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S U M M A R Y
We present a revised interpretation of magnetic anomalies and fracture zones on the Southwest
Indian Ridge (SWIR; Africa–Antarctica) and the Southeast Indian Ridge (SEIR; Capricorn–
Antarctica) and use them to calculate 2-plate �nite rotations for anomalies 34 to 20 (84 to 43
Ma). Central Indian Ridge (CIR; Capricorn–Africa) rotations are calculated by summing the
SWIR and SEIR rotations. These rotations provide a high-resolution record of changes in the
motion of India and Africa at the time of the onset of the Reunion plume head. An analysis
of the relative velocities of India, Africa and Antarctica leads to a re�nement of previous
observations that the speedup of India relative to the mantle was accompanied by a slowdown
of Africa. The most rapid slowdown of Africa occurs around Chron 32Ay (71 Ma), the time
when India’s motion relative to Africa notably starts to accelerate. Using the most recent
Geomagnetic Polarity Timescale (GTS12) we show that India’s velocity relative to Africa was
characterized by an acceleration from roughly 60 to 180 mm yr–1 between 71 and 66 Ma, a
short pulse of superfast motion (� 180 mm yr–1) between 66 and 63 Ma, an abrupt slowdown
to 120 mm yr–1 between 63 and 62 Ma, and then a long period (63 to 47 Ma) of gradual
slowing, but still fast motion (� 100 mm yr–1), which ends with a rapid slowdown after Chron
21o (47 Ma). Changes in the velocities of Africa and India with respect to the mantle follow
a similar pattern. The fastest motion of India relative to the mantle,� 220 mm yr–1, occurs
during Chron 29R. The SWIR rotations constrain three signi�cant changes in the migration
path of the Africa–Antarctic stage poles: following Chron 33y (73 Ma), following Chron 31y
(68 Ma), and following Chron 24o (54 Ma). The change in the migration path of the SWIR
stage poles following Chron 33y is coincident with the most rapid slowdown in Africa’s
motion. The change in the migration path after Chron 31y, although coincident with the most
rapid acceleration of India’s northward motion, may be related to changes in ridge push forces
on the SWIR associated with the onset of extension along the Bain transform fault zone. The
initial slowdown in India’s motion relative to Africa between 63 and 62 Ma is more abrupt
than predictions based on published plume head force models, suggesting it might have been
caused by a change in plate boundary forces. The abrupt change in the migration path of the
SWIR stage poles after Chron 24o is not associated with major changes in the velocities of
either Africa or India and may re�ect Atlantic basin plate motion changes associated with the
arrival at the Earth’s surface of the Iceland plume head. The abruptness of India’s slowdown
after Chron 21o is consistent with a collision event.

Key words: Plate motions; Kinematics of crustal and mantle deformation; Indian Ocean.

1 I N T RO D U C T I O N

Indo-Atlantic Plate kinematics during the Late Cretaceous and early
Cenozoic were characterized by two events: a period of unusually
rapid motion of India starting around 68 Ma and lasting until roughly
50 Ma, and an unusual slowdown of Africa starting around 70 Ma

(Cande & Stegman2011). The synchroneity of India’s fastest mo-
tion (66 to 63 Ma) with the maximum outpouring of Deccan �ood
basalts (Pande2002; Chenetet al. 2007) has been noted by many
(Richardset al. 1989; Duncan & Richards (1991), leading to the
suggestion that the speedup was caused by the arrival of the Reunion
plume head at the Earth’s surface (van Hinsbergenet al.2011). The
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slowdown of Africa starting at 70 Ma has not received as much at-
tention, but the near synchroneity of this event with India’s speedup
is striking and suggests that it too may have been driven by the
Reunion plume head (Cande & Stegman2011). Establishing the
connection, if any, between India and Africa’s motions remains an
outstanding problem.

Understanding the possible connections between changes in the
motion of India and Africa and the arrival of the Reunion plume head
requires an accurate portrayal of plate motions on the Southwest In-
dian Ridge (SWIR), Southeast Indian Ridge (SEIR) and Central
Indian Ridge (CIR). The fracture zones and magnetic anomalies
on the SWIR contain a detailed record of the complex plate mo-
tions between Africa and Antarctica while the marine geophysical
constraints from the CIR and SEIR represent the most accurate
recording of the speedup and slowdown of India. Although the
SWIR constraints have been studied extensively (e.g. Molnaret al.
1988; Royeret al.1988; Nankivell1997; Bernardet al.2005; Cande
et al.2010), these studies do not provide the detail needed to look at
changes in plate motion at critical times. In particular the rotations
do not de�ne the Africa–Antarctica Plate motion changes in detail
at the time of the onset of the Reunion plume head around 68 Ma,
nor do they accurately de�ne the dramatic changes in the fracture
zones on the SWIR around Chron 24o (54 Ma; Ogg2012).

