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Geophysics of the Pitman Fracture 
zone-and Pacific-An tarctic Plate 

Motions During the Cenozoic 
Steven C. Cande, Carol A. Raymond, Joann Stock, 

William F. Haxby 

Multibeam bathymetry and magnetometer data from the Pitman fracture zone (FZ) permit 
construction of a plate motion history for the South Pacific over the past 65 million years. 
Reconstructions show that motion between the Antarctic and Bellingshausen plates was 
smaller than previously hypothesized and ended earlier, at chron C27 (61 million years 
ago). The fixed hot-spot hypothesis and published paleomagnetic data require additional 
motion elsewhere during the early Tertiary, either between East Antarctica and West 
Antarctica or between the North and South Pacific. A plate reorganization at chron C27 
initiated the Pitman FZ and may have been responsible for the other right-stepping 
fracture zones along the ridge. An abrupt (8") clockwise rotation in the abyssal hill fabric 
along the Pitman flowline near the young end of chron C3a (5.9 million years ago) dates 
the major change in Pacific-Antarctic relative motion in the late Neogene. 

T h e  Pacific-Antarctic Ridge is the key link 
in the global plate circuit tying the relative 
motion of the oceanic plates of the Pacific 
basin to the rest of the world (1, 2). For 
example, one of the more astounding con- 
sequences of rigid plate tectonics is that the 
accuracy of models of western North Amer- 
ican deformation, including motion on the 
San Andreas fault, depends on how well 
magnetic anomalies and fracture zones 
(FZs) can be reconstructed in the far South 
Pacific (3,  4) .  Because key areas in the 
South Pacific are remote and poorly sur- 
veyed, circum-Pacific plate reconstructions 
have continued to have large uncertainties 
while uncertainties in other links in the 
global plate motion circuit have been pro- 
gressively reduced. In this paper we describe 
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a geophysical survey of an  FZ near the 
southernmost end of the Pacific-Antarctic 
ridge that enables us to greatly reduce the 
uncertainties in the global plate circuit. 

Plate motions and global tectonics. Sev- 
eral fundamental questions of circum-Pacif- 
ic tectonics can be addressed by a better 
understanding of Pacific-Antarctic plate 
motions. For the South Pacific, some of the 
most important unresolved issues involve 
the timing and amount of early Tertiary 
relative motion between East and West 
Antarctica and between the Lord Howe 
Rise and Campbell Plateau, two of the links 
in the plate loop tying the Pacific, Austra- 
lia, and Antarctic plates together (2, 5). A 
global hot-spot reference frame also de- 
pends on the accuracy of the Pacific-Ant- 
arctic link. Atlantic and Indian Ocean hot' 
spots, when rotated back to the Pacific, do a 
poor job of predicting the track of the Ha- 
waiian hot spot (6-8), raising questions of 
the fixity of hot spots (9). Non-Pacific pa- 
leomagnetic poles, when rotated back to the 
Pacific, do not agree with Pacific plate pa- 

ministration grant NAGW-2364 (S.L.S. and S.A.T.); 
by NSF grant PHY 94-04788 (W.-M.S.); and by NSF 
grant PHY92-08349 (J.W.). Computer time was 
made available by NCSA and the Pittsburgh Super- 
computing Center (in part through MetaCenter grant 
MCA94P015), and by the Cornell Center for Theory 
and Simulation in Science and Engineering (support- 
ed in part by NSF, IBM Corporation, New York State, 
and the Cornell Research Institute). 

leomagnetic poles. This misfit has led to the 
suggestion that there may be one or more 
missing plate boundaries between the North 
Pacific and East Antarctica (1 0 ,  1 1 ). 

