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Abstract While it is well documented that the Hawaiian hot spot has shifted southward relative to the spin
axis since the formation of some of the Emperor seamounts, the paleolatitude of the hot spot during the
formation of the Hawaiian chain is poorly known. To better determine the latter, here we estimate the
location of the 44 Ma Pacific plate paleomagnetic pole by investigating the skewness (asymmetry) of 14
airplane and 19 ship-board crossings of magnetic anomaly 20r between the Murray and Marquesas fracture
zones on the Pacific plate. The new 44 Ma paleomagnetic pole (78.0°N, 26.0°E, A95_1 = 5.4° at 101°,
A95_2 = 2.0°) differs by ≈4° from its position expected if the Pacific hot spots have been fixed relative to the
spin axis. This shift is independently recorded by the chron 12r (32 Ma) Pacific plate skewness paleomagnetic
pole and is also confirmed by paleomagnetic poles reconstructed from the continents, indicating that
global hot spots have moved in unison with respect to the spin axis, probably due to true polar wander,
which may continue today as recorded by optical astronomy and geodetic very long baseline interferometry.
An analysis of spreading rates recorded in the magnetic profiles indicates that spreading rates doubled
between ≈50 and ≈42 Ma (confirming prior results), as expected if the bend in the Hawaiian-Emperor chain
records a change in Pacific plate motion relative to the deep mantle.

1. Introduction

In the past few decades much attention has been paid to the apparent polar wander of the Pacific plate for
the time interval (≈81 to 50 Ma) when the Emperor seamount chain was formed. Kono’s (1980) landmark
paleomagnetic investigation of vertical cores recovered from Suiko seamount by deep-sea drilling indicated
that the Hawaiian hot spot was ≈7° ± 6° (Cox & Gordon, 1984) closer to the northern hemisphere spin axis in
Paleocene time (≈60Ma; Sharp & Clague, 2006) than now. While this observation shows that the Hawaiian hot
spot has moved relative to the spin axis, it does not require that it moved relative to other hot spots. Morgan
(1981) showed that the Hawaiian hot spot shifted coherently with Indo-Atlantic hot spots relative to the spin
axis since the Paleocene, which he interpreted as true polar wander. Gordon and Cape (1981) used equatorial
sediment facies to confirm an ≈8° southward shift of the Hawaiian hot spot since Paleocene time and to
determine a unique paleomagnetic pole (and not merely a paleolatitude, which only restricts the paleomag-
netic pole to lie along a small circle) for the Pacific hot spots for ≈65 Ma. Gordon and Cape (1981) furthermore
showed that the spin axis location relative to Pacific hot spots agreed with that for Indo-Atlantic hot spots,
strengthening Morgan’s (1981) inference that global hot spots moved coherently relative to the spin axis
since ≈65 Ma.

Further evidence for the southward shift of the Hawaiian hot spot since Late Cretaceous time came from
analysis of diverse Pacific plate data sets, including the skewness of marine magnetic anomalies due to sea-
floor spreading (Gordon, 1982). His paleomagnetic pole showed that Pacific hot spots had shifted relative to
the spin axis by ≈10° since ≈70 Ma, even further strengthening the inference of Morgan (1981) of a coherent
global shift of hot spots relative to the spin axis.

Thus, by the early 1980s, it was well established that the Pacific and Indo-Atlantic hot spots had shifted in uni-
son relative to the spin axis since the formation of some of the Emperor seamounts, but when that shift
occurred and by what path was poorly known. Many later efforts were directed to delineating this history
using various types of paleomagnetic and paleolatitude data, including paleolatitudes of vertical cores of
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both igneous and sedimentary rocks, analysis of the skewness of marine magnetic anomalies due to seafloor
spreading, and analysis of the magnetic anomalies over seamounts.

In contrast to the interpretations of Morgan (1981) and Gordon and Cape (1981), Norton (1995), Raymond
et al. (2000), Cottrell and Tarduno (1997), and Tarduno et al. (2003) argue that the Hawaiian hot spot moved
southward relative to the mantle and relative to other hot spots during the formation of the Emperor chain.
One of the assertions made in some forms of this interpretation is that the Hawaiian hot spot has been fixed
in latitude since ≈50 Ma, the age of the Hawaiian Emperor Bend (Sharp & Clague, 2006). Herein we test this
prediction of the moving Hawaiian hot spot hypothesis.

