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SUMMARY

An increase in the accuracy and age resolution of the apparent polar wander path
of the Pacific plate could be important for testing reconstructions that relate the
motion of Pacific basin plates to other plates, for testing if hotspots in different ocean
basins are stationary relative to one another, and for estimating the motion of
hotspots relative to the spin axis. With these goals in mind, herein we investigate
how accurately a palacomagnetic pole can be estimated from skewness analysis of
many crossings of a single magnetic anomaly on the Pacific plate. Apparent effective
remanent inclinations of the sea-floor magnetization were estimated from the
skewnesses of 132 useful (out of 149 total) crossings of anomaly 25r (56.5-57.8 Ma)
distributed over a distance of more than 11 000 km across the Pacific plate. These
estimates were inverted to obtain a best-fitting palaeomagnetic pole latitude, pole
longitude, and anomalous skewness for this single reversed-polarity chron. The
best-fitting model gives a pole of 78.2°N, 4.8°E with a 95 per cent confidence ellipse
having a 6.4° major semi-axis oriented 93° clockwise of north and a 4.1° minor
semi-axis; anomalous skewness is 16.2° + 4.6° (95 per cent confidence limits). We
also investigated the effect of the dependence of anomalous skewness on spreading
rate by correcting our data using an empirical model. The pole obtained from the
inversion of this alternative data set lies a statistically insignificant 0.6° from the pole
obtained using no correction. That a pole with usefully compact confidence limits
and a narrowly resolved, precisely estimated age can be so determined suggests that
an accurate apparent polar wander path with a fine-age resolution can be
determined for the Pacific plate by applying the same approach to the shapes of
other marine magnetic anomalies.

Comparison of our chron 25r pole with other Pacific palaeomagnetic and
palacoequatorial sediment facies data indicates that the Pacific plate remained
nearly stationary relative to the spin axis during the Eocene (—0.05°Myr '+
0.28°Myr~!), but probably moved rapidly northward during the Paleocene
(0.83° Myr™! £ 0.46° Myr™!). Comparison of these data to latitudes of dated volcanic
edifices along the Hawaiian~Emperor chain indicates that the Hawaiian hotspot
drifted southward by 10.2° & 3.4° (95 per cent confidence limits) since 57 Ma, but only
by 1.7° 4+ 1.9° since 39 Ma, which gives a southward displacement of 8.5° +3.9° (95
per cent confidence limits) between 57 and 39 Ma, corresponding to a rate of
southward motion of 52 +24 mmyr~'. Incorporation of realistic uncertainties of
volcano ages would increase these uncertainties considerably, however. We also
examined the distance between the crossings of anomalies 25 and 27 on all the
profiles we analysed; along the palaco-Pacific—Farallon boundary these distances are
inconsistent with the joint hypotheses of symmetric spreading and single Pacific and
Farallon plates between 62 and 56 Ma, indicating that the evidence for a single
Pacific plate in early Tertiary time is not as compelling as it had previously seemed.
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INTRODUCTION

Marine magnetic anomalies over Pacific plate sea-floor
provide a continuous record of the palacomagnetic field
from the Jurassic to the present. The relative ages in
millions of years of these anomalies are known well. Thus,
skewness data from these anomalies may have the potential
to provide an apparent polar wander (APW) path with a
fine age resolution. Efforts to obtain APW paths from
skewness data, which are determined by analysing the shape
of the anomalies, have been hampered by an apparently
systematic discrepancy called anomalous skewness (Weissel
& Hayes 1972; Cande 1976; Cande & Kent 1976; Cande &
Kristoffersen 1977; Cande 1978). In a prior paper we
presented a method for simultaneously estimating a
best-fitting palacomagnetic pole and the amount of
anomalous skewness present in skewness data from a single
plate (Petronotis, Gordon & Acton 1992). Because
anomalous skewness likely varies significantly between
different anomalies (Cande & Kristoffersen 1977; Petronotis
& Gordon 1989), the bias ideally should be removed by the
analysis of skewness data from many crossings of the same
anomaly without incorporating data from crossings of any
other anomalies. Regardless of the complexities of
age-varying anomalous skewness, obtaining an accurate
palacomagnetic pole from a narrow, well-dated age span is
highly desirable. Our main goal herein is to investigate
whether a palaecomagnetic pole with usefully compact
confidence limits can be obtained from the analysis of the
skewness of many crossings of a single magnetic anomaly, in
this case anomaly 25r, which is the anomaly corresponding
to chron 25r (56.5-57.8 Ma on the time-scale of Cande &
Kent 1992, which is used throughout this paper). Chron 25r
is the reversed-polarity chron older than normal-polarity
chron 25 and younger than normal-polarity chron 26.

Here we present skewness analysis of 149 crossings ot
anomaly 25r over sea-floor formed by Pacific—Kula,
Pacific-Farallon,  Pacific-Bellingshausen = or  Pacific—
Antarctic spreading. These phase shifts were converted to
apparent effective remanent inclinations (Petronotis et al.
1992), which were in turn used to compute a palacomagnetic
pole and anomalous skewness for chron 25r. We chose
anomaly 25r for our study for several reasons. There is no
Pacific plate pole of comparable age; thus its study could fill
an important age gap in the Pacific APW path. Anomaly 251
is the youngest anomaly that was both formed by
Pacific-Kula spreading and was long enough to be suitable
for skewness analysis. Many Cainozoic and Late Cretaceous
chrons are as long or longer than chron 25r, which is
1.3 Myr long. Thus, if we could obtain a useful pole from
chron 251, it would establish the likelihood that useful poles
could be similarly obtained for many Cainozoic and Late
Cretaceous chrons.

As reported herein, it appears that we have indeed
estimated a useful pole for chron 25r. The new pole lies near
the Pacific plate 39 Ma pole (Sager 1987) and thus suggests
that the Pacific plate moved little, if at all, relative to
Earth’s rotation axis for 18 Myr during the Eocene. A

comparison of the northward motion of the Pacific plate
suggested by the chron 25r pole and other APW path data
to that, inferred from the progression of dated volcanic
edifices along the Hawaiian—Emperor chain indicates that
much if not all of the Cainozoic southward drift of the
Hawaiian hotspot (Kono 1980; Prince, Heath & Kominz
1980; Sudrez & Molnar 1980; Gordon & Cape 1981; Sager
1983, 1987) occurred during the interval 57-39 Ma.

METHODS

Obtaining apparent effective inclinations from marine
magnetic profiles

The shape of anomaly 25r differs from one location to the
next because it depends on the remanent inclination and
declination, the azimuth of the magnetic anomaly
lineation, and the inclination and declination of the present
geomagnetic field, all of which vary over the Pacific plate.
The first step in a palacomagnetic analysis of marine
magnetic anomalies is to describe the skewness of an
anomaly by a phase parameter A6. We take A to be the
phase shift that gives an observed anomaly a shape most
similar to that expected for sea-floor formed and observed in
a downward vertical magnetic field. We estimate Af by
finding the best visual match between a phase-shifted
observed anomaly and an ideal zero-phase-shift synthetic
magnetic anomaly (e.g. see Fig. 1). The criteria used to
decide what value of A@ is best are mainly that the shape of
the anomaly should match the square-wave like appearance
of the synthetic, and that the slope of the main central
portion of the anomaly (in this case the slope of the base as
we are dealing with a reversed chron) should match the
slope of the synthetic. If these criteria are in conflict, we
choose the phase shift that makes the base of 25r most
closely approach the slope of the synthetic, which is nearly
horizontal. For all profiles the phase shift is estimated to the
nearest degree.

The synthetics are calculated assuming a downward
vertical magnetization of the sea-floor, a downward vertical
ambient field, and a 0.5km thick vertically magnetized
source layer located at 4.5 km below sea-level (Schouten
1971; Schouten & McCamy 1972; Schouten & Cande 1976;
Cande 1976). The depth of the top of the magnetic layer is
inferred from the observed bathymetry. In calculating the
synthetic anomalies, we use a Gaussian transition-width
filter, which accounts for the finite interval over which the
magnetic layer switches from a predominantly normal
polarity to a predominantly reversed polarity or vice versa
(Blakely 1976). We found from trial and error that a
transition width of 16 km (corresponding to a Gaussian
standard deviation of +4.0km) matched the observed
shapes and relative amplitudes of the anomalies. This is not
to say that all aspects of the shapes and relative amplitudes
are well matched, but that this range of widths seems to
give the best compromise. Spreading rates for the synthetics
are calculated from published stage poles and angles or from
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Figure 1. Example of deskewing anomaly 25r on a magnetic
profile. The profile shown is SCANOSAR, one of the northern
profiles recording Pacific-Farallon spreading. The phase shift
applied to the magnetic profile is shown on the right side of the
profile. The best phase shift for deskewing anomaly 25r on this
profile was chosen at 59°. The base of anomaly 25r tilts up towards
anomaly 25 for phase shifts smaller than 59°, and tilts up towards
anomaly 26 for phase shifts larger than 59°. The anomaly amplitude
scale is shown on the left side of the figure. A synthetic profile,
along with the block model and magnetization used to generate jt,
is shown under the profiles for comparison. The ages along the
synthetic are based on the time-scale of Cande & Kent (1992),
which is used throughout this paper.

differences between published finite rotations (Engebret-
son, Cox & Gordon 1984; Stock & Molnar 1982, 1987).

The apparent effective remanent inclination of the
sea-floor is estimated from an experimentally determined
phase shift A8 by

e,=—A8 ~e+180° 1)

(Schouten 1971; Schouten & McCamy 1972; Schouten &
Cande 1976; Petronotis et al. 1992), where e, the ambient
effective inclination at the site, is obtained from

e=tan™' (t—iﬂ> 2

sin o
a=A-D. 3)

I and D are the inclination and declination of the ambient
geomagnetic field at the site estimated from the
International Geomagnetic Reference Field. A, the azimuth
of the magnetic lineation at the site, is taken to be the strike
direction that is 90° clockwise from the direction in which
the sea-floor becomes younger.