These unresolved questions have led to 
several hypotheses. Stock and Molnar (9) 
proposed that several puzzling aspects of 
earlv Tertiarv Pacific tectonics could be 
explained if there was an undiscovered fos- 
sil spreading center in the Southeast Pacific 
that sevarated the region of the Antarctic " 
plate near the Bellingshausen Basin (re- 
ferred to as the Bellingshausen plate) from 
the part of the Antarctic plate adjacent to 
Marie Byrd Land (see Fig. 1). This scenario 
provided a better fit to magnetic anomaly 
data from chron C30 to chron C25 south of 
the Campbell Plateau; it reduced the 
amount of unex~ected motion in the loov 
among the Australia, Antarctic, and Pacific 
dates  In the earlv Tertiarv: and it also , . 
helped to explain ;he failure of global re- 
constructions to predict the bend in the 
Hawaiian-Emperor chain (1 2). 

Numerous tectonic issues can also be 
addressed bv increasing the resolution of 
plate reconskructions. Skveral studles have 
proposed that there was a late Neogene 
change in the absolute motion of the Pacif- 

0 

ic plate, corresponding to a clockwise rota- 
tion in the separation direction of the Pa- 
cific and Antarctic plates (1 3-1 6). The age 
of this event, however, has been difficult to 
establish with the pre-existing data sets; 
estimates of its age vary from less than 9.8 
Ma (million years ago) (1 3) ,  5 Ma (1 4) ,  5 to 
3.2 Ma (15) to 3.86 to 3.4 Ma (16). Its 
exact age is of considerable interest because 
a number of late Neoeene events around - 
the Pacific, such as the onset of Pliocene 
compression along the San Andreas fault 
(15, 17), have been attributed to it. 

Recent studies of the Paclfic-Antarctic 
ridge have focused on  interpreting satellite 
radar altimetry data collected by SEASAT 
and GEOSAT, which provide new data on 
the location of FZs (18-20). However. al- 
though images of thd gravit; fleld over'the 
seafloor generated from satellite radar al- 
tlmetry measurements have provided im- 
proved locations and trends of FZs and oth- 
er tectonic features, without shipboard geo- 
physical measurements in certain critical 

SCIENCE VOL. 270 10 NOVEMBER 1995 



areas, uncertainties remain in Pacific-Ant- 
arctic reconstructions (21. 22). For exam- . .  , 
ple, a straightforward test of the Bellings- 
hausen plate hypothesis of Stock and Molnar 
(9) would be to determine the location near 
Marie Byrd Land of the FZs conjugate to the 
early Tertiary fracture zones observed south 
of the Campbell Plateau (the Pahemo and 
Kohiku FZs in Fig. 1). However, GEOSAT 

observations alone have been insufficient to 
unambiguously trace the early Tertiary FZs 
across the ridge. 

In order to better constrain Pacific-Ant- 
arctic plate motions we recently surveyed 
the Pitman FZ [previously referred to as FZ 
XI1 (23)], which runs from the base of the 
Campbell Plateau, across the axis of the 
Pacific-Antarctic ridge, to the continental 

Fig. 1. Tectonic map of the Pacific-Antarctic ridge summarizing the location of magnetic anomaly data 
(filled circles) available before the recent cruises discussed in the text and demonstrating the sparsity of 
magnetic observations in the Marie Byrd Land sector of the Antarctic plate. The trace of the Pitman FZ, 
the focus of the survey, is highlighted. Map is an oblique Mercator projection about a pole at 69.4"N, 
86.8"W, near the pole of rotation of Pacific to Antarctica at chron C3a. 

rise of Marie Byrd Land (Fig. 1). We chose 
the Pitman FZ because (i) it clearly filled in 
a major gap in data coverage on the Ant- 
arctic side of the ridge, (ii) its proximity to 
the pole of opening results in accurate re- 
cordings of the various changes in the azi- 
muth of plate motion, and (iii) the structure 
of the fracture zone near the ridge axis 
appeared relatively simple in the satellite 
radar altimetry data (Fig. 2). 

