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S U M M A R Y

Magnetic anomaly and fracture zone data on the Southeast Indian Ridge (SEIR) are analysed

in order to constrain the kinematic history of the Macquarie Plate, the region of the Australian

Plate roughly east of 145◦E and south of 52◦S. Finite rotations for Australia–Antarctic motion

are determined for nine chrons (2Ay, 3Ay, 5o, 6o, 8o, 10o, 12o, 13o and 17o) using data

limited to the region between 88◦E and 139◦E. These rotations are used to generate synthetic

flowlines which are compared with the observed trends of the easternmost fracture zones on

the SEIR. An analysis of the synthetic flowlines shows that the Macquarie Plate region has

behaved as an independent rigid plate for roughly the last 6 Myr. Finite rotations for Macquarie–

Antarctic motion are determined for chrons 2Ay and 3Ay. These rotations are summed with

Australia–Antarctic rotations to determine Macquarie–Australia rotations. We find that the

best-fit Macquarie–Australia rotation poles lie within the zone of diffuse intraplate seismicity

in the South Tasman Sea separating the Macquarie Plate from the main part of the Australian

Plate. Motion of the Macquarie Plate relative to the Pacific Plate for chrons 2Ay and 3Ay is

determined by summing Macquarie–Antarctic and Antarctic–Pacific rotations. The Pacific–

Macquarie rotations predict a smaller rate of convergence perpendicular to the Hjort Trench

than the Pacific–Australia rotations. The onset of the deformation of the South Tasman Sea

and the development of the Macquarie Plate appears to have been triggered by the subduction

of young, buoyant oceanic crust near the Hjort Trench and coincided with a clockwise change

in Pacific–Australia motion around 6 Ma. The revised Pacific–Australia rotations also have

implications for the tectonics of the Alpine Fault Zone of New Zealand. We find that changes

in relative displacement along the Alpine Fault have been small over the last 20 Myr. The

average rate of convergence over the last 6 Myr is about 40 per cent smaller than in previous

models.

Key words: Alpine Fault, diffuse deformation, Hjort Trench, Macquarie Ridge, South Tasman

Sea, Southeast Indian Ridge.

I N T RO D U C T I O N

Recent studies have shown that the Indo-Australian Plate is actu-

ally a composite of three smaller rigid plates, the Capricorn, In-

dian and Australian plates, separated by broad diffuse deformation

zones (Weissel et al. 1980; Wiens et al. 1985; DeMets et al. 1994;

Royer & Gordon 1997). A likely candidate for another section of

the Indo-Australian Plate that behaves as a small rigid plate is the

region roughly east of 145◦E and south of 52◦S (labelled MQ in

Fig. 1). Several studies have noted that the azimuths of the trans-

form faults on the Southeast Indian Ridge (SEIR) east of 140◦E are

not consistent with the Euler pole that fits the transforms from the

central section of the SEIR (DeMets et al. 1988; Kubo et al. 1998;

Conder & Forsyth 2000). In addition there is a broad zone of in-

traplate seismicity within the South Tasman Sea, between roughly

50◦S and 55◦S and between 145 ◦E and the Macquarie Ridge (the lo-

cation of the epicentres are shown by plus marks in Fig. 1), that might

reflect a diffuse plate boundary (Das 1992; Valenzuela & Wysession

1993). However, it has not been known how much deformation may

have taken place, over what time interval, and whether any part of

this region has been behaving as a separate rigid plate. For example,

in Gordon’s (2000) recent study of diffuse oceanic plate boundaries,

the entire salient portion of the Australian Plate is portrayed as de-

forming lithosphere. Although DeMets et al. (1988) considered the

tectonic history of the region problematical, they proposed the name

Macquarie Plate for the region.

Defining the kinematics of the Macquarie Plate is important

because this region interacts with the Pacific Plate across the
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Figure 1. Location of the Macquarie Plate (MQ). Other component parts

of the Indo-Australian Plate include the Capricorn (CAP) and Indian (IND)

plates. Dark shaded regions are zones of diffuse deformation. Epicentres

of intraplate earthquakes in the South Tasman Sea from Valenzuela &

Wysession (1993) are shown by crosses.

Macquarie Ridge and Hjort Trench. There are several outstand-

ing tectonic issues related to this interaction. For example, global

plate motion models (e.g. DeMets et al. 1994) predict a large com-

ponent of convergence across the Hjort Trench yet earthquake fo-

cal mechanisms (Frohlich et al. 1997; Ruff et al. 1989) indicate

that the current plate motion is largely strike-slip. The dimensions

of preserved conjugate-age seafloor on the Australian and Antarc-

tica plates in the region require that upwards of 200 km of the

Australian Plate has been subducted beneath the Macquarie Ridge

and Hjort Trench over the last 20 Myr (Weissel et al. 1977), yet

there is little evidence along the central part of the Macquarie

Ridge for this amount of subduction (Massell et al. 2000). There

are also tectonic questions related to the mechanism by which

larger plates deform and smaller regions develop as rigid sub-

plates. In the case of the Capricorn, Indian and Australian plates

it has been shown that the Euler poles defining their relative mo-

tion lie within the deformation zone separating the rigid plates

(Royer & Gordon 1997; DeMets et al. 1994), an observation that

has important implications for plate tectonic theory (Gordon 1998;

Zatman et al. 2001). A similar situation may exist for the Macquarie

Plate.

The tectonic setting of the Macquarie Plate has remained enig-

matic, in large part due to the paucity of shipboard geophysical data

in the region. There are no systematic surveys of any of the large

fracture zones along the eastern part of the SEIR and not even the

transform azimuths are known with any degree of accuracy. In ad-

dition, the kinematics of the SEIR have not been studied in detail.

The youngest published rotation for Australia–Antarctic motion that

uses data from the entire boundary, other than the ‘instantaneous’

NUVEL-1A datum (DeMets et al. 1994), is for Chron 5o (Royer

& Gordon 1997). However, developing a detailed kinematic model

for the region requires knowing the motion of the Australian and

Antarctic plates at an interval of 3 or 4 Myr in the Late Miocene

as well as plate rotations at coarser time intervals back to the Early

Cenozoic.

In this paper, we calculate rotation parameters for nine anoma-

lies on the SEIR using data limited to the region between 88◦E and

139◦E. This area corresponds to the ocean crust that was gener-

ated at the boundary between the Antarctic Plate and the main part

of the Australian Plate and thus avoids complexities related to the

Capricorn Plate and to the enigmatic azimuths of the eastern trans-

form faults. We use the rotations to calculate synthetic flowlines for

Australia–Antarctic motion which we then compare with the ob-

served trends of the easternmost fracture zones on the SEIR, the

Balleny and Tasman fracture zones. From an analysis of these syn-

thetic flowlines we are able to show that the region south of the zone

of intraplate seismicity in the South Tasman Sea, approximately cor-

responding to the Macquarie Plate of DeMets et al. (1988), appears

to have acted as a separate rigid plate since roughly 6 Ma. In addition,

we show that the magnetic anomaly and fracture zone observations

are consistent with a kinematic model in which the Macquarie Plate

has rotated with respect to Australia about a pole located within the

diffuse deformation zone. The revised SEIR rotations also enable

us to examine the possible cause of the onset of deformation.

