setting or in a back-arc
environment through thinned continental crust (Rolland et al., 2000; Weinberg and
Dunlap, 2000; Weinberg et al., 2001). Also in the west, the Spontang Ophiolite and a
small overlying island-arc sequence (the Spong Arc) collided with and were emplaced
onto the north Indian margin at approximately 70 Ma to 65 Ma (Corfield et al., 2001). It
seems most likely that the slowing was related to collision of these microcontinents with
the larger continental masses, in combination with a reduction in the slab pull force
since only small slab lengths were being subducted between the various arcs and
continental slivers.

3.4.5 Implications for age of uplift of the Tibetan Plateau

One other interesting result of this study is recognition that, when internal
defonnation of the Indian plate is modelled by assuming rigid plates with a diffuse
boundaries ( e.g. Royer and Chang, 1991 ), the relative plate motion rates and directions
have remained nearly constant since approximately 20 Ma.

In previous models (e.g.

Dewey et al., 1989), the velocities peaked between 10 Ma and 4 Ma.

There is

considerable debate about the timing of uplift of the Tibetan Plateau. Various estimates
have been put forward, including: E-younging uplift from 40 Ma to 20 Ma based on
dike intrusion and chemistry (Chung et al., 1998); 8 Ma based on initiation of E-W
extension due to excess gravitational potential energy and initiation age of the Asian
Monsoon (Ha1Tison et al., 1995; Molnar et al., 1993); 15 Ma based on leaf morphology
(Spicer et al., 2003).

It is reasonable to assume that any increase in the plateau

elevation would increase the resistance to northward motion of the Indian plate. The
observed steady motion could then be taken as evidence that there have been no major
unbalanced changes in such resisting forces, and hence the plateau elevation has not
changed considerably in the last 20 million years. This would imply that uplift of the
plateau was accomplished by the early to middle Miocene.
We cannot discount the possibility that there have been variations in the stress
transmitted to the Asian plate due to variations in the amount of coupling across the
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Indian/Asian boundary. Liu and Yangm, (2003) recently produced a three dimensional
finite element model of the stress regime in the Tibetan Plateau and its response to
varying factors such as the basal shear stress, far-field force, rheologic structure and
excess gravitational potential energy of the plateau. The model was able to simulate the
stress conditions that geological evidence indicates existed in the plateau over the last
20 million years by varying the basal shear stress during that period. A basal shear
stress of approximately 30 MPa caused N-S extension immediately north of the
Himalayas, expressed in formation of the South Tibetan Detachment System between
22 Ma and 20 Ma (Burchfield et al., 1992), or possibly more recently (e.g. Hodges,
2001). A smaller basal shear stress, of approximately 10 MPa caused E-W extension in
the soutliern and central plateau, expressed in formation of N-S trending grabens since
approximately 10 Ma (Yin and Harrison, 2000).

In the absence of a varying plate

convergence rate during this period as shown during the present study, such a variation
in basal shear stress can only have resulted from a reduction in the amount of coupling
between the subducting Indian plate and the overriding Tibetan Plateau.

Such a

reduction may have occurred due to a change in the fluid conditions in the contact zone
between the two plates, resulting either from an increase in the amount of aqueous
fluids released during dehydration reactions of a different composition subducting
material, and/or because of the presence of partial melts generated by frictional heating
at the interface (e.g. model of Beaumont et al., 2001).

3.5 Conclusions

A revised set of rotational parameters for the relative motions of the major plates
surrounding the eastern segment of the Alpine-Himalayan collision zone. was calculated
from the existing literature. The motions of India relative to Eurasia indicated by these
rotational parameters are less extreme and erratic than those previously calculated for
this particular relationship by Patriat and Achache, (1984), and show a peak velocity
some 12 million years earlier than that indicated by the data of Dewey et al. , (1989).
The velocity of India with respect to Eurasia shows only two main peaks, soon after its
separation from Gondwana in the early Cretaceous, and in the late Cretaceous,
immediately prior to the separation of the Seychelles microcontinent from western
India, and the eruption of the Deccan Traps. The maximum velocity of motion of India
relative to Eurasia is 14.3 cm yr- 1 and occurs between anomalies 32n. ln (y) (71.1 Ma)
and 3 ln (y) (67. 7 Ma).

The first slowing of relative motion occurs before the widely
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accepted age of final India-Asia collision (~50 Ma) and seems more likely to be the
effect of a change in the balance of plate-driving forces resulting from continentmicrocontinent collision in the NW Himalaya, rather than related to an intra-Tethyan
subduction system that existed at this time, and to separation of the Seychelles
microcontinent from India.

The relative motions have been nearly constant over the

last 20 million years, perhaps indicating that the Tibetan Plateau had already attained its
high elevation by the early to middle Miocene and that the amount of shear coupling
between the subducting Indian Plate and the overriding Tibetan Plateau has varied in
order to produce the varying extensional structures that developed in the overriding
plate during this period.
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CHAPTER 4: PLATE MOTIONS IN THE SOUTHWEST PACIFIC

The work described in this chapter was undertaken at the request of Dr. Wouter
Schellart (now of The Australian National University). A manuscript describing the
reconstruction he produced, including the data I calculated was submitted to Tectonics
in June 2004 and is now in revision. A copy of the manuscript is appended to this thesis.

4.1 Introduction

This work was undertaken to provide accurate rotational parameters for the
motion of the Pacific plate relative to Australia.

Dr. Wouter Schellart of Monash

University applied the rotation parameters in order to make a reconstruction of the plate
motion history of the SW Pacific during the last 65 million years.

4.2 Calculation of Revised Plate Motion Parameters for Pacific-Australian Plate
Relative Motion

There is no spreading ridge between the Pacific and Australian plates (Figure
2.5), hence Pacific-Australian relative motions must be calculated through a plate
circuit. Since the Australian Plate was to be taken as fixed in the reconstructions, the
plate motion circuit used for the calculations was:

Pacific 7 W Antarctica 7 E Antarctica 7 Australia

The Pacific-Antarctic plate relative motions were calculated by fitting of
magnetic anomalies across the Southwest Pacific Ridge (Cande et al. , 1995).

The

Antarctic-Australia plate relative motions were calculated by fitting of magnetic
anomalies across the Southeast Indian Ridge (Royer and Sandwell, 1989; Royer and
Rollet, 1997; Cande et al., 2000). Motion between East and West Antarctica along a
diffuse plate boundary was quantified by Cande et al. (2000) who determined the best
motions to close the gap between the Pacific and Australian plates that had been a
geometrical result of the use of previous reconstruction rotations.

This motion was

found to have occurred between anomaly 20n (y) (approximately 42.5 Ma) and anomaly
13n (o) (approximately 27.4 Ma).

Hence, for times earlier than anomaly 13n (o) I

assumed there had been no relative motion between East and West Antarctica. I assume
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that the entire rotation of 1. 7 degrees had occurred at a constant rate over the period
between anomaly 13n (o) and anomaly 20n (y). This is equivalent to a rotation rate of
0.113 ° Myr- 1• Any rotation pole required for a certain time (tr) during this period is
located at the same place as the pole describing the entire rotation, and has magnitude
equal to:
( tr - 27.4)

X

0.133 ° Myr- 1

For times older than anomaly 20n (y), I included the entire rotation that had occurred by
anomaly 20n (y) in the plate circuit calculations.
The various rotation parameters used in the plate circuit calculations are listed in
Table 4.1.

Table 4.1: Total rotations to reconstruct second-listed plate to its position relative
to the first-listed plate at the given time from its present day position
Magnetic
Anomaly 1

I Age (Ma) I
2

Pacifzc-W Antarctica (1)
0.8 [0.8]
1 [ln (o)J
2a [2An. ln (y)]
2.6 [2.6]
5.9 [5.9]
3a [3An.ln (y)J
4a [4An (m)]
8.9 [9.0]
Sa [5An.2n (m)]
12.3[ 12.6]
5d [5Dn (m)]
17.5[17.6]
6c [6Cn.3n (m)]
24.1 [24.1]
10 [1011.ln (y)]
28.3 [27.4]
33.5[ 33.5]
130 [13n (o)J
20 [20n (y)]
42.5
21 [21n (o)J
47.9
24 [24n.3n (o)]
53.3
27 [27n (m)J
61.1
31 [3 lr (m)]
67.7
E Antarctica-Australia
5 [Sr. In (y)]
10.5
6 [611 (o)]
20.5
130 [13n (o)J
18 [18n.2n (o)]
40.1
20 [20n (o)]
46.2
24 [24n.3n (o)]
53.3
30 [30n (y)]
65.6
31 [3ln(y)]
68.5

[11.3]
[20.2]
[33 .5]
[40 .1]
[43.8]
[53.3]
[65.6]
[67.7]

Latitude
(ON)

I Longitude I Rotation I Reference
(OE)

(0)

64.25
67.03
67.91
69.68
71.75
73.68
74.72
74.55
74.38
74.90
74.52
73.62
71.38
69.33

-79.06
-73.72
-77.93
-77.06
-73.77
-69.85
-67.28
-67.38
-64.74
-51.31
-50.19
-52.50
-55 .57
-53.44

-0.68
-2.42
-5.42
-7.95
-10.92
-15.17
-19.55
-22.95
-27.34
-34.54
-37.64
-40.03
-44.90
-51.05

12.5
14.5
-13 .696
14.32
15.1
12.65
11.79
8.7

36.7
32.8
-146.025
31.75
31.3
32.76
32.96
33.2

6.62
11.98
-20.485
23.77
24.50
25.24
26.05
25.83

W Antarctica - E Antarctica
8 [811. ln(o)]
26 [26.1]
0
0
0
130 [13n (o)J
[33 .5]
-18.146
-17.847
0.696
20 [20n (y)J
43 [42.5]
-18.146
-17 .847
-1.700
r3 ln (y)J
[67.5]
-18.146
-17.847
-1.700
1
Authors' designation of isochron [my correlation of isochron J
2
Authors' designation of time [my correlation of time J

(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,
(Cande et al.,

1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)
1995)

(Royer and Sandwell, 1989)
(Royer and Sandwell, 1989)
(Cande et al., 2000)
(Royer and Rollet, 1997)
(Royer and Sandwell, 1989)
(Royer and Rollet, 1997)
(Royer and Rollet, 1997)
(Royer and Sandwell, 1989)

(Cande
(Cande
(Cande
(Cande

et al.,
et al.,
et al.,
et al.,

2000)
2000)
2000)
2000)
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The ages assigned to isochron picks by authors were reassigned based on the
updated timescales of Huesits and Acton (1997) and Cande and Kent (1995).
Correlation of isochrons in the source data was carried out by determining the age the
authors' assigned to an isochron, reading off the exact isochron with that age in the
timescale they had used (timescales of Cande and Kent (1992), and Kent and Gradstein,
(1986)), then determining the correct age for that isochron in the updated timescales.
Calculations to combine the rotation data listed in Table 4.1 were performed
usmg the equations presented in Chapter 2 of this thesis run in Microsoft Excell
spreadsheets.

The resulting rotation data describing the motion of the Pacific plate

relative to Australia are listed in Tables 4.2( a) and (b ).
Table 4.2a: Total rotations to reconstruct the Pacific plate to its position relative to
the Australian plate at the given time from its present day position

1

Longitude (0 E)
Age (Ma)
Magnetic
Latitude (0 N)
Anomaly
I
I
I
Australia - Pacific
-59.14
177.61
0.8
ln (o)
2.6
-59.91
178.36
2An. ln (y)
-60.48
178.38
3An. ln (y)
5.9
-59.64
9.0
181.37
4An (m)
-58.54
183.24
5An.2n (m)
12.6
-52.16
186.83
5Dn (m)
17.6
-55.20
183 .93
6Cn.3n (m)
24.1
26.1
-55.15
182.87
8n.ln (o)
182.04
lOn.ln (y)
27.4
-54.89
-52.16
180.96
13n (o)
33.5
20n (y)
42.5
-50.15
177.46
21n (o)
47.9
-50.46
175.94
24n.3n (o)
53.3
-50.35
173.95
27n (m)
-50.33
61.1
168.62
3 lr (m)
67.7
-49 .18
164.24
Positive rotations anticlockwise when viewed from above the surface of the Earth.

Rotation (0 )

1

-0.83
-2.94
-6.57
-9.82
-13.85
-22.15
-26.40
-28.96
-30.63
-37.07
-47 .38
-50.26
-51 .92
-55 .99
-60.57

Table 4.2b: Stage rotations for motion of the Pacific relative to the Australian
Plate
Age (Ma)
From

I
I

Latitude ( 0 N)

Longitude (0 E)

To
I
I
I
12
-67.48
6
74.06
18
12
-76.78
118.25
24
18
-74.78
157.19
30
24
-57.92
116.75
36
30
-61.82
126.20
42
36
-62.94
144.74
48
42
-45.49
136.83
54
48
-10.01
105 .21
60
54
-6.42
106.55
66
60
-3.82
94.00
70
66
-16 .38
116.00
Positive rotations anticlockwise when viewed from above the surface of the Earth.

Rotation (0 )1

5.02
4.99
4.84
4.35
4.00
3.71
3.44
4.30
3.41
2.54
0.93
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4.3 Applications of the Plate Motions Data:

4.3.1 Boundary constraints for plate tectonic reconstruction

pnmary

The

application of the above data
was to provide constraints on

10.:'S

the relative motion of the
Pacific and Australian Plates
in the reconstruction described
in Section 4.1.

The Tasman

Sea region, between the active
Australian-Pacific

plate

boundary, which is presently
located

at

Trench

and

Kermadec
4.1 ),

has

the
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Hikurangi
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Tonga-
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(Figure
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during
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Cenozoic period (Schellart et
al., 2004, submitted 2004). In
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Figure 4.1: Topographic map of the SW Pacific region (after
Smith and Sandwell, 1997) showing tectonic features mentioned
in the text. The thin black line delimits the boundary between
the major plates in the region

order to reconstruct the tectonic evolution of this extending area, it was necessary to
provide boundary constraints to the reconstructed area. These constraints were applied
by Dr. W.P. Schellart in the reconstruction by compiling the rotational data listed in
table 4.2 into a .motion file in the PlatyPlusPlus program. Topographic features fixed
on the Australian and Pacific Plate (e.g. Australia, Hikurangi Plateau, Northland
Plateau) were described by .bd files, and were animated using this .motion file at 6 Ma
intervals. The topographic features in the intervening area were then manipulated to
positions that were consistent with the tectonic evolution indicated by geological data
(e.g. positions of island arc volcanism, deformation related to collision events). The
resulting reconstruction is illustrated in the paper appended to this thesis (Appendix I).
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4.3.2 Calculation of velocities of convergence between the Pacific and Australian
plates

The results of analogue fluid dynamical laboratory experiments built to simulate
subduction and slab rollback ( e.g. Schellart, 2003) indicate that episodic occurrence of
slab rollback is related to interaction between the slab and the upper/lower mantle
discontinuity (the spinel/perovskite ultramafic silicate phase transition zone at
approximately 670 km depth; Bass and Anderson, 1984). The sinking slab may stall at
the discontinuity until a sufficient length of slab has accumulated that its excess
gravitational potential energy is greater than the energy required to overcome the
retarding effect of the endothermic phase transition and associated density contrast, at
which time the slab 'breaks through' the discontinuity and continues to sink into the
lower mantle (Turcotte and Schubert, 1982). The episodic behavior of the retreat of the
hinge of the subducting plate that results from this 'piling up' on the 670km
discontinuity is amplified if the subducting slab has a relatively high applied absolute
horizontal velocity at its trailing edge. At subduction velocities scaling to greater than ,...,
5 cm yf 1, phases of hinge-retreat were observed to alternate with phases of hinge
stability and/or hinge advance (e.g. Schellart, 2003).
The reconstructions performed by Dr. Schellart (Schellart et al., submitted 2004)
indicate that the Pacific plate hinge must have displayed such episodic motion during
the entire Cenozoic period in order to explain the observed episodic back-arc extension
in the Tasman Sea area. Therefore, at his request, I calculated the maximum velocity of
the Pacific plate relative to the mantle during the Cenozoic and Late Mesozoic periods.
The calculations were based on rotation parameters describing the motion of the
Pacific plate relative to the hotspot frame of reference (Wessel and Kroenke, 1997). It
has long been assumed that hotspot upwellings are derived from the middle to deep
mantle and that therefore the hotspot reference frame is equivalent to the mantle
reference frame (Cox and Hart, 1986). This is only true if the hotspot upwellings do not
move significantly in the lateral sense with respect to the surrounding mantle, an
assumption about which there is now considerable disagreement (see Section 2.9.1).
There has also been much recent debate about the depth of origin of hotspots (e.g.
Courtillot et al., 2003), which sheds further doubt on their usefulness as a reference
frame, however they are still the best approximation readily available to the mantle
reference frame (see section 2. 9 of this thesis).
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The calculations to determine the rate of absolute plate motion are as follows:
1

The maximum velocity, v in cm yf of any point on the surface of the earth that is
rotating about a pole of rotation with maximum angular velocity ro in ° Myf 1 is given
by:

v = 2 x n x Rx ro / 360°

where R = radius of the earth; average value 63 71 km
The angular velocities used for these calculations were those indicated by stage
rotations, rather than by total rotations. The stage rotations published by Wessel and
Kroenke (1997) and the resulting velocities are listed in Table 4.3

4.4 Results and Discussion
Table 4.3: Maximum possible velocities for motion of the Pacific plate during the
Cenozoic and Late Mesozoic periods
Age Range
(Ma)

3.0 - 0.0
15.1 - 3.0
19.9 - 15.1
43.1 - 19.9
54.2 - 43.1
65.0-54.2
74.0- 65.0
100.0 - 74.0

Latitude
(0)

25 .00
71 .00
67.26
57.17
16.19
9.67
22.00
18.90

Stage Pole 1
Rotation
Longitude
(0)
(0)

333.00
272.50
353.10
297.52
261.79
248.59
265.00
319.50

Rotation
(o Myr-1)

-3.60
-13.20
-4.00
-14.40
-6.80
-6.10
-7.50
-13.40

-1.20
-1.09
-0.83
-0.62
-0.61
-0.56
-0.83
-0.52

Velocity
(cm yr- 1)

13.34
12.13
9.27
6.90
6.81
6.28
9.27
5.73

These stage rotations are calculated from the data of Wessel and Kroenke (1997), using the methods
outlined in Section 2.4 of this thesis.

It is apparent that all these velocities, which are displayed graphically in Figure
4.2(a), are larger than 5 cm yr- 1, however I believe that it is incorrect to relate these
velocities directly to the processes occurring in the SW Pacific region, since the
maximum velocities in Table 4.3 would have occurred on the part of the Pacific plate
that exactly 90° away from the instantaneous pole of rotation.

The instantaneous

rotations (stage rotations are the best possible approximation to these) are located at an
angular distance of close to 90° from the center of the Tonga-Kermadec and Hikurangi
subduction systems (185°E, 30°S) between 74.0 Ma and 43.1 Ma but at all other times
during the Cenozoic the angular separation is 60° or less.

Hence these maximum
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velocities are only approximately valid for the region of interest for the period 74.0 Ma
to 43.1 Ma. This time period is highlighted grey in Table 4.3.
Alternatively, it is possible to calculate the maximum velocity of any point on a
plate using equations discussed in Section 2.2.2, and employed in the analyses of plate
motion in Chapter 3 of this thesis.

I have performed such calculations for a point

located at l 70°E, 30°S, which is approximately the center of the area over which the
Tonga-Kermadec and Hikurangi subduction systems were located during the Cenozoic
according to the reconstructions of Schellart et al. (2004). The maximum velocities of
this point are listed in Table 4.4 and displayed graphically in Figure 4.2(b) and ( c).
Note that these velocities are for an average earth radius of 6371 km, equating to a
distance of approximately 111 km/ degree of arc.

Table 4.4: Maximum possible velocities for motion of a point at 170°E 30°S on the
Pacific plate during the Cenozoic and Late Mesozoic periods
Age Range
(Ma)

Latitude

3.0 - 0.0
15.1- 3.0
19.9-15 .1
43.1 - 19.9
54.2 - 43.1
65.0 - 54.2
74.0- 65.0
100.0 - 74.0

Stage Pole 1
Longitude Rotation

(0)

(0)

(0)

Rotation
(o Myr-1)

25.00
71.00
67.26
57.17
16.19
9.67
22.00
18.90

333.00
272.50
353.10
297.52
261.79
248.59
265.00
319.50

-3.60
-13.20
-4.00
-14.40
-6.80
-6.10
-7.50
-13.40

-1.20
-1.09
-0.83
-0.62
-0.61
-0.56
-0.83
-0.52

Velocity
(cm yr- 1)

3.64
10.24
5.61
4.88
6.71
6.25
8.94
2.84

Azimuth of
max velocity {0)

14.26
-67.92
-91.98
-52.61
-13.28
-14.11
-17 .09
14.82

These stage rotations are calculated from the data of Wessel and Kroenke (1997), using the methods
outlined in Section 2.4 of this thesis.

It is apparent that the maximum velocities in the region of the subducting Pacific
slab are still large enough the promote episodic hinge behavior in the period 74.0 Ma to
14.1 Ma (the value of 4.88 cm yf 1 between 43.1 Ma and 19.9 Ma is very close to the
1

approximate value of 5 cm yr- at which episodic hinge retreat and stability were
observed by Schellart (2003)). In the periods 100.0-74.0 Ma, and 3.0 Ma to 0.0 Ma, the
absolute plate velocities (and by inference the absolute subduction rate) were too slow
to have caused such episodic behavior.

4.5 Conclusion

This example of the use of the numerical methods described in this thesis
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illustrates that there are a range of applications for the techniques. In particular, the
maximum velocity calculations undertaken for the Tonga-Kermadec and Hikurangi
subduction regimes may be applied to other situations where velocity information is
required as a constraint on the application of previous model results, or as input to
future models.

Furthermore, the relative rotations will be useful for future tectonic

reconstructions of the Australia and New Zealand regions.
Figure 4.2: (a) and (b) Maximum
velocities of the Pacific Plate
relative to the hotspots during
the Cenozoic and Late Mesozoic
Period. (c) The azimuth of
relative motion is given to
illustrate that the maximum
velocity does not necessarily
occm perpendicular to the
subduction margin. This must be
taken into account when relating
the convergence rate to a twodimensional .analogue model as
was done in Schellart et al.
(submitted 2004). The dashed
line shows the azimuth of motion
perpendicular to the mean plate
boundary orientation in the
reconstructions

M:u'.imum Absolute Velocity of the Pacific Plate Relative
to the Hotspots During the Cenozoic and Late Mesozoic Periods
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CHAPTER 5: USER'S GUIDE TO PLATYPLUSPLUS

5.1 Introduction

PlatyPlus is a tectonic reconstruction program that was developed by the
Australian Crustal Research Centre at Monash University, Melbourne, Australia. It has
been used to perform and evaluate tectonic reconstructions of certain parts of the world,
the most notable example being in the Western Mediterranean region (Rosenbaum et al. ,
2002; Rosenbaum et al., 2003). A more advanced version of the program has been
developed since 1999 in partnership with the Victorian Partnership for Advanced
Computing (VP AC), Melbourne.

This new version, commonly referred to as

PlatyPlusPlus, utilises a three-dimensional display of reconstruction objects on a
spherical earth. This capability is especially valuable when working in polar regions,
since the Mercartor projection used in the original PlatyPlus results in large amounts of
longitudinal distortion at high latitudes, making it difficult to visualise the
reconstructions correctly.
PlatyPlusPlus is also unique amongst tectonic reconstruction programs because
it has the ability to assign point distributions to objects, which can be used to represent
mass or volume of a geological entity. It also has the capability to deform objects and
their associated point distributions, which is particularly important when considering
reconstructions of continental regions (e.g. Hall et al. , 1995). The deformation is also
applicable to oceanic plates since these may contain diffuse plate boundaries which
cannot be modelled using classic reconstruction tools with fixed object boundaries (e.g.
DeMets et al. , 1990).
Over the past year I have undertaken a variety of reconstruction work using
PlatyPlusPlus.

This has allowed me to understand how to use some of the unique

features of the program, and to provide feedback to the developers of the software about
changes that would make the program more useful or user friendly. Many of these
changes have been implemented within the past year.
In the following chapter I will provide information that should allow future users
of the program to carry out tectonic reconstructions and to put the unique capabilities of
the program to good use.

The basics of use of the program are available in the

PlatyPlusPlus User Manual that can be downloaded by registered users from
http ://vpac.org/PlatyPlusPlus.html. The best way to describe the use of the program is to
work through examples of its use.

