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The plate-motion circuit through the South Pacific and Antarctica is shown to fail paleo- 
magnetic tests of consistency. These failures imply that reconstructions of Pacific basin 
plates relative to surrounding plates inferred from this circuit are systematically in error and 
that estimates of motion between hotspots inferred from this circuit are probably too large. 
Therefore, the motions between hotspots remain poorly known and may be much smaller 
than previously estimated. 

I t  would be surprising if there was no causal 
link between motions and tectonics across 
circum-Pacific margins. A prerequisite to 
establishing both the existence and an un- 
derstanding of this link is an accurate set of 
reconstructions of the oositions and dis- 
placements of the Pacific oceanic plates- 
which include the Pacific. Farallon, and 
Kula plates-relative to the circum-Pacific 
dates-which include the North Ameri- 
can, Caribbean, South American, and Eur- 
asian plates. Estimating these past displace- 
ments and velocities is more difficult than 
estimating the motions between plates in 
the Atlantic, where most plate pairs-for 
example, the North American and African 
plates-are separating along the Mid-At- 
lantic Ridge, which has preserved a record 
of the relative motions in the locations of 
fracture zones and magnetic-reversal iso- 
chrons in the Atlantic sea floor. In con- 
trast, plate motions across circum-Pacific 
margins have been dominantly convergent, 
leaving no direct precise record of motions, 
except in the Gulf of California for the past 
few million years (My). Hence, indirect 
methods of inferring past plate displace- 
ments and velocities are reauired. Two 
main approaches have been used. 

The first a ~ ~ r o a c h  relies on a circuit of . . 
~la te s  whose motions can be inferred by 
fitting the crossings of magnetic anomalies 
and fracture zones on one side of a mid- 
ocean ridge that separates a pair of plates to 
coeval crossings on the other side of the 
ridge. For example, to estimate the motion 
between the Pacific and North American 
~lates,  researchers estimate the motion of 
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the African plate relative to the North 
American plate from the record of sea-floor 
spreading across the central Mid-Atlantic 
Ridge. In turn, the motion of the African 
plate relative to the Antarctic plate is 
estimated from the record of sea-floor 
spreading across the Southwest Indian 
Ridge, and the motion of the Pacific plate 
relative to the Antarctic plate is estimated 
from the record across the Pacific-Antarctic 
Rise (Fig. IA). These motions are summed 
to estimate the motion of the Pacific rela- 
tive to the North American plate (1). The 
motion of other oceanic plates relative to 
North America can be inferred from their 
motion relative to the Pacific plate and the 

Fig. 1. (A) Cartoon showlng the global plate- 
motion circuit linking the Pacific plate to the 
continental plates. Arrows show plate recon- 

motion of the Pacific plate relative to North 
America. The motion of other continental 
plates can be incorporated from their mo- 
tion relative to Antarctica, Africa, or 
North America. 

The second approach is based on the 
assumption that the Pacific hotpots, such as 
the volcanic source of Hawaii, are fixed 
(that is, do not move) relative to the 
Atlantic hotspots, such as the volcanic 
source of Tristan da Cunha island (-2-5). 
Hots~ot  tracks include basaltic volcanic 
chains, ridges, oceanic plateaux, and flood 
basalts thought to be created as a plate 
moves over a mantle plume (6-10). If the 
hotspots are fixed relative to one another 
and serve as a mantle reference frame (1 l ) ,  
the history of motion of a plate relative to 
the deep mantle can be estimated from the 
locations and ages of volcanic edifices along 
two or more tracks. In this approach, the 
motion of the North American plate rela- 
tive to the African date  is estimated as in 
the first approach. The age and location of 
hotspot tracks on the African plate are used 

struction links across which motion can be de- 
termined from the locations of magnetic rever- 
sals and fracture zones preserved in the ocean 
floor on both sides of a mid-ocean ridge. To 
reconstruct the position of the North American 
plate relative to the Pacific plate 49 million years 
ago (Ma), for example, the North American plate 
is rotated relative to the African plate, then the 
African and North American plate3 are rotated 
together relative to the Antarctic plate, and lastly 
the Antarctic, African, and North American plates 
are rotated as a unit relative to the Paclfic plate. 
Direct reconstructions of the North American 
plate into the Pacific reference frame before -3 
Ma are impossible because this plate pair lacked 
an intervening mid-ocean ridge. The reglons sep- 
arating East from West Antarctica and the North 
from the South Pacific (ruled pattern) are zones 
where additional plate boundaries are suspected 
but are unmodeled In the global plate circuit. If 
motion occurs on one or more unmodeled plate 
boundaries, then the global plate-motion circuit 
will be systematically in error. (B) If hotspots 
under the North Pacific plate are fixed relative to 
those under the African plate, the hotspot circuit provides an alternative reconstruct~on path. The other 
continental plates can be added with use of the links shown In (A). If all the apparent motion between 
Paciflc and Atlantic hotspots resulted from motion between East and West Antarctica, this circuit 
could be used to determine how much motion is required between East and West Antarctica. Plate 
abbreviations: AF, Africa; AN, Antarctica (W, west; E,  east), AU, Australia; E U ,  Eurasia; GR, 
Greenland; IN ,  India: NA, North Amerlca, PA, Paciflc; and SA, South Amerlca. HS, hotspots. 

A Global plate c~rcuit 

Suspect plate 
boundaries 

B Hotspot clrcult 

hotspots 

Suspect plate 
boundary 
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to estimate the motion of the African plate 
relative to the hotspots across which it has 
moved (12). Similarly, the age and location 
of hotsoot tracks on the Pacific olate are used 
to estimate the motion of the Pacific plate 
relative to the hotsoots. These motions are 
summed to estimate the motion of the Pa- 
cific plate relative to the North American 
plate. As above, other plates can be incor- 
porated by summing their motion relative to 
the Pacific, (East) Antarctic, African, or 
North American plates (Fig. 1B). 

If the hotspots beneath the African plate 
are fixed relative to those beneath the Pacific 
plate, if the plates are rigid, and if all the 
ancient plate boundaries have been recog- 
nized and incorporated, then the two sets of 
reconstructions should agree within their 
uncertainties. Earlier work has indicated 
that the two sets of reconstructions differ 
significantly (1 3). Molnar and Stock (1 3) 
concluded that the cause of the difference is 
motion between hotspots, with the Tristan 
da Cunha and other non-Pacific hotspots 
having moved relative to the Hawaiian hot- 
spot at speeds of 10 to 20 mm/year over the 
past 70 My. These speeds are similar to the 
slowest speeds, about one-tenth as fast as the 
fastest speeds, at which adjacent plates move 
relative to one another. 