R E V I S E D AU S T R A L I A – A N TA RC T I C

F I N I T E RO TAT I O N PA R A M E T E R S

The motion of Australia with respect to Antarctica has been the sub-

ject of several studies over the last 30 yr. Weissel & Hayes (1972) first

calculated rotation parameters for Australia–Antarctic at roughly

10 Myr intervals (anomalies 5, 6, 8, 13 and 22) using shipboard

magnetic and bathymetric data. Royer & Sandwell (1989) used grav-

ity constraints from satellite altimetry measurements to refine the

SEIR rotations but still at roughly 10 Myr intervals. In an analysis of

the tectonic history of the Australia–Antarctic Discordance (AAD),

Marks et al. (1999) determined SEIR rotations at roughly 3 Myr in-

tervals from 19 Ma to the present. However, since they were focused

on constraining motion within the AAD, they only used data from a

short section of the SEIR. Consequently, the uncertainty ellipses for

their rotations are large. As part of a study of the Capricorn Plate,

Royer & Gordon (1997) calculated a revised Chron 5o rotation for

Australia–Antarctic spreading. Although a well-constrained rota-

tion, this rotation by itself is insufficient to define the Late Miocene

spreading history of the SEIR.

We calculated finite rotation parameters for Australia–Antarctic

motion for nine chrons (2Ay, 3Ay, 5o, 6o, 8o, 10o, 12o, 13o and 17o,

where ‘y’ refers to the ‘young end’ of the normal polarity interval and

‘o’ refers to the ‘old end’) using archival magnetic anomaly data and

fracture zones constrained from the satellite-derived gravity field of

Sandwell & Smith (1997). The ages of these points as given in the

timescale of Cande & Kent (1995) are included in Table 1. The

magnetic anomaly data were obtained from the archives of the Geo-

logical Data Center at the Scripps Institution of Oceanography, the

National Geophysical Data Center (NGDC), the Indian Ocean Data

Compilation Project (Sclater et al. 1997) and the Japanese Geolog-

ical Survey (Takemi Ishihara, personal communication, 1997). We

followed the precedent set by Royer & Gordon (1997) and only used

data between 88◦E and 139◦E to constrain the rotations.

Fig. 2 shows the magnetic anomaly and fracture zone locations

that were used in this study. The magnetic anomaly locations were

digitized from Mercator plots of magnetic profiles along track, using

model profiles constructed for the latitude and longitude of the data

in order to compensate for the skewing effect of non-vertical ge-

omagnetic inclinations. The fracture zone locations were digitized

from Mercator plots of the satellite-derived gravity data of Sandwell

C© 2004 RAS, GJI, 157, 399–414
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Table 1. Finite rotations of Australia relative to Antarctica.

Chron Age Lat Long Angle Mag FZ Mag FZ

(Ma) (◦ N) (◦E) (deg) Pts Pts Segs Segs

2Ay 2.58 −11.164 −139.700 1.655 61 37 10 4

3Ay 6.04 −11.591 −139.230 3.830 70 42 11 6

5o 10.95 −11.896 −142.058 6.790 81 41 8 6

6o 20.13 −13.393 −145.630 12.051 96 36 9 6

8o 26.55 −13.805 −146.444 15.919 85 30 11 5

10o 28.74 −13.580 −146.016 17.319 71 27 11 4

12o 30.94 −13.396 −145.623 18.890 70 19 10 3

13o 33.54 −13.451 −145.623 20.495 66 30 10 5

17o 38.13 −14.650 −146.525 22.882 42 7 7 1

Ages are from Cande & Kent (1995) except for 3Ay which is from

Krijgsman et al. (1999). Mag Pts and FZ Pts = the total number of

magnetic anomaly and fracture zone points, respectively. Mag Segs and FZ

Segs = the number of segments with magnetic anomaly and fracture zone

data, respectively.

& Smith (1997). The selection of a specific point to digitize on the

roughly 20 to 40 km wide gravity signature that straddles most frac-

ture zones is problematical. At moderate to fast spreading rates the

offset appears to coincide with the steepest gradient in the grav-

ity field (e.g. Sandwell & Schubert 1982), but at slower spreading

rates the location of the offset appears to correspond to a low in the
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Figure 2. Magnetic anomaly locations and fracture zone crossings used to constrain the Australia–Antarctic finite rotations determined in this paper. Anomalies

2Ay, 8o and 17o are denoted by circles, 3Ay and 10o by triangles, 5o and 12o by squares and 6o and 13o by diamonds. Open symbols are unrotated anomalies;

filled symbols have been rotated from the conjugate plate.

gravity field centred over a trough in the bathymetry (e.g. Müller

& Roest 1992; Cande et al. 1995). This observation is relevant to

the SEIR since there was an increase in spreading rate on the SEIR

around Chron 3Ay (Cande & Kent 1995 ; Krijgsman et al. 1999).

By comparing shipboard bathymetric data and satellite gravity data

in several different locations we found that, in general, on the SEIR

the fracture zone offset coincides with the trough of the gravity sig-

nature except near the ridge where the offset appears to be more

closely coincident with the steepest gradient. Consequently, we dig-

itized fracture zone offsets at locations corresponding to gravity

lows except for chrons 2Ay and 3Ay for which we digitized points

corresponding to the steepest gradient.

We followed the method of Hellinger (1981) and determined re-

construction parameters by dividing the data into multiple segments

and fitting great circles to the reconstructed data in each segment.

The magnetic anomalies and fracture zones were used to define

up to 17 segments. We used the best-fitting criteria and statisti-

cal techniques of Chang (1987, 1988) and Royer & Chang (1991)

to calculate rotation parameters and estimate uncertainty ellipses.

This method requires that an estimate of the error in the position

be assigned to every data point. Although it is possible to assign a

separate error estimate to each data point, varying it, for example,

for the type of navigation, this level of detail was beyond the scope

of this study. Instead, based on our experience with other data sets,

C© 2004 RAS, GJI, 157, 399–414
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Table 2. Covariance matrices for finite rotations in Table 1.

Chron κ̂ a b c d e f g

2Ay 5.33 2.81 −3.35 2.60 5.15 −4.87 9.06 7

3Ay 2.12 2.94 −3.90 3.19 6.27 −5.83 8.97 7

5o 1.02 1.36 −1.71 0.556 3.05 −1.89 4.47 7

6o 1.06 1.61 −1.85 0.265 3.00 −1.59 4.22 7

8o 1.01 1.95 −2.24 0.579 3.71 −2.39 5.90 7

10o 1.17 2.32 −2.56 0.848 3.94 −2.77 7.51 7

12o 0.75 2.60 −3.14 0.553 5.18 −3.10 9.82 7

13o 1.07 2.44 −3.26 1.49 5.56 −3.43 6.93 7

17o 0.49 6.88 −8.39 −2.51 13.4 −1.37 13.1 7

The covariance matrix is given by the formula

1

κ̂

∗





a b c

b d e

c e f



 × 10−g

where the values of a–f are given in radians squared.

we assigned an average estimate of 4 km for all magnetic anomaly

points and 10 km for all fracture zone crossings.

As part of the solution using the Chang (1987, 1988) method a

statistical parameter, κ̂ , is returned which is an evaluation of the ac-

curacy of the assigned errors in the location of the data points. If κ̂ is

near 1, the errors have been correctly assigned; if κ̂ is ≫1 the errors

are overestimated; and if κ̂ is ≪1 the errors are underestimated. For

most of our data sets, the value of κ̂ was near 1, indicating that the

error estimates were reasonable. For chrons 2Ay and 3Ay the values

of κ̂ were 5.3 and 2.1 indicating that the error values were overes-

timated by a factor of 2.3 and 1.45, respectively (i.e. by the
√

κ̂)

while for chrons 12o and 17o the κ̂ values were 0.6 and 0.5 indicat-

ing that the errors were underestimated by a factor of 0.77 and 0.71

respectively. Although a κ̂ of 1.0 could be obtained by dividing the

original error estimates by
√

κ̂ , this rescaling makes no difference

in the location of the poles and only a minor difference in the size

of the uncertainty ellipses for all of these chrons. Consequently,

for the sake of consistency, we cite the results using the original

Figure 3. Australia–Antarctic finite rotation poles. The poles determined in this paper are shown by filled circles and connected by a dotted line. The 95 per

cent confidence ellipses for these rotations are indicated by solid lines except, for clarity, the Chron12o ellipse is shown by a dashed line and the Chron 13o

ellipse by a dotted line. R&G/5 indicates the best-fit Chron 5o pole of Royer & Gordon (1997). C&F/1Ma marks the 1 Ma pole of Conder & Forsyth (2000).