I present two such examples in the following
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paragraphs. These examples may also provide instruction in the methods of performing
tectonic reconstructions in general.

5.2 Reconstruction of Indian Ocean Plate Motions

The Indian Ocean has had a relatively complicated tectonic history over the past
150 million years. The plate configuration has undergone major changes during this
time; there are multiple magnetic anomaly patterns produced by different spreading
ridges, and various microcontinents have been formed by separation from larger
continental landmasses. Reconstruction of the history of the ocean basin constitutes a
classical reconstruction task, in which only fixed shape objects are manipulated in
PlatyPlusPlus.

5.2.1 Frame of reference

The first step in reconstructing this evolution using PlatyPlusPlus was to decide
on a fixed frame of reference for the reconstruction. Various possible reference frames
are discussed in Chapter 2.9 of this thesis. For the reconstruction of the Indian Ocean, I
decided to use a fixed continent reference frame. The Eurasian continent is the most
suitable reference frame as there has been little relative motion between it and the
palaeomagnetic reference frame (which is approximately fixed with respect to the
mantle reference frame (Cox and Hart, 1986) for most of the Cenozoic period (Hall et
al., 1995).

Also, since Eurasia always formed the northern boundary of the Tethys

Ocean it is an excellent reference frame for any reconstruction of Tethyan tectonics.

5.2.2 PlatyPlusPlus objects

It was then necessary to determine the objects that would be used in the
reconstruction and represent their shapes in latitude and longitude coordinates so that
they could be made into PlatyPlusPlus .bd files (boundary files). These objects were of
two kinds. The first were continental masses , for example the Indian, African, Eurasian,
and Antarctic continents. Some of the present-day continental outlines are provided
with PlatyPlusPlus, in the data directory.

These outlines were provided to the

PlatyPlusPlus developers by the Tectonics Special Research Centre at the University of
Western Australia. I made some modifications to the position data in these existing . bd
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files in areas of particular interest such as the Himalayan collision zone.

There, I

digitised the outline of the Eurasia/India continental boundary, which is the Indus
Y arlung Suture Zone (Yin and Harrison, 2000) using a registered geological map in the
Mapinfo computer program. Further continent outline data is available from various
online

sources,

such

as

the

National

Geophysical

(http://rimmer.ngdc.noaa.gov/mgg/coast/getcoast.html),

and

(http://www.geodynamics.no/gmap/GmapHelp2001.htm).

the

Data

Centre

GMAP

Project

For users of the software

program GMT (Generic Mapping Tools, available from http: //gmt.soest.hawaii.edu/: a
simple, user friendly and free program available to Linux users to plot position data and
analyse geophysical datasets) , continent outlines of resolution suitable for use in
PlatyPlusPlus can be extracted using the pscoast command with the -DI argument for
resolution, and using the - M argument to write text output rather than the default
postscript output, for example:

# ! /bin/bash
pscoast - Rl60/180/ - 50/ - 30 - M - WO . lp - Dl - JM15c - P >
nzoutli n e . csv

The second group of objects were magnetic isochrons, as identified from
magnetic survey data by various previous authors. The position data for these isochrons
was provided by Dr. R. Sutherland of GNS, New Zealand. This data was converted to
PlatyPlusPlus .bd files by Dr. G. Rosenbaum and Mr. I. Vos of the Australian Crustal
Research Centre, Monash University.

The references for the magnetic isochron

positions were not made available to us however may be obtained from Dr. R.
Sutherland on request. The magnetic isochron . bd files are part of the Virtual Earth
directory that can be obtained by PlatyPlusPlus collaborators from Dr. G. Rosenbaum or
other PlatyPlusPlus users within the ACRC, or the Structural Geology and Tectonics
Research Group at the RSES , ANU, Canberra on request.
An example .bd file is:

# PlatyPlus version 2
open
30
lineation , Cande et al . 1989 (from wmag . dat)
-10 20 . 2 37
- 43 . 3743 122 . 434
- 43 . 3653 122 . 608
- 43 . 3593 122 . 791
- 43 . 3655 122 . 983
- 43 . 3807 123 . 178
- 43 . 405
123 . 366
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- 43 . 4318
-43.4549
- 43 . 4755
-43.4804
- 43 . 4768
- 43 . 4585
-43.4398
-43.4186
-43.3948
-43 . 3647
- 43 . 3303
-43.2932
- 43 . 2939
- 43 . 291
-43.2623
-43.2456
-43.2469
- 43 . 2622
- 43 . 3064
- 43 . 376
-43. 4511
- 43 . 5035
- 43 . 525
-43.5247

123 . 55
123 . 725
123 . 896
124 . 065
124 . 235
124 . 403
124 . 573
124 . 75
124.93
125 . 088
125 . 204
125 . 31
125 . 396
125 . 475
125 . 555
125 . 665
125 . 753
125 . 884
126.037
126 . 202
126 . 367
126 . 531
126.695
126 . 858

Where the first line is a standard header; the second line states that the object is
either closed ( e.g. a continent, terrane or plate) or open (e.g. a magnetic isochron or part
of a plate boundary); the third line states the number of lines of latitude and longitude
information in the file and includes a comment which is usually used to identify the
object and data sources (note that some form of comment must be included), and the
fourth line states the death time, birth time and colour index of the object (the colour
index refers to a line number of the colors.col file which contains RGB values). The
remaining lines are latitude and longitude pairs of points on the boundary of the object
and are listed sequentially around the object. For closed objects the start and end point
must be the same. Note that it is important to give a death time in the future as this will
allow the objects to be 'alive' beyond the present day so that the reconstructions can
still be modified in the future. The birth time should be the time in the past when the
object first appeared (e.g. was formed; for a magnetic isochron this is the age of the
isochron identification. For continents I assigned 9999 Ma as the birth time as this is
older than the time of any possible reconstructions).
The magnetic isochron files came with most of the birth age information already
assigned, however some files were corrupted in the process of transfer from the original
data, so that birth ages of 1 Ma were assigned to isochrons up to 140 million years old.
In these cases I correlated the positions of the isochrons with those shown by Company,
( 1989), assigned ages based on magnetic timescales of Hues its and Acton, ( 1997) and
Cande and Kent, (1995), then manually opened all the approximately 1200 files,
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checked the assigned birth age and modified it if it proved to be incorrect. A copy of
the modified files is included in Appendix II of this thesis so that this tedious process
does not have to be repeated.

5.2.3 Object display in PlatyPlusPlus GUI

Display of the various . bd files on the PlatyPlusPlus graphical user interface
(GUI) is accomplished via .knox files (layout files). An example .knox file is:

File
/home/virginia/PlatyPlusPlus/India reconstruction/India July23b . knox
Objects - Directory India reconstruction
OBJECT NAME
GEarth
All_plates
African_plate
Antarctic_plate
Arabian_plate
Australian_plate
Carribbean_plate
Cocos_plate
Easter_microplate
Eurasian_plate
Indian_plate
North_American plate
Nazca_plate
Pacific_plate
South_American_plate
G Indiav2
SriLanka
IYSZ
MCT
MBT Sulaiman
Stethys
India 200m
India 2000m
Australia
Antarctica
Africa
Eurasia
Lhasa
Arabia
Madagascar
Capricorn_Things
300 INDIA 13
300 INDIA 12
300 INDIA 16
Indian_Things
300 INDIA 10
300 INDIA 11
300 INDIA 9
300 - INDIA- 8
300 INDIA 19
300 INDIA 20
300 INDIA 21
300 INDIA 22

PARENT NAME
None
GEarth
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
All_plates
GEarth
G I nd iav2
G In d iav2
G Indiav2
G I n diav2
G Indiav2
G Indiav2
G Indiav2
GEarth
GEarth
GEarth
GEarth
GEarth
GEarth
GEarth
GEarth
Capricorn Things
Capricorn_Things
Capricorn Things
GEarth
Indian_Things
Indian_Things
Indian_Things
Indian_Things
Indian_Things
Indian_Things
Indian_Things
Indian Things

BOUNDARY FILE NAME
None . bd
None.bd
afr_plate . bd
ant_plate . bd
arab_plate . bd
aus_plate . bd
carib_plate . bd
coco_plate . bd
east_plate . bd
eur_plate . bd
ind_plate . bd
nam_plate . bd
naz_plate . bd
pac_plate . bd
sam_plat e. bd
G Indiav2 . bd
300 INDIA 7 . bd
IYSZ . bd
MCT . bd
Sulaiman . bd
Stethys . bd
300 INDIA 5 . bd
300 INDIA 1 . bd
Australia . bd
Antarctica . bd
Africa.bd
Eurasia2 . bd
Lhasa . bd
Arabia . bd
Madagascar . bd
None . bd
300 INDIA 13 . bd
300-INDIA-:-12 . bd
300 INDIA 16 . bd
None . bd
300 INDIA 10 . bd
300 INDIA 11 . bd
300 INDIA 9 . bd
300 INDIA 8 . bd
300 INDIA 19 . bd
300 INDIA 20 . bd
300 - INDIA- 21 . bd
300 INDIA 22 . bd
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GEarth
Aust~alian Things
Australian_Things
Australian_Things
Australian_Things
Australian Things
GEarth
Indian Isochrons
Ind 100
Ind 100
In d 1 00
Ind 100

Australian_Things
300 INDIA 23
300 INDIA 24
200 INDIA 14
200 INDIA 15
200 INDIA 1 7
Indian Isochrons
Ind 100
Ind 100 367
Ind 100 368
Ind 100 369
Ind 100 370
etc ...

None.bd
300 INDIA 23 . bd
300 INDIA 24 . bd
200 INDIA 14 . bd
200 INDIA 15.bd
200 INDIA 17 . bd
None . bd
None . bd
Ind 100 367 . bd
Ind 100 368.bd
Ind 100 369 . bd
Ind 100 370 . bd

EN D

The objects listed in this file are organised in an object tree, which is a hierarchical
arrangement that allows the user to manipulate all objects with a common parent object
by manipulating only their parent object. Use of this function will be discussed further
in the following paragraphs. The tree hierarchy specified in a .lmox file can be modified
once it is loaded in PlatyPlusPlus by dragging and dropping object names in the object
tree screen that is displayed at centre left of the PlatyPlusPlus window (Figure 5 .1).
Changes to the object tree should be saved using the save object command in the dropdown object menu before exiting the program.
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Figure 5.1: PlatyPlusPlus GUI screen displaying pop-up object animation screen. Other functions
discussed in the text are arrowed and labelled.
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5.2.4 Application of motion data

The motion of all the objects relative to Eurasia (the fixed reference frame) was
calculated using Excel spreadsheets as described in Chapter 3 of this thesis. Motion of
the magnetic isochrons follows the motion of the plate that they lie on. For example the
isochrons that are presently located on the Capricorn plate is described by the
Capricorn-Eurasia relative motion rotations in Table 3.4. The objects can be animated
(i.e. all positions of the object at any specified past times can be displayed in the
PlatyPlusPlus GUI) by applying a .motion file. The format for a total motion file is:

Total No object
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
G Indiav2
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
Indian
All_plates
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa

3.2
11. 2
18 . 4
20 . 2
33 . 5
51. 7
62 .5
67 . 7
71.1
79 . 1
83
96
120 . 4
131 . 3
165
3.2
11. 2
18 . 4
20 . 2
33 .5
51. 7
62 . 5
67 . 7
71.1
79 . 1
83
96
120 . 4
131 . 3
165
165
10 . 6
19 . 7
33 . 3
47 . 1
52 . 8
56 . 2
66 . 6
68 . 2
72 . 3
73 . 6
79 . 1
83
92

-23.4 - 162 . 8
-22.3 -162.1
-22.6 -157.6
-23.6 -159.3
- 23.7 -160.5
- 19 . 2 - 154 .9
- 17 . 2 - 159 .9
- 17.6 - 163 . 4
-17.0 -164.3
-18.2 - 167 .1
-19.1 - 167 . 5
-20.1 - 165 . 8
- 24 . 1 - 165 . 9
-22.9 - 165 .0
-28.5 -160.9
-23.4 - 162 . 8
-22.3 -162.1
-22.6 -1 57 . 6
- 23 . 6 -1 59 . 3
- 23 . 7 -1 60 .5
- 19 . 2 - 154 .9
-17.2 - 159 . 9
-17.6 - 163 . 4
-17.0 - 164 . 3
-18 . 2 - 167 . 1
-19.1 -167 . 5
-20.1 -165.8
-24.1 - 165 . 9
-22.9 - 165 . 0
-28 . 5 - 160 . 9
0
0
-13.9 158 . 8
-15 . 1 165 . 1
-28.3 160.9
-31.1 160 . 7
- 29 . 9 161.3
-28.7 162 . 3
-30.8 163 . 9
-29.0 2 163 . 15
-31.9 163 . 5
-33.7 163 . 8
-36.2 164 . 4
-38.4 165 . 1
- 39 . 6 168 . 2

1. 55
5.27
9 . 30
10 . 15
18 . 96
36 . 31
48 .1 5
54 . 07
58 . 40
67 . 25
70 . 90
78 . 89
95 . 65
103 . 86
114 . 29
1. 55
5 . 27
9 . 30
10 . 15
18 . 96
36 . 31
48 . 15
54 . 07
58 . 40
67.25
70.90
78.89
95 . 65
103 . 86
114 . 29
0
1. 09
1. 90
5 . 96
9 . 11
10 . 05
10 . 54
10 . 73
10 . 96
12 . 45
13 . 29
16 . 08
18 . 61
23 . 95

Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eu rasia
Rel Eurasia
Rel Eu rasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
comment
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
Rel Eurasia
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Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Africa
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Antarctica
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
Ind 100
etc ...

120 . 7
127 . 2
130 . 4
132 . 6
138 . 8
147 . 2
154 . 3
155
170
175
3.2
11. 2
18 . 4
20 . 2
33 . 5
51. 7
62 . 5
67 . 7
71.1
79 . 1
83
96

120 . 4
131 . 9
165
3.2
11. 2
18 . 4
20 . 2
33 . 5
51. 7
62 . 5
67 . 7
71.1
79 . 1
83
96

120 . 4
131 . 9
165

-43 . 6
-44 . 6
-45 . 1
-45 . 4
-46 . 3
-47 . 3
-48 . 8
-48 . 9
-51.3
- 50.5
3.4
3.5
-5 . 6
- 8. 9
-41. 5
- 34 . 8
-48 . 1
-46 . 1
-43.6
- 48 . 2
- 49 . 3
- 48 . 9
-49 . 5
- 45 . 8
- 37 . 5
3.4
3.5
-5 . 6
- 8. 9
- 41. 5
- 34 . 8
- 48 . 1
-46 . 1
- 43 . 6
-48 . 2
- 49 . 3
- 48 . 9
- 49 . 5
- 45 . 8
- 37 . 5

173 . 1
173 . 9
174 . 3
174 . 6
175 . 2
175 . 5
177 . 7
177.9
- 179 . 1
-178 . 1
- 82 . 1
- 77 . 3
-68 . 5
- 69 . 7
-113 . 0
- 108 . 3
- 94 . 9
-86 . 7
-97 . 1
-100 . 7
- 100 . 4
- 91.2
-84 . 4
-86 . 0
- 91.4
- 82 . 1
- 77 . 3
-68 . 5
-69 . 7
- 113 . 0
- 108 . 3
- 94 . 9
-86 . 7
- 97 . 1
-100 . 7
-100 . 4
- 91.2
- 84 . 4
- 86 . 0
- 91.4

40 . 90
42 . 98
43 . 53
44 . 24
45 . 80
48 . 12
50 . 57
50 . 86
57 . 07
59 . 81
0 . 19
0 . 76
1. 29
1. 40
2 . 76
5 . 13
6 . 98
8 . 08
8 . 88
12 . 03
13 . 95
21 . 09
38 . 48
42 . 68
55 . 70
0 . 19
0 . 76
1. 29
1. 40
2 . 76
5 . 13
6 . 98
8 . 08
8 . 88
12 . 03
13 . 95
21 . 09
38 . 48
42 . 68
55 . 70

Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel
Rel

Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia
Eurasia

This file fonnat specifies that the object (and all daughter objects of that object)
named in column one can be reconstructed to its position at the time specified in column
two by rotation of the number of angular degrees listed in column five around an Euler
pole located at latitude as in column three and longitude as in column four. The final
column is reserved for a comment, which must be included. This comment is usually
used to identify the reference frame and source of the rotation data.
A second form of. motion file , termed a relative motion file can be used to input

plate circuit rotational data.

Use of such a motion file will be discussed in a later

example in this chapter.
To apply the motion file to the objects the command object

~ animate

object is

selected from the drop-down menus. The highest object in the hierarchical tree should
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be selected (usually by clicking on its name on the centre left-hand panel of the
PlatyPlusPlus GUI) prior to selection of the animate object command. In the resulting
pop-up screen (Figure 5 .1) the user
_.::_ ... _:?.',.rt

must specify the name of the .motion

:_'4,.t
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file (usually by selecting browse on this
pop-up screen and browsing through the
directories containing their files), the
start and end times of the animation
period (usually start time = 0 Ma, end
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PlatyPlusPlus will display reconstructed
object positions every 5 million years).
The age scroll-bar displays the time of
each reconstruction (Figure 5.2).

The

user can scroll through and select the
time at which they wish to view the

6
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~
;-~~·[j
_d_

Figure 5.2: PlatyPlusPlus GUI screen displaying age
scroll bar

reconstruction.

5.2.5 Displaying PlatyPlusPlus reconstructions

PlatyPlusPlus is able to create JPEG files of the displayed objects at various
times which can then be used to create a movie for display and illustration purposes.
This is achieved most simply by switching from the Motion screen to the Movie screen,
(both located at bottom left of the PlatyPlusPlus main screen as shown in Figure 5.3).
Dc,,ro,,,,
Dci, ,,,
Ll A r ,t h l A

I

~Cj

M,39,19asc:n

___!:..CJJ~dtn'l...l,:o~h:~JrL _ _ _: ]

Screen capture panunetcrs

L_

~ 1·

pop-up menu
5," I O~Uo n J'

~

..t.
~"',.~-:::C...\ Im ~
~::::\.I.'.
~ ''--:> ~ ~ ~ ·-

@

!7.lli' l

Figure 5.3: PlatyPlusPlus GUI screen displaying Movie screen in place of Motion screen as in Figures
5.1 and 5.2. The pop-up menu is ready for selection of the size of the resulting JPEG image, by
specifying the number of pixels in the horizontal and vertical dimensions.
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The first step is to set the parameters for the JPEG files.

These parameters are the

resolution of the captured images and the size of the screen capture. Following this, the
movie can be 'played' which prompts PlatyPlusPlus to save JPEGs at all times that are
available on the scroll bar (i.e. for which displays have been created using the ' animate
object' command). The process is described in more detail in the PlatyPlusPlus user
...

manual.
I preferred to use the postscript output capabilities of PlatyPlusPlus as the
resulting diagrams are more visually pleasing and can be easily modified in any
common drawing program ( e.g. CorelDraw, Adobe Illustrator, Canvas), since the
various features are recorded as discrete objects. This ability to write postscript output
is a recent feature and is only available on versions downloaded since January 2004. It
is presently possible to produce either Miller Cylindrical (flat) or Molleweide
(spherical) projections of the globe. The colour scheme can be varied to reflect the
colours displayed on the PlatyPlusPlus GUI or to various combinations of black and
white.
Examples of output postscript files are shown as Figures 5 .4( a-c ). In this case,
the rotational data was most precise for times corresponding to strong magnetic
anomalies (such as 5.2 Ma, 11.2 Ma, 20.2 Ma etc ... ). I displayed the reconstruction of
anomaly patterns at these times so that a synthetic plate boundary could be constructed
where isochrons of these ages on each plate overlapped. Since the anomaly ages are not
discrete time steps, each time of reconstruction had to be created by a different action of
the animate object command (e.g. animate object was applied over Oto 33.5 Ma with a
time step of 33.5 Ma then the postscript output was written for the 33.5 Ma time;
process repeated).

5.2. 6 Motion of PlatyPlusPlus objects to fit geological constraints

Although not performed in this instance, it would be possible in future
reconstructions, to check that the anomalies of a certain age did match up across plate
boundaries using the given rotational parameters, and to modify the plate motions so
that they did match. Objects can be moved manually by selecting them with the lefthand mouse button, then changing to movement mouse mode by pressing Shift-M .
Motion by dragging and dropping is achieved by right-clicking on the object, holding
down the mouse button, then by dragging the object to its new position. Rotational
movement is achieved by first clicking the right-hand or centre mouse button, then
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Figure 5.4 (a-c): PlatyPlusPlus postscript file output. Examples are reconstructions of continent and
magnetic anomaly motions in the Indian Ocean. Further examples can be found in Appendix II.
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changing the rotation amount (bottom left of screen, Figure 5 .5) to a non-zero number.
Following this rotation of the rotation amount entered occurs around the point the user
clicks on on-screen (clockwise rotation = centre mouse button, anticlockwise rotation =
right-hand mouse button).

The motion > > export to motion file command in the drop-

down menus exports the total rotation required to move the object from its position at
the beginning of manipulation to the position at the time of saving.

If this is to be

applied in future animations, this motion must be included in an overall motion file
using a relative motion file.
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Figure 5.5: PlatyPlusPlus GUI screen displaying Motion screen. The amount of rotation about a pole
located at the point of the mouse click is specified in the ' rotation degree' field as shown

5.3 Deformation of Objects Using PlatyPlusPlus

The aim of this example is to illustrate the changes in crustal thickness that
occurred during collision between the Indian and Asian continents from c. 60 Ma to the
present day.

This example employs the capabilities of PlatyPlusPlus that make it

unique amongst tectonic reconstruction software, namely the ability to assign point
distributions to an object, and the ability to deform objects . Both these capabilities are
currently under further development; therefore the work described in the following
paragraphs needs to be greatly revised in the future in order for it to be suitable for
publication.

In particular, it would be useful to be able to display the deformation

occurring progressively as India moved northward with respect to Asia, however this is
not possible using the most recent version of PlatyPlusPlus.

5.3.1 Shortening in the India-Asia collision

It is commonly accepted that prior to the Palaeocene-Eocene Indo-Asian
collision, India covered a greater area, extending somewhere between 600 km and 2000
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km further north than the present-day boundary between crust of Indian and Asian
origin; the Indus-Yarlung Suture Zone (IYSZ) (Patzelt et al., 1996; Treloar, 1991; Van
der Yoo et al., 1999; Johnson, 2002). Part of this crustal material has been shortened by
folding and stacked by imbricate thrusts to form the Himalayan chain while the
remainder has been underthrust along the Main Central Thrust (MCT) since the
collision (Beaumont et al., 2001). There is much disagreement about the amount of
crust that has been underthrust therefore the estimates of the true extent of the precollision continental crust are highly variable.
In this example I have assumed that all the extra crust was shortened and stacked
by imbricate thrusting. The size of the Greater India that I have defined here is based on
palaeolatitude data from Tethyan sediments of the Indian shelf now located near the
Tibetan towns of Gamba and Duela (Patzelt et al., 1996), which indicates that these
sediments were approximately 1500 km north of their present position with respect to
the Indian shield at the time of their deposition in the Cretaceous to Palaeocene. This is
one of the larger estimates of the size of Greater India in the literature. The Greater
India constructed using this data by Patzelt et al., (1996), [their Fig. 16], was converted
to a PlatyPlusPlus .bd file by measuring the approximate latitude and longitude values
of its northern margin relative to the coastline of India at that time, then combining
these values with the present-day coastline of India that had been used in the previous
example.

5.3.2 Using points to represent crustal properties

PlatyPlusPlus has a function which lets the user define a distribution of points to
fill any object. There are two P<?Ssible point distributions; a random distribution and a
grid distribution.

The later suffers from minor difficulties because the point grid is

linked to the latitude and longitude values ( e.g. two points per degree of
latitude/longitude) hence the point density increases towards the poles, however this
distribution is visually superior and thus may be used when working at near-equatorial
latitudes as in this example, provided it is employed for visualisation purposes only.
In this example I assumed that the points represent crustal thickness , and that a
constant distribution of two points per degree of latitude/longitude is equivalent to
normal thickness continental crust (c. 35km thick; Moores and Twiss, 1995).