There are few useful and reliable paleomagnetic poles for the Pacific plate for the past 50 Ma, that is, the time
interval when the Hawaiian chain was formed. For example, Acton and Gordon (1994) estimated poles for 26
and 39 Ma that they determined from a combination of equatorial sediment facies, paleocolatitudes from the
inclinations of basalt and sediment piston cores, and seamount paleomagnetic poles. Later, Beaman et al.
(2007) compiled Pacific plate paleomagnetic data for the Late Cretaceous and early Cenozoic and estimated
new poles. These include poles for 30 and for 39 Ma from paleomagnetically determined colatitudes from
basalt and sediment cores and from the inversion of magnetic anomalies over seamounts. Because of the
dependence of the 26 and 39 Ma poles of Acton and Gordon (1994) and of the 30 and 39 Ma poles of
Beaman et al. (2007) on paleomagnetism from sediment cores, which tend to give shallowly biased inclina-
tions (cf. Gordon, 1990), and on seamount poles, the accuracy of which are questionable (Gee et al., 1993),
especially for seamounts formed during intervals of rapid reversals, these poles may be biased and we con-
sider them superseded by the new poles presented herein.

An approach that we believe is superior to the above methods for estimating paleomagnetic poles for the
Pacific plate is to analyze the skewness of marine magnetic anomalies due to seafloor spreading (Gordon
& Cox, 1980; Schouten & Cande, 1976). Skewness (asymmetry) is usually quantified as the phase shift between
the observed magnetic anomaly and a synthetic magnetic anomaly calculated for the vertical component of
the magnetic field produced by a vertically magnetized crust (and perhaps a vertically magnetized upper-
most mantle; Dyment & Arkani-Hamed, 1995).

Magnetic anomaly crossings in low paleolatitudes with nearly north-south magnetic strike contribute the
greatest information for constraining the location of Pacific plate paleomagnetic poles (Acton & Gordon,
1991). It can be challenging, however, to identify the magnetic anomalies in low paleolatitudes from total
field shipboard magnetometers because the effective magnetization may be low and the amplitude of the
magnetic anomalies may be small compared with the magnetic noise, especially that due to diurnal variation
and its magnification by the electrojet. In contrast, Horner-Johnson and Gordon (2003) showed that available
vector aeromagnetic data have a higher signal-to-noise ratio than the total-intensity ship magnetic data.
Subsequently, Horner-Johnson and Gordon (2010) determined a new 32 Ma paleomagnetic pole from the
skewness of anomaly 12r.

Here we present a study of the skewness of magnetic anomaly 20r (44 Ma) for the Pacific plate, based on both
vector and scalar marine magnetic anomaly data, focusing on anomaly crossings in low paleolatitudes (Acton
& Gordon, 1991). We also revise the anomaly 12r (32 Ma) skewness pole for the Pacific plate (Text S1 and
Table S1 in the supporting information) by incorporating several improvements in methodology developed
during our investigation of anomaly 20r.

2. Crossings of Magnetic Anomaly 20r

From the archives of the National Geophysical Data Center, we identified 14 airplane and 19 shipboard mag-
netic crossings in five seafloor spreading corridors bounded, from north to south, by the Murray, Molokai,
Clarion, Clipperton, Galapagos, andMarquesas fracture zones (Figure 1). These profiles are shownwith themain
field removed and projected perpendicular to magnetic lineations in Figure S1a in the supporting information.

3. Methods
3.1. Processing of Magnetic Profiles

For each aeromagnetic profile, the vertical component and the east component are highly correlated
(Horner-Johnson & Gordon, 2003; Parker & O’Brien, 1997). Thus, for each crossing of anomaly 20r on an
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aeromagnetic profile, we estimate an effective inclination for each compo-
nent independently and then average these two estimates to create a
single datum to estimate the location of the best fit paleomagnetic pole.
Two aeromagnetic profiles, 0560–033 and 0440–045, are nearly identical
in location; we take the mean of the phase shifts of these two profiles as
a single datum. For three aeromagnetic profiles, which appear not to have
reliable skewness, we do not estimate their skewness but do use the loca-
tions of magnetic crossings to refine our estimation of magnetic lineation
strike. These profiles are indicated by asterisks in Table S2.