The NUVEL-1A pole is from DeMets et al. (1994).

error estimates. The error estimates are implicitly rescaled later in

the paper when the Australia–Antarctic rotations are combined with

Antarctic–Macquarie and Antarctic–Pacific rotations.

The best-fit parameters and covariance matrices for the nine rota-

tions are given in Tables 1 and 2, respectively. Table 1 also documents

the data that were used to constrain each rotation, giving the num-

ber of segments and the number of points for each data type. The

best-fit rotation poles with their 95 per cent uncertainty ellipses are

shown in Fig. 3. We also plot the locations of the NUVEL-1A pole

for the Australia–Antarctic ridge (DeMets et al. 1994), the Royer &

Gordon (1997) Chron 5o pole and the Conder & Forsyth (2000) 1

Ma pole. As a demonstration of the total data coverage that forms

the basis for this study, in Fig. 2 we have used the new rotation pa-

rameters to rotate the data points from the Antarctic Plate back to

their predicted location on the Australian Plate, and those from the

Australian Plate to their predicted location on the Antarctic Plate.

The rotated and non-rotated data points are shown by filled and open

symbols respectively.

M A G N E T I C A N O M A LY A N D

F R A C T U R E Z O N E C O N S T R A I N T S

O N T H E M A C Q UA R I E P L AT E

The new Australia–Antarctic rotation parameters enable us to es-

timate the amount of deformation in the region of the SEIR east

of 140◦E and also to determine whether some portion of this re-

gion has acted as a rigid plate. We first examined the predicted fit

of magnetic anomalies and fracture zones between the George V

FZ and the Macquarie Triple Junction (MTJ). In Fig. 4 we show

magnetic anomalies 2Ay, 3Ay, 5o, 6o and 8o from the Australia and

Antarctic plates east of the George V fracture zone (FZ) rotated back

to their conjugate locations on the Antarctic and Australian plates

respectively. As with Fig. 2, the filled symbols are points from the

Antarctic Plate rotated back to the Australian Plate or points from

the Australian Plate rotated to the Antarctic Plate. Fig. 4 shows that

there is no apparent misfit of the magnetic anomalies between the

C© 2004 RAS, GJI, 157, 399–414
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Figure 4. Demonstration of the fit of magnetic anomalies east of the George V FZ when rotated by the Australia–Antarctic rotations based only on data

west of the George V FZ. The rotated anomalies (filled symbols) all overlie their opposite plate counterparts reasonably well with no across-isochron misfit.

However, the Antarctic Plate anomalies east of the Balleny FZ are shifted by up to 50 km to the east along the strike of the Australian lineations. The misfit is

not that obvious here because there are few data from near the Balleny FZ, but it is made clearer in Fig. 5. The shaded region near the Macquarie Ridge shows

the oceanic crust generated by Australia–Pacific spreading between roughly 45 and 20 Ma. EL53 marks the location of the Eltanin 53 profiles (heavy lines)

discussed in the text. MR = Macquarie Ridge, MTJ = Macquarie Triple Junction, EB = Emerald Basin, CP = Campbell Plateau.

George V FZ and the Tasman FZ. In fact, the average misfit of the

anomalies in these segments is about the same as for the segments in

the central part of the SEIR. The rotated anomaly points east of the

Balleny FZ also appear to overlie their Australian or Antarctic plate

counterparts. However, here there is a significant misfit in as much

as the anomalies from the Antarctic Plate are rotated too far to the

northeast, along the strike of the Australian Plate isochrons. This

can be seen more clearly in Fig. 5 in which we have digitized points

from the intersection of the Balleny FZ and isochrons for anomalies

2Ay, 3Ay and 5o on the Antarctic Plate and rotated them back to the

Australian Plate. The rotated points, with their uncertainty ellipses,

are clearly mislocated by up to 50 km to the northeast of the Balleny

FZ, along the strike of the isochron.

An effective way to demonstrate the deviation of the trends of the

Tasman and Balleny FZs from true Australia–Antarctic spreading,

as Fig. 5 suggests, is to compare the observed fracture zones to

synthetic flowlines. Synthetic flowlines are generated by starting

from points at conjugate ridge-transform intersections and using

the stage rotations to predict the motion of each plate as it moves

away from the ridge at the half spreading rate. Synthetic flowlines

based on the new rotation parameters should parallel the observed

fracture zones. As a demonstration, in Fig. 6 we show synthetic

flowlines for the major fracture zones along the central portion of the

SEIR. These flowlines were calculated using the rotations in Table 1

augmented by a Chron 20o rotation from Tikku & Cande (1999). All

of the fracture zones between 80◦E and 145◦E, including fracture

zones not included in the data set constraining the rotations (e.g. the

Vlamingh and Geelvinck FZs to the west and the George V and St

Vincent FZs to the east; Fig. 6), are well matched by the synthetic

flowlines. However, the middle and eastern splays of the Tasman FZ

and the Balleny FZ deviate significantly from the synthetic flowlines,

as is shown in Fig. 7(a). The misfit is particularly apparent on the

Antarctic Plate. The synthetic flowlines cut across the grain of the

fracture zones for 200 km and are not solidly on track, paralleling

the fracture zones, until around anomaly 3Ay. However, south of

anomaly 3Ay, the synthetic flowlines parallel the fracture zones all

the way south to the Antarctic margin. On the Australian side of

the ridge the misfit is more complicated. The synthetic flowlines

deviate slightly to the east of the Tasman East and Balleny FZs for

the first 200 or 300 km going north from the ridge, but then cross

the fracture zones near 57◦S and gradually deviate up to 30 km

on the west side of the observed fracture zones.

Understanding the fracture zone misfit is fundamental for devel-

oping a kinematic model for the region. At this point, if we ignore

the intraplate seismicity between 50◦S and 55◦S on the Australian

Plate, there is no a priori reason to assume that the fracture zone

misfits are due to deformation within the Australian Plate instead

of the Antarctic Plate. For example, the occurrence of a magnitude

8.2 intraplate earthquake and its aftershocks on the Antarctic Plate

along a line stretching from the George V FZ to the Tasman FZ

C© 2004 RAS, GJI, 157, 399–414
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Figure 5. Demonstration of the misfit east of the Balleny FZ produced

by the Australia–Antarctic rotations. Three points on the Antarctic Plate

corresponding to the intersection of the Balleny FZ and the 2Ay, 3Ay and

5 lineations (solid circles) have been rotated back to the Australian plate

(small ellipses). The rotated points fall up to 50 km east of the Balleny FZ.

The ellipses show the 95 per cent uncertainty in the predicted location of the

rotated points. MTJ = Macquarie Triple Junction.

near 63◦S (Nettles et al. 1999; Henry et al. 2000) might indicate

a missing plate boundary between East and West Antarctica. Al-

though Conder & Forsyth (2000) showed that the focal mechanism

from this earthquake did not fit the expected sense of motion for

a ‘Balleny Plate’ located south of the SEIR, it is possible that a

boundary continued elsewhere on the Antarctic Plate. Eliminating

this possibility is an important step.