An

increase in crustal thickness would be indicated by an increase in the density of points; a
decrease in crustal thickness would be indicated by a decrease in point density. It is
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possible that the continental crust at the leading edge of Greater India was thinned by
extension as it approached the subduction zone at the southern edge of Asia (Johnson,
2002), however since the amount of such thinning cannot presently be quantified, I have
assumed a normal crustal thickness in this example.
The point distribution was created using the Point ...._ Generate ...._ Gridded

Points command from the drop-down menus.

The density of a grid distribution of

points is specified by entering a value equal to the required number of degrees of
latitude/longitude between each point (for example a grid distribution of two points per
degree of latitude/longitude is specified by entering values of 0.5 in the latitude and
longitude increment fields of the pop-up ' Grid Points' screen as shown in Figure 5.6)
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Figure 5.6: PlatyPlusPlus GUI screen displaying pop-up ' Grid Points ' screen. The point distribution is
most easily specified by entering values in the Latitude and longitude increment fields as specified in the
text.

PlatyPlusPlus point distributions could also be used to represent other crustal
properties. For example they could be considered to be 'mass points ', where each point
represents a certain mass of crustal material.

This would be a particularly useful

representation if geodynamic calculations were to be performed in conjunction with the
reconstructions.

5.3.3 Deformation of PlatyPlusPlus Objects

In order to deform a PlatyPlusPlus object, it is necessary to define what is
known as a ' triangulation ' around the area to be deformed. This process is explained in
the PlatyPlusPlus user manual and is therefore only cursorily treated here. Reference
should be made to Figure 5.7 which shows progressive steps in the deformation process.
The Greater India object, in its position at O Ma, with a distribution of points, but before
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any deformation of the excess crust along its northern margin has been performed is
illustrated in Figure 5.7(a).

Figure 5.7: Steps in deformation of Greater India. (A) Undeformed Greater India populated with a point
dish·ibution of two points per degree (for both latitude and longitude). (B) Triangulation created over the
region of Greater India that is to be deformed. (C) Initial deformation by rotation about a pivot point at
35°N 73°E as proposed by Patzelt et al. (1996) after Seeber et al., (1981 ). The margin east of the pivot
point is rotated approx. 20° clockwise; margin west of the pivot point is rotated approx. 10° anticlockwise.
(D) Final deformation occurs by shortening approximately radial to the present-day Himalayan arc.

The triangulation that was created around the area to be deformed is illustrated
in Figure 5.7(b). After thrusting and imbrication, the excess Greater Indian crust must
fit in the area between the present-day Indus-Y arlung Suture Zone (which is the
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northern boundary of crust of Indian affinity in southern Asia) and the present-day Main
Boundary Thrust (MBT) which is the southernmost active fault of the Himalayan
orogenic belt (Yin and Harrison, 2000).

Hence the southern boundary of the

triangulation (equivalent to the southern boundary of the deforming area) is the MBT.
All crust to the north of the MBT must be deformed to fit in the area to the south of the
IYSZ.
Patzelt et al., ( 1996) conclude from their palaeolatitude data that part of the
deformation was accomplished by 'rotational underthrusting' about a pivot located at
approximately 35°N 73°E in a present-day coordinate system.

This pivot point is

approximately the location of the Nanga-Parbat syntaxis in Pakistan and was originally
proposed as a pivot point by Seeber et al., (1981). Figure 5.7(c) shows the rotational
component of the deformation, in which the northern margin of Greater India east of the
pivot point was rotated approximately 20° clockwise around the pivot point, while the
northern margin west of the pivot point was rotated approximately 10° anticlockwise.
This was accomplished in PlatyPlusPlus by selecting all triangulation points along the
northern margin east of the pivot point by drawing a single 'blob' around these points.
Rotation around the pivot was carried out by clicking on the pivot point with the righthand mouse button in 'movement mode' (recall that to switch from selection mode to
movement mode use Shift-M; to return use Shift-S), with the rotation amount set to 1°
until the required rotation amount was achieved (this could equally well have been done
by setting the rotation amount to 20° and clicking once, however the smaller rotation
amount allows the effects of the rotation on the positions of the boundaries of the
deforming area to be assessed for consistency during the rotation process).
The second part of the deformation to fit all of the excess crust in the region
between the IYSZ and the MBT was accomplished by 'oroclinal bending' (as proposed
by Klootwijk et al., 1985) or shortening perpendicular to the arc.

This is a slight

modification to the original model of Klootwijk et al., (1985), which did not include
deformation of the Indian Shield in this process. This deformation was accomplished in
PlatyPlusPlus by selecting individual points of the triangulation using multiple 'blobs'
and moving each one closer to the front of the Himalayan Arc in a direction
perpendicular to the arc until they were coincident with the position of the IYSZ. The
end result of this deformation is illustrated in Figure 5. 7( d).

5.3.4 Inaccuracies in the shortening illustrated by this process

The end result of this shortening as shown in Figure 5.7(d) has some
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inconsistencies that are a direct result of using the triangulation method to model the
deformation. All material within a certain triangle deforms in the same way, however
unless the nodes linking triangles are manipulated very carefully, there can be a
considerable difference in the amount of deformation occurring in adjacent triangles.
Hence, in this example, there are bands where the increase in crustal thickness has been
much greater.

This does not reflect a natural process that has occurred during

shortening and imbrication.

It is possible to reduce the amount of differential

deformation by reducing the number of triangles and triangulation nodes that have to be
manipulated, and by more careful manipulation of the triangulation.
An additional inaccuracy results from attempting to treat the entire shortening
across the belt as a homogeneous event. In fact, shortening in the Himalayas occurred
on specific structures (e.g. major thrust faults such as the MBT and the MCT) and by
folding of the Tethyan Himalaya sequence; Murphy and Yin, 2003). There have been
various estimates of the amount and timing of shortening on each of these structures.
These estimates are summarised in Table 5 .1.

Also included in this table are the

estimates of shortening on structures north of the IYSZ, within southern Asia (where
almost 1200 km of shortening has occurred since the Palaeocene-Eocene collision).
Figure 5.8 presents an attempt I made to illustrate the shortening in southern
Asia, north of the IYSZ. Unfortunately processing of this deformation was beyond the
memory capacity of PlatyPlusPlus, causing the program to crash before I had completed
the deformation modelling. Steps are now being taken to reduce the amount of memory
required to process such deformation using the PlatyPlusPlus GUI, and it is possible to
do this deformation using only the source code for PlatyPlusPlus if some other form of
graphical output can be found (for example, GMT could be used to plot point data).
Figure 5.8: Screen capture
of PlatyPlusplus GUI
illustrating crustal
thickening due to
shortening both of the
northern margin of India
and the southern part of
Asia during the India-Asia
collision. This illustrates
the method rather than
being a quantitatively
correct representation. The
point distribution in India
has been contoured using a
Gaussian distribution
available in PlatyPlusPlus
to highlight regions of
anomalously thick crust
(such as the Himalayas) .
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TABLE 5.1: SUMMARY OF SHORTENING AND FAULT OFFSET ESTIMATES ACROSS THE HIMALAYAS AND ASIA:
AREA
Qaidam Basin

Nan Shan thrust belt
Nan Shan th.lust belt
Qimen Tagh & North Kunlun
th.lusts
Qimen Tagh & North Kunlun
thrusts
Qimen Tagh & North Kunlun
thrusts
Fenghuo Shan-Nangqian thrust
system
Qiangtang thrusts, ShiqanheGaze-Amado thrust system,
subduction of Lhasa beneath
Qiangtang

0\
\0

AMOUNT of
SHORTENING
7 5 km (by balancing
thickening estimates)
280 km
80km

RATE of
SHORTENING

N-S

TIMING

REFERENCE

active today

Yin & Harrison (2000), Chen et al (1999)

N-S
N-S?

4.3 kmMyr- 1

Cenozoic
pre-Cenozoic

Yin & Harrison (2000)
Yin & Harrison (2000)

135 km

top-to-N th.lust

~24.5 km Myf 1

< 5 - 6 Ma

Yin & Harrison (2000)

270 km

?

~50 km Myr- 1

< 5- 6 Ma

Johnson (2002) and references therein

135 km

N-S

13.5 km Myr- 1

65 - 55 Ma

Yin & Harrison (2000)

60-80 km

N-S in top-to-N and
top-to-S thrusts

-2.8 km Myr

Tertiary; >40
Ma

Yin & Harrison (2000)

200-250 km

N-S to NNE-SSW

-6.4 km Myr- 1

65 - -30 Ma

Yin & Harrison (2000)

Extrusion north of Himalayas

30% of total
shortening

Altyn Tagh fault

475 ± 70km

Renbu-Zedong Thrust
Gangdese Thrust
Himalaya, central
Himalaya, W Nepal
Himalaya, East
Himalaya, East
Himalaya (all)
Himalaya, volume balance, if
thinned prior to collision

DIRECTION OF
SHORTENING

-1

nP""

~
.-tReplumez & Taponnier (2003)

N-S to NE-SW?

>30 km
-50 km
687 - 754 km
630 - 750 km
185 - 245 km
210 - 280 km
500km

NE-SW,
accommodated on Sdirected thrusts
N-S to NNE-SSW
top-to-S
NNE-SSW
NE-SW
NNE-SSW
NNE-SSW
radial to Himalayan arc

600 - 850 km

radial to Himalayan arc

s

Cowgill et al. (2003)
> 2 km Myr- 1
6.7 km Myr- 1

(t)
""1

v-.
~
~

C..:/

25-10 Ma
30.4- 23 Ma

Quidelleur et al. (1997)
Harrison et al. (2000)
Johnson (2002) and references
Johnson (2002) and references
J olmson (2002) and references
J olmson (2002) and references
J olmson (2002) and references
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therein
therein
therein
therein
therein

Jolmson (2002) and references therein
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TABLE 5.1 continued
AMOUNT of
SHORTENING

AREA
Himalaya, volume balance, if
NOT thinned prior to collision
Himalaya, balanced cross
sections

350 km

500 km

Himalaya

500 - 600 km

Tethyan Himalaya

130-140 km

South Tibetan Detac hment

- -200 km

Main Central Thrust

- 50 - - 430 km

Main Central Thrust

60 - 80 km

Main Boundary Tlu·ust

llOlrn1

Main Frontal Tlu·ust

?

DIRECTION OF
SHORTENING

RATE of
SHORTENING

TIMING

radial to Himalayan arc
radial to Himalayan
arc
parallel to plate motion
vector?
parallel to plate motion
vector?
parallel to plate motion
vector?
parallel to plate motion
vector?
parallel to plate motion
vector?
parallel to plate motion
vector?
NNE-SSW

REFERENCE
Johnson (2002) and references therein
Johnson (2002) and references therein

Yin & Harrison (2000)

4.1 km Myr- 1
40 kmMyr

-I

50-17 Ma

Yin & Harrison (2000)

17 - 12 Ma

Yin & Harrison (2000)

22 - 18 Ma

Yin & Hanison (2000)

20 kmMyr

-I

8 - 3or4 Ma

Yin & Harrison (2000)

10 kmMyr

-I

< 11 Ma

Meigs et al. ( 199 5)

np-'

W esno usky et al. (1999)

~

13.8 ± 3.6 km My{ 1

~

(D

'-I

NOTE: My prefened estimates of shortening are indicated in bold. The average sum of these estimates, not including the amount of crust that
has been extruded laterally into SE Asia is 1182.5 km. This can be split into approximately 500 km on thrusts in the Himalayas, approximately
130 km due to folding and thrusting in the Tethyan Himalayas and approximately 815 km in Asia north of the IYSZ. It is estimated that
extrusion has accounted for approximately 30% of the shortening north of the IYSZ (Replumaz and Taponnier, 2003). If this is included the
total sh01iening N of the IYSZ is approximately 1160 km. The total shortening including extrusion is therefore approximately 1790km.
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5.4 Use of Relative Motion Files in PlatyPlusPlus

The capacity to accept input of relative motion files has only recently been
included in PlatyPlusPlus. Using relative motion files it is possible to input the relative
motion between a PlatyPlusPlus object A and an object B; and the relative motion
between the object B and an object C. PlatyPlusPlus will then calculate the positions of
both A and B relative to C at the specified times.

This means that it is no longer

necessary to calculate the motions of all objects relative to a common reference frame
prior to inputting them into a .motion file. Thus it is far easier to use data collected
directly from literature sources in reconstructions.
Ms. Meghan Miller of the Australian National University will be the first person
to attempt to use the relative motion calculating abilities of PlatyPlusPlus in a
reconstruction. Prior to commencing work on her reconstruction I ran a test case using
previously published rotation data to test the relative motion calculations performed by
PlatyPlusPlus. This test case is explained in the following paragraphs.
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5.4.1 Test case data
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Figure 5.9: Reconstruction of the Pacific Basin at
c. 190 Ma, illustrating an approximate
configuration of the precursor plates to the
Pacific. Modified from (Hilde et al. , 1977)

two thirds of its boundaries (Figure 2.2). The situation was little different at past times,
although there were more plates bounding the Pacific plate (the Phoenix, Inazagi and
Farallon plates; all now subducted; Figure 5. 9). However a plate circuit link still exists
along the East Pacific rise that allows the history of motion of the Pacific plate relative
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to the Antarctic plate to be determined by magnetic anomaly fitting.
Engebretson et al., (1985) calculated rotational parameters for the plates that had
bounded the Pacific plate, relative to North America, by linking a plate circuit through
Antarctica.

This provided valuable information about the past trajectories of exotic

terranes that had been accreted to the western margin of North America ( amongst
others). The work of Engebretson et al. , (1985) is particularly valuable for two reasons:
1. It contains a wide variety of relative motion data providing multiple
ways to calculate the same end resulting set of relative motions by
combining other relative motions.
2. The calculations were performed by one of the authors (A. Cox) of the
definitive basic text on the subject of mathematical combination of
rotation data (Plate Tectonics: How it Works) (Cox and Hart, 1986). The
equations presented in this text were used both to perform the
calculations of combined motions via the spreadsheets I created, and
within PlatyPlus and PlatyPlusPlus for plate motion calculation (C.
Duboz; personal communication 2003).

Hence we can reasonably

assume that the calculations of relative motions in the Engebretson et al. ,
(1985) data should be similar to those we obtain using the spreadsheets
and PlatyPlusPlus with the same initial data, and can use the Engebretson
et al. (1985) data to test our calculation methods.

5.4.2 Carrying out the test

In order to test the PlatyPlusPlus program we compared the positions of objects
calculated using rotational parameters for the motion of the Farallon Plate relative to the
Pacific Hotspots with positions derived using combined rotational data for the motion of
the Farallon Plate relative to the Pacific Plate and for the motion of the Pacific Plate
relative to the Pacific Hotspots. The data used is listed in Table 5.2.
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Table 5.2: Total rotations to reconstruct second-listed plate to its position relative
to the first-listed plate at the given time from its present day position
Age (Ma) I

L- at_ _itude

- _ _(o_NJ

I

Lo_n_ gitude
- (oE}

Pacjfic Hotspots - Farallon
33
5
12
9
3
17
5
28
-30
37
-49
43
Pacific Hotspots - Pacific
56.5
5
9
17
66.6
28
37
43
67.4
Pacific - Farallon
5
9
17
28
37
43

-19.2
69.6
79.3
80.2
87.4
87.5

I Rotation (

0
)

I Reference

244
255
271
281
301
317

5.1
4.1
6.0
9.9
11.8
16.6

(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al.,
(Engebretson et al.,
(Engebretson et al. ,

1985)
1985)
1985)
1985)
1985)
1985)

-75 .1

4.7

-71.0

22.8

-70.5

33 .2

(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al.,
(Engebretson et al. ,

1985)
1985)
1985)
1985)
1985)
1985)

206.5
11.7
19.5
35.3
74.6
151.3

-3.1
6.3
12.6
20.1
32.7
43.5

(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al.,
(Engebretson et al. ,
(Engebretson et al. ,
(Engebretson et al.,

1985)
1985)
1985)
1985)
1985)
19 85)

The first step in the testing process was to define three PlatyPlusPlus objects; a
Pacific Plate, a Farallon Plate, and a 'hotspots' object.
created from

data downloaded from

The first two objects were

the National Geophysical

Data Centre

(http://www.ngdc.noaa.gov/ngdc.html). The modern-day Kula Plate is the remnant of
the portion of the Farallon plate that was north of the Mendocino triple junction
(Engebretson et al., 1985) therefore we assumed that the Kula plate was equivalent to
the Farallon Plate. We chose a single point to be the hotspot reference frame (as this is
all that PlatyPlusPlus required).

This point was the present-day location of the

Hawaiian hotspot at 20°N 205°E.
The relative motion file format is as follows:

Total HS 0
Farallon
Farallon
Farallon
Farallon
Farallon
Farallon
Pacific

Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
HS

0
5
9
17
28
37
0

0
19 . 2
69 . 6
79 . 3
80 . 2
87 . 4
0

0
26 . 5
11. 7
19 . 5
35 . 3
74 . 6
0

0
-3.1
-6.3
- 12 . 6
- 20 . 1
- 32 . 7
0

comment
comment
comment
comment
comment
comment
comment
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Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific
Pacific

HS
HS
HS
HS
HS
HS
HS
HS

5
28
43
74
100
115
135
145

56 . 5
66 . 6
67 . 4
52 . 2
48 . 8
53 . 9
56 . 1
61.1

- 75 . 1
- 71.0
- 70 . 5
-90 . 7
- 81.6
- 79 . 8
-77 . 2
- 78 . 8

4.7
22 . 8
33 . 2
49 . 1
72 . 1
77 . 1
86 . 5
87 . 3

comment
comment
comment
comment
comment
comment
comment
comment

The word 'Total" in the header line is required in every file . The words "HS O"
indicate that the fixed reference frame for the motion is the hotspots in their position at
0 Ma. The order that the relative motion data is listed is important. The furthest object
from the fixed reference frame object must be listed first and all links between it and the
fixed reference frame must be listed sequentially thereafter. The fixed reference frame
object must be listed last. All reference frames must be real PlatyPlusPlus objects. For
example, if the mantle reference frame is used, it must be represented by, for example, a
point located at the present day North Pole. In any given line the third to sixth columns
contain the rotational parameters (in the same way as in an absolute motion file) , for
motion of the object listed in column one with respect to the object listed in column
two. The comment is compulsory and, as in absolute motion files, should probably be
used to give details of the data source and any other important information.
This absolute motion file was applied to an object tree containing the Pacific and
pseudo-Farallon plates, and the hotspot reference frame representation at the presentday location of Hawaii, as follows:

File /home/mmiller/PlatyPlusPlus/relativemotionstrial/FAR_PAC HS . knox
Objects - Directory relativemotionstrial
OBJECT NAME
GEarth
Farallon
Pacific
HS
END

PARENT NAME
None
GEarth
GEarth
GEarth

BOUNDARY FILE NAME
None . bd
coco_plate . bd
pac_plate . bd
HS . bd

The . bd files of the Farallon Plate at 15 Ma and 30 Ma were exported using the
Object ...._ Save Object command from the drop-down menus. We examined the latitude

and longitude data obtained at these times by animating using the above relative motion
file, and compared it to the latitude and longitude data obtained by animating the same
objects using an absolute motion file containing the (Engebretson et al. , 1985) data for
the motion of the Farallon Plate relative to the Pacific hotspots as follows:
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Total No object
Farallon
Farallon
Farallon
Farallon
Farallon
Farallon
Farallon
Farallon
Farallon

0
5
9
17

28
37
43
48
56

0
33
12
3
5
-30
-49
- 56
- 56

0
244
255
271
281
301
317
319
323

0
5.1
4.1
6.0
9.9
11. 8
16 . 5
22 . 7
31. 4

comment
comment
comment
comment
comment
comment
comment
comment
comment

5.4.3 Results of relative motion trial

In the most recent trial, which was carried out in late January 2004, the latitude
data in the output . bd files was mismatched, although the longitude data was consistent.
This difficulty has been referred back to the PlatyPlusPlus developers so that they can
identify and fix this problem.
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CHAPTER 6: CONCLUSIONS

6.1 Main Conclusions and Outcomes from this Thesis

• A large amount of new data has been produced to describe plate motions based on
new datasets within the last 25 years. It is due time to combine this new information
to calculate global plate motion datasets for general use.
• The most useful parameterisation for plate motion data to benefit a wide range of
users is as Euler rotations for motions of all plates relative to a fixed reference frame
with amounts of angular rotation relative to the present day (Total rotations).
• Computation of combined rotational parameters is most easily perfonned on a
Cartesian vector in R3 parameterisation using vector calculus as outlined in Chapter 2
of this thesis.
• The most accurate and easily fixed reference frame is that of a large, stable
continental landmass such as Eurasia, provided that any internal defonnation of the
landmass is minimal or can be quantified. The hotspot reference frame may also be
useful when combining crustal plate motion reconstructions with geodynamic I whole
earth reconstructions provided the effects of mantle flow on the relative positions of
the hotspots are also quantified.
• It is important to update the assignment of ages to magnetic anomaly picks for plate

motion parameters calculated from these. This gives a much more consistent final
dataset and can have a significant effect on the apparent motions. It is also important
to publish details of how anomaly age assignment was performed.
• I have calculated a revised model for plate motions around the Indian Ocean since the
Jurassic. In the resulting plate motion model, there are significant changes to the
motion of the Indian subcontinent compared to previous models. In particular:
o

The motion of India is less extreme and erratic than previously thought;

o

Peak velocities only occur immediately after separation of the Indian
subcontinent from Gondwana and just prior to engagement of the leading
edge of the Indian plate with a series of intra-oceanic subduction systems
in the neo-Tethys ocean in the late Cretaceous - early Tertiary;

o

A major slowing of the Indian plate that had previously been interpreted
as a direct result of collision between the Indian and Asian continental
landmasses occurred up to 12 million years earlier than this collision
event;
76

Chapter 6: Conclusions
o

Relative motions of India and Asia have been very constant in both
direction and magnitude over the last 20 million years.

• These findings on the motion of India have important implications for the effects of
geodynamic processes on rates of plate motion in this region. In particular:
o

Slowing of the relative motion rate is most probably related to a change
in the balance of plate-driving forces resulting from continentmicrocontinent collision in the NW Himalaya;

o

The present-day high elevation of the Tibetan Plateau may already have
been attained by the early to middle Miocene, and only the amount of
shear coupling along the subduction interface has varied in order to
produce the varying structures developed in the overriding plate since
that time.

• I have calculated a revised model for motion between the Pacific and Australian
plates. This dataset was applied as follows:
o

It was used to plot the relative positions of major features on the two

plates over time by Dr. W.P. Schellart. These positions were used as
boundary constraints for the reconstruction of the motion of tectonic
elements in the intervening regions;
o

It was used to calculate relative rates of plate motion for comparison with

geodynamic models.
• Calculation of relative plate motion rates must take into account the location of the
point for which the relative motion rates are required as the maximum relative motion

:

.

rate will not necessarily occur at a point that is located within the actual plate
boundaries.
• The tectonic reconstruction computer program PlatyPlusPlus was successfully used to
perform reconstructions of the motion of tectonic elements of the Indian Ocean over
the last 160 million years. Postscript output from this program is particularly useful
as it can be modified in standard drawing packages.
• PlatyPlusPlus can be used to model deformation of, for example, continental
landmasses by representing crustal mass or volume by a distribution of points. This
facility is presently most useful as a visual aid and is not yet suitable for quantitative
analyses. Care must be taken with the ' triangulation' method of deformation as it is
very easy to produce artificial inhomogeneous deformation.
• The ability of PlatyPlusPlus to accept relative motion file data will greatly reduce the
amount of processing and manipulation of rotational data required to perform tectonic
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reconstructions. The matrix calculus methods outlined in Chapter 2 of this thesis can
be used to test and compare with the results of PlatyPlusPlus relative motions during
the continued development process of this facility.

6.2 Directions for Future Research:

• It is apparent that there are a number of possible applications for revised plate motion
data. Some of these have been outlined in the preceding pages. The main application
of data from this study is expected to be their use in the PlatyPlusPlus program. The
available dataset of plate motions for PlatyPlusPlus is as yet incomplete. Therefore it
is recommended that revised plate motion models for all tectonic plates should be
calculated from the most recent literature sources. These models should be combined
into a global tectonic plate motion database which should be available in
PlatyPlusPlus .motion file and Excell spreadsheet format. This database should
contain rotational parameters for all plates relative to a number of different reference
frames ( e.g. major tectonic plates and the hotspot reference frame). It should also
contain sufficient information that future workers do not need to combine rotational
parameters through plate motion circuits in order to obtain the specific relative
motion data they require.