If this interpretation (1 3) is correct, the 
resulting estimates of motion between hot- 
spots would provide an estimate of the 
horizontal motion between mantle plumes 
and therefore orovide information on hori- 
zontal velocities of convection within the 
part of the mantle through which plumes 
rise. Unfortunately, however, if the inter- 
pretation is correct, reconstructions found 
by assuming no motion between hotspots 
have large errors attributable to this motion 
and any reference frame for plate motion 
found by assuming no motion between hot- 
spots has limited use. The hotspot frame of 
reference has been widely used by paleo- 
magnetists to infer true polar wandering 
and by geodynamicists to-make inferences 
about the driving forces of plate motion and 

mantle convection. Thus, if the differences 
are indeed caused by motions between hot- 
spots, a large body of inferences is invalid. 

Analyses of paleomagnetic data have 
long suggested, however, that the hotspots 
orovide a useful frame of reference for date 
motion. Morgan (8), using the analyses of 
Andrews (14), constructed an apparent po- 
lar wander path for the hotspots in the 
Atlantic and Indian oceans. An apparent 
polar wander path is a time sequence of 
paleomagnetic poles relative to a stable ref- 
erence frame, usually coinciding with a con- 
tinent or plate; paleomagnetic poles are pre- 
sumed to coincide with the past position of 
Earth's axis of rotation. Hence, paleomag- 
netic poles of similar age from different 
plates should coincide (within uncertainties) 
in location after the plates and poles are 
reconstructed at that aee into a common " 
reference frame. If the Pacific hotspots have 
been fixed relative to non-Pacific hotsoots, 

A ,  

then the apparent polar wander path from 
non-Pacific data predicts that the Hawaiian 
and other Pacific hotspots have moved 
southward relative to the paleomagnetic axis 
since -65 million years before present (Ma) 
(8). The paleolatitude of Suiko seamount 
determined from paleomagnetic study of 
flows recovered by deep-sea drilling confirms 
this predicted southward motion (8, 15), as 
do other paleomagnetic data (16) and anal- 
yses of equatorial sediment facies (1 7). 

Earlier paleomagnetic tests of the global 
plate-motion circuit furthermore have 
found that the reconstructions fail to bring 
Pacific paleomagnetic poles into consisten- 
cy with non-Pacific paleomagnetic poles 
(18-20). The inconsistency of paleomag- 
netic data with the global plate circuit and 
the success of paleomagnetic predictions 
based on the hotsoot circuit heloed to 
persuade Engebretson et al. (5) to develop 
reconstructions based on the assumotion of 
fixed hotspots rather than on the global 
plate-motion circuit. 

A further reason to suspect xhe correct- 
ness of plate motions deduced from the 

Fig. 2. Mean paleomag- 
netic data localities (sol- 
id circles) and present 
geometry of the major 
lithospheric plates. Be- 
tween Greenland and 
North America, the loca- 
tion of a former spread- 
ing center is shown by a 
dashed Iinewherespread- 
ing ceased -40 Ma. The 
equatorial region near 
80"E (ruled pattern) is the 
approximate location of 
the wide plate boundary 
zone between the Indian 
and Australian plates. 
Mercator's projection. 

global plate-motion circuit comes from early 
Tertiary plate velocities relative to the deep 
mantle calculated with the assumption that 
the lithosphere, the strong outer layer of 
Earth comprising the plates, exerts no net 
torque on the asthenosphere (2 1 ) , the weak- 
er underlying layer. Early Tertiary plate ve- 
locities estimated from these no-net-torque 
calculations on the basis of the global plate- 
motion circuit have characteristics inconsis- 
tent with our understandine of the dvnamics 
of plate motion (22). For eximple, an 'oceanic 
olate was estimated to have retreated from, 
rather than advanced toward, the deep-sea 
trench where its leading edge was being sub- 
ducted; some continental plates unattached to 
subducting slabs were calculated to have 
moved rapidly. In contrast, early Tertiary 
plate velocities calculated with the assump- 
tion of fixed hotsoots eive a set of velocities . " 

with characteristics like present plate motions 
and are consistent with our understanding of 
plate dynamics (23-25). 

The most likely explanation for these in- 
ferred errors in the global plate-motion circuit 
has long seemed to be a missing plate bound- 
ary somewhere between East Antarctica and 
the North Pacific (3, 8, 19, 20, 25-27). A 
subsequently proposed candidate for this miss- 
ing plate boundary is one that now lies within 
the Antarctic olate; its existence was inferred 
from a reinterpretation and quantitative anal- 
ysis of the locations of magnetic anomaly 
crossings in the South Pacific east of New 
Zealand (28). The analysis of Molnar and 
Stock (1 3), in which they found motion of 10 
to 20 mm/year between hotspots, is based on 
this revised global plate-motion circuit. If all 
boundaries have now been identified and 
appropriately incorporated, then Pacific plate 
paleomagnetic poles ought to be consistent 
with non-Pacific ooles reconstructed through - 
this revised global plate-motion circuit. 

We used paleomagnetic poles to test the 
revised global plate circuit since -70 Ma. 
For these tests, we compiled a set of 24 
mean poles averaged from all available 
high-quality paleomagnetic data, which 
came from 78 studies on nine plates (Fig. 2) 
(29). The poles from the non-Pacific plates 
are reconstructed into a reference frame in 
which the Pacific plate is held fixed. Our 
tests differ from earlier tests not only in the 
incorporation of many new data but also in 
the incorporation of error budgets for each 
paleomagnetic pole that include estimates 
of plate-reconstruction errors, random pa- 
leomagnetic errors, and systematic paleo- 
magnetic errors. 

Paleomagnetic Test of the 
Reconstructions 

Each of the 24 mean poles, which range in 
age from 20 to 73 Ma, is typically the 
average of several formation mean poles. 
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There are three mean poles from Africa, 
two from Antarctica, two from Australia, 
four from Eurasia, three from Greenland, 
one from India, three from North America, 
two from South America, and four from the 
Pacific plate. The basic data used to esti- 
mate the mean poles are from -14,100 
fully oriented paleomagnetic samples, 1600 
paleomagnetic samples from azimuthally 
unoriented cores, seven seamount poles, 
two effective magnetization inclinations 
from submarine volcanic ridges, 11 identi- 
fications of equatorial sediment facies, and 
182 estimates of the skewness of (301 and 2 > ,  

estimates of the amplitudes of (3 1 )  magnet- 
ic anomalies that record ancient sea-floor 
spreading in the Pacific. 