Survey of the Pitrnan FZ. Our survey of 
the Pitman FZ was carried out on the R/V 
Ewing in January and February of 1992. This 
cruise mapped seafloor on the Antarctic 
plate back to magnetic anomaly 30 (66 Ma). 
We also include data from a 1990 cruise on 
the R/V Polar Duke (green track on Fig. 2) 
and a 1992 cruise on- the R/VIB Nathaniel B. 
Palmer (24) that mapped early Tertiary and 
late Cretaceous magnetic anomalies and FZs 
along the margin of West Antarctica (east of 
the area of Fig. 2). We collected magnetic, 
gravity, and Hydrosweep multibeam data 
continuously during the cruise; single-chan- 
nel seismic data were also collected except 
for a few days during a detailed swathmap- 
ping survey of the ridge axis region (Fig. 3). 
In addition, we made a Hydrosweep 
multibeam survey, with 100% areal cover- 
age, of a 60 by 600 km section of the fracture 
zone straddling the ridge axis (Fig. 4). 

Our analysis of plate motions is primarily 
based on fitting magnetic anomalies and FZ 
trends from conjugate sections of the ridge. 
However, the multibeam bathymetry by it- 
self contains valuable information because 
the abyssal hill fabric generally forms per- 
pendicular to the spreading direction (25) 
and can actually place tighter constraints 
on the timing of abrupt plate motion 
changes than is possible with the use of 
magnetic anomalies and FZ locations alone. 

Fig. 2. The tracks of the FUV Ewing (dark blue) and the WV Polar Duke (green) lines traces are also shown for the rotations of Molnar et a/. (2) (light blue) and 
superimposed on an image of the satellite-derived, free-air gravity field of the Mayes et a/. (27) (yellow). The details of the FUV Ewing track near the ridge axis 
southwest Pacific-Antarctic ridge. Synthetic flowline traces based on our new are omitted for clarity. Map projection same as for Fig. 1. 
rotation parameters are shown in red and, for the Kohiku FZ, synthetic flow- 
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The Hydrosweep data from the Pitman FZ 
record an abrupt change in spreading direc- 
tion in the late Neogene coincident with a 
rapid increase in spreading rate (26). 

Implications for early Tertiary tecton- 
ics. The survey provides key data for under- 
standing the early Tertiary evolution of the 
Pacific-Antarctic ridge. The survey reveals 
that the Pitman FZ does not link up with 
any of the early Tertiary fracture zones pre- 
viously mapped south of the Campbell Pla- 
teau (Fig. 3). Instead, the Pitman FZ first 
appears abruptly as a right-stepping offset 
between the Pahemo and Kohiku FZs be- 
tween anomalies 27 and 26. This abrupt 

Fig. 3. Tectonic chart of the 
southwest Pacific-Antarctic 
ridge. These data show that 
the late Cretaceous FZs are 
not continuous with the ma- 
jor FZs on the modern ridge 
and that the Pitman FZ was 
initiated as an offset be- 
tween the Pahemo FZ and 
Kohiku FZ around chron 
C27. Magnetic anomaly 
picks from the recent cruis- 
es are indicated by filled cir- 
cles. Map projection same 
as in Figs. 1 and 2. 

appearance helps to explain the difficulty in 
tracing the FZs south of the Cam~bell  - 
across the ridge axis: the major FZs on the 
axis today are not continuous with the ma- 
jor FZs of the late Cretaceous and early 
Tertiary. 

In the late Cretaceous and early Ter- 
tiary, the FZs south of the Campbell Pla- 
teau were all left-stepping, whereas on the 
present-day ridge axis the major FZs are all 
right-stepping (2,  27). It has been a puzzle 
as to how and when the present day pat- 
tern formed. Our survey shows that at the 
Pitman FZ, a right-stepping fracture devel- 
oped spontaneously, roughly midway be- 

tween two left-stepping FZs. The right- 
stepping Pitman FZ may have developed 
in response to a major plate reorganization 
at chron C27, and many of the other 
right-stepping FZs may have been spawned 
by the same event. 