The database should be maintained and continuously ·

updated when new relative motion data, calculated from new seafloor data, is made
available.
• The revised plate motion model for the Indian Ocean presented in this thesis should
be applied to further reconstruction of the India-Asia collision. Data on shortening
estimates included in Chapter 5 of this thesis could also be applied to this
reconstruction.
• The unique capability of PlatyPlusPlus to deform objects has many applications in
future plate tectonic reconstructions.

It is hoped that a better method to generate

point distributions will be developed.

It is especially important that these

distributions are not linked to latitude and longitude values. A Cartesian coordinate
system may be a more useful basis for generating these distributions. When such
better point distributions are available, it is hoped that they will be used to represent
crustal mass and volume. I suggest that an approximation to real crustal thickness
could be made for most continental landmasses by assuming average crust and mantle
densities which would make the depth of the crustal root required for isostatic
compensation a simple function of the topographic height of the landmass.
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• It should be possible to combine analysis of surface plate motions with geodynamic

studies and models. This may provide insight about the balance of forces that drive
plate motions. A particular example is indicated as a continuation of the work in
chapter three of this thesis.

The volumes of oceanic and continental landmasses

involved in the India-Asia collision event could be assigned distributions of points
representing crustal mass. The three-dimensional evolution of the system could then
be tracked through time as the intervening ocean basin closed. Calculations of the
forces contributing to the plate motion could be made - for example the slab pull
force could be estimated from the volume and mass of the subducted slab through
time. Integration of plate driving forces along all boundaries of a plate would add to
the presently poor understanding of the relative importance of the various driving
forces in global plate motions (Schellart, 2003).
• Sandiford et al. (1995) calculated the approximate length of ridge surrounding the
Australian-Indian Plate during the period 55 Ma to O Ma, then estimated the plate
driving force that would result from such a ridge length, and related this driving force
to the force resisting plate motion that would result from the excess potential energy
of the Tibetan Plateau. It would be interesting to attempt to expand this study to older
times, prior to the India-Asia collision.
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PLATE MOTIONS IN THE INDIAN OCEAN AND INDIA-ASIA COLLISION

1. INTRODUCTION

During the last IO years, availability of increasin gly high resolution mag netic (e.g. Schreider

Virginia G. Toy 1'2'3 and Gordon S. Lister 1

and Sclu·eider, 200 l), and bathymet:ric data from the ocean floor (Sm.ith and Sandwell, 1997 ; also see
1

Researc h School ofEa1th Sciences, The Australian National University, ACT 0200, Australia

2

School ofGeosciences, Monash Uni versity, VIC 3800, Australia

3

Co1Tesponding Author : Now at: Geology Depmtment, Uni versity ofOtago, PO Box 56, Dunedin ,

http ://www.ngdc.noaa.gov/mgg/image/2minsurface) has allowed geoscientists to detennine the
positions of marine magnetic anomalies and fracture zones with greater accuracy. This position data
has been used to calculate more accurate rotation parameters to describe the relative motions of
New Zealand; Fax: +64 3 479 7527; Email : virginiatoy@yahoo.co .nz
tectonic plates.
The analyses reported here were undertaken in order to provide an updated and accurate
ABSTRACT
description of the convergence of the major lithospheric plates bordering the Eastern AlpineWe have calculated a revised model for all plates bordering tl1e western Indian Ocean based
on the most recent analyses of ocean floor data. The motions were calculated through a plate circuit

Himalayan Orogenic Belt.

processes in the deformed collision zones of this orogenic belt.
Motions of India relative to Eurasia have been previously calculated (e.g. McKenzie and

containing India, Africa, Nortl1 America and Eurasia (± Antarctica), and the kinematics of the motion
of India relative to Asia were exam.ined.

The plate motions provide boundary constraints for future analyses of

Ages were reassigned to older data based on revised

Sclater, (1971), Patriat and Achache, (1984) and Dewey et al. , (1989)) . ln the past 20 years, a number

geo magnetic timescales . The plate motion model presented here is dependant on the assumption ofno

of authors have published new data describing the rotations of India with respect to Africa, Australia

relative motion between Europe and Asia since the Jurassic and should be subject to fu1ther revision if

and Antarctica (Conder and Forsyth, 200 l ; DeMets et al. , 1990 ; Klootwijk et al ., 1992; Martin and

any such motion can be quantified in the future. The India-Asia relative velocity shows two ma.in

Hartnady, 1986 ; Muller et al., 1993 ; Patriat and Segoufin, 1988; Reeves and De Wit, 2000 ; Royer et

1

maxi mums, - 7.9 cm yr· immediately after India sepm·ated from Australi a and Antarctica in the early
1

al. , 1988; Royer and Sandwell, 1989; Royer and Chang, 1991 ; Royer and Gordon, 1997; Royer et al.,

Cretaceous and 14.3 cm yr" at the ve1y end of the Cretaceous (71. l Ma to 67.7 Ma). It is also possible

1997; Weins et al. , 1986; Weisse] et al. , 1980). However, the most recent well-constrained set of

that a brief period of fast motion occuned between 51. 7 Ma and 49.0 Ma however this cannot be

parameters for the motion of India relative to Eurasia, recalculated tlu·ough the entire plate circuit, was

adequately resolved from the avai lable data. Slowing of the Indian plate occurred at the same time as

published in 1989 (Dewey et al., 1989). In some reconstructions, the model of Patriat and Achache,

emplacement of ophiolites and accretion of island arc material from the north along its northern margin

(1984) is still used in analyses oftl1e motion of tectonic elements of this collision zone (e.g. Replumaz

at KIT bounda1y time, but p1ior to the deposition of the last marine sediments in the India-Asia suture

and Tappo1mier, 2003). The kinematic analyses repo1ted in this paper focus mostly on tl1is motion

zone. This slowi ng is earlier than indicated in previous analyses, and can more logically have resulted

between India and Eurasia.

from chan ges in the plate-driving forces related to collision between thinned Indian and Asian

It is particularly interesting to consider whether there a.re any correlations between the timing

continental crust in NW Himalaya than fro m force changes related to formation of an intra-Tethyan

of changes in the rates of plate motion and events in the Indian Ocean and the Himalayan collision

subd uction system and separation of the Seyc helles m.icrocontinent from India.

zone.

Because the Tethys Ocean has been almost completely destroyed, especially in the westem

section of the Alpine-Himalayan orogen, determining the plate configuration in the ancient ocean is
Keywords: plate kinematics, Indian Ocean, Cretaceous-Tertiary bounda1y, plate-driving forces

particularly difficult. There are, however, have some constrnints due to preserved ophiolite and island
a.re sequences around the India-Asia suture zone (the lndus-Yalung Suture Zone).

2

We present a

discussion about whether all changes in the rel ati ve moti on of the bou nding pl ates (India and Asia) can

motions. This is reminiscent of early plate tectoni cs workers who attempted to describe the motions of

be attributed to changes in spreadin g ridge confi gurati on in the modem Indi an Ocean, or whether

the Pacific Pl ate in terms of fit of, for example, the Mendocino Fracture Zone with onl y one small

(some of) th e motion changes can be inferred to have been caused by tectoni c events in th e intervening

circle around an Euler pole (e.g. Morgan, 1968). More recent work has used numerous small circles to

Tethyan Oceans.

more accurately fit such fracture zones. Such accurate fits of Indian Ocean fracture zones and their
intersecti ons with mag netic anomalies have been undertaken (e.g. Marks and Stock, 200 1) and are
therefore preferenti all y used over the Reeves and De Wit (2000) best-fit poles. Lt is noted that Marks

2. DATA AND ANALYSIS METHODS

and Tikku (200 l) gave an interpolated pole of rotation fo r Antarctica relati ve to Africa at 96 Ma.
Whilst this is a synthetic construction, the fit of the pole to the conjugate fracture zones is good ;

2.1 Criterion governing selection of data

therefore this pole has been used here.
Marine magnetic anomalies are preserved in crust that was formed at spreading ridges .

Internal deformation of the Indian-Australian plates has occurred during the last 40 million

Rotations, such as those used in thi s analysis, are those required to move anomalies fanned at the same

years (e.g. Royer and Chang, 1991 ; Gordon et al. , 1998; Conder and Forsyth, 2001) . The defonnation

time at a common spreading ridge back into coincidence. Since the boundaiy between Eurasia and the

has been modelled by assuming the existence of three diffuse plate boundari es, that split the Indi an-

other plates that bordered the eastern Tethys (India, Australia, Africa, Somalia and Arabia) has been a

Australian into the Indian, Australian, and Capricorn Plates (Conder and Forsyth, 2001; Gordon et al. ,

convergent boundary for at least the last 150 Myr (Stampfli and Borel, 2002), anomaly patterns have

1998 ; Royer and Gordon, 1997 ; Royer et al. , 1997).

not been formed, and cannot be used to directly deri ve rotations of th e plates relative to Eurasia. Hence

Nubian and Somalian plates along the East African Rift. Rotational parameters for this motion were

Similarly, the African pl ate can be split into the

the relati ve motions are calculated using a plate circuit thro ugh Africa-No rth America-Eurasia, based

calculated by Chu and Gordon (1999), Cowles (2000) and Lemaux LI et al. (2002) . The rates of

on sea-fl oor spreading in the Atlantic Ocean. Updated poles of rotation for this relative motion were

angular rotation on these diffuse boundaries are of comparable size to those across slow spreading

collated and discussed by Rosenbaum et al. (2002).

narrow plate boundaries such as the Southwest Indian Ridge (Gordon et al. , 1998) and therefore they

We have not attempted to reanalyse the location s of marine magnetic anomalies and fracture
zones in order to find poles of rotation of tectonic plates.

are taken account ofin the following analysis.

Instead we have collated the rotational

The poles for the rotation of India with respect to Africa calculated by Royer and Chang

parameters (poles and angles of rotation) desc1ibing these motions published from previous studies

(1991) were based on accurate fits of fracture zone and anomaly intersections in the Indian Ocean.

(Chu and Gordon, 1999; Cowles, 2000; Gordon et al., 1998; Lawver and Scotese, 1987; Lemaux II et

However if the reconstruction pole they proposed for Anomaly 2611 (57.9 Ma) is included in the plate

al. , 2002; Marks and Stock, 2001 ; Marks and Tikku, 2001 ; Norton, 1995 ; Reeves and De Wit, 2000;

motion model calculated in this paper, a large westward swerve in plate motion occurs only at this

Royer and Gordon, 1997; Royer et al. , 1997 ; Royer and Sandwell, 1989; Tikkau and Cande, 1999).

time. We consider this swerve to be an artificial result of error in their analysis or data, and have not

Palaeospreading directions on mid ocean 1idges are constrained best by fracture zone

included this rotation pole in our current study . The age of 132.4 Ma proposed by Li and Powell ,

orientations (Cox and Hart, 1986). The bathymet1ic maps of S mith ai1d Sand well ( 1997) are the most

(2001) for first motion between India and Antarctica is assigned to the rotational parameters of the

accurate presentl y avai lable, hence poles of rotation calculated with consideration to the positions of

Gondwana fit proposed by Lawver and Scotese ( l 987).

fracture zones that we re identified from these maps were preferentially used in the analyses reported in
thi s paper. An exception was made in the case of Reeves and De Wit (2000) who split the hist01y of
the Indian Ocean into four major ' regimes ' during which they use a single rotation to fit all the
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that the anomaly pick co1Tesponds to the middle of the anomaly, as thi s minimises the possible error if

2.2 Methods

the beginning or end of the anomaly were picked .
The published poles of rotation used for this study are li sted in Tables la and lb . The relative
plate motions described by these parameters were comb ined using the finite rotation matrix methods of
Cox and Hatt ( I 986) (A ppendix I) .

3. REVISED PLATE MOTION MODEL

The order of rotations conforms to the rule that the rotations are
The finite rotation para meters calculated du1ing thi s study are li sted in Table 4 .

Positive

perfonned sequentially from the plate furthest from the fixed plate in any circuit towards the fixed
rotations are anticlockwise when viewed from above the surface of the earth .
plate. For example, the motion of India relative to N011h America is calculated by performing rotation
Trajectories of three points that are now located within the Lesser Himalayas (74°N 34°E;
of India relative to Africa, then Afiica relative to North America, i.e. (Africa 7 North America x
84°N 28°E; 94°N 28°E) relative to Eurasia fixed to its present day geographical position are illustrated
(India 7 Africa)) . In cases where the finite rotation for a particular time was unknown, an interpolated
in Figure la . The rate of motion of the point at 94°E 28°N on the Indian Plate with respect to Eurasia is
pole of rotation was calculated from th e finite rotation poles for the two adjacent times
plotted in Figure 2. Compaiison is made to the rates and azimuths of motio n implied by the models of
The plate circuits listed in Table 2 were used to calculate the motions of Africa, Antarctica,
Patriat and Achache (1984) and Dewey et al. (1989). Figure 3 illustrates the position s of India relative
India, Arabia, the Seychelles microcontinent and Madagascar relative to Eurasia. In most cases the
to a fixed Eurasia for the times calculated during this study. The northern margin of India in this
decision to use a particular plate circuit was based on the relative motions for which the most accurate
reconstruction is taken as the present-day location of the Indus Yalung Suture Zone (the meeting point
data was available in the literature.
between crust oflndian and Asian affinity in the India-Asia collision) .
Prior to 132 .4 Ma, the Indian continent was still attached to Australia and Antarctica

2.3 Ages of Magnetic Anomalies
(Gondwana) and all were moving slowly southeastward as they separated from Africa and Madagascar.
India sepai·ated from Australia and Antarctica at c. anomaly Ml l (132 .4 Ma) (Li and Powell, 2001) and
Ages of magnetic anomalies were reassigned for the analyses repo1ted here, based on revised
began to drift no11heast at 7.3 cm yr- 1 • The rate ofn011hward motion increased to 7.9 cm y( 1 during the
timescales of Huestis and Acton (1997), Cande and Kent (1995), and Hardenbol et al. (1998b) . The
mid-Cretaceous, then dropped to 6.2 cm yr-1 after 96 Ma. During the Late Cretaceous, the motion rate
selected ages for each anomaly are li sted in Tables 3a and 3b.
increased to a peak rate of 14.3 cm

yi·-

1

between 71.1 Ma and 67 .7 Ma, and thereafter decreased slowly

The ages assigned to magnetic anomalies within the Indian Ocean are of the old end of the
until approximately 20.2 Ma. Velocities have been close to their present-day values (approximately 5.0
anomaly unless otherwi se stated, and are based on the timescales of Huestis and Acton ( 1997), Cande
cm yr- 1) and motion has occurred in vi11ually the same direction as it does toda y si nce approximately
and Kent ( 1995) and Hardenbol et al. ( 1998a).

Most ages of magnetic ai1omalies within the Atlai1tic
20 Ma.

Ocean are of approximately the middle of the magnetic anomalies. Srivastava et al. (1990b) state that
The overall motion of India in a Eurasian reference frame was towards the east-n011heast
they picked magnetic anomalies at their positive peaks, and that hence the ages con-espond to the
<luting the Early Cretaceous, northeast durin g the Late Cretaceous, and to the north-11011heast during
middl e of the nonnal polarity interval with an accuracy of0.5 Ma.
the Te11ia1y. India has rotated a total of approximately 22° degrees anticlockwise with respect to
Correlations between anomaly picks and the orig inal magnetic profiles from the data sources
1

Eurasia since the beginning of the Te11iaiy (a rate of 0.34° Myr- ) and approximate ly 18° since the
used for the calculations repo11ed here were examined wherever possible so that the correct ages could
approximate time of the India-Asia collision at 50 Ma (a rate of0 .36° Mry"
be assigned to the anomaly data. When correlation information was not published, we have assumed
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1
)

(Johnson, 2000) .

from omitting the relative rotations between different blocks related to such extension over the last 16 5

4. DISCUSSION

million years are estimated to be less than 0.02° my( 1•

4.1 Effect of internal deformation of Eurasia
4.2 Variation in Rate of Motion of India relative to Eurasia
There is no doubt that intra-continental defonnation has occtmed in the Tibetan Plateau, the
Tien-Shan and central Asia in general , in order to accommodate indentation of the Indian continent

In our model India was still attached to Australia and Antai·ctica prior to anomaly Ml ON(y)

(Yin and HaiTison, 2000; Replumaz and Tapponnier, 2003; England, 1997; and numerous others) .

( 131 .9 Ma) . The first increase in motion rate observed in the data occurs at this time, when continental

Based on palaeomagnetic constraints, Chen et al. ( 1993) concluded that there has been 1700±610 km of

rifting began between India/Australia and Antai·ctica. Seafloor spreading in this rifted ai·ea commenced

sh011ening between southern Tibet and the Siberian craton since the Cretaceous. Similarly, Paltzet et

in the Late Cretaceous, forming the Southern and Indiai1 Oceans (Veevers et al. , 1991). The relativel y

al. (1996) imply that there has been 1500 km of shortening in northern India, although other estimates

slow (averaging 7.3 cm y( 1) motion between 130 Ma and 83 Ma is comparable to the rates of spreading

These estimates must be taken into account in

on modem slow-spreading ridges such the Southeast Indian Ridge and sections of the East Pacific Ri se

reconstructing the evolution of the collision zone. The analyses here only provide bounda1y constraints

(DeMets et al. , 1990). At 83 Ma the spreading rate began to rapidly increase towai·ds its peak between

for reconstruction s of such defonnation ; hence the boundaiy given in Figures l and 3 is the present-day

71.l Ma and 67 .7 Ma. The only significant chai1ge in plate configuration close to this time in the

India-Asia boundaiy rotated backward in time.

Indian Ocean was the separation of Madagascai· from southwest India and its amalgamation to the

are as low as 300 km (see Johnson (2002) for review).

The relative motions presented here are only co1Tect if stable continental Asia has remained

African plate. Marks and Tikku (200 l) consider the possibility that this reconfiguration first occurred

fixed with respect to Europe since the Triassic. There is disagreement about whether palaeomagnetism

at approximately 96 Ma. Hence it is possible that the relative motion rate actually began to increase in

records relative motion between Asia and Europe (Hai1kard et al., 2003; Zhao et al., 1994). Most of the

the period between 96 Ma ai1d 83 Ma.

area of Eurasia between the Scandinavian border with the North Sea and the Siberian Craton (which is

It is appai·ent that the maximum relative plate velocities calculated in this study are not as

taken as stable Asia in thi s study) has been geologically inactive since the Jurassic (Exxon, 1985).

large as those indicated by Patiiat and Achache ( 1984), although they are of similar magnitude to those

There is evidence for some small scale and aerially isolated intra-continental rifting in the No11h Sea

indicated by Dewey et al . (1989). The maximum velocity of motion of India relative to Eurasia at a

Rift (Ziegler, 1992) and Rhine Graben (Behnnann et al., 2003) system, however in this case there is a

point now located at 28°N 94°E was 14.3 cm y{ 1 and occu1Ted between anomalies 32n. l n (y) (71.1 Ma)

good understanding of the opening histmy which may be able to be quantified in the future to find

and 3 ln (y) (67 .7 Ma), approximately 12 million years earlier than indicated by the data of Dewey et

rotational parameters for the adjacent continental masses, as has been done for the East Africai1 Rift

al. (1989). The Indian plate then decelerated with respect to Eurasia until approximately 20 Ma at a

(Chu and Gordon, 1999; Cowles, 2000; Lemaux II et al., 2002). This should be addressed in future

relatively constant rate. There appears to be a lai·ge deceleration at c. 52 Ma, which could be related to

research. The plate motion model presented here may therefore be subject to further revision when

final engagement of the Indian ai1d Asian continents.

such motions are described, and when sufficient high-quality palaeomagnetic data is collected to

artefact of the small amount of data in the pe1iod between anomaly 23n .2n (51.7 Ma) and anomaly 13n

quantify any other relative motions between Eurasi an blocks during the Cenozoic. However, since the

(m) (33.5 Ma). A relatively constant deceleration from 67.7 Ma to 20.2 Ma is just as probable as a

amount of Cenozoic extension in the North Sea region and the Rhine Graben amounts to up to

varying one within the resolution of the analysed data.

approximately l 00 km (Ziegler, 1990) and IO km (Meier and Eisbacher, 1991) respectively, the errors
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However this deceleration may also be ai1

4.3 Accuracy of motion between 51. 7 Ma and 33.5 Ma

conclusions about the relative motions in this period. We note, however, that even if motion between
51.7 Ma and 49 .0 Ma was as rapid as is indicated by this analysis, there is still a significant reduction in

Clearly there is a shortage of data in the period between 51.7 Ma and 33.5 Ma in this model.
One reason for non-inclusion of published data during this period was outlined in section 2. 1.

A

motion at c. 62 .5 Ma, therefore there must have been some major event that resulted in slowing of
motion at that time, prior to the main India-Asia collision.

second is presented here.
Patriat and Achache (1984) proposed that ' e1Tatic' motion and slowing of India observed in

4.4 Effect of Plate Driving Forces on Motion Rates

their model between 52 Ma and 36 Ma resulted from the first engagement of Indian and Asian crust
and hence could be used to date this collision.

Dewey et al (1989) used more accurate anomaly

lt is interesting to consider how the forces driving motion of the lndia11 plate (e.g. ridge push

identifications to display that there was little evidence for such en-atic motion and instead produced a

force, slab pull force ; Forsyth and Uyeda, 1975) may have varied due to changes in the plate

relatively smooth path for the relative motion between India and Asia during this time. Ideally the

configuration in the Indian Ocean at this time, and which events could have caused the motion changes

rotational data of Dewey et al ( 1989) could be incorporated into out model during this period, however

that a1·e observed.

it is difficult to do so since it is not possible to remove the effect of changes in motion of links in the

First we consider the 1idge push force, which was provided by the SW Indian ridge, along

plate circuit between India and Eurasia (e.g. Antarctica, Africa, North America) that were used by

which India separated from Gondwana.

Dewey et al (1989) without also knowing all of these relative motions, which were not published. The

Seychelles microcontinent separated from the western side of the Indian plate (Exxon, 1985) . This

motions in the period 51 .7 Ma to 33 .5 Ma were approximated by calculating the rotation required to

event is thought to have been driven by thermal effects related to impact of the Deccan plume on the

At or before anomaly 28 (approximately 62 .5 Ma) the

bring the total reconstruction pole for India-Eurasia motion to 33 .5 Ma proposed by Dewey et al.,

western portion oflndia, which erupted between approximately 69 Ma and 63 Ma (Pande, 2002) . Such

( 1989) into coincidence with the pole from our model for the same time period, then rotating the

an event may be responsible for an increase in the motion rate due to increased magma supply and

Dewey et al ( 1989) stage poles for 33 .5 Ma to 42 .5 Ma and 33 .5 Ma to 49.0 Ma by this amount. The

dyna1nic topography at the ridge, however there is no reason why this would then lead to the observed

rotated stage poles were then combined with the rotations for O Ma to 33 .5 Ma from our model to

deceleration oflndia.

approximate the motion in the period 51.7 Ma to 33 .5 Ma.

Previous authors (e.g. Dewey et al. , 1989; Pat1iat and Achache, 1984) have suggested that the

The resulting relative velocities of India with respect to Eurasia are illustrated in Figure 4.

slowing of the Indian plate resulted from collision between Indian and Asian continental crust.

There are only minor differences between the relative motion of India in this period and that previously

However, this assumes there is a direct link between collision processes and far-field plate motions. It

calculated without inclusion of Dewey et al ( 1989)'s data. In pa11icular, India appears to have rotated

has been demonstrated that tectonic situation in the area between two major converging continents can

slightly anticlockwise about its northwestern corner between 51.7 Ma and 49 .0 Ma, and

display complexity that is virtually umelated to the motion of the major bounding continents (e .g.

correspondingly, rates of motion of the eastern pa11s of the continent were relatively la1·ge (up to 14. 1

Rosenbaum et al. , 2002; Royden, 1993).

cm yr· \

indicates that there was still an oceanic gap between the Indian and Asian continents during this period

Also, the Eurasia-India relati ve motion rate between 42 .5 Ma and 33.5 Ma was particularly

slow (c. 3 to 4 cm

1
yr" ) .