Most prior studies have referred to e, as the effective
remanent inclination. In hindsight, this is true only if
anomalous skewness is negligible. The apparent effective
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remanent inclination may differ from the true effective
remanent inclination for several reasons including tectonic
rotation of the oceanic crust about a horizontal ridge-
parallel axis (Cande 1976; Verosub & Moores 1981),
variations in the intensity of the geomagnetic field within the
same polarity interval (Cande 1978), chemical remagnetiza-
tion of the oceanic crust (Raymond & LaBrecque 1987), and
the occurrence of non-vertical boundaries between blocks
of sea-floor with alternating polarity, as expected if
magnetized lower crust and upper mantle contribute
significantly to the observed anomaly (Blakely 1976; Cande
1978; Arkani-Hamed 1988, 1990). Hence, we draw a
distinction between the apparent effective remanent
inclination, which can be simply calculated from the
observables, and the true effective remanent inclination,
which differs from the apparent effective remanent
inclination exactly by the anomalous skewness (Petronotis et
al. 1992).

Model description

Let p be an ordered triple with components A, (pole
latitude), ¢, (pole longitude), and 6, (anomalous
skewness). The effective remanent inclination e, can be
predicted by a function that depends on A; and ¢; (the
coordinates of the site), 4, and ¢, (the coordinates of the
pole), and A (the azimuth of the magnetic lineation):

1
e, = tan~" (—L“ ) )
sin a,
where
@, = A- D,_, (5)
I =tan™? (2 (l—f-gg'z—)pg), —90° <1 =<90°, (6)
and
D = —tan”‘( cos A, sin (¢, — ¢,) )
" —sin A, cos A, cos (¢; — ¢,) +cos A, sin A/’

—-180°< D, = 180°. (7)
The cosine of the palaeocolatitude at site i, is given by
gi=cos A, cos A; cos (¢, — ¢;) +sin A, sin A, 8)

Given a trial value for anomalous skewness and a trial pole
position, a model apparent effective inclination can be
predicted at each site

e, =e,—08, )]

which can be compared with the observations.

This formulation neglects the possible dependence of
anomalous skewness, 6,, on spreading rate, lineation
azimuth, depth or thickness of the magnetic layer, or other
factors that may vary from location to location. It may
eventually be necessary to correct for predictable depend-
encies, especially that on spreading rate (Cande 1978;
Roest, Arkani-Hamed & Verhoef 1992). Here we mainly
neglect these dependencies. Further below, however, we
examine the dependence on spreading rate of the residuals
in the least-squares fit, and also examine the sensitivity of
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the results to an empirical correction for spreading-rate
dependence.

The method for finding the least-squares best-fit estimates
of pole latitude, pole longitude and anomalous skewness, as
well as the method for estimating the information
contribution (‘importance’) of each datum, are described by
Petronotis et al. (1992).

Statistical significance of adding anomalous skewness
as an adjustable parameter

An F-ratio test provides a convenient method for testing the
significance of including anomalous skewness as an
adjustable parameter along with pole latitude and pole
longitude. To make this test we calculate the statistic F,
where

F= [Xz]ﬁ 0= X (0 rmin)
Xl(emm)/(N - 3) '

where [x’]o_o is the lowest value of chi-square with
anomalous skewness fixed at the value of zero, x*(8mn) is
the lowest value of chi-square when anomalous skewness is
allowed to adjust, and N is the number of data. If the errors
in the data are correctly estimated, if the errors are
Gaussian distributed, and if effective inclinations depend
linearly on each of the adjustable parameters, F would be F
distributed with 1 versus N — 3 degrees of freedom. Each of
these assumptions is questionable in detail, but this test still
provides a practical means for quantifying the improvement
to the fit by the addition of this one parameter.

(10)

Confidence limits

Confidence limits on the best-fitting pole and anomalous
skewness are calculated by two methods, constant-chi-
square boundaries and linear propagation of errors. The
former method is exact but tedious to compute and
describe, whereas the latter can be simply and rapidly
calculated and compactly described, but is appropriate only
when the linear approximation is accurate. Petronotis et al.
(1992) explain how to calculate both types of limits, both of
which propagate the errors assigned to individual skewness
estimates into the error of the pole latitude, of the pole
longitude, and of anomalous skewness. Our main reason for
calculating both here is that the comparison of the limits
from the two different methods provides a test of the
accuracy of the linear approximation. If the two confidence
limits are similar, the linear approximation is accurate; if
they are dissimilar, the linear approximation is inaccurate.

In our past studies, errors were assigned subjectively to
the skewness estimates. Such an approach has the obvious
drawback that these errors are poorly understood. Herein
we analyse enough anomaly crossings for it to be possible to
estimate the errors accurately from the dispersion in the
data. From a set of skewness estimates with each given unit
weight, we find the best-fitting pole and anomalous
skewness, and we estimate the standard deviation. This
estimated standard deviation is then used as the assigned
error that is propagated to estimate the error of each of the
three adjustable parameters (i.e. anomalous skewness and
pole latitude and longitude).

We group the data in two ways when estimating standard

deviations. First, we give each datum unit weight. This
approach is the simplest, but has the drawback that the data
are obviously of unequal quality. Noise or ambiguities may
be caused by rough sea-floor topography, magnetic storms
that occurred during the collection of the data, propagating
rifts, the proximity of fracture zones, data gaps, and other
sources of error. Profiles from ~5°S to 20°N have lower
amplitudes and on average probably have lower signal-to-
noise ratios than do profiles from other latitudes. Profiles
on which the anomaly crossing poorly resembles that on
other profiles regardless of the applied value of A8 are
much more uncertain than profiles that can be deskewed
into a more typical appearance. Skewnesses estimated from
digital profile records from the National Geophysical Data
Center (NGDC) archives are more precise than from
profiles we had to digitize from figures published in papers.
Therefore, our second approach is to assign each datum to a
quality group of A, B, C or D with A being the best and D
being the worst. There is also an implicit category F—those
profiles that are rejected. We try to rate the quality of the
crossings as objectively as possible, for example, all profiles
digitized from published figures were placed in category D,
but some subjectivity is unavoidable.

The standard deviation of each of these groups is
separately estimated by finding a best-fitting pole and
anomalous skewness for each. The resulting standard
deviations are assigned to every datum within a group, and
the final pole is computed by combining all data, each being
assigned the error objectively estimated for its group.

When errors are estimated from the dispersion of the
data, additional uncertainty is introduced into the pole
positions due to the uncertainty in the estimates of the
errors. This difference corresponds to the difference
between estimating confidence limits assuming an F-ratio
distribution and those found assuming a chi-square
distribution, as we assume here. The size of this effect is less
than 2 per cent and we neglect it.

Confidence limits are further checked through the use of
Monte Carlo simulations. Each simulated datum is
constructed by drawing a pseudo-random number from a
zero-mean Gaussian distribution with the same standard
error as that assigned to the datum. This random number is
added to the model effective inclination calculated from the
best-fitting pole from the real data. This procedure is
repeated for every datum in the real data set until a full set
of simulated data is constructed. These simulated data are
then inverted using the same least-squares algorithm that is
applied to the real data, and a best-fitting pole and
anomalous skewness are obtained. This entire procedure is
repeated until 10 000 simulated data sets are constructed and
their 10 000 best-fitting poles and anomalous skewnesses are
found.

DATA AND SKEWNESS ESTIMATES

We analysed 119 crossings of anomaly 25r on profiles
obtained from the NGDC, 20 crossings on profiles obtained
from the Lamont-Doherty Geobase data base, and 10
crossings on profiles digitized from enlarged versions of
figures published by Christoffel & Falconer (1972) and
Kruse (1988). Of these 149 crossings, 17 were too poor to
use (Fig. 2). In our final pole analysis we used 132 profiles:
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Figure 2. Map of the Pacific basin showing locations of crossings of anomaly 25r that are analysed herein. Solid circles show the locations of
crossings that were used in determining the preferred pole and open circles show crossings that were exciuded. Thin lines show the locations of
fracture zones and dotted lines show boundaries, mainly outlining the Pacific plate. Six subregions of the Pacific plate are shown in more detail
in: (b) Pacific—-Kula crossings; (¢) northern Pacific—Farallon crossings; (d) central Pacific—Farallon crossings; (e¢) southern Pacific—Farallon
crossings; (f) Pacific~Bellingshausen crossings; (g) Pacific~Antarctic crossings. In each part we have labelled all the crossings analysed and the
major fracture zones mentioned in the discussion. (Mercator projections.)
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Figure 2. (Continued.)

33 recording Pacific-Kula spreading (Fig. 3), 66 recording
Pacific—Farallon spreading (Figs 4, 5 and 6), 12 recording
Pacific-Bellingshausen spreading (Fig. 7), and 21 recording
Pacific—Antarctic spreading (Fig. 8). Of these 132 skewness
estimates, 16 were assigned to category A, 44 to category B,
29 to category C, and 43 to category D. The locations of
these profiles are listed in Table 1 and shown in Fig. 2 with
solid circles. The original and deskewed shapes of the
profiles excluded from the preferred pole are shown in Fig.
9, and their locations are shown in Fig. 2 with open circles.

Pacific—-Kula crossings

We analysed 42 crossings of anomaly 25r over sea-floor
formed by Pacific-Kula spreading (Fig. 2b), 33 of which
were used in the final pole analysis. All the rejected
crossings are located east of the Rat and west of the Amlia
fracture zones (Fig. 2b) where the anomaly crossings are
complicated by small offsets of the anomaly pattern (Hayes
& Heirtzler 1968; Grim & Erickson 1969; Lonsdale 1988,
Atwater & Severinghaus 1989). Of the 33 retained
crossings, 20 are located between the Rat and Amlia
fracture zones, six lie east of Amlia fracture zone, near the
intersection of anomaly 25r with the Aleutian trench, and
the seven easternmost crossings are near the Great Magnetic
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Figure 2. (Continued.)