The data also limit the motion of the 
Bellingshausen plate. This plate was pro- 
posed by Stock and Molnar (9) in order to 
explain differing FZ trends on the Pacific 
plate, northeast and southwest of FZ 8.5, 
from chron C31 to chron C25. Stock and 
Molnar (9) proposed that the northeast set 
of FZs were formed by spreading between the 
Pacific and Bellingshausen plates and that 

Fig. 4. Multibeam bathymetly (A) and magnetic anomaly data (B) from the time scale. White lines are synthetic flowline traces based on our rotation 
area of the detailed ridge axis survey. Numbers above and below the images parameters. Map projection same as in Figs. 1 to 3. 
show crustal ages in millions of years ago based on the Cande and Kent (52) 
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this spreading continued independently of 
Pacific-Antarctic spreading until chron C18; 
Mayes et al. (21) adopted a similar hypothe- 
sis but proposed that the Bellingshausen sec- 
tor was only independent of Antarctica until 
about chron C24. Our survey of the Pitman 
FZ and the identification of the Pahemo FZ 
on both plates show that the Bellingshausen 
sector was only independent of Antarctica 
until about chron C27. Because the indepen- 
dent motion of the Bellingshausen plate 
ended sooner than originally envisioned by 
Stock and Molnar (9) or Mayes et al. (21), 
the early Tertiary reconstructions we derive 
are closer to those originally proposed by 
Molnar et al. (2) and Stock and Molnar (1 3). 

Finite rotations. We combined the new 
geophysical data with a set of magnetic 

Table 1. Finite rotations of the Pacific relative to 
Antarctica plates. Counterclockwise rotations are 
positive. Ages are from (52). An., anomaly. 

Age 
(Ma)? An. Lat . 

(" N) 
Long. 
("E) 

Angle 

anomaly and FZ identifications from the 
rest of the Pacific-Antarctic ridge (28) in 
order to calculate a revised set of rotation 
parameters (poles plus angles). A total of 35 
rotations describe the relative plate motion 
changes in great detail (28), although a 
subset of those rotations defines the major 
plate motion changes. Because the Bellings- 
hausen plate northeast of FZ 8.5 (24) exist- 
ed before chron C27, we have used only 
magnetic and FZ data from southwest of FZ 
8.5 (Fig. 1) to derive the reconstruction 
parameters for anomaly 3 1. 

The magnetic anomalies were uniformly 
identified according to the scheme initiated 
by Atwater and Severinghaus (29) for the 
North Pacific. The FZ crossings were digi- 
tized from the detailed topographic data in 
the area of the Hydrosweep survey and from 
a combination of topography, magnetics, 
and minima in the GEOSAT gravity data 
in other areas. We calculated finite rota- 
tions (Table 1) using the fitting criteria of 
Hellinger (30) as implemented by Chang 
(31) and Royer and Chang (32). In Fig. 5 
we compare our newly calculated poles to 
the results of earlier studies (2, 9, 13, 21 ). 
The present day pole of DeMets et al. (33) 
(NUVEL-1) at 64.3"S, 96.0°E is a few de- 
grees west of our youngest (chron C1) pole 
(Fig. 5). 

Our rotations are closest to those of Mol- 
nar et al. (2). In particular, both sets of poles 
define a cusp near 75OS, 130°E in the mid- 
Eocene, and our anomaly 27 pole falls mid- 
way between Molnar et al.'s (2) anomaly 25 
and 31 poles. The reconstructions of Mayes 
et al. (21), however, deviate considerably 
from all of the other results in the early 

MOLNAR et al ,1975 

Fig. 5. Comparison of our rotation poles (filled circles connected by a solid line) to the rotation poles 
previously determined for the Pacific-Antarctic ridge. For clarity we also show the Mayes et a/. (27) poles 
connected by a dashed line. Our poles for the late Cretaceous and early Tertiary come closest to the poles 
of Molnar etal. (2) and Stock and Molnar (13). Shaded ellipses show 95% confidence regions associated 
with the new poles. All pole positions are antipodal to those listed in Table I in order to show the spatial 
relationship to data in the region. Map projection is stereographic with a projection center at 70% 
1 80°W. 