In this paper, we re-examine the marine geophysical and satellite
gravity constraints on spreading on the SWIR and SEIR and cal-
culate closely spaced �nite rotations between Chrons 34y (84 Ma)
and 20o (43 Ma). We show that the revised SWIR stage poles de�ne
signi�cant changes in SWIR motion after Chrons 33y (73 Ma), 31y
(68 Ma) and 24o (54 Ma). We then use the rotations to look in
detail at the relative motion of India, Africa and Antarctica between
84 and 43 Ma. We show that recent changes to the geomagnetic
polarity timescale (GPTS) as detailed in Ogg2012(GTS12) lead
to signi�cant changes in the perceived character of the motion of
India.

2 B AC KG RO U N D

The SWIR contains a detailed record of the motion of the African
Plate relative to Antarctica since the late Jurassic (Bergh1971).
Although the early interpretations of the spreading history between
Africa and Antarctica modelled the Cenozoic era with a single Euler
pole (e.g. Norton & Sclater1979), Patriatet al. (1985) recognized
that there was a major change in the relative motion of Africa and
Antarctica in the Late Cretaceous and again in the early Cenozoic.
These changes were characterized by a gradual counter-clockwise
change in spreading direction starting around Chron 32 (72 Ma)
followed by a more sudden clockwise change in direction around
Chron 24 (54 Ma). This time also corresponded to a period of slower
spreading rates. These changes in spreading rate and direction had
a dramatic effect on all of the SWIR transform faults and particu-
larly on the large offset Bain transform fault. The Late Cretaceous
counter-clockwise change in direction put the Bain transform fault
into extension and led to the development of a large number of small
offset ridge segments and fracture zone splays (Royeret al. 1988).
These small offset ridge segments disappeared after the clockwise
change in spreading direction around Chron 24 (54 Ma) which re-
stored the original spreading direction. Several more recent studies
(Molnar et al. 1988; Nankivell 1997; Bernardet al. 2005; Cande
et al.2010) have re-examined plate motions on the SWIR, but none
of them provide an adequately detailed set of rotations between
Chrons 34y and 20 to accurately de�ne the spreading rate variations

and changes in azimuth of the SWIR fracture zones that re�ect the
prolonged slowdown and speedup of Africa.

A potential problem in using data from the SWIR is the presence
of one or more late Cenozoic diffuse plate boundaries near the
ridge axis within the African Plate. Several studies have proposed
that �tting Euler rotations to magnetic anomalies along the SWIR
requires that Africa be considered as two rigid plates, the Nubia
Plate in the west and the Somalia Plate to the east (Chu & Gordon
1999; Lemauxet al.2002; Royeret al.2006), with a plate boundary
that intercepts the SWIR near the Bain transform. More recently
Horner-Johnsonet al. (2007) showed that recent spreading rates
along the SWIR ridge axis are best �t by three plates, inserting
the Lwandle Plate between the Nubia and Somalia plates. However,
Patriatet al. (2008) and Candeet al. (2010) showed that the effect
of the Lwandle–Nubia and Nubia–Somalia rotations are relatively
small on anomalies 6 and older; we do not use them in the analysis
presented here. Because we do not distinguish between the Somalia,
Lwandle and Nubia Plate in this paper, we will refer to all three
plates as the African Plate.

Spreading between Antarctica and India (Australia) currently oc-
curs along the SEIR from the Indian Ocean Triple Junction (IOTJ)
east to the Macquarie triple junction. However prior to the change in
India Plate motion at roughly Chron 20 (43 Ma), India and Australia
were two plates separated by a spreading ridge that passed through
the Wharton Basin and north of Australia (McKenzie & Sclater
1971; Liu et al. 1983). The early Cenozoic spreading between In-
dia, Africa and Antarctica on the CIR and SEIR was mapped in
detail by Patriat (1987) and Patriat & Segou�n (1988). A set of ro-
tations going back to anomaly 34y using constraints from satellite
altimetry data was calculated by Royer & Sandwell (1989). Addi-
tional constraints on CIR and SEIR spreading in the early Cenozoic,
focusing on the location of the L’Astrolabe and La Boussole fracture
zones and the trace of the IOTJ on the Indian Plate, were given in
Dyment (1993). A survey of the African �ank of the CIR southeast
of Reunion mapped the change in spreading direction around Chron
20 as recorded in the topography and magnetic �eld (Dyment1998).
Candeet al. (2010) calculated rotations for anomalies 18o to 29o
as part of their 3-plate analysis of the IOTJ.