The synthetic magnetic anomalies are determined from a two-dimensional
magnetization model with a 0.5-km-thick layer 2A located at 4.5-km-below
sea level (Blakely & Cox, 1972; Schouten & McCamy, 1972). The reversal
boundaries are assumed to be vertical. We use the geologic time scale
of Gradstein et al. (2004).

3.2. Apparent Effective Inclination

After removal of the International Geomagnetic Reference Field, the mag-
netic profiles are projected in the direction perpendicular to the magnetic
lineation strike (Figure S1a). The observed magnetic anomalies are phase
shifted by various angles through an all pass phase filter (Schouten &
McCamy, 1972). The skewness, Δθ, is the experimentally determined angle
of phase shift by which the observed magnetic anomaly profile most
resembles the synthetic magnetic anomaly profile constructed from the
vertical component of the measured field and assuming vertical magneti-
zation (Table S2). The apparent effective remanent inclination, ea, is esti-
mated from

ea ¼ 180°� e–Δθ þ θa (1)

where θa is anomalous skewness, which decreases with increasing spread-
ing rate and becomes negligible above a half spreading rate of 55 mm a�1

(Dyment & Arkani-Hamed, 1995; Koivisto et al., 2011). The half spreading
rate during chron 20r exceeds 55 mm a�1 throughout the region of inves-
tigation. Thus, anomalous skewness can be neglected in our study (i.e.,
θa = 0°). When anomalous skewness can be neglected, ea is identical to
the remanent effective inclination, er, which is the inclination of the rema-

nent magnetization vector projected onto the vertical plane perpendicular to magnetic striping (Gordon,
1982; Petronotis et al., 1992; Schouten & Cande, 1976).

e is traditionally referred to as is the ambient effective inclination along the profile, which is an appropriate
description when analyzing total intensity magnetic profiles (Schouten & Cande, 1976). More generally,
however, it is the effective inclination of the component of the magnetic field being measured, that is, the
inclination of the magnetic field vector projected onto the plane perpendicular to magnetic striping
(Horner-Johnson & Gordon, 2010). Thus, for vector aeromagnetic anomalies, e is 0° for the east or north com-
ponent and 90° for the vertical component. Thus, ea is expected to differ by exactly 90° between the vertical
and either horizontal component of the magnetic field. For total intensity profiles, such as the ship magnetic
anomalies that we analyze herein, the ambient effective inclination is estimated as

e ¼ tan�1 tan Ið Þ= sin A� Dð Þ½ �; (2)

where I is inclination and D is declination for a given time and location determined from the International
Geomagnetic Reference Field and A is the strike of anomaly 20r (Schouten & Cande, 1976).

3.3. Anomalous Skewness and Half Spreading Rate

Early applications of skewness analysis demonstrated the existence of anomalous skewness, which is taken to
be the difference between the observed skewness and the skewness that is predicted by the simple

Figure 1. Magnetic anomaly profiles analyzed in this paper are plotted along
track on top of gridded bathymetry (Smith & Sandwell, 1997). The magnetic
profiles used to estimate the best fit pole are shaded in white, and the
profiles only used to estimate the magnetic strikes are shaded in gray. All
magnetic profiles are reduced to the best fit paleomagnetic pole obtained
herein. The gray stripes show the best fit magnetic strikes of the center of
anomaly 20r in each spreading rate corridor. Mercator projection.
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magnetization model with vertical reversal boundaries (Cande, 1976; Gordon, 1982; Gordon & Cox, 1980).
Roest et al. (1992) and Dyment et al. (1994) showed that the magnitude of anomalous skewness decreases
with increasing spreading rate and becomes negligible above a spreading half rate of ≈55 mm a�1.