Tertiary and late Cretaceous (between 
anomalies 31 and 18). This result is some- 
what surprising because Mayes et al. (21) 
used GEOSAT-ERM satellite altimetry 
data to constrain the FZ trends. Mayes et al. 
(21), however, aligned the traces of the 
larger-offset FZs, which are now thought to 
be less reliable indicators of the directions 
of plate motion than medium and small 
offset FZs (34, 35). This comparison shows 
the difficulty of trying to use the GEOSAT 
trends to constrain poles without sufficient 
constraints from magnetic anomalies, as 
well as underscoring the value of shipboard 
data. 

Stage poles and synthetic flowlines. In 
order to evaluate the predictive quality of 
our finite rotations we calculated stage ro- 
tations and used these to generate synthetic 
flowlines. Tracks swept out by the stage 
poles relative to the Antarctic and Pacific 
plates (Fig. 6) indicate periods of slow to 
moderate motion separated by relatively 
sudden shifts. Between chron C31 and 
chron C21 (67.7 to 47.9 Ma) the stage 
poles moved away from the Pacific-Antarc- 
tic ridge. Between chrons C21 and C20 
(47.9 to 42.5 Ma) the stage poles shifted 
rapidly to a position in the Ross Sea close to 
the southwesternmost end of the Pacific- 
Antarctic ridge. The stage poles apparently 
remained relatively stationary between 
chrons C20 and C13 (42.5 to 33.5 Ma) 
corresponding to a period of slow spreading 
(half rate of < 10 mmlyear) observed in the 
magnetic data along the Pitman flowline. 
Between chrons C13 and C10 (33.5 to 28.3 
Ma) there was a rapid shift westward away 
from the ridge. Between chrons C10 and 
C6c (28.3 and 24.1 Ma) the stage poles 
moved toward the geographic south pole. 
From chrons C6c to C5a (24.1 to 12.3 Ma) 
the pole positions were relatively stationary. 

Starting around chron C5a (12.3 Ma) 
the poles started to migrate relatively con- 
tinuously towards the north-northwest, 
away from the Pacific-Antarctic ridge, al- 
though there was a distinct jump to the east 
between chrons C2a (2.6 Ma) and C1 (0.78 
Ma). The youngest pole, representing the 
central anomaly, picks up the north-north- 
west migration of the pole started in the 
mid-Neogene, and may even reflect an ac- 
celeration in the motion of the pole. 

We calculated synthetic flowlines for 
several FZs along the Pacific-Antarctic 
ridge (Fig. 6) and superimposed them on 
the images of the GEOSAT gravity field 
(Fig. 2) and the Hydrosweep survey (Fig. 4). 
These figures demonstrate an excellent fit 
between the synthetic flowlines and the 
trends of the fracture zones as imaged by 
GEOSAT and Hydrosweep. We also com- 
pared these synthetic flowlines to those 
based on the stage rotations of Molnar et al. 
(2) (in light blue) and Mayes et al. (21 ) for 
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the Kohiku FZ (Fig. 2). The Molnar et al. 
(2) rotations do a fairly good job of match- 
ing the trace of the Kohiku FZ, whereas the 
Mayes et al. (21) rotations predict a trend 
about 75 km east of the Kohiku FZ in the 
early Tertiary on the Pacific plate. 

Variations in spreading rates and 
spreading directions. Variations in spread- 
ing rate and spreading direction were much 
larger on the southwestern end of the ridge 
than to the northeast (Fig. 7). In particular, 
the Emerald FZ underwent dramatic chang- 
es in spreading direction and rate at the 
start and the end of the period between 
chrons C20 to C13 when the stage pole was 
nearbv. Alone this same southwesterlv - 
flowline there was a fairly continuous clock- 
wise change in azimuth starting around 
chron C5a and continuing to the present 
day, reflecting the northerly trek of the 
stage poles. Overall there has been a 30" 
clockwise rotation in spreading direction in 
this period along this flowline. 