Plate reconstructions are specified by ro- 
tations of plates, which are idealized as rigid 
spherical caps. The parameters that describe 
these rotations are imperfectly known, and 
each reconstruction has an uncertainty asso- 
ciated with it. Hence, when a oaleomae- - 
netic pole is reconstructed from its indige- 
nous frame of reference into that fixed to a 
foreign plate, its uncertainty is a combina- 
tion of its uncertainty in its indigenous frame 
of reference and further uncertainty caused 
by the uncertainty in the reconstruction (32, 
33). The final uncertainty in the position of 
a reconstructed paleomagnetic pole is a com- 
bination of the original uncertaintv in the 
paleomagnetic poleind the uncertainty that 
accumulates as the paleomagnetic pole is 
reconstructed through multiple links of the 
plate circuit (34). 

The means of the non-Pacific poles re- 
constructed into the Pacific reference frame 
show a surprising pattern: The poles for 27, 
46, and 56 Ma sit atop one another in 
standstill with the reconstructed mean pole 
for 66 Ma located -7" away (Fig. 3, stars) 
(Table 1). The observed Pacific plate poles 
are offset from these with a similar but less 
distinctive pattern, with the poles for 26, 
39, and 58 Ma lying near one another but 
offset by -7" from the pole for 65 Ma (Fig. 
3, squares). Despite the large errors of some 
poles, Pacific plate poles differ significantly 
from coeval reconstructed mean non-Pacif- 
ic poles. The difference between each Pa- 
cific pole and the corresponding mean, 
coeval, reconstructed, non-Pacific pole is 
significant at the 95% confidence level. 
These differences would be even larger and 
more significant if we had included the 
West Antarctic pole (Fig. 3, triangle) or 
had omitted the North American poles, 
which differ significantly from the non- 
North American poles (Table 1) (29, 35). 
For normal-polarity results, the reconstruct- 
ed non-Pacific poles tend to predict lower 
(that is, more negative) inclinations (cor- 
responding to less northward motion of the 
Pacific plate) and more westerly declina- 
tions for Pacific plate sites than is predicted 

by the Pacific poles (Fig. 3 and 4). is9.6" t 9.5",9.4" -t 4.1°,9.6"It- 5.0°,and 
The angular distance between each Pa- 9.7" -t 3.5", respectively, for the poles at 26, 

cific plate pole and the corresponding co- 39, 58, and 65 Ma (36). Estimates of angular 
eval, mean, reconstructed non-Pacific pole distance, like all estimates of distance, are 

Fig. 3. Observed and predicted paleomagnetic 
poles for the Pacific plate assuming a purely 
dipolar paleomagnetic field. Solid squares and 
surrounding open ellipses are the paleomag- 
netic poles and their 95% confidence limits from 
the Pacific plate. Solid stars and surrounding 
diagonally striped ellipses with dashed outlines 
are the paleomagnetic poles and their 95% 
confidence llmits of the averages of many poles 
reconstructed from the rest of Earth Into a refer- 
ence frame in which the Pacific plate IS held 
fixed. The confidence limits of the mean recon- 
structed poles, which are determined from 
nonoverlapping data sets, incorporate both pa- 
leomagnetic uncertainties and plate reconstruc- 
tion uncertainties (70). The open triangle and 
surrounding dotted ellipse shows the 51 -Ma pole 
for West Antarctica reconstructed into the Pacific 
plate reference frame. The numerals following 
PA (Pacific plate), AN (Antarctica), or RG (the 
rest of the globe) give the age of each pole in millions of years. The significant difference between 
Pacific poles and mean reconstructed non-Pacific poles indicates a systematic error of unknown 
cause in the global plate reconstruction circuit through the South Paciflc and Antarctica. Stereo- 
graphlc projection. 

Table 1. Paleomagnetic poles Lat., latitude; Long , longitude. 

Standard error 
elllpseD 

Namet x2t  Reference or poles used 
Lat Long. 
("N) ("E) 

Major Mlnor Az 

Pacific poles 
PA26 81.1 2.4 0.41 14 7.1" 1.2" 80.0" Acton and Gordon (29) 
PA39 78.0 7.1 0.60 6 2.6" 0.9" 80.0" Acton and Gordon (29) 
PA58 78.2 4.8 1 .OO 129 4.8" 3.7" 93.0" Petronotis et a/. (62) 
PA65 71.6 7.9 1.02 57 1.7" 1 .O0 75.0" Acton and Gordon (74) 

Reconstructed mean poles 
RG27 81.0 67.4 1.19 6 1.8" 1.6" 171 .OO AF26 AN27 EU25 NA30 
RG39 80.8 59.7 1.52 8 2.1" 1 .go 8.5" AF40 AN27 NA30 NA49 SA49 
RG42 81.0 60.6 1 93 6 2.4" 2.2" 9.4" NA30 AF40 NA49 SA49 
RG44 79.1 80 5 0 59 2 3.3" 2.5" , 14.5" AF40 SA49 
RG46 80.9 60.7 2.89 4 3.8" 3.3" 7.2" AF40 NA49 SA49 
RG50 82.1 60.9 2.47 6 3.2" 2.8" 1.4" AF40 AN51 NA49 SA49 
RG53 81.4 59.8 1.19 18 - 1 7" 1.5" 4.2" AF40 AU53 EU53 EU57 EU60 GR52 

GR55 GR60 NA49 SA49 
RG55 82.0 57.7 1.05 14 2.0" 1.7" 170.8" AN51 AU53 EU53 EU57 EU60 GR52 

GR55 GR60 
RG56 81.1 57.8 0.96 12 2 l o  1.8" 177 7" AU53 EU53 EU57 EU60 GR52 GR55 

GR60 
RG58 81.4 62.3 1 .OO 6 2.6" 2.4" 171.2" EU57 EU60 GR55 GR60 
RG63 80.2 29.1 2.05 8 2.9" 2.4" 157.5" AF65 IN65 EU60 GR60 NA63 
RG64 80.1 28.2 1.69 10 2.4" 2.1" 156.6" AF65 IN65 EU60 GR60 NA63 SA73 
RG66 78.5 23.0 0.91 6 2.2" 1 .go 136.8" AF65 IN65 NA63 SA73 