However, if this is considered in combination with the occurrence of rapid

motion between 51 .7 Ma and 49 .0 Ma it is evident that the numerical method employed to incorporate

Also, palaeomagnetic and sedimentological evidence

(Paltzet et al., 1996; Aitchison et al., 2000), therefore it is likely that complete engagement of the
Indian and Asian continental crust occuITed at a later time.

the data into our model may be flawed, resulting in India being placed too far to the north relative to

There was at least one, and possibly two, intra-oceanic subduction system active in the

Eura sia, therefore res ults from thi s type of analysis cannot presently be used to draw concrete

Neotethys du1ing the Late Cretaceous to Palaeocene. In the east, the Zedong Arc of Aitchi son et al.
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(2000) collided with the no11hern margin of India on the southern side of the Neotethys at

We cannot discount the possibility that there have been variations in the stress transmitted to

approximately the Cretaceous/Tertiary boundary. In the west, the Ladakh Batholith was finally sutured

the Asian plate due to variations in the amount of coupling across the Indian/ Asian boundary . Liu and

to the southern margin of Asia at approximately 50 Ma (Weinberg and Dunlap, 2000), but was

Yang (2003) recently produced a tlu-ee dimensional finite element model of the stress regime in the

probably originally erupted close to this margin between 70 Ma and 50 Ma. There is dispute as to

Tibetan Plateau and its response to va1ying factors such as the basal shear stress, far-field force,

whether the Ladakh magmatic rocks were erupted in an entirely oceanic setting or in a back-arc

rheologic stmcture and excess gravitational potential energy of the plateau . The model was able to

environment tlu-ough thinned continental crust (Rolland et al. , 2000 ; Weinberg and Dunlap, 2000 ;

simulate the stt·ess conditions that geological evidence indicates existed in the plateau over the last 20

200 I) Also in the west, the Spontang Ophiolite and a small overlying island-arc sequence (the Spong

million years by varying the basal shear stress during tlrnt period. A basal shear force of approximately

Arc) collided with and were emplaced onto the no11h Indian margin at approximately 70 Ma to 65 Ma

30 MPa caused N-S extension immediately nortl1 of the Himalayas, expressed in formation of the

(Corfield et al. , 200 I). It seems most likely that the slowing was related to collision of these

South Tibetan Detachment System between 22 Ma and 20 Ma (Burchfiel et al. , 1992), or possibly more

microcontinents with the larger continental masses, in combination with a reduction in the slab pull

recently (e.g. Hodges, 2001).

force since only small slab lengths were being subducted between the various arcs and continental

extension in the southern and centt·al plateau, expressed in fonnation of N-S tt·ending grabens since

slivers.

approximately IO Ma (Yin and Han·ison, 2000). In the absence of a va1ying plate convergence rate

A smaller basal shear force, of approximately 10 MPa caused E-W

during this period as shown during the present study, such a variation in basal shear stress can only
have resulted from a reduction in the amount of coupling between the subducting Indian plate and the

4. 5 Implications for Age of Uplift of the Tibetan Plateau

overt"iding Tibetan Plateau.

Such a reduction may have occurred due to a change in the fluid

One other interesting result of this study is recognition that, when internal deformation of the

conditions in the contact zone between the two plates, resulting either from an increase in the amount

Indian plate is modelled by assuming rigid plates with a diffose boundaty (e.g. Royer and Chang,

of aqueous fluids released during dehydration reactions of a different composition subducting material,

1991), the relative plate motion rates and directions have remained nearly constant since approximately

and/or because of the presence of partial melts generated by frictional heating at the interface (e.g.

20 Ma.

model ofBeaumont et al, 2001).

In previous models (e.g. Dewey et al., 1989), the velocities peaked between l O Ma and 4 Ma.

There is considerable debate about the timing of uplift of the Tibetan Plateau. Various estimates have
been put forward, including: E-younging uplift from 40 Ma to 20 Ma based on dike intrusion and

5. CONCLUSIONS

chemistty (Chung et al., 1998); 8 Ma based on initiation of E-W extension due to excess gravitational
potential energy and initiation age of the Asian Monsoon (Hanison et al., 1995; Molnar et al., 1993);

A revised set of rotational parameters for the relative motions of the major plates stmounding

15 Ma based on leaf morphology (Spicer et al ., 2003). It is reasonable to assume that any increase in

the eastern segment oftl1e Alpine-Himalayan collision zone was calculated from the existing literature.

the plateau elevation would increase the resistance to n011hward motion of the Indian plate.

The

The motions of India relative to Eurasia indicated by these rotational parameters are less extreme and

observed steady motion could then be taken as evidence that there have been no major unbalanced

erratic tlrnn tl10se previously calculated for this particular relationship by Patriat and Achache, ( 1984),

changes in such resisting forces, and hence the plateau elevation has not changed considerably in the

and show a peak velocity some 12 million years earlier tlrnn that indicated by the data of Dewey et al. ,

last 20 million years. This would imply that uplift of the plateau was accomplished by the early to

(1989).

middle Miocene.

separation from Gondwana in the early Cretaceous, and in the late Cretaceous, immediately prior to the

The velocity of India with respect to Eurasia shows only two main peaks, soon after its

separation of the Seychelles microcontinent from western Indi a, and the eruption of th e Deccan T raps.
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The maximum velocity of motion of India relative to E urasia is 14.3 cm

yi··

1

and occurs between

rotation (£, or (e 1, e 2 , e 3 )

-

a colunm vector in R3] , and unit quaternions (q or (q 0 , q 1, q 2 , q 3 - a unit

The first slowing of relative motion occurs

column vector in fo ur-space, or four val ues limited by one constraint)] (Chang et al. , 1990). tvlost of

before the widely accepted age of final India-Asia collision (- 50 Ma) and seems more li kely to be the

the published literature uses the first of these parameterisations, however it is computationally simp ler

effect of a change in the balance of plate-driving forces resulting from continent-continent collision in

to use tl1e third (Ca11esian vector in R 3) parameterisation.

anomali es 32n. ln (y) (71.l Ma) and 3ln (y) (67.7 Ma) .

In the analyses reported here, the Caitesian coordinate sy stem ' s posi tive x-axis points to 0°

the NW Himalaya, rather than related to an intTa-Tethyan subduction system that existed at this time,
and to separation of the Seychell es microcontinent from Indi a.

The relative motions have been nearly

constant over the last 20 million years, perhaps indicating that the Plateau had already attai ned its high

longitude, its positive y-axis points to 90° longitude, and its positive z-ax.is points to the north pole.
The conversion from pseudo-sphe1ical coordinates to Ca.itesian coordinates is obtained by:

elevation by the early to middle Miocene and that the amount of shear coupling between the subducting

= COS A. COS <p

Indian Plate and the overriding Tibetan Plateau has varied in order to produce the varying extensional

eI

structures that developed in the overriding plate during this period.

e2 = cos

'J...

sin <p

e 3 = sin A
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The rotation described by tl1is man·ix is that which n·anslates an object B in a reference frame

Schell art, and Meghan Mill er prior to submission, by ... and .. . ,.

fixed to object A at time tl to its position at time t2 . Iftl = 0 the Euler pole and angle of the rotation is
7. AP PENDlX I: Methods of Calculation of Rotational Parameters

a total reconstruction pole . Ift2 = 0 the Euler pole and angle of the rotation is a total forward motion

pole. Iftl , t2 -t 0, tl1e Euler pole and a.i1gle of the rotation is a stage pole.
The rotation matrix consists of the fo llowing elements:

7. 1 Finite Rotations
Since the data that is used to determine rotation parameters in plate tectonics is usually only
available for discrete time steps (e.g. the boundary of a magnetic anomaly), the rotational parameters
deri ved are finite rotations of a ce1tain angular distance about an Euler pole .
There are a number of possible parameterisations of a finite rotation in terms of three

e 1 e 1 ( I-cos Q) + cos Q
At !R t213=

e 2 e 1 ( I - cos Q) -e 3 sin Q

e3 e2 (I - cos Q) - e 1 sin Q

e 1 e 2 ( l-cosD)-e 3 si nQ e 2 e 2 ( 1- cosD) + cosD

e I e3 (I-cos D) - e2 sin

n

e 2 e 3 ( l - cos Q) - e 1 sin

e3 e 1 (I - cos Q) - e2 sin Q

n

e3 e 3 ( I - cos Q) + cos n

independent values. These include the latitude and longitude of the rotation axis on the Earth and the
angle of rotation [?c,<p,Q] (pseudo-sphe1ical coordinates), tlu-ee Eul er a ngles [a,p,y], the Cartesian

The location of a finite/total (reconsn·uction or forwa rd motion) Euler pole is the only point

coordinates of a vector of length equal to the rotation ang le, and orientated parallel to the ax.is of

that remains fixed with respect to both plates as they undergo a relative rotation . Each rotation is
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described in a frame of reference fixed with respect to plate A at time tl. When total reconstruction or

Stage rotations can be applied successively (multiplied) to find total reconstruction or forward
moti on poles . Due to the non-conunutability of matrix multiplicati on, on ly the following equations are

forward motion poles are considered (ti or t2 = 0) :

valid :

/ R'\

= - (1t R'\)

and

A,1R'\=-(Al2Rtl13)
1
A' R'\

12

R'\.

1 12
A' R 13

12

R' 113 .

A

= A

where ti may= 0

where a negative rotation is one where the opposite angular motion is applied around the same Euler
pole (and is equal to K 1 and

R.').

A'3 R' 113 =

This is not the case for stage poles.

A

13

R 12 13

wheretl may = O

A stage pole is the pole that maps the intersection of a fracture zone and a magnetic anomaly
of age tl onto the intersection point of the same fr acture zone and a magnetic anomaly of age t2, or

7.2 Intermediate Rotations

vice versa. Engebretson et al. , ( I 984) first described the method used to determine a stage pole. It is

It is often necessary to calculate the rotation parameters for a time for which data is not

specificall y designed to be used where a magnetic anomaly profile is only preserved on one plate

directly available. This is possible if rotations are known for times older (say t3 ) and younger (say ti )

(usually the plate formed on the other side of the spreading ridge was destroyed by subduction , e.g. the

than the desired time (say t2) . It is assumed that the angular rotation rate during the pe1iod t I to t3

Phoeni x Plate, which was subducted beneath New Zealand in the Cretaceous (Hilde et al. , 1977)). ln

remained constant. Two possible equations give the total/finite rotation for time t2 :

order to obtain relative rotations between the existing and the now-destroyed plate, it is assumed that
spreading occurred symmetrically around the ridge. This is not always the case as shown by the maps

/ R 12 13 = (((t3-t2)/(t3-tl))

13 11
A R 13).

/ RL\

of asymmetiy of crustal accretion of MUiler et al. , ( 1993) . Any attempt to relate a stage rotation to what
was happening on the plate on the other side of the spreading ridge must first remove the effect of any
subseq uent rotation on the relative positions of the two plates.

/ R'\

1 11
= (((t2-t2)/(t3-tl)) A LR 13) .

A

0

12

R 13

Once this is done, stage poles

determined from spreading patterns of either of the two plates will be co-incident. Hence:

The first of these two equations was used in the analysis repo11ed here.
It is possible to calculate relative motions between two plates (plates A and B for pw-posed of

/ Rl213= -(A'2R, 113)

but

11

A

12

12

R 13-:f. - (1tR A)

this discussion) that do not directly bound the same spreading ridge by calculati on of the relati ve
rotations between plates A and B and a plate that has a spreading boundary with plates A and B (plate

Like any affi ne n·ansformation matri x, the successive action of a number of individual

C) . Since each rotation describes a motion between two plates (say A and C) in a reference frame fixed

rotations can be described by an overall rotation man·ix that is the dot product of the individual

to one of the plates (say C), any subsequent motion of plate C with respect to plate B will also move

rotations. For example, if two rotations (R 1, then R2) are applied, the resulting man·ix, R3 is found

the Euler pole. It is computationally simplest to first perform the rotation about the Euler pole for A-C

from :

relative motion, then to perform rotation about the Euler pole for C-B relative motion . The resulting
rotation will be the total rotation for plate A in a reference frame fixed to plate B. As a general rule,

R1 = R2 . R,

such plate circuit rotations are perfonned towards the fixed plate.

Note that the first rotation to be perfonned (R 1) is li sted second in the above equation .
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Table la: Total poles of rotation to reco ns truct second-listed plate to its position relative to the
first-listed plate at the given time from its present day position for plates surrounding the Indian
Ocean
Magnetic Anomaly

Age (Ma)

Latitude (0 N)

Longitude (0 E)

Rotation (0 )

Reference

Magnetic
Anomal_}'.

Somalia-India
C 2An .2 (y)
C 5n.2n

3.2
11.2

26.2
24.4

28 . 1
30.4

-1.23
-4.35

Nub ia-India
C 5En (youn g)
C 611
C l3n (m)
C 23n.2n

18.4
20.2
33 .5
51.7

24.2
25.3
2 1. 8
17.6

32.3
30.7
35.0
38.9

-7.88
-8.49
-14 .39
-29.54

(Gordon cl al. , 1998)
(Gordon cl al. , 1998)
(Royer and Chang, 199 1)
(Royer and Chang, 199 1)

62.5
67 .7
79. 1
83 .0
130.0

9.7
9.4
8.2
7.8
-4.40

17.4
13.7
11.0
10.9
16.7

-45 . 12
-5 1.59
-62. 18
-65 . 10
-92.77

(Royer and Sandwcll,
(Royer and Sandwcll,
(Royer and Sandwcll,
(Royer and Sandwcll,
(La \l'l'cr and Scalese,

10.6
19.7
33.3
43 .2
47. 1
5 1.4
56. 1
63 . 1
71. 1
79. 1
83.0
96.0
120.4
13 1.9
165

11.47
6.4 1
9.44
12.2 1
12.8
10.38
6.72
-1.89
-2. 11
- 1. 22
-0.45
-2 .5
-9.8
-8 .9
-5 .7

-43.84
-37. 16
-39.9
-4 1.52
-42.07
-43.4 1
-41.9
-37.94
-42.68
-41.3
-40.0
-34.0
-27. 1
-28 .8
-33 .0

1.59
2.9 1
5.59
7.82
8.77
9.72
10.36
11.25
12.98
15.80
17.77
26. 12
42.03
45 .52
54.73

(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton , 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Norton, 1995)
(Ma rks and Stock, 200 1)
(Marks and Stock, 200 I)
(Marks and Tikku, 200 I)
(Marks and Stock, 200 1)
(Marks and Tikku, 200 1)
(Marks and Tikku, 2001)
(Marks and Tikku, 2001)

(Africa)N11bia-So malia
C 2An.2n (111)
C 5n.2n

3.2
11.2

-2.07
-9.9

12.39
-37.0

-0. 10
-0.22

(Cowles, 2000)
(Lemaux 11 el al. , 2002)

Somalia-Capricorn
C 2An .2n (y)
C 5n.2n
C 5E(y)
C 6n

3.2
11 .2
18.4
20.2

14.6
13.7
15.9
17.4

48 .7
47. 1
44.4
43.3

-1. 93
-6.32
-10.24
- 10.86

(Gordon el al. ,
(Gordon cl al. ,
(Gordon cl al. ,
(Gordon cl al. ,

A.fi'ica (N11bia +Soma/ia) -Madagascar
C MOr(y)
120.4
C M ION (y)
131.9
Fit of continents
165 .0

5.4
5.4
4.4

-76.2
-76.2
94.6

0.90
4.94
-20. 12

(Marks and Tikku , 200 1)
(M arks and Tikku , 200 I)
(Marks and Tikku, 2001)

4.7
13.0
30.0

32.75
32. 15
32. 11

22.64
22.59
22.57

-1.89
-5.36
-7 .36

Africa(N11bia +Somalia)-Seyche/les
Fit to fracture zones
65. 0
Fil lo fracture zones
89.0

0
-5.5 0

0
44 .8

0.00
-58.50

A111arc1ica-lndia
C 28 n (y)
C 3 In (y)
C 33 n
C 34n (y)
Fit of continents
Africa-An1arc1ica
5n.2n (m)
6n (m)
13n (m)
20n (m)
2 In (111)
23 n.2n (111)
25 n (m)
28 n (m)
C 32n. In (y)
C 33 n
C 34 n (y)
C MOr(y)
C MION (y)

Africa (.S'omalia)-A mbia
Based on fit of
con tinents
Dating from sediments?
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Table 1 b: Total poles of rotation to reconstruct second-listed plate from its present day position
from its position relative to the first-listed plate at the given time for Africa-North AmericaEurasia plate circuit

(Gordon cl al. , 1998)
(Gordon cl al. , 1998)

1989)
1989)
1989)
1989)
1987)

Age (Ma)

Nonh America-Africa(N11bia)
C 5n.2n (m)
C 6n (m)
C 13 n (m)
C 2 1n (m)
C 25 n (m)
C 30n (m)
C 3 1n (m)
C 32n.2n (111)
C 33 n (y)
C 33n
C 34n (y)
CMOr(m)
C M4n (m)
C MIOn (m)
CMlln*(m)
CM 16r(m)
C M21n
C M25 n

E11msia-Nor1h America
C 5n.2n (111)
C6n(m)
C 13 n (m)
C21n(m)
C 24n.2n (111)
C 25n (m)
C 3 In (111)
Labrador Sea
CMOr(m)

10.6
19.7

Latitude
(ON)

Longitude
(OE)

Rotation

47.1
56.2
66.6
68.2
72.3
73.6
79. 1
83.0
120.7
127.2
130.4
132.6
138.8
147 .2
154.3
170.0
175.0

80. 12
81.07
75.37
75.30
79.68
82.90
82.5 1
81.35
80.76
78.30
76.55
66.09
65 .97
65 .95
66. 14
66.24
66.24
66.70
67.02
65 .97

50.80
56.5 1
1.12
-3.88
-0.46
4.94
-0.63
-9 . 15
-11 .76
- 18.35
-20. 73
-20. 18
-19.43
- 18.50
-18.72
- 18.33
-18.33
-15.85
- 13. 17
- 12.76

-2.52
-5.2 1
-10.04
-15.25
- 18. 16
-20.76
-20.96
-22 .87
-23 .9 1
-27.06
-29.90
-54.45
-56.63
-57.40
-58.03
-59.7 1
-62. 14
-64 .90
-72. 10
-76.44

10.6
19.7
33.3
47 . 1
52.8
56.2
68 .2
92.0
120.7
155.0
170.0
175.0

65 .38
68 .92
65 .64
66. 15
63 .89
63 . 14
64 .84
66.67
69.67
69.03
69. 10
71.61

133.58
136.74
136.95
135.40
139.27
141. 66
143.96
150.26
154.26
155.52
156.70
156. 13

2.44
4.97
7.5 1
10.87
12.89
14.22
16.95
20.37
23 . 17
23.28
23.64
25.27

. :U .. .)

1998)
1998)
1998)
1998)

(Coll et cl al. , 2000)
(Coll et cl al , 2000)
(Coll et cl al. . 2000)

(Reeves and De Wit, 2000)
(Reeves and De Wit, 2000)
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Reference

(0)

(MUiier cl al., 1990)
(Srinslan cl al. , 1990a)
(MU ii er ct al. , 1990)
(MU iier cl al. , 1990)
(MUiier cl al., 1990)
(MU iier cl al. , 1990)
(Ki ltgourd and Schouten.
(Kiltgourd and Schouten,
(K iltgourd and Schouten,
(K illgourd and Schouten,
(Kiltgourd and Schouten,
(Srivas tava el al. , 1990a)
(Rocsl cl al. , 1992)
(Ki llgourd and Schouten .
(Rocsl cl al. , 1992)
(Rocsl cl al. , 1992)
(Rocsl cl al. , 1992)
(Rocsl cl al. , 1992)
(K iltgourd and Schouten,
(S rivastava ct al. , 1990a)

1986)
1986)
1986)
1986)
1986)

1986)

1986)

(La\lYCr cl al. , 1990)
(La\\Ycr cl al. , 1990)
(Lawver ct al. , 1990)
(Srivastarn and Roest, 1996)
(S rivastarn and Roesl, 1996)
(S rivas tava and Rocsl, 1989)
(S rinstava and Roesl, 1989)
(Srivastava and Rocsl, 1989)
(Srivastava ct al. , 2000)
(Torvi sk cl al. , 200 I)
(Roycrctal. , 1992)
(Torvi sk ct al. , 2001)

Table 2: Plate circuits used for calculation of the revised plate motion model

Table 3a: Ages of magnetic anomalies used in analysis of Indian Ocean data

Plate Name

Relevant Age

Plate Circuit

Magnetic A nom aly

Africa

0.0-1 65 .0 Ma

Africa "7 North America "7 Eurasia

Antarctica

0.0 - 165 .0 Ma

Antarctica "7 Nubia "7 North America "7 Eurasia

165 .0- 165 .0 Ma

Antarcti ca= Nubia "7 North America "7 Eurasia

0.0- 11.2 Ma

India "7 Somalia "7 Nubia "7 North America "7 Eurasia

11.2 - 62.5 Ma

India "7 Soma lia = Nubia "7 North America "7 Eurasia

62.5 - 133 .9 Ma

India "7 Antarctica "7 N ubia "7 North An1erica "7 Eurasia

Chron 2An .2n (y)
Chron 2An .2n (m)
Chron 5n .2n
Chron 5En (y)
Chron 6n
Chron 13n (y)
Chron 13n (m)
Chron 21n
Chron 23 n.2 n
Chron 2611
Chron 28n (y)
Chron 3 In (y)
Chron 32n. 1n(y)
Chron 33 n
Chron 34n (y)
Chron MOr (y)
C hronMlln{m) _

Indio

Arabia

Capricorn

Austrolio

Madagascar

Seychelles

133.9 - 165 .0 Ma

India = Antarctica ""7 Nubia "7 North America ""7 Eurasia

0.0 -25 .0 Ma

Arabia "7 Nubia "7 North America "7 Eurasia

25.0- 165 Ma

Arabia= Nubia "7 North An1crica "7 Eurasia

0.0- 11.2 Ma

Capricorn "7 Somalia "7 Nub ia ""7 North America "7 Eurasia

11.2- 20.2 Ma

Capricorn ""7 Nubia "7 North An1crica ""7 Eurasia

20.2 - 62.5 Ma

Capricorn= India "7 Soma lia= Nubia "7 North America "7 Eurasia

62.5- 133.9 Ma

Capricorn= India ""7 Antarctica "7 Nubia "7 North America "7 Eurasia

133.9- 165 .0 Ma

Capricorn = India = Antarctica ""7 Nubia "7 North An1erica ""7 Eurasia

0.0-96.0 Ma

Australia ""7 Antarctica ""7 Nubia "7 North America "7 Eurasia

Magnetic Anomaly

96.0 - 165.0 Ma

Australia = Antarctica ""7 Nubia "7 North An1erica "7 Eurasia

0.0- 11 .2 Ma

As for Somalia

I l.2-120.4Ma

As for Nubia+Somalia

Chron 5n.2n (m)
Chron 6n (m)
Chron 13n (m)
Chron 21 n (m)
C hron 24n.2n (m)
Chron 25n (m)
Chron 30n (m)
Chron 3 In (m)
Chron 32n.2n (m)
Chron 33n (y)
Chron 33n
Chron 34n (y)
Chron MOr (m)
Chron M4n (m)
Chron MIOn (m)
Chron M l In* (m)
Chron MI 6r (m)
Chron M21n
Chron M25n 1

120.4 - 165 .0 Ma

Madagascar "7 Nubia "7 North An1erica "7 Eurasia

165.0- 165 .0 Ma

Madagascar= Nubia "7 North America ""7 Eurasia

0.0 - 65 .0 Ma

As for Nubia

65 .0- 83 .0 Ma

Seychell es ""7 Africa ""7 North America "7 Eurasia

83.0 - 165 .0 Ma

Seychelles = Africa ""7 North An1erica ""7 Eurasia

Age(Ma)

Re ference

3 .2
.) ..)
11.2
18.4
20.2
33 . 1

(Huestis and Acton, 1997)
(Huestis and Acton, 1997)
( Huestis and Acton. 1997)
(Huestis and Acton, 1997)
(Huestis and Acton. 1997)
(Huestis and Acton, 1997)
(Huestis and Acton, 1997)
(Cande and Kcnl 1995)
(Cande and Kent, 1995)
(Ca nde and Kent, 1995)
(Cande and Kent, 1995)
(Cande and Kent, 1995)
(Candc and Kent, 1995)
(Candc and Kent, 1995)
(Cande and Kent, 1995)
(Hardenbol ct al. , 1998a)
{Hardenbol et al. , 1998a)

33.5
47 .9
51.7
57.9
62.5
67 .7
71.1
79. 1
83 .0
120.4
132.4

Table 3b: Ages of magnetic anomalies used in analysis of Atlantic Ocean da ta
Age (Ma)