Bight (Fig. 2b). The Pacific~Kula anomalies have moderate
amplitudes (300-500 nT peak to trough) west of the Amlia
fracture zone and high amplitudes (600-1000 nT peak to
trough) east of the Amlia fracture zone (Fig. 3). The
half-rates we estimate for these profiles by comparing the
anomaly 25 to 27 sequence with synthetic magnetic-anomaly
profiles range from 17 to 23 mm yr™!; these rates are similar
to, or slightly faster than, the 16~17 mm yr ™' predicted from
the anomaly 27-25 stage pole and angular rate of
Engebretson er al. (1984) and similar to, or sightly slower
than, the 23-24mmyr~' predicted by the anomaly
30/31-25 stage pole and angle of Rosa & Molnar (1988).
Most of the westernmost profiles were collected during
the Seamap survey of 1964 and consist of closely spaced
parallel N-S tracks that cross the Aleutian trench (Grim &
Erickson 1969). Despite the closeness of the profiles,
however, the shapes and skewnesses of anomaly 25r are not
as consistent from crossing to crossing as one would expect.
One reason for this is the roughness of the sea-floor.
Whereas the sea-floor east of the Amlia fracture zone is
smooth, the sea-floor west of the fracture zone is dominated
by closely spaced E-W trending ridges and troughs with a

relief of ~500 m (Grim & Erickson 1969). These ridges can
be seen in the bathymetric data of individual profiles and
can be traced from one profile to the next. Another
complication is the presence of several small oblique offsets
that disrupt the sequence and spacing of the anomalies. One
such offset, identified by Lonsdale (1988) as the Amchitka
fracture zone, does affect the shape of profile
DSDP55GC.a, and may affect profiles C1008, POL6829.a,
CMAPSU4S.53 and CMAPSUA4S.54. Wherever possible,
we used the anomaly identifications of Grim & Erickson
(1969), Lonsdale (1988), and Atwater & Severinghaus
(1989) to compare with our own correlations. These agreed
in nearly all cases.

The estimation of the skewness of each of these anomaly
crossings is straightforward for the profiles located east of
the Amlia fracture zone, with estimates of A@ ranging from
65° to 118° (Fig. 3). Four of these were assigned to error
category A, seven to category B, one to category C, and one
to category D. The estimation of the skewness of the
crossings located west of Amlia fracture zone is more
complicated for the reasons discussed above. The skewness
estimates of these profiles range from 10° to 117° (Fig. 3).
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@ ORIGINAL PROFILES PAC-KUL PHASE SHIFTED PROFILES Q

(b) ORIGINAL PROFILES PAC—-KUL PHASE SHIFTED PROFILES Q

§
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é
e
o

Figure 3. Profiles obtained over sea-floor produced by Pacific-Kula sea-floor spreading. Original profiles projected perpendicular to lineation
strike are shown on the left and phase-shifted profiles are on the right. The phase shift (AB) that best deskews anomaly 25t and the quality (Q)
of the anomaly is shown on the right side of the deskewed profile. The synthetic profiles show the sequence from (normal) anomaly 31 (on the
left) to (normal) anomaly 25 (on the right). The east longitude of the profiles increases from the top to the bottom of the figure. The
high-amplitude positive anomaly on the right side of profiles CMAPSU4S.54 through CMAPSU4S.32 is the signature of the Aleutian arc.
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Figure 3. (Continued.)

@) ORIGINAL PROFILES PAC-FAR PHASE SHIFTED PROFILES
(north)
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mo'r_a._lkm
0. 100.
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Figure 4. Profiles obtained over the sea-floor between 52° and 22°N produced by Pacific-Farallon sea-floor spreading. The north latitude of the
profiles decreases from the top to the bottom of the figure. The synthetic profiles show the sequence from (normal) anomaly 31 (on the left) to
(normal) anomaly 21 (on the right) on parts (a) and (b) and from anomaly 31 to (normal) anomaly 22 on part (c).
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(north)
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SI833010 . W\“W .. ag=g,  SIe33010 ”"\’“WW"\/'MJ“‘-J\' .- AB=22
C1301a . . ,__A_,W ........ Ap=g  ©l30la \’“N'NV\A*«/“"’\‘\ ........ A8 =60
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DSDPIBGC--»M;MV\M’\/“\;MN““AB=D DSDPIBGC_.WW./LNMN.. . AB=Bg
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N ANA TN - - 2820,
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Figure 4. (Continued.)
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(@ ORIGINAL PROFILES PAC-FAR PHASE~SHIFTED PROFILES Q
(central)

74010908 . J"\W"WVW ... Ap=p, 74010808 . MWMW\/V\J\/ .. AB=90. D
YAQ7402 ""W"WMW""””- YAQ7402 ....W‘M\A....Mgsg. D
EPLLOINTD . 'A‘”‘M\IA'“/V)W’AA/W" ... ap=p, EPLLOIWNTG. \NWN‘_\,\M\“\ ... ag=103. B

78123008 J"\MNVW ... ap=p, 76123008 WM} ... ag=99. B

KK047 =0. KKO47 .. ... .. M\N\M\"NMA -+ . AB=99. B
DPSNO1WTa. =0. DPSNO1WTa. MA[\J\W ... AB=63. B
EPLLOIWTa . . . . -0. FEPUOIWTa. . WU\/_;\N\/\M‘ . AB=BS. C
MONSO1AR -0, MONSOLR . . . . .. \N\,I\fv"\w . AB=B7. C
UM6503-B . . ° =0.  UMG503-B. . ,/\M\/V\WJ“\A/\' ----- A8=73. B
nT
100,
L.._.lhn
0, 100,
(b) ORIGINAL PROFILES PAC—FAR PHASE-SHIFTED PROFILES Q
(central)
ANTP17MV ANTPI7MV . . . D
DSDPOSGC . . . ] DSDPOSGC . . D
C1203 1203 >
ERDC11WT . . . ERDC11WT . . . c
ARIAOIWT ARIAOIWT c

Figure 5. Profiles obtained over sea-floor between 22°N and the equator produced by Pacific—Farallon sea-floor spreading. The north latitude
of the profiles decreases from the top to the bottom of the figure. The synthetic profiles show the sequence from (normal) anomaly 31 (on the
left) to (normal) anomaly 22 (on the right).
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@ ORIGINAL PROFILES PAC-FAR PHASE SHIFTED PROFILES Q
(south)
DSDPOSGC . V,\I\MMM .......... Ag=0,  DSDPOSGC . . D
SCANO9AR . VJVVW\IM\\, ........ Ag=0,  SCANOSAR . . B
72001831 . . . . . n/s\/\/\,\]\,\/\,J\ ........ ap=p, 72001831 B
DOLPOZHO _ »\,\/\/\/\,\J\J\l\\,\ ....... A8 =0, DOLPOZHO _ | D
GECS-IMV . . . . .. N,—J\\/\/\N\_, ..... ag=0.  GECS—IMV B
cun L /WM ...... Ap=0. Ci1 B
c1308 . . . M"‘ ...... ag=g  C1308 B
SOTWOIWT . . . . . i AN Ap=p.  SOTWOIWT A
100Lm
0, 100.
(b) ORIGINAL PROFILES PAC-FAR PHASE SHIFTED PROFILES Q
(south)
cime .. W’M ... ap=p,  Cl714 B
72110807 . . . 72110807 B
CATOO4MY . . . CATOO4MY . . . ¢
C1502 c1502 D
SCANOBAR SCANOBAR . . . . D
V2104 V2104 D
ELT29 ELTZ9 D
POLSTOZ . . . . WAVJ\\/\/V‘/\M : POL6702 c

Figure 6. Profiles obtained over sea-floor between 6°S and 35°S produced by Pacific-Farallon sea-floor spreading. The south latitude of the
profiles increases from the top to the bottom of the figure. The synthetic profiles show the sequence from (normal) anomaly 31 (on the left) to
(normal) anomaly 21 (on the right).

220z 1snBny oz uo 1senb Ad 612085/625/€/8 L/o1one/1B/woo dno-olwepese)/:sdyy woly papeojumod



ORIGINAL PROFILES

c1212 “_VNI\\.\/\WAA,. ..... AD =0
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PHASE SHIFTED PROFILES Q

c1212 WM/\— ----- AB=14. A
vagoia . W{\M .......... As=2. B
V3601b WWW ...... 49-33. B
ELT33

ELTZ3 . .. ... ‘\r\,Am-MJ‘M‘W\'v ...... A9=13. B

mre PN - s p
ELT25 MNWM ....... AD=30. B
UM68-B

Figure 7. Profiles obtained over sea-floor produced by Pacific-Bellingshausen sea-floor spreading. The east longitude of the profiles decreases
from the top to the bottom of the figure. The synthetic profiles show the sequence from (normal) anomaly 31 (on the left) to (normal) anomaly

21 (on the right).

Twelve profiles were assigned to error category C and eight
to error category D.

Pacific—Farallon crossings

It is convenient to divide these into three groups: northern
(north of 22°N), central (between the equator and 22°N),
and southern (south of 5°S).

Northern Pacific—Farallon crossings

The 33 profiles analysed in this group lie south of the Great
Magnetic Bight and north of the Molokai fracture zone (Fig.
2¢). These profiles typically have peak-to-trough amplitudes
that range from 600 nT in the north to 200 nT in the south
(Fig. 4). The spreading rate is predicted to be
37-43mm yr~' by the model of Engebretson et al. (1984)
and 26-32mmyr ' by the model of Rosa & Molnar
(1988), increasing from north to south in both cases. Our
best estimates of the half-rates obtained from the anomaly
25 to 27 sequence range from 29 to 33mmyr~', ~22 per
cent slower than the half-rates predicted by the anomaly
34-25 stage pole and angular rate of Engebretson et al.
(1984) and ~7 per cent faster than the half-rates predicted
by the anomaly 30/31-25 stage pole and angle of Rosa &
Molnar (1988) (Fig. 10).