*The Paclflc poles (PA) Incorporate data only from the Paciflc plate. The reconstructed mean poles (RG) 
lncorporate data from other plates that have been reconstructed Into the frame of reference In which the Paclfic 
plate is held fixed; they incorporate no Pacific plate data. The numbers give the mean age of the pole (in milllons 
of years). The poles averaged to give the mean poles are listed in the right column (29). For example, pole RG66 
has a mean age of 66 Ma and is an average of the reconstructed poles AF65, IN65, NA63, and SA73 (plate codes 
as in Fig. I ) ,  tThe value of the reduced chi-square statistic; if x, was greater than 1.0 for a mean pole, the 
uncertainty ellipse was rescaled for further calculations by multiplying the ellipse axes by the square root of 
reduced chi square. $Number of degrees of freedom. §Major, Minor, and Az give the length of the major 
and minor semiaxis and the azimuth of the major semiaxis (measured clockwise of north) for the two-dimensional 
standard error ellipse. The 95% confidence ellipse was estimated from the two dimensional standard error ellipse 
by multiplying the major and minor axes by the square root of the appropriate value of F,00,5, which can be 
obtained from standard tables for the Fdistribution for the 5% level of significance with two versus v degrees of 
freedom. For example, the 95% confidence ellipse for pole RG66 has a 5.0" (=2.2 x -4, where 5.14 = F,O O$j)  
major axis oriented 136.8" clockwise of north and a 4.3" (= I  .9 x -4) minor axis. 
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biased; they tend to be larger than the true 
angular distance (37). We estimated the 
unbiased angular distances and their 95% 
confidence limits using Monte Carlo simula- 
tions. The unbiased angular distances are 
9.l0:;:$, 9.5"+::$, 9.3":::2:, and 9.6"+::$, 
respectively, for the poles at 26, 39, 58, and 
65 Ma (38). The relative uncertainties for 
the unbiased estimates are slightly larger 
than those for the original biased estimates 
(39). All angular distances between paleo- 
magnetic poles that we give below are cor- 
rected for the bias, and their confidence 
limits have been enlarged accordingly. 

Thus far, we have assumed that the 
paleomagnetic field from 73 to 20 Ma was 
that of a geocentric axial dipole. An impor- 
tant alternative that must be considered is 

that the time-averaged paleomagnetic field 
was imperfectly dipolar. Several studies of 
Cenozoic paleomagnetic data have suggest- 
ed that the field may have also contained a 
small persistent geocentric axial quadrupole 
(GAQ) component of the same sign as the 
dipole component (40). Repeating the 
same tests as above with a paleomagnetic 
field with a 5% GAQ component of the 
same sign as the dipole component (that is, 
g:igf = 0.05) decreases the inconsistency 
but fails to eliminate it. The Pacific poles 
for 39, 58, and 65 Ma (but not the pole for 
26 Ma) differ at the 95% confidence level 
from their mean coeval, reconstructed 
counterparts (41). 

If instead a 10% GAO comvonent is - 
assumed, the difference between Pacific and 

Flg. 4. Comparison of observed Pacific plate paleornagnetic poles with individual reconstructed mean 
poles assuming a purely dipolar paleornagnetic field. Age of comparison increases from (A) to (D). 
Squares and shaded ellipses are the paleornagnetic poles and their 95% confidence limits from the 
Pacific plate. Other symbols and open ellipses are individual reconstructed paleomagnetic poles and 
their 95% confidence limits, which include reconstruction uncertainties. The poles have a two-letter plate 
abbreviation (as in Fig. 1) followed by two numbers that give the age (in millions of years). All poles are 
in a reference frame in which the Pacific plate is held fixed. Nearly all the reconstructed poles differ 
significantly from the Pacific pole nearest in age (35). Stereographic projection. 

non-Pacific poles is further reduced. Al- 
though the poles for 26 and 39 Ma differ 
insignificantly from their mean reconstruct- 
ed counterparts, the poles for 58 and 65 
differ at the 95% confidence level from 
their counterparts (42). A persistent axial 
quadrupole component this large is far- 
fetched, however. A simple model of 
Earth's paleomagnetic field indicates that 
g:igy is only 0.04 + 0.04 (29). If all poles 
are calculated assuming the best available 
estimate of the axial quadrupole term, that 
is, for a paleomagnetic field with g:/g: = 
0.04, the mean discrepancy is reduced by 
only -230 km (-2.0") relative to a purely 
dipolar field. 

Comparison of the Paleomagnetic 
and Hotspot Discrepancies 

As mentioned in the introduction. some 
evidence has previously been interpreted as 
indicating that Pacific hotspots move rapidly 
relative to Atlantic and Indian Ocean hot- 
spots. For example, the locations and ages of 
volcanoes along the Hawaiian-Emperor 
chain differ from a track predicted from (i) a 
combination of Africa-Antarctica and Ant- 
arctica-Pacific reconstructions and (ii) the 
motion inferred for the African vlate over 
the Tristan da Cunha and othe; hotspots 
(Fig. 5) (1 3, 43). Similarly, locations and 
ages of volcanoes produced by hotspots now 
at or near Iceland, Tristan da Cunha, R6- 
union, St. Paul's Island, and Kerguelen Is- 
land differ significantly from tracks predicted 
from (i) a combination of Africa-Antarctica 
and Antarctica-Pacific reconstructions and 
(ii) the motion inferred for the Pacific plate 
over the Hawaiian and other Pacific hotspots 
(13). Molnar and Stock (13) interpreted 
these differences as indicating that the Ha- 
waiian hotspot has moved relative to Atlan- 
sic and Indian Ocean hotspots at 10 to 20 
mmiyear. We propose an alternative expla- 
nation: systematic errors in the global plate- 
motion circuit (Fig. 1). 