Our rotation parameters predict relative- 
ly small variations in spreading directions 
along the Eltanin flowline (Fig. 7). In the 
mid-Cenozoic (between 43 Ma and 16 Ma) 
the flowline predicts a roughly 12" counter- 
clockwise rotation, spread out uniformly 
over the entire time interval, while since 16 
Ma the flowline predicts a 10" clockwise 
rotation, with about half of this (5") occur- 
ring since 5 Ma. By comparison, Lonsdale 
(36) observed a 10' to 15' counter-clock- 
wise rotation in the mid-Cenozoic, which is 
similar to our prediction, but concentrated 
around anomaly 7 (25 Ma), in an analysis of 
crustal fabric from swathmap bathymetry. 
Lons- dale's (37) observation of a 3" to 5" 
clockwise rotation in crustal fabric concen- 
trated around 5 Ma is also compatible with 
our predictions. However, although there 
has been little change in spreading azimuth 
or rate along the Eltanin flowline in the last 
3 Ma, it is clear that Pacific-Antarctic plate 
motion is still changing. 

Late Neogene Pacific plate motion. The 
combination of detailed rotation poles and 
swathmapping control on abyssal hill azi- 
muths reveals details of the late Neogene 
plate motion change. The late Neogene 
change in Pacific-Antarctic motion is the 
continuation of an apparently rather con- 
tinuous change that started around 12 Ma. 
In particular, the azimuthal change is the 
result of a northwesterly movement of the 
stage poles, positioning them more distant 
from the reeion but at lower latitudes. Be- 

0 

cause the spreading rate gradually increased 
during this period, the difference has be- 
come especially noticeable over the last 6 
million years as the curvature of the FZs 
decreased. The evolution of the southwest- 
emmost segment of the Pacific-Antarctic 
ridge from a long transform joining the 
Pacific-Antarctic ridge to the Southeast In- 

dian ridge to a series of short, en echelon 
spreading segments is another obvious re- 
sult of the northerly motion of the stage 
poles in the late Neogene. 

In addition to the gradual change, there 
was a particularly large and sudden rotation 
in spreading direction near the young end 
of chron C3a (5.9 Ma). This is shown in 
Fig. 8, which compares predictions of the 
spreading direction based on the stage poles 
(heavy line) to a compilation (38) of abys- 
sal hill azimuths observed in the Hydro- 
sweep data (filled circles). The predicted 

azimuths based on the stage poles document 
the overall nearly 20' rotation in strike in 
the last 12 million years; however, they are 
not capable of resolving the fine details of 
the change. The abyssal hill azimuths clear- 
ly show that the change in spreading direc- 
tion was fairly smooth and continuous 
throughout the period except for a sharp, 
roughly 8" rotation around 5.9 Ma. 

The chron C3a event is synchronous 
with several other Pacific basin events. In 
particular, it corresponds to the most recent 
resolvable spreading rate change (an in- 

Fig. 6. Stage poles for Pacific-Antarctic relative displacements. Open circles are poles with respect to the 
Antarctic plate fixed; crosses are for the Pacific plate fixed. On the right, synthetic flowlines based on the 
poles are plotted for many of the present day ridge offsets with the symbols keyed to the respective 
(Pacific or Antarctic) sets of stage poles. 95% confidence regions are shown for the Antarctic-fixed stage 
poles; Pacific-fixed 95% confidence regions are similar in size but are omitted for clarity. Map projection 
same as for Fig. 5. 
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Fig. 8. Temporal variations of 
the azimuths of the ridge parallel 
abyssal hill fabric in the area of 
the detailed Hydrosweep sur- 
vey. Individual observations 
(filled circles) are shown sepa- 
rately for the Pacific (left) and 
Antarctic (right) flanks. The 
abyssal high lineations reveal an 
abrupt clockwise change at 5.9 
Ma (chron C3a). Predicted azi- 
muths calculated from the rota- 
tion parameters are indicated by 5s 4a 3ay 2a 10 10 2a ~ay 4a 5s 

the heavy line. Azimuths are rel- -15 I I I I I I  I I 1 . 1  , 
ative to the oblique Mercator 15 10 5 0 5 10 15 