The northernmost subgroup of these profiles, south of the
Great Magnetic Bight and north of the Surveyor fracture
zone, have large amplitudes and are of excellent quality.
The only complications are a slightly atypical appearance of
anomaly 25r on profiles KH7002 and YAQ701, which were

assigned to error category C. Profile YAQ701 also shows an
extra peak between anomalies 24 and 25; this feature is
correlated with a seamount in the sea-floor topography and
appears to have no effect on the shape of anomaly 25. Four
of the profiles we used between the Murray and Molokai
fracture zones, (C1301a, ZTES07AR, C1301b and
DSDP18GC; Fig. 4c) show an extra positive anomaly on the
young side of anomaly 25. Atwater & Severinghaus (1989,
especially see their Plate 3b) have mapped a ‘wandering
small offset’ adjacent to where this extra anomaly occurs on
these four profiles, and have interpreted the offset (and
other wandering small offsets) as the long-term manifesta-
tion of recurrent overlapping spreading centres (Macdonald
et al. 1988). The extra anomaly seems well-enough
separated from the anomaly 25-26 sequence on C1301b and
DSDP18GC to have little effect on the interpretation of the
skewness, and we have assigned them to category A and B,
respectively. However, it affects the shape of anomaly 25 on
C1301a and ZTESO7AR; these poorer quality profiles were
both assigned to category D. The same offset results in the
width of anomaly 25r being sightly larger on profile
S1933010 and for that reason it was also included in category
D. Another group of profiles between the Pioneer and
Murray fracture zones (INDP16WT, LUSIO1AR,
INDPOIWT and NOVAOQO1AR; Fig. 4b) seem to be similarly
affected by another ‘wandering small offset’; because of
their poor quality they were also assigned to category D.
The first three of these profiles, along with V2004, the next
profile to the north, give spreading rates that are 16 per cent
faster than the average 31mmyr~' obtained from the
remaining profiles.
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Figure 8. Profiles obtained over sea-floor produced by Pacific— Antarctic sea-floor spreading. The east longitude of the profiles decreases from

the top to the bottom of the figure. The synthetic profiles in parts (a) (top) and (b) (bottom) show the sequence from (normal) anomaly 31 (on
the left) to (normal) anomaly 21 (on the right).
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Table 1. Chron 25r pole (56.5-57.8 Ma). Table 1. (Continued.)
Pole Location: 78.2° N, 4.8° E, Anomalous Skewness = 16.2° & 4.6° Lat Long Azim Datum Model Resi- Impor-
95% Confidence Ellipse Error Covariance Matrix Profile CN) CE) A0(C) () () 0Co(®) em(*) dual(’) tance
Semi Length of Orientation 2777 -0.206 2323
Axis Semiaxis  (cw from N)  -0206 6741  -0.983 um6503-a 255 2128 540 1680 584 184 443 142 0031
Major 6.4° 93.0 2323 -0983 5420 dsdp55gc.a 248 2130 460 1680 668 184 43.0 238 0.033
Minor 4.1° 183.0 scan0Sar 244 2130 590 1680 S41 132 422 119 0067
. 1 110 0035
1 = 128.65 with 129 degrees of freedom g%:;gla: 243 2129 600 1680 531 184 42 0 8.172
Lat Long Azim Datum Model Resi- Impor- Seafloor Created by Pacific - Farallon Spreading (Central)
Profile CN) CE) ABC) (O (D 0x(°) en(°) dual(®) tance South of Molokai F.Z. and North of Clarion F.Z.
) ] 74010908 206 2212 900 1710 220 396 383 -163 0011
Seafloor Created by Pacific - Kula Spreading yaq7402 203 2212 390 171.0 731 396 376 355 0011
East of Rat FZ. and West of Amlia F.Z. 0002 epllglwia 20.1 2214 1030 1710 90 184 37.1 -28.1 0054
cmapsuds.54 * 494 1807 650 870 539 396 409 129 O. 200 2214 990 1710 131 184 368 237 0055
c1008 495 1809 910 870 278 249 410 -132 0.006 Zig;ms 200 2214 90 1710 131 184 368 237 0055
cmapsuds.53 494 1810 730 870 459 249 409 50 0.006 dpsn0lwia 196 2215 630 1710 496 184 358 138 0060
pol6829.a 494 1810 700 870 490 249 405 8.1 0.006 epliOiwth 195 2214 530 1710 595 249 353 241 0034
cmapsuds.52 494 1812 400 870 788 249 409 379 0.006 TonsOlar 177 2218 810 1710 271 249 299 27 0052
cmapsuds49(B) 49.5 1820 1000 880 187 39.6 409 -222 0.002 um6S03.b 168 2221 730 1710 420 184 266 153 0.118
cmapsuds.48(C) 49.5 1822 860 880 327 249 409 -82 0.006 South of Clarion F Z. and North of Clipperton F.Z.
cmapsuds46(E) 49.8 1828 790 88.0 394 396 412 -19 0002 antp17my 84 2160 2210 1690 -89.5 1396 -270 -62.5 0.103
cmapsuds4S(F) 49.7 1830 500 880 684 249 412 272 0.006 dsdp08gc 62 2176 1520 1690 144 396 397 252 0091

cmapsuds.44(G) 498 1833 100 89.0 1084 396 412 672 0.002

cmapsuds.S9 497 183.6 380 890 B804 249 412 392 0.006 c1203 s,,,,,f,‘f,fé};ﬁ,,,f,?fﬁz.’fffmnﬁﬁfcﬁagﬁ;oﬁz. 0 000
cmapsu4s.43 49.8 183.8 101.0 89.0 173 249 412 -239 0.006 erdcliwt 24 2138 2130 1670 -56.6 249 -57.1 0.5 0.114
cmapsuds42  49.7 1841 500 89.0 683 249 412 27.1 0.006 aciaDlwt 19 2130 2150 1670 -566 249 -588 21 0.106
cmapsu4s40  49.8 1846 590 900 S93 249 412 181 0.006 Subtotal 0.954
cmapsuds.39 49.8 1849 210 900 972 396 412 560 0.002
cmapsuds.38 499 1851 1170 900 11 396 413 -402 0.002
cmapsuds.37 49.8 1854 500 90.0 681 249 413 268 0.006
cmapsuds.35 49.8 1859 200 910 981 249 413 568 0.006

Seafloor Created by Pacific - Farallon Spreading (Southern)
South of Galapagos F Z. and North of Marquesas F.Z.

gn02 6.4 2180 2810 1680 -80.5 396 -774 -3.1 0017
cmapsuds34 498 1862 200 910 891 396 412 479 0.002 ggnoz::g; e e o4 198 o6 ars oo
cmapsuds32 498 1867 140 910 1040 396 412 627 0.002 d50p09gc 85 2182 3490 1680 1391 396 801 590 0014
East of Amlia F.Z. and West of the Great Magnetic Bight ' ) ' ) ’ ‘4 a0 :
scan09ar 9.1 2182 2660 1680 -538 184 -80.8 27.1 0.061
cmapsuds.13R) 519 193.1 1180 950 25 396 432 -457 0.002 .
72001831 99 2185 3200 1680 -1137 184 -81.7 -320 0.057
cmapsuds.12(S) 518 1934 750 960 406 184 432 26 0010 ol :
p02ho 1102 2186 2780 1680 -619 39.6 -82.0 202 0.012
cmapsuds.11(T) 51.8 1937 840 960 316 184 432 -116 0010 ) ; : o11
crgn2wtat  -119 2189 2820 1680 611 396 -837 226 O
cmapsuds.10(U) 518 1939 730 960 425 184 432 06 0010 South of Marquesas F.Z. and North of Austral F 2.
c1109 517 1946 800 960 356 132 432 -76 0019 gecs-jmv 177 2141 3140 1650 -822 184 -87.1 48 0034
V2112 SL7 1946 860 960 295 132 431 -137 0019 c1111 -179 2141 3410 1650 -1086 184 -872 -214 0.034
cmapsu3s.a 515 1989 680 990 47.1 184 431 40 0010 : -
c1306 -180 2143 3240 1650 -917 184 -87.3 -44 0033
cmapsu3s.b 515 1989 680 990 47.1 184 432 39 0010 comwOlwt 189 2145 3330 1650 994 132 878 -116 0.063
cmappi3s.a 516 1989 670 1000 481 184 433 48 0010 c1714 -195 2148 3370 1650 -1028 184 -88.1 -148 0032
cmappi3s.b 515 199.1 650 1000 501 249 432 69 0.005 72110807 202 2151 3200 1650 -848 184 -88.5 3.7 0.031
c1208 514 1995 830 1000 321 184 432 -111 0.010 ca04my 206 2152 3160 1650 802 249 887 84 0017
cmappiBS.c 51.5 199.9 68.0 100.0 47.0 132 432 37 0.019 cl1502 21.1 2149 2750 1650 -38.5 396 -89.1 50.5 0.007
c1210 513 2014 720 10L0 428 132 432 -04 0019 scan08ar 214 2149 2840 1650 472 396 892 420 0.006
Subtotal 0.241 South of Austral F.Z. and North of Resolution F Z.
Seafloor Created by Pacific - Farallon Spreading (Northern) v2104 -28.0 2149 2920 163.0 -502 39.6 -91.3 411 0.005
South of the Great Magnetic Bight and North of Surveyor F.Z. el29 282 2150 3320 1630 -899 39.6 914 15 0.005
Ttow(8wt 50.4 2025 500 1620 558 132 605 -48 0.038 South of Resolution F.Z. and North of Agassiz F.Z.
pol6839 499 2028 470 1620 591 132 603 -12 0.038 pol6702 351 2177 10 1610 -1161 249 -92.8 -232 0.013
pol6829.b 492 2029 300 1620 763 249 600 164 0011 Subtotal 0.466
pol6829.c 490 203.1 400 1620 664 184 598 66 0.020
5i343505 48.0 203.6 400 1630 664 132 599 65 0.039 Seafloor Created by Pacific - Bellingshausen Spreading
pol7004 467 2042 650 1630 419 184 592 -17.3 0.020 West of V FZ. and East of Heezen F.Z.
hu931005 46.1 2044 650 1630 421 184 589 -168 0.020 c1212 485 2185 140 2160 -99.1 132 -1134 143 0050
yaq701 450 2049 910 1640 162 249 59.0 428 0011 v3601.a 494 2173 20 2160 -879 184 -113.1 252 0.026
kn7002 443 2052 980 1640 94 184 586 <492 0.020 West of Heezen F Z. and East of Tharp F.Z.
pol7001 439 2054 490 1640 586 184 583 03 0.020 v3601.b 487 2119 330 2160 -118.7 184 -1136 -5.1 0.025
South of Surveyor F.Z. and North of Mendocino F.Z. West of Tharp F.Z. and East of Udintsev FZ.
cmapsusb.a 411 2026 850 1630 243 184 S$64 -321 0.022 el133 500 2030 750 217.0 -1610 396 -1139 47.1 0005
cmapsusbb 406 2008 960 1630 135 245 560 425 0012 cndadognt 500 2027 290 2170 -1150 396 -1139 11 0005
South of Pau F.Z. and North of Pioneer F.Z elt23 -502 2026 130 217.0 989 184 -1139 149 0025
pol7201 389 2161 490 1680 579 132 573 06 0035 West of Udintsev FZ.