If a systematic error exists in the global 
plate-motion circuit, one would expect the 
paleomagnetic discrepancy to be identical 
in direction and size to the hotspot discrep- 
ancy, which is a prediction that can be 
tested. Molnar and Stock (1 3) illustrated 
the hotspot discrepancy by comparing the 
observed and predicted track of the Hawai- 
ian hotspot (as described above). The dis- 
crepancy has two components, a northward 
and a westward component, but three pa- 
rameters are needed to svecifv the recon- 

. I  

struction of a plate relative to the hotspots. 
In the case of a reconstruction of the 

Pacific plate relative to Pacific hotspots, the 
extra component corresponds to a rotation 
about a geocentric axis through the Hawai- 
ian hotspot and is indeterminate from the 
Hawaiian hotspot track alone. Additional 
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Pacific hotspot tracks or further assump- 
tions are needed to estimate the extra com- 
ponent. On the other hand, the Pacific 
paleomagnetic discrepancy also has two 
components, corresponding to the paleo- 
magnetic inclination and declination at an 
arbitrarilv chosen reference site. which we 
take to doincide with the pain; along the 
Hawaiian-Emperor chain having the same 
age as the paleomagnetic pole. This refer- 
ence site was presumably over the hotspot 
at the time corresponding to the age of the 
paleomagnetic pole. The inclination can be 
transformed by simple calculation into the 
northward-motion component, and the 
declination gives the rotation about an axis 
through the-~awaiian hotspot. The paleo- 
longitude of the site is indeterminate from 
only a paleomagnetic pole. Thus, the two 
discrepancies have in common only the 
northward component of motion. 

The northward motion of the Pacific 
plate relative to the hotspots is expected to 
differ from its northward motion relative to 
the paleomagnetic axis because the hot- 
spots have moved relative to the paleomag- 
netic axis (44). What we therefore compare 
for each marker is the discrepancy between 
the northward motion indicated by Pacific 
plate data and that predicted from non- 
Pacific data and the global plate circuit. 
The northward motion of the Pacific da te  
relative to the hotspots recorded by the 
Hawaiian-Emueror seamount chain is the 
difference between the present latitude of 
an extinct volcano along the chain and the 
present latitude of the hotspot (Fig. 6). The 
northward motion predicted from the glob- 
al plate circuit assuming fixed hotspots is 
the difference between the latitude (45) of 
the reconstructed position of the Hawaiian 
hotspot at some time in the past and the 
present latitude of the hotspot. The discrep- 
ancy between the northward motion in- 
ferred from the Hawaiian-Emueror chain 
(that is, the observed northward motion) 
and the predicted northward motion is 1.7" 
+ 2.2" (190 + 240 km) at 20 Ma, 4.2" + 
2.2" (470 + 240 km) at 35 Ma, 4.1" + 2.2" 
(460 + 240 km) at 41 Ma, 9.5" + 2.5" 
(1060 + 280 km) at 58 Ma, and 8.8" + 2.3" 
(980 + 260 km) at 68 Ma (Fig. 6) (46). 

The discrepancy between the northward 
motion inferred from Pacific da te  ualeo- 
magnetic poles (that is, the observed north- 
ward motion) and that ~redicted from mean 
reconstructed non-pacific paleomagnetic 
poles for a dipole field is 4. 1" + 3. 1" (460 + 
340 km) at 26 Ma, 7.5" + 3.3" (830 + 370 
km) at 39 Ma, 7.7" + 4.1" (860 + 460 km) 
at 58 Ma, and 9.6" + 3.5" (1070 + 480 
km) at 65 Ma (Fig. 7). The discrepancies 
between the uredicted and observed ualeo- 
magnetically determined northward mo- 
tions differ insignificantlv in size and sense 
from the discrepancies fdund from the hot- 

Fig. 5. Observed and pre- 
dicted track of the Hawal- 
ian hotspot. Key observed Hawaiian-Emperor volcanic chain 
ages (x's) and interpolat- 
ed and extrapolated ages 400 

- 

(stars) are shown along Morgan 1983 
the Hawaiian-Emperor vol- O'Connorand 
canic chain, which pre- Duncan 1990 
sumably formed as the 
Pacific plate moved over 
the Hawaiian plume. The 30" - 

two unlabeled x's at the 
elbow of the Hawaiian- 
Emperor chain show the 
position of the Daikakuji 
Seamount (southern x) 200 - 
with an age of 42.4 + 2.3 
Ma and the Yuryaku Sea- 1eO0 170" 1 800 190' 2000 210" 
mount (northern x) with an 
age of 43.4 + 1.6 Ma (71). Solid dots and surrounding solid ellipses show the predicted locations and 
95% confidence limits of the Hawailan hotspot track that we obtained by using the Africa hotspot 
reconstructions of Morgan (66) and by ignoring the uncertainty in the Africa hotspot reconstructions 
These positions and uncertainties are similar to those shown in figure 1 of (13). The dashed elllpses show 
the 95% confidence for the predicted locations when we incorporate nominal uncorrelated ?loo-km 
(+la) uncertainties in the Afrlca hotspot reconstructions at the location of the Trlstan hotspot in directions 
both parallel and perpendicular to the Walvis Ridge. The age for each prediction is given in parentheses 
beneath the chron number of the corresponding reconstruction. Solid squares show the locations of the 
Hawaiian hotspot track predicted with the Africa hotspot reconstructions of O'Connor and Duncan (69). 
Uncertainties that we calculated for these locations (not shown) are nearly identical to the corresponding, 
coeval dashed ellipses shown for the dots. Comparison of predicted with observed tracks show large 
formally significant differences, which have previously been interpreted as indicating large displace- 
ments of the Hawaiian hotspot relative to Atlantic hotspots. The difference may instead reflect a large 
systematic error in the plate reconstructions. To facilitate comparison, reconstructed polnts and their 
uncertainties are presented in a manner similar to figure 1 of (13). 

spots. Thus, the results are consistent with 
a systematic error in the global plate circuit 
having contributed to both the paleomag- 
netic and hotspot discrepancies, but the 
uncertainties are so large that one could 
only place large upper limits on how much 
of the misfit is contributed by other causes, 
especially motion between hotspots and 
systematic errors in the hotspot reconstruc- 
tions (47). 