To estimate the spreading half rate in each corridor, the midpoints of magnetic anomaly 19n (40.56 Ma), 20n
(42.18 Ma), 20r (44.06 Ma), 21n (46.29 Ma), 22n (49.01 Ma), 23n (51.48 Ma), 24r (55.24 Ma), 26r (60.19 Ma),
30n/31n (67.30 Ma), and 32n (71.95 Ma) are identified on each magnetic profile after reduction to the best
fit pole (Figure S1b). The distances between these midpoints projected on the direction perpendicular to
the magnetic lineation strike are divided by the corresponding age intervals to obtain the spreading half rate
for each.

3.4. Best Fit Paleomagnetic Pole

A best fit Pacific plate paleomagnetic pole and its 95% confidence limit are estimated by minimizing r, the
sum square normalized misfit (Gordon, 1982; Gordon & Cox, 1980; Petronotis et al., 1992), where

r ¼
Xn
i¼1

ea;i � em;i
� �2

σ2i
(3)

where ea,i is the ith observed apparent effective remanent inclination, em,i is the ith modeled effective rema-
nent inclination calculated from the assumed pole position, and σi is the uncertainty of the ith observation.

When estimating the dispersion of the data, aeromagnetic data are treated separately from the shipboard
magnetic data. Thus, the standard deviation, σi, of effective remanent inclinations for aeromagnetic data is
in general different from that for shipboard magnetic data. Best-fit paleomagnetic poles are first separately
estimated from aeromagnetic data and ship-board magnetic data, respectively. While the algorithm of
Gordon and Cox (1980) propagates the errors from the dispersion of the effective remanent inclinations, it
does not explicitly incorporate the uncertainty of magnetic strike; instead, this error is incorporated by sum-
ming the covariance matrix due to uncertainty in anomaly strike (Horner-Johnson & Gordon, 2010) with the
one obtained from the Gordon and Cox (1980) method.

The whole process is iterated typically 5 to 10 times as the locations of the magnetic anomaly crossings (and
therefore the magnetic strike) can be estimated more accurately after the magnetic profiles have been
reduced to the preliminary pole. The skewness of each crossing of magnetic anomaly 20r is also refined dur-
ing the iteration.

3.5. Magnetic Lineation Strike and Uncertainty

The location of the best fit paleomagnetic pole is sensitive to the estimate of magnetic lineation strike
(Horner-Johnson & Gordon, 2010). For ship magnetic profiles, the observed apparent effective remanent
inclination, ea, depends on the magnetic lineation strike (because e for shipboard data depends on lineation
strike as shown in equation (2)). For both aeromagnetic and ship magnetic profiles, the modeled effective
remanent inclination, em, depends on the magnetic lineation strike. This dependence is strong for nearly
north-south lineations in low paleolatitudes on the Pacific plate (Acton & Gordon, 1991; Horner-Johnson &
Gordon, 2010) such as those analyzed herein.

Magnetic lineation strike was estimated in two ways: (1) from the locations of magnetic anomaly crossings
identified in each fracture zone-bounded corridor and (2) from the azimuth of the bounding fracture zones
assuming orthogonal spreading (Zhang et al., 2018).

In the first approach, a great circle best fitting themagnetic anomaly crossings in each spreading rate corridor
is determined. Themagnetic crossings are described as a series of unit vectors (sx1, sy1, sz1), (sx2, sy2, sz2), ..., (sxn,
syn, szn) in Cartesian coordinates, and the pole of a great circle is described as a unit vector p̂ (px, py, pz). The
best fit great circle is determined by using a global search to find the value of p̂ that minimizes the misfit to

sx1 sy1 sz1

sx2 sy2 sz2
…

sxn

…

syn

…

szn

2
66664

3
77775

px
py
pz

2
64

3
75 ¼

0

0
…

0

2
6664

3
7775 (4)
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in a least squares sense. The azimuth of the closest point on this great circle provides an estimate of the strike
for each magnetic crossing.

For example, 4 aeromagnetic and 11 ship magnetic crossings in the seafloor spreading corridor between the
Murray and the Molokai fracture zones were identified (Figure S2). From equation (4), a best fit great circle
was obtained with a pole located at �9.0°N, 133.6°E (Table S3). The northernmost magnetic crossing in this
corridor, si933010, is located at 30.533°N, 218.247°E. The closest point on the best fitting great circle to this
crossing is 30.533°N, 218.250°E, and the azimuth of the best fitting great circle at this point is 169.5°.
Therefore, the magnetic strike of si933010 estimated from the first approach is 169.5°.