Age - Miions of years 
projections used for Figs. 1 to 4. 

crease of 20%) on the Pacific-Antarctic 
ridge (Fig. 7). Chron C3a was also the time 
of a sharp decrease in spreading rate on the 
Chile ridge (39). Bird and Naar (40) 
showed that the Easter and Juan Femandez 
microplates both started to form about 
chron C3a. The onset of rifting in the Lau 
Basin has recently been dated at 6 Ma (41 ), 

The detailed plate kinematics from our 
model should help in the determination 
(and isolation) of the causes and effects of 
the late Neogene circum-Pacific changes in 
plate motions. We speculate that the north- 
westward migration of the stage poles that 
started around 12 Ma was caused by a grad- 

Fig. 9. Predicted displacements of an arbitrary 
point on the South Island of New Zealand relative 
to the (fixed) North Island of New Zealand from the 
present back to chron C31. The open circles (this 
study) are the predicted displacements using our 
revised Pacific-Antarctic rotations whereas the 
crosses (previous studies) show the displace- 
ments predicted by using Stock and Molnar's (9) 
rotations for Pacific-Antarctic motion. Our revised 
rotations predict 200 km of relative motion be- 
tween chrons C31 and C20. In both cases, Pacif- 
ic-Antarctic motions were combined with Royer 
and Sandwell's (53) Australia-Antarctic motion and 
Stock and Molnar's (73) Lord Howe RisAustralia 
motion. 95% confidence regions are shown for the 
chrons C25 and C31 revised reconstructions. 

ual change in the confieuration of the con- - - 
vergent boundaries around the southwest- 
e m  Pacific (42), while the sudden change 
in plate motion at chron C3a was caused by 
a more catastrophic event, perhaps the de- 
tachment of a piece of the downgoing slab 
beneath the New Hebrides arc and Fiji 
Plateau as suggested by Cox and Engebret- 
son (14). Future studies of the causes and 
consequences of the late Neogene plate mo- 
tion change need to consider both the grad- 
ual and abrupt aspects of the event. 

Early Tertiary. The Antarctic plate 
from the Marie Byrd Land sector to the 
Bellingshausen sector has behaved as a sin- 
gle plate since chron C27. Before chron 
C27, we find [as in (9)] that we cannot fit 
the FZs in the two sectors with a single set 
of rotations. Because data from the Bellings- 
hausen sector are representative of the en- 
tire West Antarctic plate for times younger 
than C27, it is not too,surprising that our 
rotations for the early Tertiary, now con- 
strained bv satellite data and shi~board ob- 
servations near Marie Byrd Land, are closer 
to those of Molnar et al. (2) and Stock and 

Molnar (13) than to those of Stock and 
Molnar (9) and Mayes et al. (21). 

The effect of our revision to the early 
Tertiary reconstructions is that two tecton- 
ic problems that were thought to have been 
alleviated by the recognition of the Bell- 
ingshausen plate have to be reconsidered. 
One ~roblem is that reconstructions of New 
Zealand that only consider motion on the 
Pacific-Antarctic ridge, on the Southeast 
Indian ridge and in the Tasman sea, predict 
on the order of 200 km of compression 
within New Zealand between chrons C31 
and C20 (Fig. 9), a period of time charac- 
terized bv ~ost-rift subsidence and tectonic , = 

quiescence over the New Zealand region 
(43). The other effect of our revision to the 
early Tertiary poles is that predictions of 
the track of the Hawaiian hot spot based on 
global reconstructions fail, once again, to 
predict a large bend around 43 Ma as ob- 
served (Fig. 10). 