The Cause of the Discrepancies 

Possible systematic errors in the plate re- 
constructions include (i) underestimation 
of the size of all plate reconstruction errors, 

(ii) a systematic error in the reconstruction 
of East Antarctica relative to the North 
Pacific (all non-Pacific data were rotated 
through this common link) or in the recon- 
struction of the African plate relative to 
East Antarctica (all but four non-Pacific 
poles were rotated through this link), (iii) 
plate nonrigidity or many zones across 
which minor deformation has occurred, and 
(iv) ignorance of a major plate boundary 
active since 80 Ma. 
- The first explanation seems unlikely be- 

cause it would require that magnetic anom- 
alies or fracture zones had been systemati- 
cally misidentified or wrongly correlated 
across a spreading center by enough to add 
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Fig. 6. Observed and pre- 30" 
dicted northward motion of 
the Pacific plate relative to c~ 
the hotspots. Squares show gg 
the observed northward mo- 200 

tion of the Pacific plate rela- 2 5  
tive to the Hawaiian hotspot, s 

Clrcles and stars show the E loo 
northward motion of the Pa- 
cific plate relative to the Ha- Z S  

waiian hotspot predicted by 0" 

I I I I I I 

- - 

- - 

I I 1 I 1 I 
global plate reconstructions 20 30 40 50 60 70 
and by assuming that the Ha- Age (Ma) 
waiian hotspot is fixed rela- 
tive to Atlantic hotspots. The circles are determined from the Africa-hotspot rotations of Morgan (66), 
whereas the stars are determined from those of O'Connor and Duncan (69) Error bars for the solid 
circles show uncertainties of ? l a .  Uncertalntles ~n ages, which may be substantial, are not shown. 



Fig. 7. Observed and pre- I I I I I I 

dicted northward motion of - 
the Pacific plate relative to 
the paleomagnetic or spin 
axis assuming a dipolar pa- - 

leomagnetic field. The solid 5 
squares show the obsewed 
northward motion of the Pa- *ti cific plate relative to the pa- 
leomagnetic axis, whereas 
the other symbols show that 
predicted from individual re- 
constructed non-Pacific pa- 0" - 
leomagnetic poles. The solid 
line connects the four ob- 
sewed estimates of north- 

- I I 

20 30 40 50 60 70 
ward motion, whereas the Age (Ma) 
dashed line is a least 
squares best fitting straight line to the 20 predictions of northward motion from the non-Pacific data. 
Error bars are + l a  and include both paleomagnetic and, in the case of reconstructed poles, plate 
reconstruction uncertainties. Plate abbreviations as in Fig. 1 .  

up to a systematic reconstruction error of 
about 500 to 1000 km and that this error 
had been repeated for reconstructions of 
different ages. In the particular case of the 
Indian Ocean, the credibility of the error 
budget has been implicitly tested by Royer 
and Chang (48); their results suggest that 
the errors tend not to be underestimated 
but to be sliehtlv overestimated. - ,  

The second explanation is unlikely in 
the Indian Ocean because there are enoueh - 
marine magnetic anomaly and fracture zone 

crossings between Africa and Antarctica to 
make large systematic errors unlikely. Re- 
cent data from the Antarctic side of the 
Pacific-Antarctic Rise also indicate that 
there are no large systematic errors from 
this source (49). 

The third explanation probably requires 
larger than acceptable intraplate strains in 
the southern hemisphere. The average lo- 
cation where Pacific paleomagnetic data 
were obtained (that is. the northern Pacif- 
ic) and the average location where non- 

Fig. 8. Observed and pre- 
dicted displacements be- 35's 
tween the Lord Howe Rise 
and Campbell Plateau. The 
position of a point on New 
Zealand just southeast of the 
Alpine Fault (that is, moving 
with the Campbell Plateau 40"s 
and the Pacific plate) is 
shown relative to the Austra- 
lian plate and New Zealand 
northwest of the Alpine Fault 
at the present and at chron 
(C) 5 (11 Ma), chron 6 (20 45"s 
Ma), chron 13 (35 Ma), 
chron 18 (41 Ma), chron 25 
(58 Ma), and chron 31 (68 
Ma). These past positions 
are estimated in three ways: 
( i )  from geological data on 
and near New Zealand (tri- 50"s 

angles connected by the 
solid line), ( i i )  from plate re- 
constructions in which Ant- 
arctica is treated as a single 
rigid plate [solid circles con- 1 6 0 ~ ~  1 70°E I 8 0 0 ~  
nected by the heavy dashed 
line; similar to that in figure 5 of (28); open circles differ from solid circles in that the Australia- 
Antarctica reconstructions of (72) are used in place of those of (73)],  and ( i i i )  from plate 
reconstructions in which West Antarctica moves a large distance relative to East Antarctica 
(squares connected by the light dashed line). In the third case, the rotation between East and West 
Antarctica was assumed to have taken up the entire discrepancy between Pacific and non-Pacific 
hotspots found in the global plate circuit. The uncertainty (95% confidence limits) in some of the 
reconstructed positions is shown by ellipses. Mercator's projection. 
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Pacific data were obtained are separated by 
-20,000 km (- 180"). The Pacific discrep- 
ancy at 60 Ma is -1000 + 600 km, which 
gives an average strain of -5 * 3%, which 
is huge by any standard. The sense of the 
misfit indicates that the strain would have 
been mainly extensional along the plate- 
motion circuit. If this deformation occurred 
between 60 and 20 Ma, then the summed 
rate of displacement is -25 + 15 mmlyear. 
Alternatively, if it occurred mainly be- 
tween 60 and 40 Ma, then the displace- 
ment rate would have been -50 * 30 
mmlvear. 

These summed deformation rates, if en- 
tirely taken up by distributed deformation, 
seem implausibly large. Systematic misfits 
to plate motion data by recent global mod- 
els of current plate motion do not exceed 
-3 mmlyear (50). Plate motion datain the 
Indian Ocean place upper 95% confidence 
limits on deformation of a circuit traversed 
near and about the Rodriguez (Indian 
Ocean) triple junction of -4 to 7 mmlyear 
(51). North American sites with the best 
geodetic data from very-long-baseline inter- 
ferometry cannot be moving faster than 3 or 
4 mmlvear relative to the rest of the North , , 
American plate and may be moving much 
more slowlv (52). Thus. current rates of , ~ ,  

intraplate deformation are probably no 
more than 3 or 4 mmlvear and uossiblv 
much less. The ancient plate-motion cir- 
cuit through the South Pacific and Antarc- 
tica crosses too few plates to add up to 25 to 
50 mmlyear of deformation. Intraplate de- 
formation can explain the discrepancy only 
if the discrepancy is no larger than about 10 
mmlvear. which is the lower confidence . ,  , 

limit obtained assuming the longest con- 
ceivable duration of deformation (that is, 
40 My). 

The fourth exulanation can be tested 
either paleomagnetically or by examining 
whether the plate motion implied across 
the hypothesized boundaries and other 
plate boundaries is consistent with available 
or obtainable geological and geophysical 
data. We consider two specific possibilities: 
(i) motion between East and West Antarc- ~, 

tica and (ii) motion between distinct North 
and South Pacific plates. 