In the second approach, the magnetic strike was determined from the azimuth of the adjacent segments
of fracture zones. The azimuth of a fracture-zone segment was determined by fitting a great circle to it
(Table S4). Of course fracture-zone segments are segments of small circles, not great circles, but the segments
we use are short enough and the radius of curvature of the small circles is large enough, that the resulting
error in strike is negligible. Assuming orthogonal spreading (cf. Zhang et al., 2018), we use the strike of
the fracture zone to estimate the strike of the magnetic lineation where it intersects the fracture zone
(Table S5). For each magnetic crossing, its magnetic strike is estimated by interpolation according to its
distance from the surrounding fracture zones.

For example, again consider the seafloor spreading corridor between the Murray and Molokai fracture zones.
The great circle that best fits the adjacent segment of the Murray fracture zone has a pole located at 56.2°N,
60.0°E, and a great circle best fitting the adjacent segment of the Molokai fracture zone has a pole located at
63.9°N, 63.8°E. The intersection of the great circle fit to the magnetic anomaly crossings with the Murray frac-
ture zone is located at 31.8°N, 218.0°E, with an azimuth of 167.9°. The analogous intersection with the Molokai
fracture zone is located at 24.1°N, 219.5°E, with an azimuth of 169.6°. The northernmost magnetic crossing in
this corridor, si933010, is 1.3° away from the Murray fracture zone and 6.5° from the Molokai fracture zone.
Therefore, the magnetic strike for si933010 estimated from the second approach is 168.2°, as an interpolation
between the azimuths at two intersections. The mean value, 168.9°, of the estimates from these two different
approaches, is used as the magnetic strike of si933010 (Table S3).

Thus, the magnetic strikes of profile si933010 estimated from two approaches differ by 1.3°. The mean of the
absolute value of the difference in magnetic strike estimated by these two approaches for all fracture zone
corridors is 1.6° (Table S2). Therefore, we use 2° as a uniform 1σ uncertainty for all magnetic strikes in the pre-
sent analysis (Table S2).

3.6. Data Importance

The information contributed by each magnetic profile in determining the location of the best fit pole is
quantified as data importance (Gordon & Cox, 1980; Minster et al., 1974). The sum of the data importances
equals the number of the adjustable model parameters. In this study, the adjustable model parameters are
the latitude and longitude of the best fit paleomagnetic pole. Thus, data importances sum to two.

4. Results
4.1. Spreading Rates as a Function of Age

Figure 2 shows the spreading rates we determine as a function of age as described above from profiles
reduced to the pole (Figure S1b). The best fit to the marine magnetic anomalies indicates that the spread-
ing half rate increased gradually from ≈30 to 45 mm a�1 from 75 to 50 Ma. There is no hint in our results
of the surge in spreading rate at 56 Ma proposed by Wright et al. (2015), which—as Wilson (2016) points
out—is likely to be an artifact of their preference for the Cande and Kent (1995) time scale over newer
time scales.

In contrast, we find that the spreading rate doubled between 50 and 42 Ma from a half rate of 45 mm a�1 to a
half rate of 90 mm a�1 (Figure 2). Our results confirm the acceleration of Pacific-Farallon spreading between
≈50 and 42 Ma documented by Barckhausen et al. (2013) and is consistent with the hypothesis that
the Hawaiian-Emperor Bend records a change in motion of the Pacific plate relative to the deep mantle
(Morgan, 1972).
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4.2. Paleomagnetic Results for Anomaly 20r

The aeromagnetic and shipboard data, when inverted separately, were
found to have standard deviations of 9.9° and 12.6°, respectively. The
observed effective remanent inclinations vary from a low of ≈ �80° in
the south to a high of an ≈+80° in the north over a span of ≈40° of present
latitude (from ≈10°S to ≈30°N; Figure 3). Thus, on average, every 4° in direc-
tion space (i.e., effective remanent inclination) maps into 1° in pole space
(e.g., paleocolatitude). This high ratio is a geometrical consequence of esti-
mating effective remanent inclination, er, as compared with ordinary rema-
nent inclination, Ir. Recall that

er ¼ tan�1 tan Irð Þ= sin A� Dð Þ½ � (5)