A dif�culty in calculating rotations for the SEIR is that there has
been considerable deformation within the Indian Plate over the last
20 Ma across a broad diffuse plate boundary (denoted by grey in
Fig. 1) that runs from the CIR near 5� S to the Java–Sumatra Trench
near 100� E (Wienset al. 1985; DeMetset al. 1988). Anomalies
31 to 34 lie within or north of this deformation zone. The portion
of the Indian Plate south of this region of deformation was origi-
nally considered to form a distinct, separate Australian Plate. An
additional diffuse plate boundary, active within the last 8 Ma or so,
was later identi�ed within the Australian Plate near the 90� E ridge
(Royer & Gordon1997). The portion of the Australian Plate west
of that deformation zone was identi�ed as a distinct rigid plate and
referred to as the Capricorn Plate. Fortunately, the motion between
the Indian Plate and the Capricorn Plate is well constrained by
detailed magnetic studies along the Carlsberg and Central Indian
Ridges (DeMetset al. 2005). The diffuse plate boundary between
the Capricorn and Australian plates is more poorly constrained and
we only use data on the SEIR from west of the 90� E ridge. Later
in this paper we perform a test of the effect of the India–Capricorn
deformation on the accuracy of the anomaly 34 to 31 SEIR rotations
and show that it is relatively small.

The motion of India with respect to Africa is constrained by mag-
netic anomalies and fracture zones on the CIR (Norton & Sclater
1979; Patriat1987). However, the complex series of tectonic events
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Figure 1. Tectonic elements of the Indian Ocean. Active spreading ridges
are in red. Black chains demarcate triple junction traces. Grey shaded areas
are zones of intraplate deformation.

between India and Madagascar that occurred around the time of
the arrival of the Reunion plume head makes it dif�cult to accu-
rately determine this history in detail. Spreading between India and
Africa started with the rifting of India from Madagascar sometime
before Chron 34y (Schlich1982; Masson1984). The most accurate
record of the motion of India and Africa in the Late Cretaceous
comes from the Mascarene Basin magnetic anomalies. Bernard &
Munschy (2000) showed that spreading in the Mascarene Basin oc-
curred in three stages: slow (40 mm yr–1) from 34y to 33m, medium
(80 mm yr–1) from 33m to 31y and fast (160 mm yr–1) from 31y to
28y. Eagles & Hoang (2013) have recently calculated a revised set
of rotations for Africa–India motion from 84 until 45 Ma based on
the magnetic anomalies and fracture zone data from the Mascarene
Basin, Carlsberg ridge and the southwest �ank of the CIR east of
the Mascarene Basin using an innovative technique for constraining
rotations where data only exist on a single side of the ridge.

Rifting between India and the Seychelles started in the Laxmi
Basin and Gop Rift about the time of, or slightly pre-dating, the
start of the Deccan traps (Bhattacharyaet al.1994; Minshull et al.
2008). Although there are linear magnetic anomalies in these basins
which help constrain the start of this rifting, they are dif�cult to in-
terpret because of the narrowness of the basins, leading to spreading
models with con�icting ages. Bhattacharyaet al. (1994) proposed
that the Laxmi Basin anomalies formed by slow spreading between
Chrons 33 and 28, while the Gop Rift anomalies have been vari-
ously attributed to spreading between Chrons 30 and 27 (Bernard &
Munschy2000), Chrons 32 and 31 (Collieret al.2008), Chrons 31
and 25 or Chrons 29 and 25 (Yatheeshet al.2009) or between Chrons
29 and 28 (Eagles & Wibisono2013). Regardless of the differences
in these interpretations, since spreading in the Mascarene Basin
did not cease until Chron 27 (Dyment1991; Bernard & Munschy
2000), there was a period of up to several million years when there
was spreading both in the Mascarene Basin and along the southern
continental margin of India leading to the development of the Sey-
chelles microplate (Dyment1991; Plummer1996; Todal & Eldholm
1998; Royeret al.2002; Candeet al.2010; Eagles & Hoang2013).
The age of the onset of spreading on the Carlsberg Ridge is dated

by magnetic anomaly 27 on the south side of the Laxmi Ridge and
north slope of the Seychelles block and is attributed to a southward
jump from the Gop Rift/Laxmi Basin (Collieret al.2008; Armitage
et al.2011; Eagles & Wibisono2013) between Chrons 28 and 27.