We found that shifting the synthetic flowlines shown in Fig. 7a

roughly 30 km to the northeast, orthogonal to the transform direc-

tion, was a very revealing exercise. In Fig. 7(b) these ‘offset’ flow-

lines are compared with the Balleny and Tasman FZs. As expected

from Fig. 7(a), the offset flowlines agree very well with the FZs

on the Antarctic Plate starting around anomaly 3Ay, about 200 km

south of the spawning point. Further south, the synthetic flowlines

match the observed fracture zones all the way back to anomaly 20.

On the Australian side of the ridge, the flowlines are displaced to

the east of the observed fracture zones north to about 54◦S or 55◦S,

but farther north they actually fit the observed fracture zones quite

well.

We interpret the observations that the misfit of the fracture zones

is worse on the Australian Plate and that the misfit affects older

crust on the Australian Plate, as strongly supporting the contention

of DeMets et al. (1988) that the intraplate deformation is occur-

ring on the Australian Plate, and not the Antarctic Plate. Further-

more, since the Antarctic Plate FZs fit the SEIR motion except for

the region younger than roughly anomaly 3Ay, the deformation ap-

pears to have started around 6 Ma. This pattern is consistent with

a rigid clockwise rotation of the region south of roughly 55◦S, the

Macquarie Plate, which is separated from the main part of the Aus-

tralian Plate by diffuse deformation in the zone between 50◦S and

55◦S.

M A C Q UA R I E – A N TA RC T I C A N D

M A C Q UA R I E – AU S T R A L I A RO TAT I O N S

The most direct way to calculate Macquarie–Australia motion is to

calculate Macquarie–Antarctic motion (i.e. motion on the SEIR east

of the Tasman FZ) and then sum it with Antarctic–Australia motion.

Ideally, we would use the Hellinger method to calculate Macquarie–

Antarctic rotations for the same anomalies in the region between the

Tasman FZ and the MTJ as we did for the main part of the SEIR.

However, the very limited region for which magnetic data are avail-

able (essentially there are only useful magnetic anomaly points east

of the Balleny FZ) and the limited constraints on the fracture zone

crossings, make it very difficult to constrain Macquarie–Antarctic

rotations for most anomalies. We were able to obtain a good solution

using the Hellinger method for anomaly 2Ay because it has excep-

tionally good magnetic anomaly coverage (Fig. 4) and we were also

able to obtain a solution for anomaly 3Ay, although the data cover-

age was poorer and the uncertainty ellipse was considerably larger.

The rotation parameters and covariance matrices for these rotations

are given in Tables 3 and 4, respectively.

The location of the best-fit chron 2Ay and 3Ay Macquarie–

Antarctic poles and their 95 per cent confidence zones are shown in

Fig. 8. The best-fit poles are located near the southwest end of the

confidence zone for the Conder & Forsyth (2000) ‘1 Ma’ rotation.

The more northeasterly position of the Conder & Forsyth (2000)

pole may be driven by the azimuths and focal mechanism solutions

of the transforms between 148◦E and 140◦E, which are representa-

tive of the instantaneous motion but not necessarily of the motion

east of the Tasman FZ averaged over the last several Myr.

Using the Macquarie–Antarctic rotations, we calculated synthetic

flowlines for the Balleny and Tasman FZs between anomaly 3Ay and

the ridge (Fig. 9). As expected, the synthetic flowlines (heavy lines,

filled circles) follow the observed fracture zone trends near the ridge

much better than the flowlines based on the Australia–Antarctic

rotations (light lines, open circles). It is significant that the predicted

Macquarie–Antarctic flowline azimuth is nearly identical with the

Australia–Antarctic azimuth west of roughly 145◦E, indicating that

the western limit of the deformation cannot be determined from the

fracture zone azimuths alone.

We determined chron 2Ay and 3Ay rotation parameters for

Macquarie–Australia by summing the Australia–Antarctic and

Macquarie–Antarctic rotations for these anomalies. The rotation

parameters and covariance matrices are given in Tables 3 and 4,

respectively. The best-fit rotation poles and the uncertainty ellipses

associated with them are shown in Fig. 8. The uncertainty ellipses

of both rotations intersect the intraplate seismicity zone in the South

Tasman Sea, and both of the best-fit poles fall within the seismicity

zone: the Chron 2Ay pole lies near the south central edge of the seis-

micity zone and the Chron 3Ay pole lies near the western edge. If we

assume that the intraplate seismicity outlines a zone of diffuse de-

formation, then the situation is similar to that found for the rotations

defining Capricorn–Australia, Capricorn–India and India–Australia

motion. In all of those cases the Euler pole lies in the deformation

zone separating the rigid plates (Royer & Gordon 1997; Gordon

1998; Zatman et al. 2001).
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Figure 6. Comparison of synthetic flowlines with observed fracture zones on the SEIR. The filled circles mark the position of the flowline at anomalies

2Ay, 3Ay, 5o, 6o, 8o, 10o, 12o, 13o, 17o and 20o, going away from the ridge, respectively. For clarity, points corresponding to anomalies 5o and 13o are

enlarged. Note that the synthetic flowlines match the trends of all of the fracture zones between 80◦E and 145◦E. The flowlines are shown superimposed on the

satellite-derived gravity field of Sandwell & Smith (1997).

M O T I O N P R E D I C T E D B Y

M A C Q UA R I E – AU S T R A L I A RO TAT I O N S

The validity of the Macquarie–Australia rotations can be checked

by examining how well they predict the motion of features on the

Macquarie Plate. As we noted earlier, in order to match the frac-

ture zones on the older parts of the Antarctic and Australian plates

with synthetic flowlines based on Australia–Antarctic rotations, the

flowlines have to be generated from points offset from the ridge-

transform intersections. If the region has behaved as a rigid plate,

the Macquarie–Australia rotation for Chron 3Ay should rotate these

offset synthetic flowlines back to the observed position of the Bal-

leny and Tasman FZs. In Fig. 10 we perform this test by rotating the

offset synthetic flowlines north of the SEIR by the Chron 3Ay rota-

tion. The rotated points fall exactly on top of the observed gravity

lows marking the Balleny and Tasman FZs. As part of this analysis

we show the error ellipses corresponding to the Chron 3Ay rota-

tion and we also show the amount that the points are rotated by the

Chron 2Ay rotation. The effect of the Chron 2Ay rotation is much

smaller than the 3Ay rotation, both because the angle is less and be-

cause the pole is located farther south and closer to the points being

rotated.

As an additional check on the rotations, we also rotated magnetic

anomaly points that were first rotated from the Antarctic Plate back

to the Australian Plate. As we noted in Fig. 4, the magnetic anomaly

points rotated from the Antarctic Plate appear to overlie their

Australia counterparts although they are offset to the northeast. To

test the Macquarie Plate rotations, we calculated trajectories for a

few selected points for each anomaly isochron (i.e. anomalies 3Ay,

5o, 6o and 8o) using the chron 2Ay and 3Ay Macquarie–Australia

rotations. These trajectories are shown by the solid lines and filled

triangles in Fig. 10, with accompanying uncertainty ellipses on the

position of the rotated points. It is apparent from Fig. 10 that in

general the rotations reduce the along isochron misfit in the rotated

Antarctic Plate anomalies that we observed in Fig. 4. However, the

Chron 3Ay Macquarie–Australia rotation introduces a small across-

isochron misfit, although given the large size of the uncertainty

ellipses this misfit may not be significant. This across-isochron mis-

fit, which is greatest on the eastern end of the older isochrons (i.e.

anomalies 6o and 8o), suggests that the actual pole for Chron 3Ay

is located further east and north than the calculated best-fit position

of the pole. Because of the large offset on the Balleny FZ and the

sparsity of bathymetric constraints on its structure, there may be a

large systematic error in our estimate of the location of the fracture

zone which is based almost entirely on the satellite-derived gravity

data. Alternatively, the region that can be considered as a rigid plate

may not extend this far to the north and east.