Motion between East and West Antarctica. 
Geological and geophysical evidence sug- 
gests that West Antarctica has moved rel- 
ative to East Antarctica since -65 Ma. The 
existence of the Transantarctic Mountains, 
which form a 3000-km-long boundary sep- 
aratine East from West Antarctica. is the " 
most conspicuous evidence. The rocks that 
form these mountains have risen -5 km 
since 50 Ma at an average rate of -100 
m/My (53). The uplift is thought to be 
a flexural or thermal response to extension 
(54, 55). Other evidence for extension be- 
tween East and West Antarctica since -70 



Ma includes the presence of block faulted 
basins and high heat flow (70 mWlmz) (56) 
in the Ross Sea region, the presence of 
Miocene-age volcanic rocks along the west- 
em margin of East Antarctica, and an abrupt 
change in crustal thickness from West Ant- 
arctica (25 to 30 km thick) to East Antarc- 
tica (40 to 45 km thick) (54, 57). 

If the hotspots are fixed, the motion 
between East and West Antarctica required 
to explain the entire discrepancy can be 
estimated. The motion of West Antarctica 
relative to the hotspots is estimated with 
use of the West Antarctic-Pacific hotspot 
circuit, and the motion of East Antarctica 
relative to the hotspots is estimated with 
use of the East Antarctic-Africa hotspot 
circuit (Fig. 1B). The inferred stage poles of 
rotation of West Antarctica relative to East 
Antarctica are typically near the West Ant- 
arctic coast (-655, 135"E) for reconstruc- 
tions younger than 32 Ma, but lie relatively 
far from Antarctica and at low latitudes 
(between -1% and 35'5 near 100°E) for 
reconstructions at 50 to 70 Ma when de- 
scribed in the East Antarctic reference 
frame. For an assumed paleeplate boundary 
mainly following the seaward edge of the 
Transantarctic Mountains, the analysis indi- 
cates -800 km of left-lateral strike-slip be- 
tween East and West Antarctica between 70 
and 40 Ma, and -500 km of extension with 
some left-lateral slip since 40 Ma. The sense, 
magnitude, and timing of this inferred mo- 
tion does not seem inconsistent with the 
known record of tectonics of Antarctica. 

Data from New Zealand, however, im- 
pose smaller limits on motion between East 
and West Antarctica. If we incorporate 
motion between East and West Antarctica 
calculated assuming fixed hotspots (as de- 
scribed above) and if the past plate bound- 
ary geometry between Lord Howe Rise and 
the Campbell Plateau was similar in loca- 
tion and strike to the current Alpine Fault, 
we calculate the following predicted motion 
across the Alpine fault: -300 km of con- 
traction from geomagnetic-reversal chron 
31 (68 Ma) to chron 25 (58 Ma), -500 km 
of left-lateral slip and some contraction 
from chron 25 to chron 18 (41 Ma), little 
or no motion from chron 18 to chron 6 (20 
Ma), about 300 km of contraction and 
right-lateral slip from chron 6 to chron 5 
(1 1 Ma), and about 350 km of right-lateral 
slip and 100 km of contraction since chron 
5 (Fig. 8). The geologic data (58, 59) 
indicate a very different history with little 
or no motion before the Middle Eocene 
(-50 Ma), - 100 km of extension from the 
Middle Eocene to the Early Miocene (-23 
Ma), and -480 km of right-lateral slip and 
-100 km of contraction since 23 Ma (Fig. 
8). Thus, reconstructions that assume that 
hotspots are fixed and that the entire dis- 
crepancy is caused by motion between East 

Fig. 9. Early Tertiary plate 
geometry in the south 
Pacific assuming a single 
Pacific plate since chron 
25 (58 Ma). Bold lines are 
mid-ocean ridges; medi- 
um-bold lines are trans- 
form faults or speculative 
plate boundaries. Thick 
dotted lines are chron 34 
(83-Ma) magnetic linea- 
tions, and thin dashed 
lines are chron 31 (68- 
Ma) magnetic lineations 
[lineation location from 
(60)]. Barbed line indi- 
cates trench where the 
Aluk plate is assumed to 
have subducted beneath 
the Antarctic peninsula. 
Plate geometry'after (28) 
and (60). A possible location for the "suspect" plate boundary between North and South Pacific 
plates is shown by the thick dashed line. Mercator's projection. 

and West Antarctica are inconsistent with 
the observations. 

On the other hand, recently determined 
plate reconstructions (28, 60), in which 
Antarctica is assumed to be a single rigid 
plate, are only modestly inconsistent with 
the geological constraints (Fig. 8), al- 
though an even better fit is obtained with 
200 to 300 km of extension between East 
and West Antarctica during the Oligocene 
or Miocene (28, 59). Such extension would 
reduce the Pacific ~aleomagnetic and hot- - 
spot discrepancies. However, because the 
northward component of the paleomag- 
netic discrepancy is substantial and because 
the fixed hotspot reconstructions indicate 
equatorial stage poles of rotation between 
East and West Antarctica during the early 
Tertiary, modest extension between East 
and West Antarctica seems insufficient to 
explain the full discrepancy. 

Motion between the North and South Pa- 
cific. Another seemingly unlikely explana- 
tion is that there were separate North Pa- 
cific and South Pacific plates for a long 
interval since 80 Ma (1 9, 20). Before -80 
Ma, the Campbell Plateau (the submerged 
continental plateau that is the southeast 
continuation of New Zealand) surely lay on 
a plate separate from the North Pacific. 
Many workers have assumed that the Camp- 
bell Plateau and adjacent sea floor fused 
with the North Pacific at -80 Ma, when 
spreading began between the Campbell Pla- 
teau and Marie Byrd Land (West Antarcti- 
ca). Available data neither demonstrate 
nor refute this conjectured age of fusion. If 
a boundary continued to exist between the 
North Pacific and the Campbell Plateau 
after 80 Ma, available evidence can, how- 
ever, put broad limits on its location. 

Magnetic anomaly and fracture zone 
crossings on the present Pacific plate south 

of the Eltanin fracture zone system seem 
well explained by spreading between the 
Pacific and Antarctic plates and by spread- 
ing between the Pacific and Bellingshausen 
plates (26, 28, 60). Thus, any intersection 
of a boundary between possibly separate 
North and South Pacific plates with the 
Pacific-Antarctic Rise or East Pacific Rise 
probably lies north of this region, that is, at 
the Eltanin fracture zone system or farther 
north. 