Candeet al. (2010) calculated 3-plate solutions for anomalies
13o to 29o in which the motions between Africa, Capricorn and
Antarctica were solved simultaneously. Ideally, 3-plate solutions are
more accurate and preferred to 2-plate solutions since more data are
used in the solutions. Unfortunately, the geometry of the spreading
centres in the Indian Ocean, speci�cally the limited spreading on the
CIR outside of the Mascarene Basin, precludes the calculation of
3-plate solutions prior to anomaly 30 (Candeet al. 2010). Initially
the focus of this study was to calculate 2-plate, pre-anomaly 30
rotations (31y to 34y), which would then be combined with the
3-plate, post-anomaly 30 rotations (29o to 20o), to form a detailed
representation of Late Cretaceous through early Cenozoic motion.
However, because the 2-plate SWIR solutions are not constrained
by data from the CIR and SEIR, there potentially can be a small,
arti�cially induced, jump in plate motion at the join of the 2-plate and
3-plate sets of SWIR rotations. Since this juncture, at anomaly 29, is
a very critical point in the tectonic history, we preferred to have a set
of SWIR solutions which are constrained by a uniform set of data.
In addition, since we have redigitized some of the fracture zones on
the SWIR and added some new magnetic anomaly constraints, the
3-plate solutions in Candeet al. (2010), particularly for the SWIR,
are based on slightly different constraints than the 2-plate rotations
presented here. Consequently, we have calculated 2-plate solutions
for both the SWIR and SEIR for the entire interval from 34y to 20o.
We sum the 2-plate SWIR and 2-plate SEIR rotations in order to
calculate Capricorn–Africa (CIR) motion for the same interval.

3 DATA C O N S T R A I N T S

In this paper, we calculated a set of 12 rotations for the SWIR (for
anomalies 34y, 33o, 33y, 32Ay, 31y, 28y, 26y, 24o, 23o, 22o, 21o and
20o) and a set of 17 rotations for the SEIR (for anomalies 34y, 33o,
33y, 32Ay, 31y, 29o, 28y, 27y, 26y, 25y, 24o, 23o, 22o, 21o, 21y, 20o
and 20y) providing detailed records of plate motion changes in the
Late Cretaceous and early Cenozoic. The ages of these anomalies
are given in Table1.

An index map of the region is shown in Fig.1. The magnetic
anomaly and fracture zone constraints for the SWIR are shown in
Figs 2 and 3, while the data constraints for the SEIR are shown
in Figs 4(a) and (b). The data constraints are from a mixture of
sources. The primary data source for anomalies 29o and younger
were the constraints used by Candeet al. (2010) while the data
points for anomalies 34y to 31y mainly came from the Indian Ocean
Data Compilation Project (Sclateret al. 1997). We superimposed
these data constraints on plots of archival magnetic anomaly data
and made new picks or altered old picks based on our appraisal.
Magnetics data from two recent cruises to the SWIR not included
in either of the two major sources were also analysed.

A challenging part of analysing SWIR plate motions is identi-
fying the location of the fracture zone crossings on the Bain FZ
complex around the time of the sharp clockwise bend near anomaly
24. As the satellite derived free-air gravity imagery (Fig.5a) and
fracture zone crossings (Fig.5b) show, the fracture zone trends for
anomalies 34y to 31y are clear and straightforward to map. How-
ever, as the change in direction becomes more acute, especially near
anomalies 26y and 24o, the locations of the fracture zone crossings
become more dif�cult to identify. In our previous work (Candeet al.
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Table 1. Ages of magnetic
anomalies.

Anom ID Age (Ma)

13o 33.705
18o 40.145
20y 42.301
20o 43.432
21y 45.724
21o 47.349
22o 49.344
23o 51.833
24o 53.983
25y 57.101
26y 58.959
27y 62.221
28y 63.494
29o 65.688
31y 68.369
32Ay 71.449
32y 71.939
33y 74.309
33o 79.900
34y 83.640

Note:Ages are from GTS12.