7103 g"“"‘ ‘2’{: 4“”‘“"”1‘;;“ North of Murray F.2. €119 509 1954 250 217.0 -111.5 184 -114.1 2.6 0024
pelivat o Hbe oo B8 G2 132 5% a4 0088 endad08s §  -514 195.1 3590 2180 -856 396 -1142 286 0005
ators s 2S00 sTE M4 %S5 130018 el2s -52.1 1939 300 2180 -1168 184 -1141 27 0024
o o aiga g‘l’-g };g-g 42-0 396 363 -95 0004 end.odf6 522 1940 830 2180 -1699 39.6 -114.1 -558 0.005
indp ot e Piee 20 1o 769 208 362 198 0o end.v16 § -533 1931 520 2200 -1389 396 -1140 -249 0.005

: - . : 9 396 362 73 0004 um66-b 534 1915 410 2190 -128.1 184 -1139 -142 0024

novaOlar 345 2185 150 1700 921 396 559 362 0.004 Subloral 0.223
pol7103.b 331 2187 400 1700 67.5 132 548 127 0037 ific - ; ; ’
gecs-amy 329 2188 860 1700 215 184 546 -331 0019 S tndovar Fg P8

South of Murray F Z. and North of Molokai F 2. end.odf8 § 551 1916 540 2410 -1358 396 -1164 -194 0.005
elt30 207 2119 630 1670 482 249 490 -08 0013 eltd3 560 187.3 10 2440 -831 132 -1164 333 0048
cato0Imy 288 2121 300 1670 816 184 479 337 0025 um6402-b 562 187.1 140 2440 -960 249 -1164 203 0014
51933010 274 2124 220 1680 895 396 472 424 0.006 gecs-gmv -56.6 1849 37.0 2460 -1193 184 -1164 -29 0025
¢1301.a 270 2123 600 1680 517 396 467 50 0.006 end.w 565 1847 220 2460 -1042 396 -1165 123 0.005
tesO7ar 265 2124 340 1680 779 396 460 320 0.006 endl 573 180.5 970 2500 -1793 396 -116.5 -628 0.005
¢1301.b 26.1 2124 730 168.0 39.1 132 453 -62 0.058 West of Endeavor F.Z. and East of the continuation of XIl F.Z.
dsdp18gc 259 2125 890 1680 232 184 450 -21.7 0.030 end.f 585 177.3 3550 253.0 -779 39.6 -1162 382 0.005

erdcOlwt 25.8 212.5 890 168.0 233 184 447 -214 0031 end k.a -58.3 176.8 3480 253.0 -709 39.6 -116.3 454 0.005
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Table 1. (Continued.)

Lat Long Azim Datum Model Resi- Impor-

Profile CN) CE) 48C) () () ¢ en(°) dual(®) tance
West of the continuation of XII F.Z. and East of the continuation of X1l F.Z.
end k.b -59.2 1770 550 253.0 -1384 249 -1158 -22.6 0.013
end.s -59.3 1760 200 255.0 -103.3 184 -1159 126 0.024
dsdp28gc -594 1755 17.0 2550 -1005 249 -1159 154 0.013
end.q -59.0 175.0 356.0 2550 -79.2 39.6 -116.1 369 0.005
end.d -58.9 1748 3540 2550 -77.2 39.6 -116.1 389 0.005
elt52 -59.1 174.1 530 2560 -1363 132 -116.1 -202 0.048
end.c.a -59.4 1730 51.0 2570 -1344 184 -116.0 -184 0.024
end.b -59.5 1728 400 257.0 -1235 184 -1159 -7.6 0.024
West of the continuation of X1l F.Z.

end.c.b -60.2 1729 440 258.0 -127.8 249 -1156 -12.2 0.013
endv 1 -60.5 1722 1040 259.0 -188.0 39.6 -1154 -72.6 0.005
end.p -60.7 171.1 340 2600 -1181 184 -1154 26 0.024
elt32 -60.7 1710 0.0 260.0 -840 249 -1154 314 0.013
end.n -60.8 170.0 400 261.0 -124.1 249 -1154 -87 0.013
Subtotal 0.336
Total 2.992

The error covariance matrix has units of degrees squared. The
covariance matrix is described in a global Cartesian coordinate
system with the origin at the centre of the Earth, the x axis parallel
to 0°N, O°E, the y axis parallel to 0°N, 90°E, and the z axis parallel
to 90°N. The apparent effective inclination, e,, was obtained from
the phase shift A6 using eq. (1), where A8 is the quantity opposite
of Schouten & Cande’s (1976) 6.

* Letters in parentheses following CMAPSUA4S profiles are names
used by Grim & Erickson (1969; Figs 2, 3, 5, and 6). t Profiles
digitized from Kruse (1988). i Profiles digitized from Christoffel &
Falconer (1972).

The skewness analysis of these profiles is mainly
straightforward, but less so than the analysis of the eastern
Pacific-Kula anomalies, which have higher amplitudes. The
phase shifts we estimate range from 15° to 98° with most
between 40° and 70° (Fig. 4). Eight profiles were rated
category A, 14 category B, four category C, and seven
category D.

Lentral Pacific—Farallon crossings

The 19 profiles analysed in this group lie south of the
Molokai fracture zone and north of the Galapagos fracture
zone (Fig. 2d). The peak-to-trough amplitudes of these
profiles range from 100 to 200nT (Fig. 5). They are the
lowest amplitude data that we used. The separation
between anomaly 27 and 25 indicates spreading half-rates of
29-33mmyr~!, ~25 per cent slower than the 42mmyr~'
spreading half-rate predicted by the model of Engebretson
et al. (1984) and close to the 32-33 mm yr~' rates predicted
by Rosa & Molnar (1988) (Fig. 10).

The 11 northernmost profiles lie north of the Clarion
fracture zone. Their identifications and locations are
consistent with those shown by Atwater & Severinghaus
(1989) north of the Clarion and south of a short unnamed
fracture zone just south of the Molokai fracture zone. From
this group, we rejected profile C2002 because of its very low
amplitude, and profile DPSNOIWT.b because of the double
peak to the east of anomaly 25r that makes its skewness
estimate questionable. Published maps show no identifica-
tions of early Tertiary anomalies south of the Clarion and
north of the Clipperton fracture zone and only sparse
tentative identifications of anomalies south of the Clipperton
and north of the Galapagos fracture zone. This lack of
identified anomalies can be attributed to three causes. First

and most important, the amplitudes of the anomalies are
very low. Second, magnetic profiles are sparse in this region
relative to sea-floor farther north. Third, as Acton &
Gordon (1991) have shown, the remanent effective
inclination of the sea-floor in this region, and therefore the
skewness of its magnetic anomalies, is expected to change
rapidly from north to south, making it difficult to correlate
the same anomaly over a long distance. All these reasons
make anomaly identification, and the estimates of their
skewness, risky in this region.

None the less, we tentatively identify, and estimate the
skewnesses of, five crossings of anomaly 25r: three north of
the Clipperton fracture zone and two south of the
Clipperton fracture zone (Figs 5 and 11). Two of these
profiles were previously used by Acton & Gordon (1991),
who made tentative correlations and skewness estimates of
part of the anomaly sequence from 27r to 31. We assign
three of our skewness estimates to category D and two
(ERDC11WT, which we consider to be the best of these
crossings, and ARIAOI1WT) to category C. Our estimate of
the phase shift of the two profiles south of the Clipperton
differs by an average of 70° from those north of the
Clipperton, whereas the two groups of profiles differ in
latitude (and palaeolatitude) by only about 4°. Part of the
difference (20-25°) is expected from the changes in the
effective inclination of the Earth’s present field and an
approximately equal amount is expected from the change
with palaeolatitude of the remanent effective inclination,
leaving about a 20° difference to be explained by error. Two
additional crossings north (KK049 and PLDS03MV) and
one additional crossing (V2403) south of the Clipperton
fracture zone were rejected because of their questionable
correlations, low amplitudes, and skewnesses inconsistent
with nearby crossings.

Southern Pacific—Farallon crossings

The 21 profiles analysed in this group lie south of the
Galapagos fracture zone and all but four lie north of the
Austral fracture zone (Fig. 2e). These profiles have
peak-to-trough amplitudes of about 200-400nT (Fig. 6).
The observed half-rates obtained from the separation of
anomalies 25 and 27 range from 19 mm yr™" to 32 mmyr™'.
These rates can be further subdivided into a northern and
southern subgroup with an abrupt transition between
profiles CATO04MV and C1502 (~21°S; Fig. 10). The
northern rates range from 26 to 32mmyr~', while the
southern rates range from 19 to 21 mm yr™'. The spreading
half-rates predicted by the model of Engebretson et al.
(1984) range from ~24mmyr' (in the south) to
~38mmyr ' (in the north), and those predicted by the
model of Rosa & Molnar (1988) between ~22 mm yr™" (in
the south) and ~31 mmyr~! (in the north) (Fig. 10). The
observed rates mimic the pattern of decreasing half-
spreading rates from north to south, but are consistently
slower than the predictions of both models. A group of
seven rates from profiles near 20°S are distinctly faster than
this trend, however. This observation weakens the
conclusion of Engebretson et al. (1984) and Rosa & Molnar
(1988) that the Pacific and Farallon plates both were single
rigid plates during this interval. Alternatively, the data are
consistent with two rigid plates if spreading near 20°S was
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Figure 9. Profiles not used to estimate the chron 25r palacomagnetic pole. (a) Profiles DSDP55GC.b through CMAPSU4S.33 were recorded
over Pacific-Kula sea-floor. The synthetic profiles show the sequence from (normal) anomaly 31 (on the left) to (normal) anomaly 25 (on the
right). (b) Profiles C2002-V2403 were recorded over central Pacific-Farallon sea-floor, profiles POL7008-C0905 over southern
Pacific—Farallon sea-floor, and profile ELT27 over Pacific~Bellingshausen sea-floor. The scale bars on the top of the figure correspond to
profiles C2002 through V2403, whereas the scale bars on the bottom of the page correspond to profiles POL7008 through ELT27. The synthetic
profiles show the sequence from (normal) anomaly 31 (on the left) to (normal) anomaly 22 (on the right) in the middle of the figure and to
(normal) anomaly 21 at the bottom of the figure.
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Figure 10. Observed (@) and predicted (O: Engebretson et al.
1984; O0: Rosa & Molnar 1988) half-spreading rates versus distance
from the stage pole of rotation for Pacific-Farallon crossings. The
observed rates were estimated from the distance between anomaly
27 and 25 on each of the profiles that we analysed. The seven
inconsistently fast rates near an angular distance of 120° from the
stage pole of rotation are associated with an increase southwards in
spreading rates between the Marquesas and Austral fracture zones
followed by an abrupt decrease in spreading rate just north of the
Austral fracture zone.

highly asymmetric. The documentation of ridge jumps and
asymmetrical spreading for younger pacific-Nazca ano-
malies 18-21 south of this region (Cande & Haxyb 1991)
may make the latter scenario the more likely of the two.