The problem of apparent motion within 
New Zealand in the earlv Tertiarv is ~ar t ic-  , r 

ularly vexing because unaccounted for mo- 
tion may have occurred at any number of 
locations along the plate circuit encompass- 
ing the Pacific, Antarctic, Australia, and 
Lord Howe Rise plates. For example, several 
sources of evidence suggest that there was 
late Cretaceous or early Tertiary motion 
between East and West Antarctica. The 
recent paleomagnetic results of DiVenere et 
al. (44) indicate that there has been 1100 2 
800 km of motion since 100 Ma. Geophysi- 
cal work in the Ross Sea and along the 
Transantarctic mountains also indicates 
that there mav have been considerable mo- 
tion between East and West Antarctica (for 
example, 45-49), although most of this 
may be before 85 Ma (50). Alternative 
locations for this missing plate motion in- 

the Hawaiian hot spot 
compared to isotopically 
dated edifices along the 
Hawaiian-Emperor chain. 
The predicted track fails to 
make the landmark bend 
at 43 Ma, and there is a -2 ( ~ ~ n t o k u )  

significant misfit for all re- 
constructions older than 
chron C5. The predicted 
track was determined by 
rotating Miiller et al.'s 
(54) hot spot reference 
frame for the Indo-At- 
lantic Oceans back to 
the Pacific using our Pa- 
cific-Antarctic rotations 
and the Africa-Antarctic 
rotations of Royer et a/. 
(55). The age data for 150'E 160'E 170'E 180' 170 W 160'W 1%'W 

the Hawaiian-Emperor 
chain are from Clague and Dalrymple (56). Error ellipses are 95% confidence ellipses but include only 
estimated uncertainties in Mijller et al.'s (54) rotation parameters. 
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clude the possibility of a missing plate 
boundary between the Lord Howe Rise and 
Challenger Plateau (50), or oblique, rather 
than orthogonal, rifting between Australia 
and Antarctica at this time (reconstruc- 
tions of Antarctica-Australia motion before 
chron C18 lack good FZ constraints). 

Similarly, the inability to predict a major 
bend in the Hawaiian-Emperor hot spot 
track (Fig. 10) can be the result of either 
missing boundaries in the plate circuit [for 
example, between East and West Antarcti- 
ca, as suggested by many, or between the 
North and South Pacific (1 1 )], or it may be 
due to the relative motion between hot 
spots (1 2) .  One  consequence of our revised 
reconstructions is that, if the misfit between 
the Indo-Atlantic and Pacific hot spot ref- 
erence frame is attributed entirely to drift 
between hot spots, then the rate of drift is 
on  the order of 24 km per million years, 
compared to the 10 to 20 km per million 
years estimated by Molnar and Stock (12). 

Our revised rotations also increase the 
discrepancy between Paclfic plate paleo- 
magnetic poles and non-Pacific paleomag- 
netic poles ( 1 1 ). The  amount of apparent 
northward motion of the Pacific i late irn- 
plied by Pacific i late ~aleomagnetic data is 
consistently larger than the amount of 
northward motion implied by global recon- 
structions of hot spots and non-Pacific pa- 
leomagnetic data, peaking at about 10" in 
the early Tertiary ( I  I).  Acton and Gordon 
(1 1 ) argued that several different sources 
could ciyntribute to this discrepancy, includ- 
ing a large non-dipole geomagnetic field, 
drift between hot spots, motion between East 
and West Antarctica, and motion between 
the North and South Pacific, although no 
single cause appears to be large enough to 
explain the entire discrepancy. Our revised 
reconstructions increase this discrepancy by 
about 2" in the early Tertiary, adding to the 
difficulty in explaining it. 

Changes in plate motion. A n  outcome 
of this high-resolution study, if we take the 
late Neogene as a guide, is that plate mo- 
tion changes involve a mixture of gradual, 
and perhaps continuous, changes in direc- 
tion Interspersed wlth sudden, sharp chang- 
es. For example, the late Neogene change 
in Pacific-Antarctic snreadine direction is 
characterized by a sharp change at chron 

long periods of time interrupted by occa- 
sional sudden, abrupt shifts. 

Similar high-resolution plate motion 
models are needed for the other plate pairs 
in the global circuits to study Pacific-Aus- 
tralia, Pacific-North America, and Faral- 
lon-North America interactions in great 
detail. 
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