Figure 2. Magnetic anomaly picks and fracture zone locations from the
western SWIR. Fixed points are shown with black rims and coloured cores,
rotated points are shown with coloured rims and black cores.

2010), we mapped the clockwise bend near anomaly 24 as a fairly
smooth change in direction which took place over several million
years. This was based on digitizing the gravity signal of �ve fracture
zones (labelled 1–5 in Fig.5b) including three splays (3, 4 and 5)
that developed when the Bain FZ went into extension around Chron
32 and which disappeared shortly after Chron 24. However, upon
re-examination of the gravity data we have decided that the control-
ling observation should be the abrupt nature of the clockwise bend

Figure 3. Magnetic anomaly picks and fracture zone locations from the
eastern SWIR. IFZ, Indomed FZ; GFZ, Gallieni FZ; AFZ, Atlantis II FZ;
MFZ, Melville FZ; TJT, Triple Junction Trace.

on the two fracture zones west of the Bain FZ (1 and 2) and that the
smooth nature of the clockwise bend in the central part of the Bain
FZ complex might re�ect the overprinting of the most acute part of
the fracture zones, just before anomaly 24, by the prolonged period
of north–south motion along the Bain following the clockwise bend.
We note that Bernardet al.(2005) also interpreted the change in az-
imuth of the SWIR fracture zones around anomaly 24 as being very
abrupt. Hence, for this study we only used three fracture zones, two
from west of the Bain FZ (1 and 2) and one from east of the Bain FZ
(labelled 6 in Fig.5b), to de�ne the fracture zone constraints at the
time of the sharp clockwise bend near anomaly 24. Enlarged views
of the satellite derived gravity �eld over the two fracture zones west
of the Bain FZ (1 and 2) are shown in Figs6(a) and (b) and our
revised fracture zone crossings in Figs6(c) and (d).

Constraints for most anomalies and fracture zones on the fast
spreading SEIR are straightforward to identify. However, anoma-
lies 34y, 33o and 33y on the Antarctic Plate in the southern Crozet
Basin are more problematical because this area was later overprinted
by the Conrad Rise (see Fig.1 for location). Many of these mag-
netic anomaly picks are ambiguous, which lead to large uncertainty
ellipses for these rotations. In addition, the constraints for SEIR
anomalies 31y to 34y on the Indian Plate lie within or north of the
deformation zone caused by convergence between the Indian and
Capricorn plates (Fig.4b, grey zone). This deformation could po-
tentially have a large effect on the location of these data points. A
full 3.22� rotation about the Chron 6 India–Capricorn rotation pole
of DeMetset al. (2005) (5� S, 75� E) will shift a point near 85� E
roughly 50 km to the north. However, since the deformation zone
is broad and poorly mapped, the exact amount of displacement for
any particular point is unknown. In order to evaluate the potential
effect of the deformation on SEIR Euler rotations we calculated two
additional rotations. In one, we corrected the anomaly 34y points
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Figure 4. Magnetic anomaly picks and fracture zone locations used to constrain SEIR rotations. (a) Data from the Antarctic side of the SEIR. (b) Data from
the Capricorn side of the SEIR. CR, Conrad Rise.

Figure 5. (a) Satellite derived free-air gravity anomalies (Sandwell & Smith1997) over the region of the Bain FZ complex. (b) Comparison of the fracture
zone locations used by Candeet al. (2010) (x’s) to the fracture zone locations used in this paper (coloured symbols).

on the Indian Plate, which lie either north of or on the northern
end of the deformation zone, by the full India–Capricorn deforma-
tion angle (3.22� ). In the second test we corrected the Indian Plate
SEIR constraints for anomaly 33y, which lie near the centre of the
deformation zone, by 50 per cent of the Chron 6 India–Capricorn

deformation angle (1.61� ). We then calculated rotations using these
corrected constraints and compared them to the rotations which did
not include the correction for India–Capricorn deformation. The
revised rotations fell within the uncertainty ellipses of the original
rotations. We also calculated the effect of these alternative rotations
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Figure 6. Enlargements of the satellite derived gravity �eld over (a) the African side and (b) the Antarctic side of the western SWIR showing the bends of the
fracture zones west of the Bain FZ. The right-hand panels (c and d) show the fracture zone locations used in this paper. Colour scheme for symbols same asin
Fig. 5(b).

on spreading rates along a �owline and found that the spreading
rate averaged over the interval from 33y to 34y changed by roughly
2 mm yr–1 out of 77 mm yr–1.