Some profiles show extra complications. There is a
pronounced positive anomaly between anomalies 26 and 27
on profiles DOLP02HO and DSDP09GC, and smaller peaks
of similar shape between anomalies 26 and 27 on profiles
72001831 and SCANO9AR. Our identifications of anomalies
25 and 26 for these profiles are consistent with those of
Kruse (1988), but because of the lower quality of profiles
DOLP02ZHO and DSDP09GC they were assigned to
category D. There is a pronounced extra peak east of
anomaly 25 on profiles GECS-IMV and C1111, that can also
be traced to a smaller peak on profile C1306. The
bathymetry of all three profiles shows a seamount or ridge
over 2km in height underlying these anomalies. As these
profiles are all immediately west of the Tuamotu plateau,
the extra anomalies likely mark the western edge of the
plateau. We rejected profile POL7008 because of the
atypical appearance of anomaly 25r, and profile C0905
because of its inconsistency with nearby crossings. We did
not deskew profile C0806 (shown by an open circle at 42°S
on Fig. 2a) because of a large data gap that spans most of
anomalies 25r and 26.

These profiles are higher in quality for skewness analysis
than the central Farallon anomalies mainly because of their
higher amplitudes, but they are not as good as the northern
Farallon profiles because of slower spreading rates and
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Figure 11. Map of newly correlated magnetic profiles obtained over
the central Pacific~Farallon region. The profiles were phase shifted
by the amount predicted by the model for anomaly 25r. These
model phase shifts were 70-91° between the Molokai and Clarion
fracture zones, 130-183° between the Clarion and Clipperton
fracture zones, and 216-220° between the Clipperton and
Galapagos fracture zones. Positive anomalies are shaded solid black
and negative anomalies are unshaded. The anomalies have been
projected onto a lineation-parallel direction. The thick dashed lines
indicate our anomaly correlations. (Mercator projection.)

greater sea-floor roughness, especially between the Mar-
quesas and Austral fracture zones. One profile was rated
category A, seven category B, two category C, and nine
category D. Three of the category D profiles were digitized
from published figures (Kruse 1988). The phase shifts range
from 266° to 1° (i.e. within the 95° wide interval between
—94° and +1°) (Fig. 6).

Pacific-Bellingshausen crossings

The 12 profiles analysed in this group lie west of fracture
zone V and east of the magnetic bight separating sea-floor
created by Pacific-Antarctic and Pacific—Bellingshausen
spreading (at 191-192°E, between the Endeavor and
Udintsev fracture zones) (Fig. 2f). These profiles have
peak-to-trough amplitudes of about 200-400 nT (Fig. 7).
The observed half-rates obtained from the separation of
anomalies 25-27 range from 26 to 31 mm yr~'. The anomaly
31-25 stage pole and angular rate calculated from the finite
rotations of Stock & Molnar (1982) predict half-rates of
25mmyr~' (in the west) to 37 mmyr~' (in the east), while
the anomaly 28-25 stage pole and angular rate calculated
from the finite rotations of Mayes, Lawver & Sandwell
(1990) predict half-rates of 24-33 mm yr—!.

These profiles are similar in skewness-analysis quality to
the southern Farallon ones, mainly because of their similar
amplitudes. One profile was assigned to category A, six to
category B, and five to category D. Four of the category D
profiles were digitized from published figures (Christoffel &
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Falconer 1972). Their phase shifts range from —1° to 83°
with most between 10° and 40° (Fig. 7).

Pacific— Antarctic crossings

The 22 profiles analysed in this group lie west of the
magnetic bight separating Pacific-Antarctic from Pacific—
Bellingshausen sea-floor (191-192°E) and east of 169° (Fig.
2g). These profiles have peak-to-trough amplitudes of about
200-400 nT (Fig. 8). The observed half-rates obtained from
the separation of anomalies 25-27 range from 17-
2lmmyr~' west of the Endeavor fracture zone to
25-28 mmyr~ ' east of the Endeavor fracture zone. The
anomaly 31-25 stage pole and angle of Stock & Molnar
{1987) predict half-rates of 22mmyr~' (in the west) to
28mmyr~! (in the east), while the anomaly 28-25 stage
pole and angular rate calculated from the finite rotations of
Mayes et al. (1990) predict half-rates of 13-17 mm yr ™'

These profiles are similar in skewness-analysis quality to
the Bellingshausen ones. Two profiles were rated category
A, five category B, six category C, and eight category D.
Three of the category D profiles were digitized from
published figures (Christoffel & Falconer 1972). The phase
shifts range from —12° to 104° with most between 20° and
50° (Fig. 8). Profile ELT27 was rejected because of the
inconsistency of its skewness estimate with nearby crossings.

This region of Pacific sea-floor is characterized by many
short offsets such as the one between profiles END.Q and
DSDP28GC (Fig. 2g). These short offsets are associated
with rough sea-floor topography and may help explain some
of the scatter in the estimated phase shifts. The roughness is
also a potential source of error in estimated transform
azimuths used to calculate effective remanent inclinations
from phase shifts.

RESULTS
Main palacomagnetic results

If equal weight is given to each of the 132 acceptable
skewness estimates, the best-fit pole is located at 78.9°N,
9.4°E with a 95 per cent confidence ellipse that has a 6.7°
major semi-axis striking N76°E and a 4.7° minor semi-axis.
The best-fit value of anomalous skewness is 14.5° + 5.8° (95
per cent confidence level). The estimated standard deviation
of the data is 27.9°.

When the 132 acceptable data are divided into their four
quality categories, the estimated standard deviations are
13.2° for the 16 data in category A, 18.4° for the 44 data in
category B, 24.9° for the 29 data in category C, and 39.6° for
the 43 data in category D. The best-fitting poles from only
the data in each category are 74.3°N, 33.6°E for category A,
77.7°N, 351.0°E for category B, 79.7°N, 7.6°E for category
C, and 79.7°N, 33.5°E for category D. These poles differ
insignificantly from one another (Fig. 12). Assigning these
standard deviations to each input datum and inverting the
132 acceptable data gives the preferred best-fit pole at
78.2°N, 4.8°E with a 95 per cent confidence ellipse that has a
6.4° major semi-axis striking N93°E and a 4.1° minor
semi-axis (Fig. 12). This second pole lies only 1.2° arc-length
from the pole estimated when each datum was given equal
weight. The best-fit value of anomalous skewness is
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Figure 12. Palacomagnetic poles and associated confidence limits
for data subsets A (@, diagonal stripes), B (M, vertical stripes), C
(@, zig-zag lines) and D (@, dashed lines). These four subsets
correspond to four quality rankings with A being the best and D
the worst. The best-fitting pole from all data (¥ ) and its associated
95 per cent confidence limits (unshaded) are also shown. The
confidence limits of subsets A-D were computed using the
technique of constant-chi-square boundaries.

16.2° £ 4.6° (95 per cent confidence level). The statistic x°
has a value of 128.6 with 129 degrees of freedom. Table 1
gives these parameters, as well as the observed and model
apparent effective inclinations, data residuals, and data
importances for each anomaly crossing. The normalized
residuals for each quality group are shown in Fig. 13.

If all 149 phase shifts, including those that we rejected,
are inverted, the best-fit pole is located at 77.9°N, 9.1°E
with a 95 per cent confidence ellipse that has a 6.2° major
semi-axis striking N95°E and a 3.8° minor semi-axis. The
best-fit value of anomalous skewness is 16.5° + 4.6° (95 per
cent confidence level). For this calculation, the 17 phase
shifts that were previously rejected (quality group F) were
assigned standard deviations of 74.1°, which is the estimated
standard deviation found by inverting them alone. If only
the quality group A and B data are used, the best-fit pole is
located at 77.5°N, 8.3°E with a 95 per cent confidence ellipse
that has a 9.5° major semi-axis striking N102°E and a 4.4°
minor semi-axis. The best-fit value of anomalous skewness is
17.5 £ 5.3° (95 per cent confidence level). Both of these
poles are located no more than 1.0° arc-length from the
preferred pole and differ insignificantly from it.

Allowing anomalous skewness to adjust instead of fixing it
at zero decreases y° from 177.4 to 128.6, which is a 27.5 per
cent reduction of variance and gives a value of F of 48.9
with 1 versus 129 degrees of freedom in the test for the
significance of anomalous skewness as an additional
adjustable parameter. The probability of F being this large
or larger by chance is 1.3 x 107”'; thus the improvement in
fit is highly significant. Although this proves neither that
anomalous skewness is uniform nor that it is independent of
spreading rate and other variables, it shows that this simple
one-parameter adjustment can explain a considerable
amount of the variance in the data. The 16.2° £ 4.6° (95 per
cent confidence limits) value we obtain for anomalous
skewness agrees well with prior estimates. With our
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Figure 13. Histograms of normalized residuals of the data (i.e. residuals divided by the population standard deviations) within each quality
category. The population standard deviations are 13.2° for group A, 18.4° for group B, 24.9° for group C, and 39.6° for group D.

assumption that it has an equal value for all anomaly 25r
crossings we would predict an across-ridge discrepancy of
32.4°+9.2°, consistent with the across-ridge discrepancy of
12-28° found by Cande (1976) for the sequence of
anomalies 27 to 32. :