Another constraint on the motion of the Macquarie Plate comes

from deformation that we have observed on archival USNS Eltanin

single-channel seismic profiler data. In examining seismic reflection

profiler data in the intraplate seismicity zone we located two single

channel profiles collected on the USNS Eltanin in 1972 (Hayes
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( (

Figure 7. (A) Synthetic flowlines showing the predicted motion of the Australian and Antarctic plates in the eastern part of the SEIR. For clarity points

corresponding to anomalies 5o and 13o are circled. Note that although there is a large misfit for the Tasman and Balleny FZs near the ridge, the flowlines

parallel the observed fracture zones on the Antarctic Plate for anomalies 3Ay and older. Arrows show the expected position of the flowline based on the gravity

data. (B) Synthetic flowlines for the Balleny and Tasman FZs generated from points offset roughly 30 km east of the points in the left frame. Note that on the

Antarctic Plate the flowlines overlie the observed fracture zones for anomalies 3Ay and older, whereas on the Australian Plate the flowlines overlie the observed

fracture zones only north of roughly 55◦S.

Table 3. Finite rotations for the Macquarie Plate.

Plate pair Chron Lat Long Angle Mag FZ Mag FZ

(2nd plate fixed) (◦ N) (◦E) (deg) Pts Pts Segs Segs

Macquarie–Ant. 2Ay −37.069 −162.971 2.666 13 20 1 2

Macquarie–Ant. 3Ay −34.415 −160.704 5.562 14 21 2 2

Aus.–Macquarie 2Ay −54.178 151.513 −1.572 NA NA NA NA

Aus.–Macquarie 3Ay −51.685 147.623 −2.954 NA NA NA NA

Macquarie–Pac. 2Ay −58.283 171.550 4.286 NA NA NA NA

Macquarie–Pac. 3Ay −58.642 171.976 9.184 NA NA NA NA

NA = not applicable.

et al. 1978) that reveal a zone of compressive structures at least

50 km broad near 52◦S, 148◦E (Fig. 11). The style of deformation

apparent in these records is similar to the compressive deformation

observed in the central Indian Ocean in the diffuse plate bound-

ary zone separating the Capricorn and Indian plates (e.g. Weissel

et al. 1980; Bull & Scrutton 1992). Based on the topography from

the two adjacent Eltanin lines that crossed these folds, the axis of

folding appears to be roughly 75◦E/255◦W, parallel to the magnetic

lineation direction. To the resolution of the records, the faulting ap-

pears to extend up to the seafloor. These records are consistent with

a Macquarie–Australia Euler pole that is located east of 148◦E. Al-

though this is consistent with the location of the best-fit 2Ay pole,

which is located at 151◦E, it is not consistent with the best-fit 3Ay

pole which is located almost exactly beneath the Eltanin lines. This

could reflect the fact that the deformation occurred towards the end

of the 6 Myr period, after the pole had shifted to the east, or it may
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Table 4. Covariance matrices for finite rotations in Table 3.

Plate pair Chron κ̂ a b c d e f g
(2nd plate fixed)

Macquarie–Ant. 2Ay 15.6 1.09 −0.46 2.11 0.20 −0.90 4.10 4

Macquarie–Ant. 3Ay 4.22 2.34 −1.10 4.22 0.52 −1.98 7.61 4

Aus.–Macquarie 2Ay 6.45 1.17 −0.53 2.16 0.24 −0.96 3.99 4

Aus.–Macquarie 3Ay 2.41 2.40 −1.10 4.26 0.51 −1.94 7.59 4

Macquarie–Pac. 2Ay 5.59 1.16 −0.52 2.15 0.24 −0.97 3.99 4

Macquarie–Pac. 3Ay 4.54 2.34 −1.10 4.22 0.52 −1.98 7.62 4

 

Figure 8. Location of the Macquarie–Antarctic (triangles) and Macquarie–

Australia (stars) rotation poles. The Macquarie–Antarctic poles are con-

strained by data between the Tasman FZ and Macquarie Triple Junction.

The Chron 2Ay best-fit poles and uncertainty ellipses are shown by filled

symbols and solid lines respectively, while the Chron 3Ay best-fit poles and

uncertainty ellipses are shown by open symbols and dotted lines respec-

tively. The filled square marked C&F/1Ma indicates the best-fit pole and

uncertainty ellipse for the 1 Ma pole of Conder and Forsyth (2000). The

small filled ellipse marked Aus-Ant/2Ay shows the 95 per cent confidence

zone associated with the Australia–Antarctic rotation.

indicate that the 3Ay pole was actually located east of the best-fit

location.

Earthquake focal mechanisms in the eastern part of the intraplate

seismicity zone are in agreement with the location of the 2Ay

and 3Ay poles. Centroid-moment tensor solutions (Dziewonski &

Woodhouse 1983) from the Harvard Catalog are shown in Fig. 9.

The focal mechanisms are best resolved near the Macquarie Ridge

(e.g. Das 1993; Valenzuela & Wysession 1993). In the region just

west of the great 1989 Macquarie Ridge quake (52◦S, 160◦E) the

intraplate earthquakes generally have roughly horizontal, approxi-

mately north–south, T-axes, consistent with a north–south extension

direction inferred to exist between the Australian and Macquarie

plates here.

A larger question is whether there is evidence in the South Tas-

man Sea for sufficient deformation to be consistent with the amount

predicted by the 3Ay rotation. The best-fit Chron 3Ay rotation pre-

dicts roughly 60 km of north–south extension in the eastern part of

the intraplate seismicity zone, near the Macquarie Ridge, although

it predicts essentially no deformation near the Tasman FZ, where

the pole is located. If the total motion over the last 6 Myr is more

Figure 9. Synthetic flowlines for anomalies 2Ay and 3Ay predicted by

the Macquarie–Antarctic rotations (filled circles, heavy solid lines). Note

that these flowlines match the observed trend of the young sections of Bal-

leny and Tasman FZs much better than the synthetic flowlines based on the

Australia–Antarctic rotations (light lines, open symbols). Also shown are

the locations of the best-fit Macquarie–Australia poles for 2Ay (filled star)

and 3Ay (open star) and the locations of the intraplate earthquake epicentres

from Valenzuela & Wysession (1993) (plusses). The focal mechanisms are

centroid-moment tensor solutions from the Harvard Catalog for earthquakes

with M b > 4.0 at depths < 100 km between 1977 and 2003. The dashed and

dotted ellipses show the 95 per cent confidence ellipses associated with the

2Ay and 3Ay Macquarie–Australia rotations, respectively.

accurately modelled by a pole near the centre of the intraplate seis-

micity zone, say near 153◦E, then there should be roughly 30 km of

north–south extension near the Macquarie Ridge and about 30 km of

compression near the Tasman FZ. West of the Tasman FZ the amount

of predicted north–south compression increases and by the George

V FZ at 140◦E there is a prediction of about 50 km of north–south

compression.

There are insufficient seismic reflection profiles in this region to

independently constrain the amount and location of diffuse defor-

mation that might have occurred. Although the Eltanin 53 profiles

indicate that there has been some compressive deformation in the re-

gion, these data do not constrain the extent of the deformation zone.