4 M E T H O D

We followed the method of Hellinger (1981) and determined ro-
tation parameters by dividing the data into multiple segments and
�tting great circles to the reconstructed data in each segment. The
magnetic anomalies and fracture zones were used to de�ne up to
eight segments. We used the best-�tting criteria and statistical tech-
niques of Chang (1987, 1988) and Royer & Chang (1991) to cal-
culate 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,
we generally assigned an estimate of 3 km for all magnetic anomaly
points and 5 km for all fracture zone crossings. The quantitative
method we used for �tting tectonic constraints requires that a min-
imum of three data points are present along any segment that is
included in the solution (two on one �ank of the ridge and one on
the conjugate side). Hence only picks which met this requirement
were used.

As part of the solution using the Chang (1987, 1988) method a
statistical parameter, ˆ� , is returned which is an evaluation of the
accuracy of the errors assigned to the location of the data points.
If �̂ is near 1, the errors have been correctly assigned; if ˆ� is
� 1 the errors are overestimated; and if ˆ� is � 1 the errors are
underestimated. For most of our data sets, the value of ˆ� was near

1, indicating that the error estimates were reasonable. For chrons
where ˆ� was greater than 1, the error values were overestimated
by the

�
�̂ , and for chrons were ˆ� was less than 1, errors were

underestimated by the
�

�̂ . Although a ˆ� of 1.0 could be obtained
by dividing the original error estimates by

�
�̂ , this rescaling makes

no difference in the location of the poles and or in the size of the
uncertainty ellipses. Consequently, for the sake of consistency, we
cite the results using the original error estimates.

5 R E S U LT S

5.1 Africa–Antarctica rotations

Finite rotations for the SWIR based on the 2-plate solutions are
presented in Table2 and shown in Figs7(a) and (b) with their
95 per cent uncertainty ellipses. In Fig.7(a) we compare the new
rotations (red triangles) to the 3-plate �nite rotations of Candeet al.
(2010) (blue triangles). For clarity we only show the Candeet al.
(2010) rotations that correspond to the same anomalies as the new
rotations (that is, we do not show their rotations for 29o, 21y and
20y). The new rotations deviate from the Candeet al. (2010) ro-
tations everywhere except for anomaly 28y, re�ecting the effect
of using only two plates and the revised SWIR fracture zone and
magnetic anomaly constraints. The youngest rotations (20o to 22o)
are fairly close to the Candeet al. (2010) rotations and the dif-
ferences mainly re�ect minor changes in fracture zone constraints.
The rotations for 23o, 24o and 26y diverge considerably from the
Candeet al.(2010) solutions and re�ect the large difference in map-
ping the sharp bend in the SWIR fracture zones before and after
anomaly 24.
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Table 2. Antarctica-Africa 2-plate �nite rotations.

Anom Lat. (� N) Long. (� E) Angle (� ) �̂ a b c d e f Points Segs

20o 12.19 Š41.44 7.90 0.88 5.23 4.52 4.72 Š4.51 Š4.45 5.17 75 9
21o 10.00 Š40.66 8.83 1.18 2.33 1.85 2.21 Š2.59 Š2.63 4.27 95 12
22o 8.02 Š39.67 9.19 1.29 2.22 1.30 1.63 Š3.28 Š2.78 6.89 69 9
23o 7.61 Š39.30 9.63 0.83 4.99 3.12 3.21 Š5.85 Š4.45 9.56 66 9
24o 7.60 Š39.57 9.98 0.54 1.95 1.56 1.77 Š1.55 Š1.88 2.93 104 15
26y 6.69 Š42.74 10.58 1.51 19.80 19.86 20.96Š20.79 Š20.88 25.79 46 5
28y 3.81 Š43.67 11.17 0.60 6.17 5.74 6.42 Š9.86 Š9.61 18.52 61 8
31y 0.64 Š43.29 11.98 0.33 4.04 2.61 2.29 Š5.82 Š3.96 10.15 95 12
32Ay Š3.27 Š41.14 12.83 1.16 7.44 3.15 1.82 Š10.99 Š4.82 18.58 83 11
33y Š5.38 Š39.54 13.91 0.94 12.38 5.22 3.21 Š19.64 Š9.15 33.90 67 9
33o Š3.27 Š39.79 15.98 1.14 7.99 3.68 2.21 Š13.28 Š6.41 23.63 91 9
34y Š1.35 Š39.52 17.82 0.50 5.97 3.19 2.08 Š10.07 Š5.63 18.21 122 10