Regional constraints on the pole position and the
systematic nature of anomalous skewness are illustrated in
Figs 14(a) and (b). To make these figures, the data were
divided into the same six tectonic and geographic regions as
in the discussion above, i.e. (1) Pacific~Kula profiles, (2)
northern Pacific—Farallon profiles (north of the Molokai
fracture zone, ~22°N), (3) central Pacific—Farallon profiles
(south of the Molokai but north of the Galapagos fracture
zone, between the equator and ~22°N), (4) southern
Pacific-Farallon profiles (south of the Galapagos fracture
zone), (5) Pacific-Bellingshausen profiles, and (6) Pacific—
Antarctic profiles. Fig. 14(a) shows how the data from the
different regions constrain the pole position when no
adjustment is made for anomalous skewness. If there were
no errors in an observed skewness and if the true remanent
effective inclination equalled the apparent remanent effective
inclination, the phase shift of a single anomaly crossing

would constrain the pole to lie on a great semicircle. The six
great semicircles shown in Fig. 14(a) are averages for each
of the six tectonic—geographic regions. If the data were free
of errors, and if there were no anomalous skewness, the six
great semicricles would intersect in a point, which they
obviously do not. Fig. 14(b) shows the same six great
semicircles after correction for the best estimate of
assumed-uniform anomalous skewness. Although they still
do not intersect at a point, their dispersion about the
best-fitting point is greatly reduced and each regional
average is fit within its 95 per cent confidence limits.
Because there are many input data, the pole has small
confidence limits and is formally comparable in accuracy to
poles averaged from several seamount poles and to the
highest-quality poles obtained on land by traditional
palacomagnetic methods. Unlike seamount poles and typical
palaecomagnetic studies on land, the age of the pole is
precisely known. Moreover, the geographical distribution of
sites is much broader than for any palaeomagnetic pole on
land or from seamounts, making it likely that many types of
systematic errors are smaller in this new pole than in poles
from other types of palaeomagnetic data, and are already
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Figure 14. (a) Map of the northern polar region showing loci of
pole positions consistent with the mean effective inclination from
each of the six tectonic-geographic regions. Each locus is a great
semicircle of possible pole positions, whose tip is located 90° away
from the anomaly’s location along the great circle tangent to the
lineation. These were obtained by taking the model predicted
effective inclination for a representative location and adding to it
the average regional residual. Profile 1 (CMAPSU4S.13) is
representative of Pacific—Kula spreading; profiles 2 (POL7201), 3
(ANTP17MV) and 4 (CATOO04MV) of northern, central and
southern Pacific-Farallon spreading respectively; profile 5 (ELT33)
of Pacific-Bellingshausen spreading; and profile 6 (END.L) of
Pacific— Antarctica spreading. For anomalous skewness equal to
zero the best-fitting pole is located at 72.3°N, 8.5°E. (b) For
anomalous skewness equal to its best-fitting value (16.2°) the
agreement of the great semicircles improves with the three
Pacific-Farallon great semicircles and the Pacific-Antarctic great
semicircle nearly intersecting at a point near the best-fitting pole,
which is located at 78.2°N, 4.8°E. (Stereographic projections, tick
marks every 10°).
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Figure 15. Comparison of the model (W) with the observed
apparent (O) effective remanent inclinations for each useful
anomaly 25r skewness estimate plotted against palaeolatitude.
Corresponding remanent effective inclinations can be found by
adding anomalous skewness (16.2° £ 4.6°) to these model effective
remanent inclinations. The high gradient in observed (and in
modelled) effective remanent inclination in low palaeolatitudes
provides a strong constraint on the location of the palacomagnetic
pole position.

mainly reflected in its confidence limits, which is unlikely to
be true for poles from seamount poles or from land-based
palaeomagnetic studies.

Each observed apparent effective inclination {eq. 1) is
compared with its corresponding médel effective inclination
(eq. 9) in Fig. 15, where both are plotted against site
palaeolatitude calculated from the best-fitting palacomag-
netic pole. Recall that anomalous skewness must be added
to the model effective inclination to infer the remanent
magnetization. Mode] effective inclinations range from
—116° for the easternmost Pacific—Antarctic crossings to
+61° for the northernmost Pacific—Farallon crossings we
analysed. In between, the model effective inclinations range
from —116° to —115° for Pacific—Antarctic crossings, from
—113° to —114° for Pacific-Bellingshausen crossings, from
-93° to —77° for southern Pacific-Farallon crossings,
from —59° to +38° for central pacific~Farallon crossings, from
42° to 61° for northern Pacific—Farallon crossings, and from
41° to 43° for Pacific—Kula crossings. Only the Pacific~
Antarctic and Pacific-Bellingshausen crossings lie in high
palaeolatitudes from 58°S to 72°S. The southern Pacific—
Farallon crossings have palaeolatitudes from 45°S to 16°S,
the central Farallon from 8°S to 11°N, and the northern
Farallon from 14°N to 39°N. The Pacific—Kula crossings
have nearly uniform palaeolatitudes of 38° to 40°N. Some of
the data display considerable scatter, as suggested by the
large errors we assigned to some of the data, but the misfit is
mainly symmetrically dispersed about the values calculated
for the best-fitting model, except for the Pacific-Kula
crossings, for which the apparent effective inclinations tend
to be 9° greater than the model effective inclinations, and
for the Pacific-Bellingshausen crossings, for which the
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apparent effective inclinations tend to be 5° less than the
model effective inclinations (cf. Fig. 14b). Neither difference
is statistically significant.

Linear propagation of errors will give inaccurate
confidence limits if the linear approximation is poor, which
is most likely to occur for sparse data sets and when the
best-fitting pole lies near the tip of a great semicircle, which
corresponds to a singularity in effective inclination and in
chi-square (Petronotis et al. 1992). The apparent effective
inclinations estimated for anomaly 25r are many and the
apomaly crossings are well distributed; we thus expect to
obtain an accurate confidence ellipse from linear propaga-
tion of errors. The 95 per cent confidence region calculated
from constant-chi-square boundaries agrees well with the 95
per cent confidence ellipse calculated from linear propaga-
tion of errors (Fig. 16a). We furthermore checked the

Figure 16. (a) Map of the northern polar region showing the chron
25r pole with its confidence regions. The dashed line is the 95 per
cent confidence ellipse obtained from linear propagation of errors.
The solid lines are the regions corresponding to the standard error
(closest to the pole), 95 and 99 per cent (farthest from the pole)
confidence levels, respectively, and were calculated using constant
contours of x> (Petronotis et al. 1992). The 95 per cent confidence
regions calculated using the two different methods are in excellent
agreement. (b) Monte Carlo simulations of chron 25r pole: 9461 out
of 10000 simulated poles were included within the 95 per cent
confidence limits of the pole. Here, we show a representative subset
of 1000 simulations. (Polar stereographic projections, tick marks are
every 10°)
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Figure 17. Datum importance versus palacolatitude of each
crossing of anomaly 25r used in estimating the chron 25r
palacomagnetic pole. The highest values between 5°N and 10°S
show the high information content of the lowest palaeolatitude
crossings, despite the large uncertainties assigned to their skewness
estimates.

confidence limits found by linear propagation of errors with
Monte Carlo simulations of the apparent -effective
inclination data (Fig. 16b). Of the 10000 simulated
best-fitting poles, 9461 fell within the 95 per cent confidence
limits found by linear propagation of errors, supporting the
usefulness of linear propagation of errors when applied to
these data.

The central Pacific-Farallon data, with 32 per.cent of the
total importance, contribute more information than do any
one of the other regions (Fig. 17, Table 1) presumably
because in low palaeolatitudes, small changes in estimated
pole position cause large changes in predicted values of
effective inclination, an effect that outweighs the larger
uncertainties that we assign to these data (also see Acton &
Gordon 1991). The northern Pacific-Farallon data
contribute 26 per cent of the information, the southern

" Pacific-Farallon data 16 per cent, the Pacific—Antarctic

data 11 per cent, the Pacific—Kula data 8 per cent and the
Pacific-Bellingshausen data 7 per cent. Because of the
different numbers of data in each region, however, an
average Pacific-Bellingshausen datum contributes more to
the pole and anomalous skewness than does an average
Pacific-Antarctic or Pacific-Kula datum. Central Pacific—
Farallon profiles UM6503-B and ERDC11WT have the
highest individual importances of 4 per cent each, while
several Pacific-Kula profiles have the lowest individual
importance of 0.1 per cent each.

We can further approximately separate the information
contribution of the data into their pole and anomalous
skewness components. To examine how the data contribute
to the pole position, we re-inverted the data while
constraining anomalous skewness to equal its best-fitting
value of 16.2°. In this inversion the importances sum to two
and only reflect the information contribution to the pole
position conditional on anomalous skewness being perfectly
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known, and thus ignoring the covariance between the pole
position and anomalous skewness. In this numerical
experiment, the central Pacific—Farallon data contribute 44
per cent of the information constraining the pole, the
northern Pacific—Farallon data 29 per cent, the southern
Pacific—Farallon data 18 per cent, the Pacific—Kula data 5
per cent, and the Pacific-Bellingshausen and Pacific—
Antarctic data 3 per cent. In the complementary numerical
experiment, fixing the pole position at its best-fitting
location, the importances sum to one and only reflect the
information contribution to anomalous skewness, again
ignoring the covariance between pole position and
anomalous skewness. In this case, the northern Pacific—
Farallon data contribute 33 per cent of the information
constraining anomalous skewness, the Pacific-Kula data 23
per cent, the Pacific-Antarctic data 14 per cent, the
southern Pacific-Farallon data 12 per cent, the Pacific—
Bellingshausen data 9 per cent, and the central Pacific—
Farallon data 8 per cent. We conclude that the
Pacific—Farallon data mainly constrain the pole position,
while the northern Pacific—Farallon and Pacific—-Kula data
contain over half of the anomalous skewness information.

Dependence of anomalous skewness on spreading rate

Anomalous skewness depends on spreading rate (Cande
1976, 1978; Arkani-Hamed 1988; Roest et al. 1992). Our
anomalous skewness estimate is consistent with the trend of
anomalous skewness versus spreading rate found by Roest et
al. (1992), which is unsurprising as their results included

60 f ' O M2-M4
O 33-34
4: O 27-32
A 25-26
0% 0] O 5-21
o &0
O

20°

Anomalous Skewness

0°-

0 20 40 60 80
Half—-Spreading Rate (mm/yr)

Figure 18. Dependence of anomalous skewness on spreading rate
as inferred from the results of many studies. Slow spreading rates
tend to have higher values of anomalous skewness for a given
anomaly than do fast spreading rates. The vertical bars show one
standard deviation. The values most relevant to the present paper,
i.e. those from the sequence of anomalies 25, 25r and 26, are shown
by solid triangles. Our estimate is shown by a solid star. The
horizontal bars on the 25r datum span the range of spreading rates
estimated from our profiles. The solid line represents a least-squares
straight line fit to the 25r and 25-26 data (see eq. 11). After Roest
et al. (1992).
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Figure 19. Effective remanent inclination residuals versus half-
spreading rate for each profile used in the pole calculation. The
best-fitting straight line through these data has a statistically
insignificant slope of —0.41° £ 0.78° (mm yr~ ")~ ",

preliminary results from our work (Fig. 18). To examine
how large an effect this dependence has on our skewness
estimates, we analysed the residuals of apparent effective
remanent inclination as a function of spreading rate (Fig.
19). The straight line that best fits these data has a
statistically insignificant slope of —0.41° + 0.78° (95 per cent
confidence limits) per each mmyr~' change in half-
spreading rate with a reduced chi-square of 1.06. Thus, it
would appear that over the range in,half-spreading rates
observed for the Pacific plate during chron 25r, the variation
in anomalous skewness has a small effect on the pole.