Refere nce

10.6
19.7
33.3
47 . 1
52.8
56.2
66 .6
68 .2

(Huesti s and Acton, 1997)
(Huesti s and Acton , 1997)
(Huestis and Acton, 1997)
(Candc and Kent, 1995)
(Candc and Kent, 1995)
(Cande and Kent, 1995)
(Candc and Kent, 1995)
(Ca nde and Kent, 1995)
(Candc and Kent, 1995)
(Cande and Kent, 1995)
(Candc and Kent, 1995)
(Cande and Kent, 1995)
(Hardenbol cl al. , 1998a)
(Hardcnbol ct al. , 1998a)
(Hardenbo l ct al. , 1998a)
(Hardenbol ct al. , 1998a)
(Hardenbol cl al. , 1998a)
(Hardenbol cl al. , 1998a)
{Hardenbol el al. , 1998a)

72.3
73 .6
79. 1
83 .0
120.7
127.2
130.4
132.6
138 .8
147.2
154.3

Ages are of old end of normal polarity chron, unless marked (m), indicating age is approximate mean of normal
polarity chron, or (y), indicating age is of yo ung end of normal polarity chron . Normal and reverse polarity chrons
denoted by ' n'and ' r' respecti vely.
* All sub chron s included
1
Could not determine which part of Chron 25 was pi cked by (Roest et al. , 1992) by correlation to (Kent and
Gradstein, 1986) timescale, as anomaly name and age from this timescale did not correlate, therefore have
assumed equi valent to old end ofC hron M25n as this is approx centre ofChron 25 .
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Table 4: Total Poles to reconstruct the tecton ic elements of the Indi an Ocean and surrounding
continents to their positions relative to Eu rasia at the given time.
Age
(Ma)

Magnetic
Anomaly

Latitude
(ON)

Longitude
(OE)

Rotati on
(0)

C 2A n.2 (y)
C 5n.2n
C 5En (young)
C 6n
C l3n (m)
C 23 n.211
C 26n
C 28n (y)
C 3 1n (y)
C 3211 . ln (y)
C 33n
C 34n (y)

3.2
11 .2
18.4
20.2
33.5
5 1. 7
57.9
62.5
67.7
71. 1
79. 1
83
96
120.4
132.4
165

-23.4
-22.3
-22.6
-23.6
-23.7
- 19.2
-22.9
- 17.2
- 17.6
-1 7.0
- 18.2
-1 9. 1
-20. 1
-24. 1
-23.0
-28.5

- 162.8
- 162. 1
- 157.6
- 159.3
- 160.5
- 154.9
- 164.3
- 159.9
- 163.4
-1 64.3
- 167. 1
- 167.5
- 165 .8
- 165 .9
- 164 .9
- 160.9

1.55
5.27
9.30
10. 15
18.96
36.3 1
10.47
48. 15
54.07
58.40
67.25
70.90
78.89
95.65
103.94
11 4.29

3.2
11 .2
18.4
20.2
33.5
5 1.7
57.9
62.5
67.7
71. 1
79. 1
83
96
120.4
13 1.9
165

3.4
3.5
-5 .6
-8.9
-41.5
-34.8
-41.2
-48. 1
-46. 1
-43.6
-48.2
-49.3
-48.9
-49.5
-45.8
-37.5

-82. 1
-77.3
-68.5
-69.7
- 11 3.0
- 108.3
- 104.5
-94.9
-86.7
-97.1
- 100.7
- 100.4
-9 1.2
-84.4
-86.0
-9 1.4

0. 19
0.76
1.29
1.40
2.76
5. 13
6.0 1
6.98
8.08
8.88
12.03
13.95
2 1.09
38.48
42.68
55.70

3.2
11 .2
18.4
20.2
33.5
5 1. 7
57.9
62.5
67.7
71. 1
79. 1
83
96
120.4
13 1.9
165

- 10.6
- 10.3
- 12.5
- 14.2
-27.2
-29.4
-28.3
-29.3
-28.9
-30.5
-35.8
-37.9
-40. 1
-43.4
-45. 1
-50.5

166.0
156.7
162.0
162.4
160. 1
160.6
162.0
162.7
162.9
162 .9
164.0
164.7
168.7
172.7
174.3
179.6

0.4 1
1.34
1.97
2.23
6. 17
10.03
10.73
10.8 1
11.05
12. 17
16.22
18.74
26.42
40.83
44. 17
55.07

C MOr(y)
C M ION (y)

E11rasia-A111arctica

C MOr(y)
CM ION(y)

Eurasia-Somalia

C 2An.2n (y)
C 511.211
C 5En (young)
C 611
C I3n
C 23 n.2n
C 2611
C 28n (y)
C 3 1n (y)
C 32n. ln (y)
C 3311
C 3411 (y)
C MOr (y)
CM ION(y)

Age
(Ma)

Latitude
(ON)

Longitude
(OE)

Rotati on
(0)

Eurasia-Nubia

Eurasia-India

C 2An.2n (y)
C 511.2n
C 5En (young)
C 611
C l3n
C 2311.211
C 2611
C 2811 (y)
C 3 111 (y)
C 3211. In (y)
C 33n
C 3411 (y)

Magneti c
Anoma ly

Magnetic
Anomaly
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C 5n.2n (m)
C6n(m)
C 13 n (m)
C 2 1n (m)
C 2511 (m)
C 30n (m)
C3 1n (m)
C 32n.2n (m)
C 33n (y)
C 33n
C 3411 (y)
CMOr (m)
CM411(m)
CM IOn (m)
CM lln* (m)
CM l6r(m)
CM2 111
C M25n

10.6
19.7
33.3
47. 1
52.8
56.2
66.6
68.2
72.3
79. 1
83
92
120.7
127.2
130.4
132.6
138 .8
147.2
154.3
155 .0
170.0
175.0

- 13.9
-15 . 1
-28.3
-31. 1
-29.9
-28.7
-30.8
-1 0.5
-3 1.9
-33.7
-36.2
-38.4
-39.6
-43.6
-44.6
-45. 1
-45.4
-46.3
-47.3
-48.8
-48.9
-51. 3

158.8
165. 1
160.9
160.7
16 1. 3
162.3
163.9
167.6
163.5
163 .8
164.4
165. 1
168.2
173 . 1
173.9
174.3
174.6
175.2
175.5
177.7
177.9
-179. 1

1.09
1.90
5.96
9. 11
10.05
10.54
10.73
10.69
12.45
13.29
16.08
18.6 1
23 .95
40.90
42.98
43.53
44.24
45.80
48. 12
50.57
50.86
57.07

3.2
11 .2
18.4
20.2
33.5
51.7
57.9
62.5
67.7
71.1
79. 1
83.0
96.0
120.4
13 1.9
165 .0

-1 5.0
-1 4.0
-16. 1
- 17.7
-28.0
-22.0
-25.6
-1 9.5
- 19.8
- 19. 1
-20.3
-2 1.1
-22.0
-26.0
-24.7
-30.3

-1 41.2
-1 43.6
- 143.6
- 145. 1
-170. 1
-158.8
-1 68.3
- 162.8
- 166.0
- 166.7
-169. 1
- 169.4
- 167.3
-166.9
-1 65.8
-1 61.3

2. 15
6.92
I 1.30
12. 12
17.58
34.47
39. 12
46.49
52.57
56.93
65 .92
69.59
77.50
94.3 1
102.46
11 2.79

65 .0
67.7
71.1
79. 1
83.0
89.0
96.0
120.4
13 1.9
165 .0

-39.0
-16.6
-9. 1
-3.4
-2. 1
0.2
- 1.2
-5 .9
-7.6
-1 3.4

16 1.9
-174.0
- 162.4
-1 54.8
- 153.9
-1 53 .0
-155.4
-1 62.3
-1 63.4
-1 66.4

11.6
14.8
22.3
42.6
53.0
69.3
72.0
82.3
84.7
92.8

Age
(M a)

Latitude
(ON)

Longitude
(OE)

Rotation
(0)

Eurasia-Arabia

C 2An.2n (y)
C 5n.2n
C 5En (young)
C 6n
Fit
C l3n
C 23 n.2n
C 2611
C 28n (y)
C 3 1n (y)
C 32n. ln (y)
C 33n
C 34n (y)
C MOr (y)
C M ION (y)

CMOr (y)
C M ION(y)

3.2

11 .2
18.4
20.2
30
33 .5

51.7
57.9
62.5
67.7
71.1
79. 1
83
96
120.4
13 1.9
165

-31.5
-29.5
-28 .8
-28 .9
-30.8
-3 1. 1
-3 1.4
-30.5
-31. 0
-30.8
-3 1.6
-34.9
-36.5
-38. 1
-41. 1
-42 .7
-47.8

-162.3
- 166.-1
- 166.6
-1 67.3
-174 .3
- 176.3
178.6
178.7
179. 1
178.9
178. 1
176.4
175.9
176.4
177.3
178.2
-178.3

3.02
5.-19
7.47
7.92
11. 74
12.72
16.43
17. 15
17.27
17.50
18.6 1
22.68
25.20
32.97
47.45
50.82
6 1.74

CMOr (y)
C M ION (y)

C MOr(y)
CMION(y)

Latitude
(ON)

Longitude
(OE)

Rotation
(0)

30

120.-1
131.9
165 .0

-43 .2
-4 3.5
-39.7

174.-1
-177.0
- 154.7

40.55
42.93
58.43

- 11.6
- 11. 8
- 15. 1
-15 .7
- 17.6
-18.4
-21.9
-20.7
-22. 1
-20.8
-20.5
-22.9
-35.3
-34 .7
-32.2

- 138.3
-137.4
-140. 1
-1 40.8
- 143.7
-1 43. 1
- 141.7
-1 39.6
-1 37.4
- 134.8
- 133.9
-126.0
-119.3
- 11 7.4
- 11 4.5

1.97
6.89
11 .25
12.40
22.67
29. 11
30.28
30.32
32.5 1
34.9 1
36.51
41.96
55.48
60. 17
74.77

Eurasia-Australia

C 2An.2n (y)
C 5n.2n
C 5En (young)
C 6n
Cl3n
C 23n.2n
C 28n (y)
C 3 1n (y)
C 32n . ln (y)
C 33n
C 34n (y)
CMOr (y)
C M ION (y)

Eurasia-Seychelles

C 3 1n (y)
C 32n. In (y)
C 3311
C 3411 (y)

Age
(Ma)

E,,rasia-!vfadagascar

Eurasia-Capricom

C 2An.2n (y)
C 5n.2n
C 5En (young)
C 611
C I3n
C 23 n.2n
C 26n
C 28n (y)
C 3 In (y)
C 3211 . ln (y)
C 33n
C 34n (y)

Magnetic
Anoma ly

3.2
11. 2
18.4
20.2
33.5
5 1. 7
62.5
67.7
71.1
79. 1
83
96
120.4
13 1.9
165

Figure Captions:

Figure I: Trajectories of three points (32°N 74°E, 28°N 84°E, 28°N 94°E) that are now located on
th e lndu s-Ya lun g Suture, through time if they moved with the Indi an plate relative to Eurasia fixed
in its present-day position . The rotational parameters are those calcu lated in this study.

Figure 2: Ve locity and azimuth of motion ofa point that is now located at 29oN 94oE (o n the
lndus-Yalung Suture) ifit had moved with the Indian plate during the last 165 1nillion years .
Results from this study are compared to resu lts using the rotational parameters of Dewey et al
( 1989) and PatTiat and Achache ( 1984 ).

Figure 3: Past locations of India relative to Eurasia fixed in its present-day position according to the
rotational parameters calculated in this study. The northern margin oflndia is taken as the presentday I ndus-Ya lung Suture for illustrative purposes .

Figure 4: Velocities of motion of three po ints now located along the Indus Ya1ung Suture Zone
with respect to Eurasia considering additiona l data in the period 51 .7 Ma to 33 .5 Ma (see text for
explanation).
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Figure 1: Trajectories of three points (32°N 74°E, 28°N
84°E, 28°N 94°E) that are now located on the IndusYahmg Suture, through time if they moved with the
Indian plate relative to Eurasia fixed in its present-day
position. The rotational parameters are those calculated
in this study.
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Figure 2: Velocity and azimuth of motion of a point
that is now located at 29°N 94°E (on the Indus-Yallmg
Sutme) if it had moved with the Indian plate during the
last 165 million years. Results from this study are
compared to results using the rotational parameters of
Dewey etal (1989) and Patriat&Achache (l9 84)
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Figure 3: Past locations of India relative to Eurasia
fixed in its present-day position according to the
rotational parameters calculated in this study. The
northern margin of India is taken as the present-day
Indus-Yalung Suture for illustrative purposes.
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Figure 4: Velocities of motion of three points now
located along the Indus Yalung Suture Zone with
respect to Eurasia considering additional data in the
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Abstract
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Runnin g title: Reconstruction of the Southwest Pacific

A Cenozoic tectonic reconstruction is presented for the Southwest Pacific region east of Australia.
The reconstruction is constrained by a number of geological and geophysical datasets and recalculated
rotation poles for the Pacific plate relative to Australia. The reconstruction is based on a conceptual
tectonic model in which the large-scale structures of the region are manifestations of slab rollback and
backarc extension processes. The first order structures resulted from episodic eastward rollback of the
subducting Pacific pl ate, resulting in the formation of several backarc basins (e.g. Tasman Sea, Coral
Sea, New Caledo ni a, Loyalty, South Fiji , Lau-Havre basins). The second order structures resulted
from subduction and rollback of backarc oceanic lithosphere, resulting in ophiolite obduction (New
Guinea, New Caledonia and Northland ophiolites) and backarc basin formation (North Fiji , North
Loyalty, Solomon Sea basins). The reconstruction shows that the subduction process is an episodic
three-dimensional phenomenon rather than a two-dimensional linear process.

1. Introduction
Most backarc basins have an extensional origin and are characterized by their lim ited lateral extent
and relatively short time-span of backarc activity . Several backarc regions are defined by th e
sequential opening of individual backarc basins during distinct episodes. For example, in the Western
Pacific, two backarc basins can be identified which formed during distinct episodes. Opening of the
Parece-Vela Basin from 31 to 15 Ma [Kobayashi and Nakada, 1979] was followed by a period of
tectonic quiescence in the backarc region. Overriding plate extension resumed during opening of the
Mariana Trough from 10 Ma to Present and rifting in the Izu-Bonin arc from 2 Ma to Present [Flye r,
1996; Taylor, 1992). In the Western Mediterranean region, two backarc basins can be identified,
which developed during distinct episodes se parated by a period of tectonic quiescence in the
overriding plate [Faccenna et al., 2001 ; Rosenbaum el al., 2002). Backarc extension started with
opening of the Liguro-Provencal Basin from 30 to 16 Ma and resumed during opening of the
Tyrrhenian Basin from 10 Ma to Present.
Probably the most striking exampl e of episodic opening of backarc basins is located in the
Southwest Pacific region east of Australia (Fig. 1). Here, a sequence of five basins can be reco gni zed
trending north-south to northwest-southeast. From west to east, these basins include the Tasman-Coral
Sea Basin, the New Caledonia Basin, the Norfolk Basin, the South Fiji Basin and the Lau-Havre
Basin (Fig. 1). The easternmost basin is an active backarc basin and is bordered to the east by an
active volcanic arc, the Tonga-Kermadec arc, underneath which the Pacific plate is subductin g
towards the west. The rate of opening in the Lau-Havre Basin increases from - 1.5-2.0 cm/yr in the
south to - 15.9 cm/yr in the north [Wright, 1993 ; Bevis et al., 1995).
The opening of th e previously mentioned five basins took place from the Cretaceous to Present. As
the eastern margin of the Australian plate functioned as an active margin during parts and probably
most of the Cretaceous and Cenozoic, this would have required the subducting plate hinge to roll back
eastward with respect to the Australian plate to accommodate for the backarc opening. Such slab
rollback processes result from the negative buoyancy of the slab with respect to the surroundin g
mantle, leading to sinking of the slab and retreat of the hinge at the surface (Fig. 2) [Elsasser, 1971 ;
Molnar and Atwater, 1978; Ga,fimkel et al., 1986; Lonergan and White, 1997; Schellarl el al., 2003 ;
Schellarl , in press a] . Thus, it is most probable that eastward slab retreat of the Pacific slab is th e
primary cause for extension and opening of the marginal basins in the overriding Australian pl ate.
A number of previous Cenozoic reconstructions of the Southwest Pacific region have bee n built
[e.g. Veevers et al., 1991 ; Yan and Kroenke, 1993 ; Coleman, 1997; Gaina el al., l 998 ; 1999; Norvick
el al., 200 1; Sdrolias et al., 2001; Sutherland el al., 2001 ; Hall, 2002]. However, most of these
reconstructions are primarily concerned with exten sional features or spreadin g patterns in th e bas ins
of the overriding plate. Thus far, there has been no attempt to investi gate in detail th e kinemati cs of
the subduction zo ne interface between the Australian and Pacific plates.
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In this paper, we discuss the complex geo logy of the Southwest Pacific region and present a
reconstruction of the region based on the available geological and geophysical data. A detailed
kinematic analysis of the Pacific plate and the Australian-Pacific plate boundary relati ve to Australia
is also presented and provides additional insights into the tectonics of the region . The recon struction
shows that the first-order structures of the Southwest Pacific regio n res ulted from westward
subduction and eastward rollback of th e Pacific plate. The tectonic history has been significantly
complicated by subdu ction zo ne pol arity reversals alo ng a number of segments of the subduction
zone, resulting in subduction of previously created backarc oceanic crust. Rollback of such backarc
lithosphere led to the formation of new backarc basins. The reco nstruction illustrates a coherent
tectonic evolution of the region, where a large number of large-scale features, including fossil
trenches, backarc basins, remnant volcanic rid ges and abducted ophiolites, can be explained by
episodic subduction and slab rollback processes. Finally, the paper di scusses the episodic nature of
subduction and slab rollback in the Southwest Pacific and attempts to provide explanations for this
episodic behavior.

Some of the least constrained geological features in the regio n include the nature of the
d'Entrecasteaux Ridge and South Renne! I Trough, and the age of the Norfolk, North d'Entrecasteaux
and Santa Cruz basins. In section five we will describe in some more detai l the available data for the
above mentioned problematic regions and structures and present our interpretation in order to fit the
structures in a logical tectonic reconstruction of the entire Southwest Pacific region .

2. Geological setting of the Southwest Pacific

4.1. Cretaceous
Initial widespread extension in the New Zealand region and along the easte rn margin of Australia
started in the Early to Middle Cretaceous. Volcanic sediments were deposi ted along the east
Australian margin in the Early Cretaceous (Barremian - Albian) and have been interpreted to result
from widespread backarc extension [Ellis , 1968; Elliott, 1993 ; No rvick et al. , 2001]. This would
imply that the East Australian margin would have functioned as a subduction zo ne at this time
[Veevers et al., 1991 ; Norvick et al., 2001] , and that extension in East Australia resulted from
northeast to east-directed rollback of a southwest to westward dipping subduction zo ne. Widespread
Cretaceous extension is evident in seismic profiles across the Lord Howe Rise, Norfolk-New
Caledonia Ridge, Challenger Plateau, Campbell Plateau, Chatham Rise, Marion Plateau, Queensland
Plateau, and Louisiade Plateau [Sutherland et al., 2001; Willcox et al., 2001] . In the northern New
Zealand region, the Reinga Basin is underlain by thinned continental crust, which was deformed in
the Cretaceous in a NE-SW oriented extensional regime [Her:::er et al., 1997], most likel y due to
backarc extension. A similar extensional regime was prevalent southeast of the basin in Northland,
with Cretaceous northwest trending normal faults in a pre-Cretaceous basement [Sporli, 1989].
Probably the first distinct basin to fonn was the elongated New Caledonia Basin that formed in the
(Early?) Cretaceous [Uruski and Wood, 1991 ; Willcox et al., 2001] and was probably continuous with
the Bounty Trough located more to the south (Fig. 4a). Overriding plate extension seized durin g the
Cenomanian, but resumed again during the Turonian to Santonian, representing extension that
subsequently led to spreading in the Tasman Sea [Norvick et al., 2001]. At 85-80 Ma, seafloo r
spreading started in the Tasman Sea [Hayes and Ringis, 1973 ; Gaina et al., 1998; Norvick et al.,
2001]. Collision of the Hikurangi Plateau with the Chatham Rise along the fossil Chatham subduction
zone probably occurred in the Late Cretaceous (82/71 Ma) and mi ght have led to cessation of
spreading along the Osbourn Trough [Billen and Stock, 2000]. Subsequently, the Campbell-Chatham
block amalgamated with the Pacific plate and the subduction zone became locked, while subduction
continued along the Australian-Pacific plate boundary in the northwest.

The tectonic setting of the Southwest Pacific region is characterized by the Australian plate in the
west and the Pacific plate in the east (Fig. 1). The Pacific plate is subducting westward underneath the
Australian plate along the Tonga-Kermadec Trench, while the Australian plate is subducting
underneath the Pacific plate along the New Britain-San Cristobal-New Hebrides Trench . The region
in between the eastern margin of the Australian continent and the Pacific plate is defined by a number
of basins and basin-bounding elongated rid ges and plateaus. The ridges and plateaus in the western
part are underlain by extended continental crust (e.g. Dampier Ridge, Chesterfield Plateau, Lord
Howe Plateau, Challenger Plateau, Norfolk Ridge, Campbell Plateau, Chatham Rise), which were
rifted from Australia and Antarctica in the Cretaceo us [Hayes and Ringis, 1973 ; Cole man, 1997;
Norvick et al., 200 1] . The ridges in the easte rn part display more characteristic features of extinct
volcanic ridges (re mnant volcanic arcs) and active volcanic arcs (e.g. Solomon Ridge, New Hebrides
arc, Three Kings Ridge, Fiji-Lau-Colville Ridge, Tonga-Kermadec Ridge. Recent investigations of
rock samples dredged from the western part of the Three Kings Ridge, however, indicate that it is
underlain by continental crust as well , probably also originating from the eastern margin of Australia
[Craw.ford et al., 2004]. Most of the basins in the Southwest Pacific are underlain by oceanic crust
(Tasman Sea, Coral Sea, South Fiji Basin, North Fiji Basin, North Loyalty Basin, North
d'Entrecasteaux Basin, Santa Cruz Basin, Lau Basin), while some (New Caledonia Basin and Norfolk
Basin) are at least partly underlain by hi ghly extended continental crust [Hayes and Ringis, 1973 ;
Launayetal., 1982; Weisseletal., 1982 ; MaiLlet et al., 1983 ; UruskiandWood, 199l ; Pelletier etal.,
1993; Parson and Hawkins, 1994; Gaina et al., 1999; Crcrnford et al., 2004].
Diffuse extensional deformation in the continental parts of the region started in the Early
Cretaceous, as evidenced by deformation in East Australia, New Zealand and the offshore continental
fragments, blocks, ridges and plateaus [Weissel and Hayes, 1977; Uruski and Wood, 1991 ;
McDougall et al., 1994; Her:::er et al., 1997; Norvick et al., 2001; Sutherland et al., 2001 ; Wilcox et
al., 200 1]. This was followed by the episodic opening of a number of basins from the Cretaceous to
the Present (Table 1), includin g the Tasman and Coral Sea basins, and the New Caledonia, Norfolk,
North Loyalty, South Fiji , North Fiji and Lau-Havre basins.

3. Spatio-temporal constraints
Constraints for the reconstruction are prese nted in Table 1, 2, 3, 4, 5 and 6. These include the timing
of basin formation or age of ophiolites th at we assume represent obducted remnants of ocean floor
(Table 1), nature and age of plateaus and rid ges (Table 2), nature and timin g of activity of large-scale
lineaments (Table 3), and nature and timin g of major collision / abduction events (Table 4).
Recalculated rotation poles of the Pacific plate relative to Australia are plotted in Table 5 and rotation
poles of the Lord Howe Rise relative to Australia are plotted in Table 6.

4. Reconstruction of the Southwest Pacific
Below we describe an evolutionary model for the Southwest Pacific region . The reconstruction was
perfonned with an interactive reconstruction software package (PlatyPlusPlus). A conceptual scenario
for the evolution since - 65 Ma is presented in Fig. 3. In Fig. 4 the evo lution of the region is
illustrated with a number of east-west cross-sections (see Fig. I for location) to pro vide an additional
perspective of the evolution of the Australian-Pacific plate boundary and to provide illustrations of the
subduction processes and slab kinematics in the region .