Notes: a, b, c, d, e, andf are covariances and have units of 10Š7 radians2.
Covariance matrices are reconstructed from the equation

1
�̂

×

�

�
a b d
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Figure 7. (a) Revised 2-plate �nite rotation poles for the SWIR (red triangles) compared to 3-plate �nite rotation poles from Candeet al.(2010) (blue triangles)
and revised 3-plate �nite rotation poles from this study (green hexagons). Ellipses show 95 per cent con�dence boundaries. (b) Revised 2-plate �niterotation
poles for the SWIR (red triangles) compared to �nite rotation poles from Royeret al.(1988) (yellow squares), Nankivell (1997) (white diamonds) and Bernard
et al. (2005) (green circles).

In order to discriminate between the effect of using the revised
fracture zone and magnetic anomaly constraints and the effect of us-
ing 2-plate versus the larger set of 3-plate constraints, we also recal-
culated 3-plate solutions (Kirkwoodet al. 1999) for Cap–Ant–Afr
motion for anomalies 24o, 26y and 28y, using the same constraints

as in Candeet al. (2010), except substituting the revised fracture
zone and magnetic anomaly picks on the SWIR that we used here
for Ant–Afr motion. The revised 3-plate SWIR rotations are given
in Table 3 and shown in Fig.7(a) (green hexagons). These re-
vised rotations constrained by 3-plates fall close to our new 2-plate
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Table 3. Antarctica–Capricorn 2-plate �nite rotations.

Anom Lat. (� N) Long. (� E) Angle (� ) �̂ a b c d e f Points Segs

20y 17.59 28.05 24.32 0.68 187.38 368.92 730.71 –292.16 –576.81 458.93 28 3
20o 16.85 27.99 25.17 0.78 19.81 40.83 88.07 –33.00 –69.02 57.51 39 4
21y 17.32 25.93 26.26 1.35 202.09 376.67 706.78 –311.06 –580.36 481.26 30 3
21o 14.67 27.07 28.11 3.99 175.89 332.52 632.17 –274.74 –520.39 431.18 38 3
22o 15.35 23.82 29.30 2.01 133.82 243.69 448.75 –210.17 –383.20 332.95 42 4
23o 13.74 22.98 32.07 1.15 58.08 103.12 186.51 –92.35 –164.56 148.80 35 4
24o 12.94 22.13 34.58 2.48 147.75 255.99 447.57 –239.15 –415.06 389.55 31 4
25y 12.96 18.91 37.36 2.17 790.25 1280.67 2079.79 –1267.31 –2055.67 2036.40 26 4
26y 11.77 18.89 39.64 2.16 393.01 637.10 1038.67 –655.75 –1065.72 1099.07 25 4
27y 9.91 18.41 43.59 3.47 219.60 340.32 530.68 –371.57 –576.55 631.80 27 4
28y 9.31 17.92 45.45 1.49 1147.95 1667.75 2430.09 –1890.14 –2751.64 3121.38 20 4
29o 10.57 14.13 47.84 1.21 69.47 108.34 172.69 –135.47 –212.55 268.26 27 5
31y 10.56 12.37 51.26 0.38 90.03 126.08 178.75 –182.48 –257.48 373.61 60 7
32Ay 9.69 12.46 54.21 0.14 71.76 99.94 141.22 –149.63 –210.08 314.82 58 6
33y 9.07 12.79 56.56 0.33 79.05 105.42 144.43 –165.91 –223.05 351.31 53 6
33o 10.52 9.73 60.03 0.31 36.42 45.46 58.63 –78.23 –99.13 171.09 55 5
34y 9.49 10.56 63.88 0.04 90.77 97.33 109.99 –191.95 –210.54 412.21 32 4

rotations and show that the differences between the Candeet al.
(2010) and the new rotations are primarily driven by the revised
data constraints.