However, even without adequate seismic reflection data, we can

set some limits on the area where deformation may have occurred.

Specifically, it seems very unlikely that there is any substantial
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Figure 10. Demonstration of how the Macquarie–Australia rotation since

Chron 3Ay causes the misfit of the Tasman and Balleny FZs. Dark lines

with filled circles show the result of rotating the offset synthetic flowlines

for the Balleny and Tasman FZs (shown in Fig. 7B) about the 2Ay and 3Ay

rotation poles of Australia with respect to the Macquarie Plate. After the

synthetic flowlines are rotated about the anomaly 3Ay pole they overlie the

observed position of the fracture zones. Uncertainty ellipses are included

for the fracture zone points rotated by the 3Ay rotation. Also shown are

Australian Plate anomalies 3Ay to 8o east of the Balleny FZ (open sym-

bols) and the trajectories of a few selected Antarctic anomalies rotated first

about an Australia–Antarctic pole and then about the Macquarie–Australia

2Ay and 3Ay poles (filled triangles). Uncertainty ellipses are shown for the

Macquarie–Australia 2Ay and 3Ay rotations. Note that the rotated anomalies

along the eastern end of the anomaly 8o and 6o isochrons tend to have an

across-isochron misfit. This misfit suggests that the actual 3Ay pole may be

east of the best-fit pole position.

amount of deformation west of the Tasman FZ. The predicted plate

motion north of the SEIR between the Tasman FZ and the George V

FZ is quite large (30 to 50 km) and yet, as Fig. 4 shows, there are no

observable magnetic anomaly misfits in the rotated anomaly data.

Hence, we believe the deformation zone terminates at the Tasman

FZ, perhaps by strike-slip motion along the old splays of the fracture

zone connecting south to the ridge axis. There is little evidence to

judge whether there has been 30 or 40 km of north–south exten-

sion in the eastern part of the deformation zone. Much of this area

was generated during slow spreading in the Early Cenozoic, and is

characterized by rough basement topography. We have not observed

signs of recent extensional faulting in the crust on the few seismic

profiles in this region although broadly distributed extensional de-

formation is likely to be difficult to recognize.

Deformation of the Macquarie Plate region has a potential im-

pact on the calculation of Cenozoic motion between East and West

Antarctica. Cande et al. (2000) constrained the motion between East

and West Antarctica in part by analysing the misfit of anomalies on

the Australian Plate east of the Balleny FZ after being rotated back to

Antarctica by Australia–Antarctic rotations. They found that there

was a misfit starting with a small ∼10 km misfit for anomaly 10

and increasing to a large ∼180 km misfit for anomaly 20. Since the

spreading corridor east of the Balleny FZ abuts against the Iselin

Bank and West Antarctica, this misfit is consistent with the separa-

tion of East and West Antarctica between chrons 20 and 10. This

motion is independently constrained by magnetic anomalies flank-

ing the Adare Trough in the northern Ross Sea. If the deformation

of the Macquarie Plate involved the South Tasman Sea crust in

the region of the anomalies on the Australian Plate used by Cande

et al. (2000), this motion would affect the calculation of East–West

Antarctic motion. However, for several reasons the effect is likely to

have been small. First, the region on the Australian Plate involved in

the estimation of East–West Antarctic motion (the area of anoma-

lies 10 to 20) is the zone east of the Balleny FZ between 50◦S and

55◦S. This region is likely to be close to the pole of Macquarie–

Australia rotation and, hence, least affected by the rotation. Second,

the amount of the misfit attributable to East–West Antarctic mo-

tion ranges from 75 km at anomaly 13o to 180 km for anomaly 20o.

These misfits are much greater than the misfits that can be attributed

to Macquarie–Australia rotations in this region. Third, the sense of

the across isochron misfit that is caused by the Australia–Macquarie

rotation is opposite to that attributable to East–West Antarctic mo-

tion. That is, to the extent that an Australia–Macquarie rotation

about the best-fit 3Ay pole caused an across-isochron misfit, this

misfit would decrease the apparent spreading rate east of the Bal-

leny FZ whereas the observed East–West Antarctic motion acted to

increase the apparent spreading rate east of the Balleny FZ. Thus, the

Macquarie–Australia rotation proposed here is unlikely to cause a

significant change in the estimate of the amount of Cenozoic motion

between East and West Antarctica.

PA C I F I C – AU S T R A L I A M O T I O N A N D

S U B D U C T I O N AT T H E H J O RT T R E N C H

The plate kinematic history of the Macquarie Ridge and Hjort

Trench region is very unusual. Between roughly 45 Ma and 30 Ma

this section of the Pacific–Australia plate boundary was an active

ridge, generating the ocean crust that is now found in the Emerald

Basin and in the eastern part of the Southern Tasman Sea (Weissel

et al. 1977; Sutherland 1995). Starting about 30 Ma the motion along

this boundary became progressively more strike-slip until by 20 Ma

it was essentially a strike-slip boundary. Over the last 20 Myr, the

relative motion along the boundary has varied and at times there has

been a strong component of convergence across parts of the bound-

ary. Weissel et al. (1977) showed that along the centre section of the

Macquarie Ridge, near 55◦S, nearly 200 km of young Australian

Plate crust is missing and must have been subducted.

As a consequence of this unusual plate motion history, there are

several enigmatic issues related to the tectonics of the plate boundary

(e.g. Massell et al. 2000). For example, focal mechanisms in the

Hjort Trench region are mostly strike-slip (Frohlich et al. 1997;

Ruff et al. 1989) even though global plate motion models such as

NUVEL1-A (DeMets et al. 1994) predict a convergence angle of
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Figure 11. Single-channel seismic profilers record from USNS Eltanin cruise 53 showing compressive deformation on the seafloor in the zone of intraplate

seismicity. The deformation is similar in appearance to that seen on profiles in the central Indian Ocean. The location of the profiles is shown by the inset map

at lower left.

Figure 12. Location of Australia–Pacific and Macquarie–Pacific rotation poles and their 95 per cent confidence zones. The Australia–Pacific poles were

determined by summing Australia–Antarctic and Pacific–Antarctic rotations going back to Chron 13o, while the Macquarie–Pacific poles were determined by

summing the Macquarie–Antarctic and Pacific–Antarctic rotations for Chrons 2Ay and 3Ay. Dashed and dotted lines near the Macquarie ridge are small circles

about the Macquarie–Pacific (Mac-Pac) and the Australia–Pacific (Aus-Pac) Chron 2Ay poles, respectively. Also shown are the pole and 95 per cent confidence

zone based on Macquarie Ridge focal mechanisms (Frohlich et al. 1997) and the NUVEL-1A Pacific–Australia pole (DeMets et al. 1994).
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Table 5. Finite rotations of Antarctica relative to the Pacific.

Chron Lat Long Angle Mag FZ Mag FZ

(◦ N) (◦E) (deg) Pts Pts Segs Segs

2Ay 65.532 −79.484 −2.259 41 11 4 1

3Ay 66.988 −81.949 −5.195 39 13 5 1

5o 70.335 −77.855 −9.479 35 10 5 1

6o 74.202 −69.520 −16.870 20 11 4 1

8o 74.773 −66.940 −21.826 17 40 4 4

13o 74.399 −64.556 −27.360 30 31 7 5

Rotations are from Cande & Stock (in preparation).

Table 6. Covariance matrices for finite rotations in Table 5.