Magnetic anomaly and fracture zone 
crossings on the present Pacific plate north 
of the equator seem well explained by 
spreading between the Pacific plate and the 
Kula plate and by spreading between the 
Pacific plate and the Farallon plate and its 
descendants (61 ) . Crossings a considerable 
distance south bf the equator also seem 
explainable by spreading between the Pacif- 
ic_ and Farallon plates. Past analyses of 
Pacific plate magnetic anomalies and frac- 
ture zones indicated that thev are consistent 
with there having been a single Pacific and 
a single Farallon plate between -50 and 
-70 Ma as far south as 43"s (a little south 
of the Agassiz fracture zone) (61), but data 
from the South Pacific were sparse. Recent 
analysis of many more anomaly crossings 
shows that the data are now inconsistent 
with the joint hypotheses of a single rigid 
Pacific plate and a single rigid Farallon plate 
if spreading along the ancient East Pacific 
Rise was symmetrical (62). Although we 
think it unlikely that the Pacific was divid- 
ed north of 43"s since 80 Ma, the data 
cannot exclude this possibility (63). 

A more likely possibility for the location 
of the intersection of a North Pacific-South 
Pacific boundary with the East Pacific Rise or 
Pacific-Antarctic Rise is a region that begins 
at the Eltanin fracture zone system and 
extends north and northeast to 43"s. That 
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Late Cretaceous and early Tertiary spreading 
rates north of the Eltanin fracture zone 
system were much faster than rates just south 
of it shows that the plate pair that diverged 
along the Pacific-Antarctic Rise south of the 
Eltanin fracture zone differed from the plate 
pair that diverged along the East Pacific Rise 
north of it (64). The spacing of the magnetic 
anomalies above the -45- to 80-My-old sea 
floor in this region is much wider than - 
expected for either Pacific-Farallon spread- 
ing, as observed to the north, or for Pacific- 
Bellingshausen spreading, as observed to the 
south. Thus, yet another plate pair must 
have been separated along this segment of 
the East Pacific Rise. 

Cande et al. (64) proposed that the spread- 
ing occurred between a single united Pacific 
plate northwest of the ancient East Pacific 
Rise and the Aluk plate southeast of the East 
Pacific Rise (Fig. 9) (65). They compared the 
Pacific-Aluk spreading rate north of the Elta- 
nin fracture zone to the sum of Pacific-Bell- 
ingshausen and Bellingshausen-Aluk spread- 
ing south of the Eltanin fracture zone system. 
These rates are similar. consistent with their 
assumption of a single rigid Pacific plate 
northwest of the East Pacific and Pacific- 
Antarctic rises. Despite this consistency, their 
analysis neither demonstrates the absence of, 
nor places bounds on, motion between dis- 
tinct North Pacific and South Pacific plates 
divided near the Eltanin fracture zone. The 
data constraining this zone are much sparser 
than the data available for estimatine Pacific- " 
Farallon or Pacific-Bellingshausen motion. 
Unlike the situation for these other two re- 
gions, no finite rotations, much less confi- 
dence limits, have been estimated for Pacific- 
Aluk spreading. 

Until such estimates are available, the 
only observations available for testing the 
hypothesis that the South Pacific has 
moved independently from the North Pa- 
cific are paleomagnetic poles. Gordon and 
Cox (19) found significant differences be- 
tween the paleomagnetic pole from the 
Chatham Island basalts (east of New 
Zealand) and a North Pacific pole they 
believed to be of the same aee. Later revi- - 
sions to the geomagnetic reversal time scale 
suggest, however, that their North Pacific 
pole is older than they assumed, so their 
test is inconclusive. Another test is provid- 
ed by the 51-Ma pole from West Antarcti- 
ca. When we reconstruct it into the Pacific 
plate reference frame, it indicates signifi- 
cantly less northward motion than do either 
of the poles from the Pacific plate for 39 or 
58 Ma (Fig. 5). This difference suggests that 
the northern Pacific plate has moved sub- 
stantially relative to the southern Pacific 
plate since 80 Ma, but is by no means 
convincing by itself. More paleomagnetic 
data are needed from New Zealand and 
from southern Pacific sea floor before this 

comparison can give convincing results. 
We speculate that the North Pacific and 

South Pacific plates remained distinct for 
some interval since -80 Ma, possibly fusing 
as late as the time of the major change of 
motion of the North Pacific plate associated 
with the -43-My-old elbow in the Hawai- 
ian-Emperor chain. Motion between the 
North and South Pacific may have com- 
bined with motion between East and West 
Antarctica to produce all of the paleomag- 
netic discrepancy and all or part of the 
hotspot discrepancy. 

Future Research Directions 

We have shown that the global plate- 
motion circuit through Antarctica and the 
South Pacific fails a paleomagnetic test 
even after incorporation of plate recon- 
struction errors, systematic errors in the 
paleomagnetic data, recent revisions to the 
plate reconstructions, and a small persistent 
quadrupole component of the paleomag- 
netic field. The cause of this failure is 
unclear. More paleomagnetic poles from 
the South Pacific are needed to investigate 
whether they differ significantly from tKose 
of the North Pacific, where further paleo- 
magnetic data would also be useful. Rota- 
tion parameters and confidence limits for 
both North Pacific-Aluk and Aluk-Bellings- 
hausen plate motion are needed. 

The existence of the discrepancies sug- 
gests that early Tertiary reconstructions us- 
ing the global plate-motion circuit through 
Antarctica are systematically in error by 
about 8 10 .t 350 km and that these svstem- 
atic errors have not been incorporated into 
urevious estimates of the uncertainties of 
bast plate positions inferred from the global 
plate-motion circuit. A large part of the 
difference between plate motions inferred 
from the global plate-motion circuit and 
those inferred from the fixed hots~ot  circuit 
may be attributable to this systematic error. 
This will remain a speculation, however, 
until more reliable confidence limits are 
available for ulate motions inferred from 
the assumption of fixed hotspots. It follows 
that earlier estimates of motion between 
hotspots are also systematically in error, but 
our results do not place new useful bounds 
on the motion between hotspots. Instead, 
they indicate that these motions are known 
less well and may be smaller than previously 
believed. Further work, especially on esti- 
mating uncertainties of plate reconstruc- 
tions relative to hotspots, is needed to place 
reliable bounds on the motion. 
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