In Fig. 7(b) we compare our new 2-plate rotations (red triangles)
to the rotations of Royeret al. (1988) (yellow squares), Nankivell
(1997) (white diamonds) and Bernardet al. (2005) (green circles).
Fig. 7 shows that over much of the time there are considerable dif-
ferences in the rotations for all of the solutions. Our rotation for
anomaly 34y is very close to Nankivell (1997) and Royeret al.
(1988) but all three diverge from Bernardet al.(2005). Our new ro-
tation for 33y agrees well with Royeret al.(1988) although there are
small differences with Nankivell (1997) and Bernardet al. (2005).
However, going forward in time the solutions diverge considerably
showing the dif�culty of interpreting the younger fracture zones
and anomalies.

Our new rotations map out a distinctly different path for the
migration of the �nite rotation poles than the previous solutions. The
effect of the differences in the rotations is seen in a comparison of
synthetic �owlines modelling the bends of the SWIR fracture zones
shown in Fig.8. Synthetic �owlines based on our new rotations
(yellow circles) de�ne the clockwise bend at anomaly 24 as a much
sharper bend than the �owlines based on Candeet al. (2010) (red
triangles), re�ecting the revised fracture zone constraints used in
the new solutions.

The new rotations constrain several changes in plate motion on
the SWIR between Chrons 34 and 24. This is best seen in the path
of the stage poles, plotted with respect to Africa �xed, shown in
Fig. 9. Between Chrons 34y and 33y the stage poles are roughly
stationary. Between Chrons 33y and 31y the stage poles migrate to
the southeast, after which they make an abrupt change and migrate
to the west–northwest, and then, after Chron 24o, there is an abrupt
shift in the stage poles back to their location in the Late Cretaceous.
We will discuss the possible causes of these changes in motion later.

5.2 Capricorn–Antarctica rotations

In Table4 we present �nite rotations for the SEIR. These rotations
(red triangles), with their uncertainty ellipses, are shown in Fig.10
and compared to the SEIR rotations of Royer & Sandwell (1989)
(yellow squares), and Candeet al. (2010) (blue triangles). The ro-
tations do not deviate signi�cantly from the previous rotations, but
represent a more detailed set of time steps. The uncertainty ellipses

Figure 8. Synthetic �owlines for (a) the African side and (b) the Antarctic
side of the western SWIR based on the revised SWIR rotations (yellow
circles) compared to �owlines based on rotations of Candeet al.(2010) (red
triangles). Revised rotations de�ne a sharper clockwise bend at Chron 24o.
Flowlines are superimposed on gravity anomalies constrained by satellite
altimetry data.
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Figure 9. Stage poles with their 95 per cent uncertainty ellipses for Afr–Ant motion based on the revised 2-plate �nite rotation poles shown in Figs7(a) and
(b). For clarity, the uncertainty ellipses for 34y-33o to 26y-24o are in blue; the ellipses for 24o-22o to 20o-18o are in red. The stage poles de�ne three periods
in the motion of the SWIR: the period from 33y to 31y when the stage poles migrate to the southeast, the period from 31y to 24o when the stage poles migrate
to the northwest, and the period after 24o when the stage poles move back to the east. African plate is �xed.

Table 4. Antarctica–Africa 3-plate �nite rotations.

Anom Lat. (� N) Long. (� E) Angle (� ) �̂ a b c d e f Points Segs

24o 9.03 Š39.81 9.97 0.66 4.21 3.00 3.11 Š5.39 Š4.20 9.00 141 17
26y 7.01 Š42.62 10.57 1.87 17.94 18.47 20.26Š19.18 Š19.93 23.78 90 11
28y 3.36 Š43.20 11.19 0.74 8.29 8.73 10.35 Š12.39 Š13.78 22.27 100 13

Figure 10. Revised 2-plate �nite rotations poles for the SEIR (red triangles) compared to 3-plate �nite poles from Candeet al. (2010) (blue triangles), and
2-plate �nite poles of Royer & Sandwell (1989) (yellow squares). Black triangles show location of alternate �nite rotation poles for anomalies 34y and 33y in
which the data constraints on the Capricorn Plate were corrected for Neogene India-Capricorn deformation. See text.

were particularly large for anomalies 33y and 34y, re�ecting the
dif�culty in mapping anomalies near the Conrad Rise in the Crozet
Basin where there are few magnetic lines that are not obviously af-
fected by rough topography (Desaet al.2009). The uncertainties for

all of the SEIR rotations are generally large, re�ecting the relatively
short length of the ridge over which they are constrained.

In Fig. 10, we also show the pole locations for the two additional
rotations described in the Data Constraints section in which we
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