Chron κ̂ a b c d e f g

2Ay 4.01 7.14 −0.107 8.08 1.59 3.17 20.5 8

3Ay 4.77 10.5 1.09 11.3 4.90 7.98 29.3 8

5o 2.89 1.63 −0.238 1.44 1.11 1.50 4.92 7

6o .65 8.48 −0.107 7.74 5.03 8.89 29.5 8

8o .75 4.37 1.74 12.0 1.49 5.28 37.6 7

13o 1.59 7.00 5.97 12.0 5.98 10.8 24.8 7

roughly 20◦ near 58◦S increasing to about 50◦ at the south end

of the Hjort Trench. Frohlich et al. (1997) determined a Pacific–

Australia Euler pole based solely on focal mechanisms from the

Macquarie Ridge and Hjort Trench and found that it was located

north and west of the NUVEL-1A pole (Fig. 12) and predicted less

convergence. With our estimate of a Macquarie–Antarctic rotation

we can now independently estimate the motion across the Macquarie

Ridge and Hjort Trench for the last 6 Myr by summing the motion

of Macquarie–Antarctic and Antarctic–Pacific.

Our new Australia–Antarctic rotations were combined with

Pacific–Antarctic rotations for chrons 2Ay, 3Ay, 5o, 6o, 8o and 13o in

order to calculate Pacific–Australia rotations. The Pacific–Antarctic

rotations are from Cande & Stock (in preparation) and were deter-

mined using the Hellinger method (Tables 5 and 6). The constraints

used to calculate the Pacific–Antarctic rotations include data col-

lected on the R/VIB Nathaniel B. Palmer in the last few years and

the solutions are preferred to those published by Cande et al. (1995).

Rotation parameters and covariance matrices for Pacific–Australia

motion for chrons 2Ay to 13o are given in Tables 7 and 8. The

Chron 13o Australia–Antarctic rotation parameters are from Cande

et al. (2000) and include the effects of East–West Antarctic mo-

tion (Tables 9 and 10). The Pacific–Australia Euler poles and their

uncertainty ellipses are shown in Fig. 12.

We determined Pacific–Macquarie rotations for chrons 2Ay and

3Ay by summing the Macquarie–Antarctic rotations with our es-

timates of the Chron 2Ay and 3Ay Antarctic–Pacific rotations

(Tables 3 and 4). The Pacific–Macquarie 2Ay and 3Ay best-fit poles

lie closer to the Macquarie Ridge and Hjort Trench than do our

revised Pacific–Australia poles, the NUVEL1-A pole or even the

Table 7. Finite rotations of Australia relative to the Pacific.

Chron Lat Long Angle

(◦ N) (◦E) (deg)

2Ay −58.761 −175.666 2.766

3Ay −59.347 −174.331 6.385

5o −58.244 −174.873 11.933

6o −56.392 −175.556 22.217

8o −55.030 −176.889 29.232

13o −52.142 −178.990 37.107

Table 8. Covariance matrices for finite rotations in Table 7.

Chron κ̂ a b c d e f g

2Ay 4.76 3.55 −3.37 3.43 5.29 − 4.59 11.1 7

3Ay 2.60 4.09 −3.81 4.40 6.68 −5.14 11.9 7

5o 1.22 3.21 −1.98 2.17 3.90 −0.692 9.42 7

6o 0.97 2.66 −1.90 1.24 3.27 −1.09 7.20 7

8o .91 10.5 −3.12 17.0 4.53 −4.16 39.9 7

13o .73 5.18 −1.98 7.72 0.86 −2.94 11.6 5

Table 9. Finite rotation of Australia relative to West Antarctica.

Chron Lat Long Angle

(◦ N) (◦E) (deg)

13o −12.600 −147.298 20.848

Rotation is from Cande et al. (2000).

pole of Frohlich et al. (1997) (Fig. 12). As a consequence, our

Pacific–Macquarie poles predict motion near the Hjort Trench that

is more parallel to the trench than would be expected using the

Pacific–Australia Euler poles. To demonstrate this, in Fig. 12 we

have drawn small circles about both the Pacific–Macquarie Chron

2Ay pole (dashed lines) and our Pacific–Australia Chron 2Ay pole

(dotted lines). Thus, the more westerly location of the Pacific–

Macquarie poles may help to explain, in part, the prevalence of

strike-slip faulting observed along the Hjort Trench. However, the

apparent prevalence of strike-slip mechanisms can also be attributed

to strain-partitioning in which the strike-slip mechanisms are found

along the crest of the ridge and thrust mechanisms along the trench

axis (Meckel et al. 2003).

The predicted Pacific–Macquarie motion since Chron 3Ay near

the MTJ also agrees better with recent swathmap observations of the

transform fault connecting the MTJ to the Hjort Trench (Bernardel

& Symonds 2001) than predictions based on the Pacific–Australia

rotations. The swathmap data of Bernardel & Symonds (2001) show

that this transform has a strike of N25◦W near 61◦S. The Pacific–

Australia rotation predicts a nearly north–south transform azimuth

at this latitude while our Pacific–Macquarie Chron 2Ay rotation

predicts an azimuth of N18◦W.

The difference in the net displacement since Chron 3Ay predicted

by Pacific–Australia and Pacific–Macquarie rotations is dramatic

and suggests a cause for the onset of deformation of the Australian

Plate in the South Tasman Sea, forming the Macquarie Plate, at

6 Ma. We calculated trajectories for several points on the Australian

Plate relative to the Macquarie Ridge and Hjort Trench, using both

the Pacific–Australia rotations and the Pacific–Macquarie rotations

(Fig. 13). In the central portion of the Macquarie Ridge the predicted

plate motion direction is nearly the same for both sets of rotations.

However, across the southern Hjort Trench, the predicted motion

differs, with the Pacific–Australia rotations resulting in an increas-

ing angle of convergence in Late Miocene time. At both chrons 5o

and 3Ay, the predicted Pacific–Australia convergence direction ro-

tates clockwise becoming increasingly perpendicular to the trench,

although the rate of displacement remains fairly constant. How-

ever, with the Pacific–Macquarie trajectories there is essentially no

change in direction at Chron 3Ay while there is a roughly 35 per cent

Table 10. Covariance matrix for rotation in Table 9.

Chron κ̂ a b c d e f g

13o .63 5.06 −2.02 7.56 0.84 −2.99 11.4 5
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Figure 13. Predicted plate motion trajectories for the Australian Plate relative to the Pacific Plate (dashed lines) and the Macquarie Plate relative to the Pacific

Plate (solid line) for chrons 2Ay, 3Ay, 5o and 6o for several points along the Macquarie Ridge and Hjort Trench (HT). Note that the Australia–Pacific motion

near the Hjort Trench has a clockwise kink at 3Ay, while the Macquarie–Pacific motion slows down and does not change direction. For clarity, the Chron 6o

points are only shown on the two southernmost trajectories. The light shaded region marks the Macquarie Plate; the dark shaded region marks extent of the

Australia (Macquarie) Plate subducted beneath the Macquarie Ridge. PT = Puyseguer Trench, CP = Campbell Plateau, EB = Emerald Basin.

decrease in the rate of displacement (from 28 mm yr−1 to 18 mm

yr−1). In addition, the convergence rate orthogonal to the south-

ern Hjort Trench calculated with the Pacific–Macquarie rotations

is roughly half that predicted from the Pacific–Australia rotations

between Chron 3Ay and the present.