4.2. Paleocene
Diffuse extension occurred along the northeast Australian margin in the Late Cretaceous to Paleocene
[Norvick et al., 2001], while opening of the Coral Sea started at - 62 Ma [Gaina et al., 1999] (Fig.
3a,b, Fig. 4b). The Loyalty Basin, which we interpret to be continuous to the south with the Northland
Basin probably started opening in the Late Cretaceous. This age is suggested by Late Cretaceous
abducted ophiolites in New Caledonia [Clu:::el et al., 2001] and Late Cretaceous to Paleocene
abducted ophiolites in Northland [Hayward et al., 1989; Malpas et al., 1994], which are the likely
remnants of parts of these basins. The elongated Northland-Loyalty Basin was bordered to the west by
the Norfolk Ridge and the Reinga-Northland extended continental crust, while it was bordered to the
east by an active volcanic arc (Fig. 3a,b, Fig. 4b). The northwestward continuation of the Northland Loyalty Basin is interpreted to be the Santa Cruz-Pocklington Basin. This bas in opened in the same
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time frame , as deduced from Late Cretaceous to Paleocene abducted ophiolites and deep sea
sediments in Eastern New Guinea [Davies and Jaques , 1984; Pigram and Davies, 1987], and from a
suggested Cretaceous age for the Santa Cruz Basin [Kroenke, 1984]. Spreading continued in the
Tasman Sea during the Paleocene. Westward to so uthwestward subduction continued along the
Pacific-Australian plate boundary due to northeast to east directed rollback of the Pacific plate to
accommodate for the opening of the backarc basi ns of the overriding plate (Tasman Sea, Coral Sea,
and Northland-Loyalty-Santa Cruz-Pocklington Basins) (Fig. 4b).

4.3. Eocene
In the Early Eocene, spreading stopped in the Tasman Sea Basin (- 52 Ma) [Hayes and Ringis, 1973],
Coral Sea Basin (- 52 Ma) [Gaina et al., 1999] and presumably in the Northland-Loyalty-Santa CruzPocklington Basin (Fig. 3c, Fig. 4c). Eastward subduction of the Loyalty backarc Basin along the
newly formed New Caledonia-d'Entrecasteaux subduction zone commenced in the Early to Middle
Eocene and was accompanied by westward rollback, which initiated splitting of the Loyalty arc from
the outer arc (Fig. 3d,e, Fig. 4c,d). Northward subduction along the Pocklington Trough commenced
in the Middle Eocene with subduction of the Pocklington backarc Basin lithosphere (Fig. 3e). Possible
explanations for the termination of backarc basin opening at 55-50 Ma (Tasman-Coral Sea Basin,
Northland-Loyalty-Santa Cruz-Pocklington Basin) and the formation of new subduction zones at 50-45 Ma (New Caledonia-d'Entrecasteaux and Pocklington subduction zones) are discussed in
section 6 and 7.1. Continued eastward subduction and westward rollback of the Loyalty Basin
lithosphere resulted in formation of the North Loyalty backarc Basin. Results from DSDP 286
indicate that part of the crust in this basin is of Middle Eocene age [Andrews et al., 1975 ; Maillet et
al., 1983]. In the Late Eocene to Early Oligocene most of the Loyalty Basin lithosphere was
subducted, resulting in abduction of fore-arc ophiolites in New Caledonia (Fig. 3f,g, Fig.4e) [Collot et
al., 1988; Au:::ende et al., 2000]. The final arc - backarc geometry resembles the New Hebrides arc backarc geometry, with anticlockwise rotation of the former and clockwise rotation of the latter arc
system. Continued northward subduction and southward rollback along the Pocklington trench
resulted in formation of the Eastern New Guinea arc and opening of the Solomon Sea backarc Basin.
A change in relative motion between the Australian and Pacific plate in the Eocene initiated spreading
in the Resolution Basin at - 45-40 Ma [Sutherland, 1995] .
4.4. Oligocene
A new phase of eastward slab rollback of the Pacific plate along the outer arc initiated spreading in
the Oligocene (- 35 Ma [Andrews et al., 1975]) forming the northern part of the South Fiji Basin (Fig.
3g,h, Fig. 4e,f). Consumption of the Pocklington Basin was completed in the Late Oligocene with
collision between the East Papua arc and the Papua-Louisiade Plateau (Fig. 3h) [Davies, 1971 ; Davies
and Smith, 1971 ; Monnier et al. , 1999]. This coincided with termination of opening of the Solomon
Sea in the Late Oligocene [Joshima and Hon::a , 1987; Joshima et al., 1987; Hall , 2002]. Remnants of
the Pocklington Basin can be found in the New Guinea orogen, with Late Cretaceous to Paleogene
aged sediments and metamorphic rocks, and Late Cretaceous to Paleocene ophiolites [Pigram and
Davies, 1987]. In the Late Oligocene to Early Miocene, consumption of the Northland back-arc Basin
lithosphere led to collision of a volcanic arc with the Northland passive margin . This resulted in
abduction of ophiolites of the Northland back-arc Basin onto the passive margin in the Late
Oligocene to Early Miocene (Northland Allochthon) (Fig. 3h,i). The allochthon consists of Early
Cretaceous to Oligocene sediments (mainly flysch , sandstone and mudstone) and Cretaceous to early
Paleogene peridotite, gabbro and pillow basalts [Hayward et al., 1989].
4.5. Miocene
East-directed rollback of the Pacific slab conti nued until the Early Miocene, accompanied by
spreading in the South Fiji Basin and extension in the Northland region and Three Kings region (Fig.
3j). Extension in the Three Kings region culminated in formation of the Norfolk Basin. The basin is
bounded in the north by th e sinistral Cook fracture zo ne, which was active around - 20 Ma [S .
Meffre, pers. comm .]. In th e south, the basin is bounded by the dextral Vening Meinesz fracture zo ne,
which was ac tive in the Earl y to Middle Miocene [Her:::er et al., 1997] . Westward movement of the

Chatham-Campbell block might have enhanced dextral shearing along the Vening Meinesz Fracture
zone, offsetting the Western Norfolk Ridge from the Norfolk Ridge (Fig. 3ij). This collision also
resulted in NW-SE oriented Middle Miocene shortening in Northland [Sporli, 1989] and Middle
Miocene uplift and shortening of the Wanganella compressive Ridge [Her:::er et al., 1997].
Collision of the Ontong Java Plateau with the Solomon arc along the north Solomon Trench started
in the Early to Middle Miocene [Petterson et al., 1999; Hall, 2002] . This collision initiated
southwestward subduction of the Solomon Sea plate along the Trobriand Trough and later also
northeastward subduction along the New England - San Cristobal Trench . Collision of the Melanesian
Border Plateau with the proto-New Hebrides arc along the Vitiaz Trench probably started in the
Middle Miocene (Fig. 31). The collision caused northwestward subduction of the northern part of the
South Fiji Basin along the newly formed New Hebrides Trench (F ig. 31 ,m, Fig. 4g). This subduction
zone soon started to retreat southwestward forming the North Fiji back-arc Basin (-12/1 1 Ma Present [Pelletier et al., 1993]). Spreading in the Resolution Basin stopped at - 10 Ma [Sutherland,
1995] as the Pacific-Australia relative plate motion in this region changed from oblique divergent to
oblique convergent. Continued westward displacement of the Pacific plate caused formation of the
Macquarie transform/subduction zone with subduction initiation along the Puysegur Trench and
transpression in New Zealand along the Alpine fault.

4.6. Pliocene to Present
Continued subduction along the New Hebrides Trench and clockwise rollback of the subducting slab
resulted in the wedge-shaped opening of the North Fiji backarc Basin (Figs. 3m,n, 4h) [ScheLlart et
ctL., 2002a]. A new phase of westward rollback of the Pacific plate resulted in fonnation of the LauHavre Basin in between the remnant Fiji-Lau-Colville arc and the active Tonga-Kermadec arc (Figs.
3m,n, 4h). Rifting started at - 7-6 Ma, while spreading in the Lau Basin started at - 5 Ma [Parson and
Hawkins, 1994]. Opening of the Woodlark Basin started at - 6 Ma [Taylor et al., 1995], related to
northward rollback of the Solomon Sea plate subducting along the Trobriand Trough . Spreading in
the Manus Basin started in the Pliocene [Martine::: and Taylor, 1996], driven by southward rollback of
the Solomon Sea lithosphere subducting along the New Britain Trench.
At present, dextral transpression is active along the Alpine fault in New Zealand. Eastward
subduction of the Australian plate occurs along the Puysegur Trench, while westward subduction and
eastward rollback of the Pacific plate drives active spreading in the Lau Basin and active rifting in the
Havre Trough (Fig. 3n). Rollback is much faster in the north compared to the south [Bevis et al.,
1995], which explains the wedge-shaped geometry of the Lau Basin. Subduction of the Australian
plate continues along the New Britain-San Cristobal-New Hebrides Trench. Clock\-vise rollback of the
slab subducting along the New Hebrides Trench and tearing of the slab along the Hunter Fracture
zone has resulted in the wedge-shaped geometry of the North Fiji Basin and can explain the complex
rift and spreading geometry in the basin [Schellart et al., 2002a,b].
The present day slab geometry in the Tonga-New Hebrides region as observed in Fig. 4h shows
remarkable similarity with a tomographic east-west cross-section across the New Hebrides and Tonga
arc published previously (Fig. 5) [Hall and Spakman , 2002]. The image shows the westward dippin g
Tonga slab continuing down to the upper-lower mantle discontinuity, where it is defl ected
horizontally for some distance until it penetrates the discontinuity and continues into the lower mantle
as a large-scale undefined blob. This blob could very well be th e folded slab pile as illustrated in Fig.
4h, and thus is best explained as to have resulted from relative convergence between the Australian
and the Pacific plate, while the horizontal part resting on the discontinuity resulted from slab rollback
processes (see also section 6). The westward dipping New Hebrides slab can also be observed in Fig.
5, dipping at a somewhat steeper angle than the Tonga slab and reaching a subduction depth close to
the upper-lower mantle discontinuity . A remnant of the Loyalty slab that was subd ucted along the
d'Entrecasteaux-New Caledonia subduction zone could tentatively be located underneath the New
Hebrides slab in the lower mantle.
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5. Problematic regions in the Southwest Pacific
A large part of the Southwest Pacific region remains poorly explo red. For a number of basins, ridges
and plateaus, seismic profiles and deep-sea drilling data to unravel the complex geo logical history
remains sparse or even absent. This makes parts of the proposed reconstruction of the region
speculative. However, overall , the reconstruction provides a logical synthesis of the region , for whi ch
the dominant structural features can be explained by subduction, slab rollback and backarc extension
processes.
Some of the least explored geo logical structures in the region include the Norfo lk, North
d'Entrecasteaux and Santa Cruz Bas ins, the South Rennell Trough and the d'Entrecasteaux Ridge.
Below we will describe in some more detai l the avail ab le data for the above mentioned problematic
regions and structures and present our interpretation in order to fit the structures into a logical tectonic
synthesis of the entire Southwest Pacific region .

5.1. The Norfolk Basin
The age of the Norfolk Basin has been debated for several decades, but conclusive data from deep sea
drilling has been lacki ng. It has been suggested that the basin is underlain by oceanic crust formed
durin g the Cretaceous. Exami nation of seismic and magnetic data in the basin suggested that it formed
durin g the Cretaceous quiet superc hron [Launay et al. , 1982; Eade, 1988; Collar et al., 1987; Au-:;ende
et al., 2000]. The basin would have formed above an east-dipping subduction zone located west of the
Norfolk Ridge. It was assumed that this subduction zone would be continuous with the inferred
subduction zone located west of New Caledonia. There is, howe ver, no data suggesting the existence
of a fossil subduction zone located west of the southern Norfolk Ridge [Uruski and Wood, 1991].
It has also been suggested that the basin formed during the Early Miocene, due to eastward rollback
of a westward dippin g subduction zone located east of the Three Kings Ridge. Data from dredge
samples point to volcanic activity on the Three Kings Ridge during the Early Miocene [Mortim er et
al., 1998] . In addition, seis mic data across the Reinga Ridge indicate that the Vening Meinesz
Fracture zo ne (supposedly a backarc transform) was active in the Early to Middle Miocene [Her-:;er et
al., 1997]. A small number of dredge-samples of volcanic rocks that have been collected from the
Norfolk Basin floor indicate a Miocene age [Mortimer et al. , 1998].
We interpret the age of the oldest (weste rn) part of the Norfolk Basin to be of Late Cretaceous to
Paleocene I earliest Eocene age. The basin has been significantly modified during a more recent
episode of extension in the Earl y to Middle Miocene. The old age is partly based on the interpretation
that the Norfolk Basin is semi-co ntinuous with the remains of the Loyalty Basin in the north (Fig. 3ad). Most of the Loyalty Basi n has been subd ucted in the Paleogene, but the oldest part of the basin
(the basin margin located west of the Loyalty Ridge, see Fig. 1) is still preserved and is partly
abducted onto New Caledonia [Aicende et al., 2000; Cluzel et al., 2001]. A similar scenario is very
likely for the Norfolk Basin , in which the eastern part of the basin was subducted during the Eocene
and Oligocene (see Figs. 3e-i). The age of the preserved part of the Loyalty Basin is Cretaceous
[Collot et al., 1987; Au-:;ende et al., 2000] and the abducted ophiolite in New Caledonia is Late
Cretaceous [Clu-:;el et al., 2001]. Our interpretation of the Norfolk Basin fits with the most recent
findings from dredge samples of ophiolites collected from the western side of the Three Kings Ridge,
which indicate that they share the same origin as the ophiolites in the Loyalty basin and the abducted
ophiolites in New Caledonia [Crm1ford et al., 2004]. We also interpret the Norfolk Basin to have
been continuous with the (now subd ucted and abducted) Northland Basin to the southeast (Fig. 3a-d).
Remnants of the Northland Basin can be found in the Northland Allochthon, which consists of Late
Cretaceous to Paleogene ophiolites and Late Cretaceous to Oligocene sediments [Hayward et al.,
1989].
The Three Kings Ridge and the remainder of th e Norfolk basin that was not subducted during the
Eocene to Oligocene (see Fig. 3i) experienced a phase of extension during the Early to Middle
Miocene. The new phase of extension was accompanied by Ea rl y to Middle Miocene dextral shearing
along th e Vening Meinesz Fracture Zo ne [Hecer and Mascle , 1996; Her-:;er et al., 1997] and sinistral
shearing along the Cook Fracture Zone. Sheari ng alon g the Cook Fracture Zo ne has been suggested to
have taken place at - 20 Ma based on dating of dredged volcanic rocks at the fracture zone [S. Me.ffi·e,
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pers. comm .]. Dextral shearing along the Veni ng Meinesz Fracture Zo ne has been enhanced by
norht\,vestward motion of northern New Zealand due to collision of the Chatham-Campbell block with
northern New Zealand in the Oligocene. This collision explains the Miocene NW-SE oriented
shortening that is observed in Northland [Spo rli , 1989], the Wanganella co mpressio nal Ridge that
formed in the Middle Miocene [Hec er et al., 1997], and the dextral offset between the Western
Norfolk Ridge and the Norfolk Ridge.

5.2. The d'Entrecasteaux Ridge
The d'Entrecasteaux Ridge is located north of New Caledo ni a and consists of two di stinct ridges, a
northern and a southern rid ge (F ig. 1). The northern rid ge consists of elongated ridges that I ink up
with New Caledonia. The southern ridge consists of separate guyots that link up with the Loyalty
ridge in the south . The ridge structure was active in the Eocene, as determined from earliest to latest
Eocene volcanics of the northern ridge [Maillet et al., 1983] and Middle Eoce ne volcanics from the
Bougainville guyot located on the southern rid ge [Collar et al., 1992]. This agrees with the age of the
Loyalty arc, which is of Eocene age [Liu and Cotillon, 1989; Che.el et al., 2001]. The origin of the
structure is unclear and it has been suggested that it is a fossil transform fa ult [Maillet et al., 1983].
We also interpret the ridge to be a fossil transform fault that was active durin g subd uction and
anticlockwise rollback of the Loyalty Basin lithosphere. The d'Entrecasteaux ridge probably had a
similar function during opening of the North Loyalty Basin as the Hunter fracture zone had during
opening of the North Fiji Basin, in which the fault accommodated asymmetric rollback and tearing of
the slab, arc rotation and asymmetric backarc opening [Schellart et al., 2002a,b]. Rollback of the
Loyalty Basin lithosphere ended when most of the basin was consumed and the northernmost part of
the Norfolk Ridge approached the trench leading to abduction of the New Caledonia ophiolite.

5.3. The North d'Entrecasteaux Basin, Santa Cruz Basin and South Rennell Through
Not much is known about the age and origin of the North d'Entrecasteaux Basin, the Santa Cruz Basin
and the South Rennell Trough . The North d'Entrecasteaux Basin is continuous with the northernmost
part of the New Caledonia Basin, which is interpreted to be of at least Late Cretaceous age but
possibly as old as Early Cretaceous [Uruski and Wood, 1991]. The North d'Entrecasteaux Basin has
been interpreted to be of Late Cretaceous age (- 80 - 66 Ma), based on identification of magnetic
anomalies, which strike at high angle and cross the South Rennell Ridge [Lapouille, 1982; Maillet et
al., 1983]. This interpretation is not compatible with the proposed structural origin of the South
Rennell Trough, which is supposed to be a fossil spreading rid ge [Larue et al., 1977]. If the trough is
indeed a fossil spreading ridge, then one would expect the magnetic lineations in the North
d'Entrecasteaux Bas in and the Santa Cruz Basin to align with the elongated trough, unless the trough
is a relatively young structure and therefore cross-cuts the magnetic anomalies.
We interpret the North d'Entrecasteaux Basin to be the northwestern extent of the New Caledonia
Basin and therefore interpret it to be of Cretaceous age. Part of the basin was subducted/underthrusted
during subduction rollback along the east-dipping d'Entrecasteaux-New Caledo nia subduction zo ne in
the Late Eocene to Early Oligocene (F ig. 3f,g). The Santa Cruz Basin probabl y developed in the Late
Cretaceous to Paleocene as the northwestern continuation of the Loyalty Basin behind the outer
volcanic arc (Fig. 3a-c). In this light, the South Rennell Trough could have functioned as a spreading
ridge to accommodate arc-parallel extension behind the arc-shaped subduction zo ne. This fits with the
interpretation of Larue et al. [1977] that extension along the trough increases from southwest to
northeast and also fits with the cross-cutting relationship, which suggests that the South Renne ll
Trough formed after formation of the North d' Entrecasteaux Basin.

6. Motion of the Pacific plate and Australian-Pacific plate boundary
relative to Australia
West-directed displacement and subduction of oceanic lith osphere underneath the Austra lian
continent occurred during most of the Paleozoic and Mesozoic period [Collins, 2002]. However, in

the Late Cretaceo us period, west-di rected displacement was disrupted, most likel y due to collision of
the Hikurangi Plateau with the Chatham Rise at - 82 or - 71 Ma [Billen and Stock, 2000]. This
collision locked the subduction zo ne in the Chatham region and would have stopped spreading along
the Osbourn Trough, resulting in amalgamation of the plate located so uth of the Osbourn Trough with
the Pacific plate. Near-perpendicular subduction along the Australia-Pacific plate boundary stopped
and the motion along the boundary became more transform . This transform motion of the Pacific plate
along the Pacific-Australia plate boundary relative to Australia has been illustrated in Fig. 6a-c for the
period of 65-50 Ma. However, during this period, subduction continued along the plate boundary due
to east-directed and north-directed rollback of the Pacific slab along the trench. This trench migration
provided space to accommodate for the opening of the backarc basins in the overriding plate (e.g.
Tasman-Coral Sea Basin and Northland-Loyalty-Santa Cruz-Pocklington Basin). As subduction was
accommodated entirely by slab rollback processes, this resulted in backward (eastward) sinking of the
slab and a relatively simple slab geometry, in which the slab was draped on top of the upper-lower
mantle discontinuity (Fig. 4a-c).
At - 50-45 Ma, a change in relative displacement along the plate boundary occurred from mainly
transform to oblique convergent motion (Fig. 6d). This change would have induced an increase in
compressive stress across the plate boundary, which could have been responsible for the formation of
new subduction zones in the backarc region of the overriding plate (e.g. New Caledoniad'Entrecasteaux subduction zone and Pocklington subduction zone). These newly formed subduction
zones started to retreat westward and southward (Fig. 6d-f). The change in Pacific-Australia relative
plate motion continued until - 30 Ma, when convergence was nearly perpendicular to the trench along
the eastern boundary and oblique to the trench (- 45°) along the northern boundary (Fig. 6g). The
Australian - Pacific plate convergence, which started at - 50 Ma and continued up to the Present, has
complicated the slab kinematics significantly. It resulted in slab folding to accommodate for slab
subduction due to plate convergence, superposed on a slab draping geometry to accommodate for slab
subduction due to slab rollback (e.g. Fig. 4d-h). The relative plate motions remained relatively stable
from 30 Ma to Present in the Tonga-Kermadec region and Vitiaz-Solomon region (Fig. 6h-m), but
changed from oblique divergent (F ig. 6h) to oblique convergent in the region southwesr of New
Zealand (Fig. 6k-m), resulting in the formation of the Puysegur Trench.