To quantify the effect on our pole of spreading-rate
dependence we performed an additional pole calculation
assuming different values of anomalous skewness for
different spreading rates. The form of the dependence of
anomalous skewness on spreading rate is not yet well
understood. Thus, we treated this dependence phenomenol-
ogically. We fit a straight line by least squares to estimates
of anomalous skewness versus half-spreading rate for
anomalies 25-26 estimated by Roest et al. (1992) plus our
new result. We omitted one estimate of theirs lacking an
across-ridge comparison. We weighted the estimates of
anomalous skewness inversely to their standard errors (Fig.
18). The empirical best-fit is described by the following
equation:

6, = 23.58° — 0.330u, (1

where u is the half-spreading rate in mmyr~'. This
calculated trend suggests a 5° variation in anomalous
skewness over the range of observed Pacific half-rates
(17-33mm yr—'). We then adjusted each of our apparent
effective remanent inclinations for the appropriate anoma-
lous skewness, which depended on the spreading rate
determined for that profile. For profiles where no estimated
spreading rate was available, we interpolated between rates
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of neighbouring profiles. For this adjusted data set, the pole
is located at 77.6°N, 3.6°E with a 95 per cent confidence
ellipse that has a 6.5° major semi-axis striking N91°E and a
4.0° minor semi-axis. This pole differs by a statistically
insignificant 0.6° from the one calculated assuming constant
anomalous skewness and gives a value of x? of 131.3,
insignificantly greater than the value of 128.6 obtained when
no correction for spreading rate is applied. The intercept of
this curve (i.e. the constant term 23.58°) has no effect on the
resulting calculation as we solved for 8, when determining
the pole. The nominal value of anomalous skewness is
0.7°+4.6° (95 per cent confidence level). Because the
anomalous skewness trend used to adjust the effective
inclinations is not yet very well constrained, and because the
empirical adjustments lead to an increase in chi-square, our
preferred pole remains the one that was calculated assuming
anomalous skewness is independent of spreading rate.

Pacific apparent polar wander

The age (~57 Ma) of the new chron 25r pole lies within the
26 myr long age gap between published 39 Ma (Sager 1987)
and 65Ma (Acton & Gordon 1991) poles for the Pacific
plate. Its location suggests that the Pacific plate moved
11.5° 1+ 3.4° (95 per cent confidence limits) northward since
57Ma. When compared with the locations of neighbouring
poles on the APW path, it suggests rapid northward APW
(0.83°Myr £ 0.46° Myr) from 65 to 57 Ma, continuing the
trend of rapid APW from 80 to 65 Ma (Gordon 1982), and
statistically insignificant southward APW (0.05°Myr +
0.28° Myr) from 57 to 39 Ma (Fig. 20). The large amount of
northward motion since 82 Ma (>30°) combined with the

Figure 20. Apparent polar wander path of the Pacific plate. The
poles shown are a 125Ma pole (Petronotis et al. 1992), 72 Ma,
82Ma and 88Ma poles (Sager & Pringle 1988), a 65Ma pole
(Acton & Gordon 1991), the 57 Ma pole calculated here, a 39 Ma
pole (Sager 1987), and a 26 Ma pole (Acton & Gordon 1994)
calculated from palaeolatitude data. The latitude of the chron 25r
pole shows that the Pacific plate has moved 11.5° + 3.4° porthward
since 57 Ma. When compared with the locations of neighbouring
poles on the APW path, it suggests rapid northward APW
(0.83°Myr £0.46°Myr) from 65 to S57Ma and statistically
insignificant southward APW (0.05° Myr + 0.28° Myr) from 57 to
39 Ma. (Stereographic projection, tick marks every 10°.)

modest northward motion since 57Ma (11°) strongly
suggests that about two-thirds of the post-Mid Cretaceous
northward motion of the Pacific plate occurred during the
25 Myr interval from 82 to 57 Ma.

Timing and rate of the latitudinal shift
of the Hawaiian hotspot

The Hawaiian hotspot has shifted ~8° southward during
Cainozoic time (Kono 1980; Gordon & Cape 1981), but the
rate and timing of the shift are poorly known. Little, if any,
net shift has occurred during the past 39 million years
(Gordon & Cape 1981; Sager 1983, 1987; Sudrez & Molnar
1980).

In Fig. 21 we show the northward motion of the Pacific
plate indicated by different types of data including dated
seamounts and islands along the Hawaiian—Emperor chain,
palaecomagnetic data such as inclinations from azimuthally
unoriented sediment piston cores, and sediment facies data
that record the passage of the plate through the
biogenically rich equatorial zone. In addition to data
compiled by Gordon & Cape (1981), we have added several
palaeolatitudes (Epp et al. 1983), a 39 Ma pole (Sager 1987),
the 57 Ma skewness pole determined here, a 65Ma pole
(Acton & Gordon 1991), and 72 Ma, 82 Ma and 88 Ma poles
(Sager & Pringle 1988) determined from seamount,
palaeocolatitude, amplitude and skewness data. A com-
parison of the northward motion indicated by the different
types of data suggests that before 39 Ma the hotspot data
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Figure 21. Northward motion of the Pacific plate inferred from
dated seamounts and islands of the Hawaiian—Emperor chain (@),
palacomagnetic poles (s, palacolatitudes (@), and equatorial
sediment facies data (M). The error bars on the 39, 57, 65 and
72Ma poles are 1-D 95 per cent confidence limits of northward
motion estimated using the following reference seamounts in the
Hawaiian-Emperor chain: Abbott seamount (38.7+£0.9Ma,
Clague & Dalrymple 1989) for 39Ma, Nintoku seamount
(56.2 £ 0.6 Ma, Clague & Dalrymple 1989) for 57 Ma, and Suiko
seamount (64.7 £ 1.1 Ma, Clague & Dalrymple 1989) for 65 and
72Ma. The arrow on the 72Ma hotspot datum (Meiji guyot)
indicates that this date is considered to be a minimum age. After
Gordon & Cape (1981).
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disagree with the palaeomagnetic and equatorial sediment
facies data. The consistency of the palacomagnetic with the
equatorial sediment facies data over the earlier time interval
excludes the presence of large non-dipole components of the
palacomagnetic field. The northward motion suggested by
the 57 Ma pole is also consistent with the sparse sediment
facies data. All the data may be best explained by no
southward drift of the Hawaiian hotspot from ~70 to 57 Ma
followed by a southward drift of the hotspot confined to the
interval 57-39 Ma. The shift may coincide with a global shift
of all hotspots relative to the spin axis (Morgan 1981;
Gordon & Cape 1981), but has other possible explanations,
including motion between hotspots. Using the values shown
on Fig. 21, and neglecting the uncertainties in the ages of
the dated seamounts, we find that the Hawaiian hotspot has
drifted southward by 10.2° + 3.4° since 57 Ma, but only by
1.7° £ 1.9° since 39 Ma. This gives a southward displacement
of 8.5 £ 3.9° (95 per cent confidence limits) between 57 and
39 Ma, corresponding to a rate of southward motion of
52+24mmyr !, Incorporation of realistic age uncer-
tainties, however, would increase these uncertainties
considerably. We hope in future work to obtain more poles
in the gap from 57 to 39 Ma to improve estimates of the
timing and rate of the southward drift of the hotspot.

Prospects for improving the Pacific APW path
with further study of skewness

Our results strongly suggest that we have obtained a
reliable, precisely dated palacomagnetic pole with usefully
compact confidence limits from a data set with 149 total (132
useful) sampling locations spanning a distance exceeding
11000 km. Introducing anomalous skewness as an adjust-
able parameter gives a highly significant reduction in the
variance of the data, and brings the skewness great
semicircles of most regions of the Pacific plate into
consistency.

We believe, therefore, that the prospects for obtaining
additional accurate precisely dated poles with this approach
are excellent not only for older Cainozoic and Late
Cretaceous anomalies, which can incorporate skewnesses
from profiles over Pacific—-Kula spreading, but also younger
anomalies, since the information contribution from the
Pacific-Kula profiles sums only to 8 per cent. We expect
that the dispersion of skewness estimates is likely to be
smaller for anomalies over sea-floor formed during long
chrons than during short chrons, because the shape of
anomalies corresponding to long chrons seems less likely to
be affected by various noise sources. If true, particularly
promising anomalies to study include 12r, 18, 20-21, 24r,
26r, 30/31, 32, 33n and 33r, with many other anomalies
being suitable for study as well. If future results are as
encouraging as the present results, an accurate, high-
resolution apparent polar wander path can be determined
for the Pacific and other oceanic plates by analysis of the
shapes of additional marine anomalies using the same
method of analysis.

The profiles north of the Galapagos fracture zone and
south of the Molokai fracture zone contribute 32 per cent of
the information contained in the pole and anomalous
skewness. This strongly suggests that the accuracy of the
chron 25r pole, as well as poles of other ages, could be
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greatly improved by collection and analysis of magnetic field
intensity measurements on profiles parallel to palaeo-plate-
motion flow lines in this sparsely surveyed but accessible
region.

CONCLUSIONS

By analysing the shape of 132 useful (149 total) crossings of
anomaly 25r we have obtained a precisely date chron 25r
(56.5-57.8 Ma) Pacific-plate palaeomagnetic pole with
usefully compact confidence limits. The variation of
anomalous skewness over the range of spreading rates
encountered in the Pacific plate during this time interval has
a negligible effect on the pole. Therefore, it seems
worthwhile to attempt further skewness analyses to estimate
usefully accurate, precisely dated palacomagnetic poles,
each of which is determined from many crossings of a single
anomaly. Comparison of the new pole with other
palacomagnetic data and with equatorial sediment-facies
data, indicates that two-thirds (i.e. ~20°) of the post-mid
Cretaceous northward motion of the Pacific plate occurred
between 80 and 57 Ma, with negligible northward motion
from 57 to 39 Ma, and slow northward motion since 39 Ma.
Comparison of these data with the northward motion
inferred from dated volcanoes along the Hawaiian-Emperor
seamount chain indicates little southward motion of the
Hawaiian hotspot between ~70 and 57 Ma, 8.5°+3.9° (95
per cent confidence limits) of southward motion from 57 to
39 Ma, and insignificant southward motion since 39 Ma.
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