The onset of deformation in the South Tasman Sea and the devel-

opment of an independent Macquarie Plate may have been triggered

by the buoyancy of young oceanic crust entering the southern Hjort

Trench. With the gradual change in the Pacific–Australia motion

in Late Miocene time at the latitude of the Hjort Trench, the con-

vergence direction was becoming more perpendicular to the trench,

causing greater subduction of young buoyant crust. Around Chron

3Ay, a threshold level appears to have been crossed, coinciding with

a clockwise change in Pacific–Australia motion, in which it became

easier for the Australian Plate to deform in the region of 50◦S to 55◦S

in the South Tasman Sea than it was for the plate to subduct a greater

amount of young oceanic crust in the southern Hjort Trench. How-

ever, it is not clear to what extent the change in Pacific–Australia

motion triggered this response or, alternatively, the development of

the Macquarie Plate caused the change in Pacific–Australia motion.

I M P L I C AT I O N S F O R

N E W Z E A L A N D T E C T O N I C S

A full discussion of the implications of the revised Pacific–Australia

rotations for the tectonics of the Pacific–Australia boundary north

of the Macquarie Ridge is beyond the scope of this paper. How-

ever, we will briefly point out here some important implications for

the tectonics of the Alpine Fault region in New Zealand. The kine-

matic setting of the Alpine Fault is determined by the summation of

Australia–Antarctic and Antarctic–Pacific motions and the calcula-

tion of the relative displacement vector across the Pacific–Australia

boundary (Molnar et al. 1975; Walcott 1998). As the estimates of
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Figure 14. Predicted plate motion trajectories for the Pacific Plate relative to the Australian Plate (fixed) for two points (A & C) along the Alpine Fault. The

solid lines with the uncertainty ellipses shows the trajectory based on the new Australia–Pacific rotations. The dashed line shows the trajectory based on the

rotations of Walcott (1998). Note that the revised trajectories have very little change in convergence direction over the last 20 Myr.

Pacific–Antarctic and Australia–Antarctic rotations have improved

over the years, the inferred displacement history has changed. For

example, Walcott (1998) proposed that there was a pronounced

clockwise change in convergence direction around 6 Ma. However,

because there were no intermediate rotation poles for the SEIR for

the period around 6 Ma, this conclusion was obtained by interpo-

lating a 6 Ma rotation for Australia–Antarctic motion between the

Royer & Sandwell (1989) Chron 5o rotation and the NUVEL-1A

(DeMets et al. 1994) rotation.

With our new Australia–Antarctic rotations for chrons 3Ay and

2Ay, a detailed Late Miocene history can be directly calculated with-

out interpolation of the Australia–Antarctic rotations. In Fig. 14 we

show the trajectory of two points on the Pacific Plate relative to a

fixed Australian Plate. We also include the error ellipses for each

point. In addition, we include the trajectory based on the rotations

determined by Walcott (1998). The revised trajectory has only about

60 per cent of the predicted convergence in the past 6 Myr and does

not display the marked change in convergence direction at 6 Ma that

was predicted by Walcott (1998). The lack of a distinct change in

convergence direction at Chron 3Ay reflects the fact that we did not

interpolate between a Chron 5o rotation and the NUVEL-1A pole

as Walcott (1998) did.

Although the change in convergence direction at Chron 3Ay is not

as pronounced as proposed by Walcott (1998), there are still some

noticeable kinematic changes at that time. Fig. 15 shows the amount

of displacement both perpendicular and parallel to the fault for three

points along the Alpine Fault for the last 20 Myr. (These conclusions

assume that all of the Pacific–Australia motion is being accommo-

dated at the Alpine Fault and that there is no deformation elsewhere

on the South Island.) At both chrons 5o and 3Ay there is an increase

in the convergence rate perpendicular to the fault. The absolute in-

crease in the rate is roughly the same at both times and at all three

points; however, the percentage rate of increase is much larger at

the central and southern points. In particular, at the southernmost

point (at 44.5◦S) there was essentially no perpendicular convergence

prior to 11 Ma, whereas at the northern point (42.5◦S) there was al-

ready a significant amount of convergence prior to 11 Ma. Of course,

this plot only calculates the average displacement rate over the entire

time interval and does not indicate when the change in rate occurred

within the interval and whether it was gradual or sharp.

The lack of a major change in the convergence direction across

the Alpine Fault at Chron 3Ay is intriguing. As Walcott (1998)

noted, there is a significant change in Pacific–Antarctic motion at

Chron 3Ay (e.g. Cande et al. 1995) and one might expect that there

would be a major change in Pacific–Australia motion at that time.

Indeed, as Fig. 13 showed, there was a significant change in the

predicted Pacific–Australia motion at the latitude of the southern

Hjort Trench. However, at the latitude of the Alpine Fault the change

in relative motion at Chron 3Ay is much less. Apparently the changes

in Pacific–Antarctic motion were compensated for by changes in

Australia–Antarctic motion, with the net result that there was only

a small change in the direction of Pacific–Australia motion in the

New Zealand region.

S U M M A RY A N D C O N C L U S I O N S

We determined a series of nine finite rotations that describe the

relative motion of the Australian and Antarctic plates over the last

40 Myr. The rotations were constrained using data on the SEIR

between 88◦E and 139◦E, thus avoiding complexities related to the

Capricorn Plate and to the enigmatic transform fault azimuths of the

eastern SEIR. These rotations provide a benchmark for analysing the

motion of the SEIR east of the George V FZ. Based on an analysis

of the fit of fracture zone and magnetic anomalies in the eastern part

of the SEIR we found the following:

(i) The region of the Australian Plate roughly east of 145◦E and

south of 55◦S, corresponding to the Macquarie Plate of DeMets
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Figure 15. Relative motion of the Pacific Plate parallel (top) and orthogonal

(bottom) to the Alpine Fault at points A, B and C in Fig. 14. The Australian

Plate is fixed. The velocity orthogonal to the Alpine Fault increases at chrons

5o and 3Ay. The onset of convergence in the south (point A) occurs around

Chron 5o. Shading shows the 95 per cent uncertainty limits on the motion

of point B. The motion of points A and C are dashed for clarity.

et al. (1988), has behaved as a rigid, independent plate for the last

6 Myr.

(ii) The Macquarie Plate is separated from the main portion of

the Australian Plate by a deformation zone outlined roughly by the

intraplate seismicity noted by Valenzuela & Wysession (1993).

(iii) The Euler pole describing the motion of the Macquarie Plate

relative to the Australian Plate is located within the deformation

zone, in a fashion similar to that observed between the other com-

ponent plates of the Indo-Australian Plate.

We summed Macquarie–Antarctic and Antarctic–Pacific rota-

tions in order to calculate Pacific–Macquarie motion for the last

6 Myr. We compared this motion with Pacific–Australia motion and

found the following:

(i) The Pacific–Macquarie rotations predict less convergence and

a larger component of strike-slip motion across the Hjort Trench than

Pacific–Australia rotations.

(ii) The onset of the deformation in the South Tasman Sea and

the development of the Macquarie Plate around 6 Ma appears to

have been triggered by the subduction of young, buoyant crust.

(iii) This event coincided with a clockwise change in Pacific–

Australia motion at the latitude of the Hjort Trench, although it is

not clear to what extent the change in plate motion triggered the de-

formation or, alternatively, the development of a separate Macquarie

Plate contributed to the change in plate motion.

The revised Australia–Pacific rotations also have important im-

plications for the tectonics of New Zealand. We found that:

(i) Changes in relative displacement along the Alpine Fault have

been small and relatively continuous over the last 20 Myr.

(ii) The average rate of convergence (i.e. motion orthogonal to

the Alpine Fault) over the last 6 Myr is about 40 per cent smaller

than in previous models.

(iii) The onset of convergence along the southern Alpine Fault,

near 44.5◦S, occurred about 11 Ma.
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