7. Discussion
7.1. Episodic backarc extension
Backarc basin formation is a direct consequence of hinge-retreat of the subducting plate and collapse
of the overriding plate towards the retreating hinge [Schellart et al., 2002b; Schellart and Lister, in
press]. Thus, to understand the episodic nature of backarc basins, the episodic behavior of hingemi gration needs to be investigated. We define episodic behavior of the hinge as periods in which
hinge-retreat, hinge-advance and hinge-stability are alternated. From the reconstruction presented in
Figs. 3, 4 and 6 it is clear that the structure of the region is a direct result of a number of distinct
rollback events, which lasted up to some tens of millions of years. A number of explanations can be
thou ght of for the episodic behavior of subduction zo ne hinges. The most obvious explanation is the
approach of buoyant fragments on the subducting plate at the subduction zone, which would cause
slab rollback to stop or be retarded and could lead to an increase in compressional stresses across the
subduction interface. Two other explanations for episodic hinge migration are a change in
convergence velocity and/or direction between the subducting and overriding plates and a change in
subduction dynamics due to interaction between the slab tip and upper-lower mantle transition.
For a number of basins in the Southwest Pacific, the end of a rollback episode responsible for basin
formation resulted from the consumption of the entire oceanic lithosphere and arrival of more buoyant
lithosphere at the trench. This explains the termination of opening of a number of basins (Solomon
Sea, North Loyalty Basin) due to consumption of the entire backarc basin oceanic lithosphere.
Termination of opening of the South Fiji Basin in the Miocene could have resulted from the arrival of
the Melanesian Border Plateau at the Vitiaz trench, which would have increased compressive stresses
across the subduction zone, creating a new subduction zo ne in the backarc region (the New Hebrides
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Trench). A similar scenario has been suggested for collision of the Ontong Java Plateau and the
Solomon arc. The initial collision started at - 28-20 Ma [P etterson et al. , 1999; Hall, 2002] , which
roughly coincides with termination of spreading in the Solomon Sea back-arc region in the Late
Oligocene and formation of the Trobriand Trough in the Early Miocene and the New Britain-San
Cristobal Trench in the Middle Miocene. The reconstruction in Fig. 3, however, does show that for
collision to occur already so early, the Ontong Java Plateau must have been significantly larger than at
present, and that a large part has been subducted along the North Solomon-Vitiaz Trench since the
Early Miocene.
For some other regions, the termination of backarc opening appears to be unrelated to the arrival of
more buoyant lithosphere at the trench. For example, there is no indication of a specific geo logical
event occurring at the outboard trench, which could be responsible for the termination of opening of
the Tasman Sea Basin, the Coral Sea Basin, and the Northland-Loyalty-Santa Cruz-Pocklin gton
Basin.
The episodic nature of migration of the hinge of the subducting plate has been investigated
previously with fluid dynamical laboratory models simulating subduction and slab rollback
[Faccenna et al., 2001 ; Funiciello et al., 2003 ; Schellart, 2003; 2004; in press; in review]. Schellart
[2003 , in review] particularly investigated the behavior of the subduction hin ge durin g progressive
subduction of a slab down to the upper-lower mantle discontinuity for a number of trenchperpendicular velocities of the surface part of the subducting plate. The models of Schellart [2003]
and Schellart [in review] consist of a dense high viscosity plate (e.g. oceanic lithosphere) subducting
into a less dense low viscosity layer (e.g. upper mantle). Results indicated that the episodic nature of
hinge-migration mainly results from interaction of the slab with the upper-lower mantle discontinuity,
which retards or stops further penetration into the lower mantle and slows down hinge-retreat. The
modeling results further indicated that episodic hinge-migration is dramaticall y amplified if the
subducting plate has a relatively high absolute horizontal velocity at its trailing edge (e.g. due to rid ge
push). Phases of hinge-retreat were observed to alternate with phases of hinge stability and/or hinge
advance for subduction velocities scaling to > - 5 cm/yr with a wavelength of - I 0-20 Myr. This
episodic behavior at high plate velocities could explain the episodic opening of so me of the backarc
basins in the Southwestern Pacific, because the absolute velocity of the subducting Pacific plate has
been relatively high (> 5 cm/yr) since the Late Cretaceous. Calculations of the absolute motion of the
Pacific plate (in a hotspot reference frame) indicates that the maximum absolute velocity since 65 Ma
has varied between - 6.3-13 .3 cm/yr [Wessel and Kroenke, 1997]. Episodic migration of the
subduction hinge along the Australian-Pacific plate boundary would have been further amplified by a
change in Pacific-Australia relative plate motion along the outer subduction zo ne from almost pure
strike-slip to oblique convergence between 55 and 45 Ma (Fig. 6). The change in convergence
direction would have caused additional compressive stresses along the outer arc, leadi ng to a halt in
hinge-retreat and termination of opening of the Tasman-Coral Sea basin and Northland-Loyalty-Santa
Cruz-Pocklington basin at 55-50 Ma. Finally, it could have res ulted in the formation of new
subduction zones in the backarc region (Pocklington and d'Entrecasteaux-New Caledonia fossil
subduction zones).
7.2. Comparison with previous reconstructions
A number of Cenozoic reconstructions of the Southwest Pacific region have been built previously
[e.g. Veevers et al., 1991 ; Yan and Kroenke, 1993 ; Coleman, 1997; Gaina et al., 1998; 1999; Norvick
et al., 2001 ; Sdrolias et al., 2001; Sutherland et al., 2001; Hall, 2002; Crav.ford et al., 2003] . Some of
these reconstructions primarily focussed on extensional features in the continental shelf or basins
[Norvick et al., 2001; Sutherland et al., 2001] or on spreading pattern s in ocean basins [ Veevers et al. ,
1991 ; Yan and Kroenke, 1993 ; Gaina et al., 1998; 1999]. Such reconstructions do not offer much
attention to visualizing the kinematic development of the subduction zo nes (e.g. trench-migration ).
Yan and Kroenke [1993] show the development of a new large-scale (- 5000 km long) intra-oceanic
volcanic arc at - 40 Ma in the middle of the Pacific domain, presumably due to the formation of a
new intra-oceanic subduction zone. This arc is interpreted to be the forerunner of the Solomon-New
Hebrides-Fij i-Tonga-Kermadec arc system.
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Other recon structions show the boundary between the Pacific and Austra li an plates as a large-scale
(> 5000 km long) east to northeast dippin g subduction zo ne in the Late Cretaceous to Eoce ne, from
whi ch the New Caledonia subduction zone forms a segment [Sdrolias et al., 2001 ; Hall, 2002]. The
east-directed subduction, as is inferred to have occurred in th e New Caledo nia region , was, however,
only a local phenomenon (Fig. 3d-h), bound to th e north by th e d' Entrecasteaux transfom, zo ne.
Sdrolias et al. [200 I] show that their inferred large-scale eas t-dippin g subduction zo ne was preceded
by a west-dippin g subduction zo ne in th e Earl y Cretaceo us, whi le both Sdrolias et al. [200 1] and Hall
[2002] sho w that thi s east-dipping subdu ction zo ne was succeeded by a west to southwest oriented
subdu ction zo ne in th e Late Eoce ne to Present. This wo uld require two subduction polarity reversals
along a >5000 km long subduction zo ne, which appears to be ph ys ically unlikel y. The reco nstruction
presented here shows th at th e large-scale subduction zo ne between the Australian and Pacific plates
must have bee n dippin g west to so uthwe~tward and retreatin g east to northeastward since the Late
Cretaceous to accommodate for backarc extension in the overriding plate. Evidence for a westward
dippin g subduction zone in the Cretaceous comes from Cretaceo us (Barremian to Earli est
Cenomani an) calc-alkaline and andesitic volcanic rocks in Eastern Australia [Ellis, 1968; Elliott ,
1993 ; B,yan et al., 1997] . This has led a number of authors to suggest the presence of a volcanic arc
and subduction zone running rou ghly north-so uth along the Eastern margi n of the Australian plate
[e.g. No n 1ick et al., 200 1; Sutherland et al., 2001] . The vo lca ni c depo sits are mainl y found in
extensional and sag basins along the East Australian coast. As subduction took place along the East
Australian margin, the exten sional basins on the overriding plate would thus be the result of back-arc
extension . As back-arc extension and spreading co ntinu ed during the Late Cretaceous to Early
Eocene, arc volcanism wou ld have mi grated towards the east and northeast along with the retreating
subd uctio n zone (Fig. 6a-c) [e.g. Veevers el al., 199 1]. Remnants of such arc volcanism could be
expected to be found in the New Guinea, Solomon, Three Kings and Northland regions. However,
most of thi s ancient arc material has been destroyed or seve rel y disrupted during phases of slab
rollback leading to intra-arc and backarc extension, or durin g co lli sion and abduction events and arcpolarity reve rsals. In any case, th e reconstruction prese nted in Fig. 3 shows that a subduction polarity
reversal along a >5000 km long subduction zone [e.g. Sdrolias et al., 2001; Hall, 2002] or the
formation of a - 5000 km long subduction zone in the middle of the Pacific domain [e.g. Yan and
Kroenke , 1993] is no longer required.
The reconstru ction presented in Fig. 3 shows conceptual similarities with a recent reconstruction
prese nted by Crawford et al. [2003 ], in which the Loyalty-Northland backarc basin formed in the Late
Cretaceous to Pal eocene behind a west-dipping eastward retreating Pacific subduction zone. In
addition, Crawford el al. [2003] show the formation of the d'Entrecasteaux-New Caledoni aNorth land subduction zone at - 50 Ma, which starts to consume the Loyalty-Northl and backarc basin
similar to the reconstruction presented in Fig. 3d-f. However, Crav.ford et al. [2003] show that this
new subduction zone forms by a polarity reversal , in whic h the west-dipping Pacific subduction zo ne
di sa ppears at - 50 and a new west-dipping Pacific subduction zone for ms in a later period from - 45
to 35 Ma. Again , we question the physical viability of this large scale (> 5000 km) polarity reversal ,
as th ere is no record of a geological event that cou ld have been responsible for such an event. The
change in convergence direction that occurred at - 50-45 Ma (see Fig. 6c-e) would have induced
additiona l co mpress ive stresses across the subduction zone to form a new subduction zo ne in the
back-arc region, but is unlikel y that the change wou ld have terminated west-directed subduction of
the Pacific plate altogether. Such termination of a mature subduction zone would require locking of
the subduction zo ne by arrival of buoyant materi al at the trench [e.g. Regard et al., 2003] and
subsequ ent detachment of the slab from the trailin g plate [e.g. Wortel and Spakman, 2000], but no
such locking eve nt has bee n docum ented during thi s time in the Southwest Pacific region . Slab pull
forces exe rted from th e slab towards the trailin g plate wou ld have sustained progressive subduction
[e.g. Schellart , 2004] and would th erefore not have all owed termination of subd uction of the Pacific
plate.

II

8. Conclusions
We have presented a tectonic reconstruction of the Southwest Pacific region for th e Cenozoi c period .
The reconstruction provides a coherent and logical synthesis of the region , in which the large-scale
structures of the region resulted mainly from slab rollback and backarc extensio n processes. The first
order structures res ulted from episod ic eastward rollback of the subductin g Pacific plate, leadin g to
the formation of several backarc basins bound by co ntinental fragments and volcanic rid ges (e.g.
Tas man Sea, Coral Sea, New Caledonia Basin, Loyalty-Northland Basin , South Fiji Basin , Lau-Havre
Basin). The second order structures resulted from subduction and rollback of backarc basin oceanic
lithosphere, leadi ng to the formation of new subd uction zo nes (New Hebrides Trench , San Cri stobal New Britain Trench, Pocklington fossil subduction zone, New Caledonia - d'Entrecasteaux fossil
subd uction zone), new backarc basins (North Fiji Basin , North Loyalty Basin, So lomon Sea) and
abducted ophiolites (New Guinea, New Caledonia and North land ophio lites). The episodic phases of
slab rollback in the region can be explained by either a change in subductin g plate density (e.g. arrival
of buoyant fragments at the trench), or a combination of change in subduction dynamics related to
slab tip - upper-lower mantl e discontinuity interaction and change in large-scale plate kinematics. All
these processes can potentially stall hin ge-retreat and might even cause hin ge-advance, resulting in
formation of a new subduction zone in the backarc region of the overriding plate.
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Figure Captions
Fig. 1. (a) Topographic map of the Southwest Pacific region (from Smith and Sandwell [1997]). (b)
Regional tectonic setting of (a). CFZ, Cook Fracture Zone; d'ER, d'Entrecasteaux Ridge; LoB ,
Loyalty Basin; LoPl, Louisiade Plateau; LoR, Loyalty Ridge; LoTr, Louisiade Trough ; MaB, Manus
Basin; NB, New Britain; NBT, New Britain Trench ; Nd'EB, North d'Entercasteaux Basin; NHT, New
Hebrides Trench ; NLoB, North Loyalty Basin; QT, Queensland Trough; RB , Reinga Basin, ReR,
Reinga Ridge; SCB, Santa Cruz Basin; SCT, San Cristobal Trench; SoS , Solomon Sea; TaB , Taranaki
Basin; TKR, Three Kings Ridge; ToT, Townsville Trough ; TrT, Trobriand Trough ; VMFZ, Vening
Meinesz Fracture Zone; WnR, Wanganella Ridge; WoB , Woodlark Basin; WTP, West Torres Plateau.
1, reverse/thrust fault; 2, strike-slip fault; 3, normal fault; 4, subduction zone; 5 magnetic anomalies
(thin lines) and transform faults (thick lines); 6, land; 7, sea, with basin/ocean floor (left) and
continental shelf/morphological high on basin/ocean floor (right). Structures in light gray indicate that
they are inactive. Thick continuous east-west line at latitude 20° Sin Fig. la shows location of crosssection plotted in Fig. 4h. Thick dashed line in Fig. la shows location of cross-section plotted in Fig.
5.
Fig. 2. Sequence of cross-sections through a schematic subduction zo ne illustrating the concept of
slab rollback in a hotspot reference frame . (a) Initial subduction is resisted and causes shortening in
the overriding plate. (b) Increase in slab length causes an increase in the total negative buoyancy of
the slab, which initiates the slab rollback process with a component of slab-parallel displacement and
a component of slab-perpendicular displacement. Overriding plate displacement is indicated by 0-0',
subducting plate displacement is indicated by S-S' and trench migration is indicated by T-T'. (c)
Advanced stage of subduction with slab rollback causing retreat of the trench and subduction hin ge at
the surface (T'-T"), leading to extension of the overriding plate. Large arrows indicate di splacement
vectors.

Fig. 3. Reconstruction of the Southwest Pacific regio n for th e Cenozo ic period wi th Australia held

fi xed. See text for di sc ussion . D'EZ, d'Entrecasteaux Zo ne; LB , Lau Basin; LoB, Loyalty Basin; MaB ,
Manus Basin; NCd'ESZ, New Caledonia-d'Entrecasteaux Subduction Zo ne; Nd'EB, North
d'Entrecasteaux Basin; NFB, North Fiji Basin; NFoB, Norfolk Basin; NHT, New Hebrides Trench;
NLoB , North Loyalty Basin; NoB , Northland Basin; PuT, Puysegur Trench ; ReB, Reso lution Basin;
SCB , Santa Cruz Basin ; SCT, San Cristobal Trough ; VMFZ, Vening Meinesz Fracture Zo ne ; WoB ,
Woodlark Basin .
Fig. 4. Cross-sections illustrating the evolution of the Southwest Pacific region si nce th e Late
Cretaceous with Australi a held fixed . For location of final cross-section in Fig. 4h see Fig. 1. White
arrows indicate hori zontal di spl aceme nt of Pacific pl ate relati ve to Australia. Di agrams illustrate that
subduction of back-arc lithosphere and suhduction of Pacific lithosphere from the Late Cretaceous to
Pal eocene results entirely from slab rollback (i.e. no convergence between overriding and subducting
pl ate), leadin g to a simpl e slab geo metry with draping of the slab over the upper-lower mantle
discontinuity. Subduction of the Pacific plate from the Eocene to Present results from both slab
rollback and co nvergence between the Australian and Pacific plates (white arrow), leading to more a
complex slab geo metry with slab draping and folding. Slab kinematics was inspired by models from
GuilLou-Frottier et al. [1 995] , Griffiths et al. [1995], SchelLart [in press a] and SchelLart [in review] .
For more extensive discussion of reconstruction see text.
Fig. 5. East-west tomographic cross-section along a 30° great circle segment down to a depth of 1500
km (simplified from Hall and Spakman [2002]), illustrating subduction of both the New Hebrides slab

and Tonga slab. White dots represent hypocenters of earthquakes that occurred within 50 km of the
cross-section plane. See Fig. 1 for location. Dashed line represents upper-lower mantle discontinuity .
Fig. 6. Displacement of the Pacific plate and the Australia-Pacific pl ate boundary relative to Australia

for successive 5 Myr periods from 65 Ma to Present. Southwestern part of Northland region is held
fixed . See text for discussion. Rotation poles for the Pacific plate relative to Australia are presented in
Table 5.
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Tables
Table l. Interpretation and age of basin~ctl!_d_ophiolites in the Southwest Pacific.
Basin name
Interpretation and age
Reference
Coral Sea Basin
East Papua region

Havre Basin
Lau Basin
Loyalty Basin

Manus Basin
New Caledonia
Basin
New Caledonia
o11hi0Iite
Norfolk Basin

Backarc basin, spread.ing from 62-52 Ma

Veevers el al., 1991 ; Gaina el
al. , 1999
Late Cretaceo us-Earl y Tertilliy metamorphi cs and Pigram and Davies, 1987
intrusi ves, Late Cretaceous-Terti3.lY sed imenta1y
rocks, Eocene-Oligocene extrusives, Late
Cretaceo us-Paleocene ophi olites
Backarc basin, extension from 7-6 !\fa - Present Parson and Hall'kins, 1994
Backarc basin, extension at 7-6 Ma, Spreading at Parson and Hawkins , 1994
5.4 - 5 Ma - Present
Backarc basin, Cretaceous
Co /lot et al., 1987; Auzende
el al., 2000; C/uze l el al.,
200 1
Backlli·c basin, Pliocene to Present
Martinez and Taylor, 1996
Contin ental / oceanic crust with Cretaceo us
Uruski and Wood, 1991 ;
Willcox et al., 200 I
opening ~se~o_n rifting in Tlli·anaki basi n
Late Cretaceous oceanic crust
Cluzel et al., 200 l
Paitly highly extended continental crust, center
possibly oceanic crust, E3.1·Jy-Middle Miocene(?)
/ Middle Cretaceous ill
Oceaii..ic crust, 80-66 Ma?

Mortimer et al., 1998 /
Launay el al., 1982 ; Eade,
1988; Co/lot et al., 1987
North d'EntrecasLapouille, 1982 ; Maillet et
team: Basin
al., 1983
North Fiji Basin
Backarc basin, spreading from 12/1 1 Ma - Present Pelletier et al. , 1993 ;
Schei/art el al. , 2002a
Andrews et al., 1975 ; Maillet
North Loyalty Basin Oceaii..ic crust, Middle Eocene age
et al., 1983
Northland
Backarc oceanic crust, L. Cretaceo us-Paleocene Hayward el al., 1989 ;
ThomE_son et al. , 1997
Allochthon
opli..iolites, L. Cretaceous-Oligocene sediments
Monnier el al., 2000
Papuan ophiolite
Back3.1·c oceanic crust
Herzer et al., 1997
Reinga Basin
Extended continental crust with Cretaceous
extension
Kroenke, 1984
Santa Cruz Basin
Ocea1i..ic crust, possibly Cretaceous
Joshima et al. , 1987 ; Hall,
Solomon Sea Basin Backarc basin, spreading at least during
2002
Oligocene; ceased at - 28 Ma
South Fiji Basin
Backarc basin, spreading in Oligocene to earliest Weisse/ el al., 1982; Andrews
el al., 1975
Miocene (- 35 - 24 Ma)
Weisse/ et al., 1981 ; Herzer
Southern South Fiji Backarc basin, spreading poss ibl y in Miocene
et al., 2000
Basin
Hayes and Ringis, 1973
Tasman Sea Basin Oceanic crust of - 80-52 Ma (back3.1·c?)
Taylor et al., 1995
Woodlark Basin
Basin, spreading from 6 Ma to present
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Table 2. Interp_retation and ~e of 2_lateaus, ridges and terranes in the Southwest Pacific.
Name
Interpretation and age
Reference
d'Entrecasteaux
Rid~orth)
d'Entrecasteaux
Ridge (south)
Fiji block

Continuation of New Caledonia Ridge

Co /lot el al., 1992; Maillet el
al., 1983
Co/lot el al., l 992; Maillet el
al., 1983
Hath1l'ay, 1993 ; Wharton el
al., 1995
Pigram and Davies, 1987
Hcrnikins , 1995

Finistre arc terrane

Continuation of Loyalty Ridge (Middle Eocene
Andesite in Bou_g_ainvilleSec1rr~_ci_unt)
Remnant volcanic ridge, oldest arc material is Late
Eocene in a_g_e
Arc terrane, oldest arc material Midd le Eocene age

Lau-Collvile Ridge

Re1rniant vo lcanic arc

Lord Howe Rise

Hayes and R.ingis, 1973;
Weisse/ and Hayes , 1977 ;
Willcox et al., 2001
Taylor and Falvey, 1977
Eocene vo lcanic arc
Cluze/ el al., 2001 ; Liu and
Cati/Ion, 1989
Volcanic plateau , unknown age, presumably similar Hathway, 1993
to Ontong-Java plateau
Active volcanic arc, oldest rocks Late Eocene
Madsen and Lindley, 1994
Continental crust (Pem10-Jurassic basement (New Shoretal., l 97l;Hal/,2002;
Caledonia), overlain with Mid to Late Cretaceous
Coleman, 1997; Cluze/ et al. ,
rift related sediments and volcanics)
2001
Active volcani c arc, at least since Late Oligocene
Greene et al., 1994
Mahoney et al., 1993
Volca11ic plateau, formed at - 120 Ma
Part ofVMFZ, Early to Middle Miocene activity
Herzer el al., 1997
Active volcanic arc, oldest arc material is Eocene
Pelterson el al., 1999
C retaceous - Eocene vo lcanic arc / Exti nct arc
Launay el al., 1982 / Herzer,
resulting from westward subduction, active at least 1995
at 19-20 Ma, stoEE_ed in E. or M. Miocene
Active volcanic arc, oldest arc material is Middle
Hawkins , 1995
Eocene in a_g_e
Continental crust, Penna-Triassic continental
Mortimer et al., 1998
basement
Continental crust?
Composite of volcanics and sediments, at least
Pigram and Davies, 1987
Eocene in age

Louisiade Plateau
Loyalty Ridge
Melanesian Border
Plateau
New Britain Ridge
New Caledonia Norfolk Ridge
New Hebrides Ridge
On tong Java Plateau
Reinga Ridge
Solomon Ridge
Three Kings Ridge

Tonga-Kermadec

Ridge
West Norfolk Ridge
West Torres Plateau
Woodlark Rise

Continental ribbon sp lit from Australia by
spreadi11g in Tasman Sea, Paleozoic basement, rift
initiation in Jurassic/Early Cretaceous
Extended continental crust
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Table 3. Interpretation and age of structural lineaments in the Southwest Pacific.
Name
Interpretation and age
Reference
Cook Fracture Zone
d'Entrecasteaux Ridge

Pocklington Trough
South Rennell Trough

Sinistral transform fault of back-arc basin,
active in Miocene
Ancient transform of subduction zone ; active
in - Eocene
Fossi l subduction zone, active from Paleocene to O li_g_ocene
Fossil spreadi ng ridge

Vening Meinesz Fracture Dextral transform fault, active in Early to
Zone
Middle Miocene
Vitiaz Trench
Fossil subduction zone, active from at least
Eocene to Middle/Late Miocene

S. 1\lfejfi-e, pers. comm .
/vfai/lel el al., 1983 ; lnfe1Ted
from age of Loyalty arc and
North Lo)'alty basin
Cooper and Taylor, 1987
Larue, 1977
Herzer and Masc/e, 1996 ;
Herzer et al., 1997
Hathway, 1993

Table 4. Interpretation and age of collision / obduction events in the Southwest Pacific.
Name
Timing_ll_nd interpretation (Ma)
Reference
Collision New Hebrides
arc and Melanesian
border I?.lateau
Collision New Guinea and
Finistre arc terrane
Collision Solomon Islands
and On tong Java plateau
New Caledonia ophiolite
obduction
Northland Allochthon
obduction
Papuan ophiolite
obduction

Collision caused arc-polarity reversal a11d took Falvey, l 975 ; Hath11 1ay, 1993
place before opening of North Fiji Basin at
- 12/ 11 Ma
Collision in Pliocene
Abba// el al., 1994; Weiler and
Coe, 2000
Initial contact 25-20 Ma, forceful collision
Pellerson el al., 1999 I Hall,
si nce 4 Ma I Soft collision at - 28 Ma and
2002
hard collision at 18 Ma
West-directed, from latest Eocene to
Co/lot el al., 1988 ; Auzende et
Oligocene
al., 2000
Southwest-directed, from latest Oligocene to
Herzer, 1995
earliest Miocene (- 2_5-22 Ma)
South-directed, possibly in the Late EoceneDavies, 1971 / Davies and
Oligocene / Early Eocene / Oligocene / Middle Smith, 1971 / Monnier et al.,
Miocene
1999 I Pigram and Davies,
1987
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Table 5. Finite rotations of the Pacific plate relative to Australia.
Age (Ma)

Latitude ( 0 N)

Longitude ( 0 E)

Rotation angle ( 0 )

0.0

0

0

0

0.8

-59. 14405

177.6128

-0 .8307 11

2.6

-59.9 1248

178 .3630

-2.94 1864

5.9

-60.48305

178 .383 9

-6 .566746

9.0

-59.33888

179.93 90

-9.789907

12.6

-58 .53 777

183 .2443

-13 .84880

17 .6

-52 . 16382

186.83 10

-22 .14973

24 . 1

-55 .19854

183 .9288

-26 .39683

26 . 1

-55 . 15455

182.8670

-28 .9583 4

27 .4

-54 .88977

182 0366

-30.632 11

33 .5

-52 . 155 16

180.9583

-37.07357

42 .5

-50 . 14776

177.4638

-47.38101

47 .9

-50.45626

175.9420

-50.26227

53 .3

-50.35 134

173 .9509

-5 1.92256

6 1.l

-50 .32633

168 .62 13

-55 .98808

67 .7

-49. 180 15

i64.2440

-60.56760

Data compiled and modified from Conde and Ke nt [1 995 ], Conde et al. [1 995 , 2000], Huestis and Acton [1997] ,
Ken t and Grae/stein [1 986], Royer and Roi/et [1 997] and Royer and Sand111ell [1989] . Times for isochron picks
have been reassigned based on updated timescales of Huestis and Acton [1 997] and Cande and Kent [1995] .
Negati ve rotations indi cate anti clockwi se rotations when viewed from above the surface of the Eaith.

Table 6. Finite Rotations of the Lord Howe Ri se and Challen ger Platea u relative to Australia.
Age (Ma)

Latitude ( 0 N)

Longitude ( 0 E)

Rotation angle ( 0 )

52 .0

0

0

0

53 .3

-14 . 19

130.4 1

-0 .723

55 .8

- 15.93

133.47

-2 .11 2

57 .9

-16 .93

136.23

-3 .792

61.2

-4 .650

13 1. 5 1

-4.432

62 .5

-4 .7 10

132.68

-5 . 168

64 .0

-0. 190

130.37

-5.461

65 .6

-3 .990

131.80

-6 .735

Data from Gaina el al. [ 1998]. Negative rota ti ons indicate anticlockw ise rotations when viewed from above the
surface of the Earth .
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APPENDIX II:
CD OF PLATYPLUSPLUS FILES
(LINUX FORMAT)