(Schouten & Cande, 1976). For the special case of A � D = 90°, er = Ir and thus er varies with paleolatitude as
indicated by the dipole formula. In general, however, er is larger in magnitude than Ir and varies more rapidly
with paleolatitude than Ir especially in low paleolatitudes. For example, for low paleolatitudes, equation (5)
can be approximated as

er ≈ Ir= sin A� Dð Þ (6)

Thus, for A� D ≈ 5°, er ≈ (11) Ir (cf. Figure 6 of Acton & Gordon, 1991). This is
a key reason why poles determined from skewness analysis of anomalies
recording Late Cretaceous and Cenozoic spreading between the Pacific
and Farallon plates have confidence limits muchmore compact than those
determined from alternative approaches.

The apparent effective remanent inclinations change sign at the paleoe-
quator, which occurs near 11°N, between the Clipperton and Clarion
fracture zones (Figure 3).

The skewness of each magnetic anomaly crossing defines a great semicir-
cle of possible paleomagnetic poles consistent with the effective rema-
nent inclination indicated by a single crossing of anomaly 20r (Schouten
& Cande, 1976; Figure 4). For the aeromagnetic data, the best fit pole is
at 78.6°N, 40.7°E. For the ship magnetic data, the best fit pole is at
76.7°N, 18.4°E. The best fit pole from the combined data set is at 78.0°N,
26.0°E; its initial 95% confidence ellipse has a major semiaxis length of
3.9° oriented 086° clockwise of north and minor semiaxis of 1.6°. After
incorporation of the uncertainty of magnetic lineation strike, the 95% con-
fidence limits become a major semiaxis length of 5.4° oriented 101° clock-
wise of north and a minor semiaxis of 2.0°.

The information content as estimated by data importance is related to the
location of the magnetic anomaly crossing (Acton & Gordon, 1991). The
greatest information is contributed by the magnetic profiles close to
the paleoequator, which lies near 11°N (Figure 3). Data importances show
that the four magnetic profiles between the Clarion and Clipperton frac-
ture zones contribute 43% of the information. In contrast, the five profiles
between the Galapagos and Marquesas fracture zones contribute only
13% of the information (Table S2).

4.3. Comparison With Mean Paleomagnetic Poles Reconstructed
From the Continents

Figure 5a compares the new Pacific plate paleomagnetic poles with the
poles of Torsvik et al. (2012), which were obtained from paleomagnetic
poles from the continents and reconstructed by us from the Africa

Figure 2. Half spreading rate versus age estimated herein. The vertical yel-
low shading shows the location of anomaly chron 20r. The red dash line
indicates 55 km Ma�1, the threshold of half spreading rate above which
anomalous skewness is negligible (Dyment et al., 1994).

Figure 3. Latitude versus effective remanent inclination inferred from the
skewness of anomaly 20r. The filled circles indicate the observed effective
remanent inclination for each crossing of anomaly 20r (blue if from airplane
data; red if from shipboard data). For vector aeromagnetic profiles, the
results from vertical and east components are shown separately. The black
curve shows effective remanent inclination calculated from the best fit
paleomagnetic pole (78.0°N, 26.0°E) for chron 20r. Before determining the
best fit pole, for each profile, the vertical and east were averaged and
combined into a single datum.
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reference frame into the Pacific plate reference frame through the plate motion circuit through Antarctica
(Table S6) incorporating the east-west Antarctica rotations of Granot et al. (2013). While the 95% confidence
limits overlap, the difference between the Pacific plate poles and non-Pacific plate poles (reconstructed into
the Pacific plate reference frame) is formally statistically significant. Possible explanations for the significant
difference include failure of the relative plate motion circuit, errors (uncertainties) in relative rotation para-
meters, and failure of the axial geocentric dipole hypothesis.

We examine two of these possibilities in Figure S3, which compares the new 44Ma and updated 32Ma Pacific
plate paleomagnetic poles with poles of Acton and Gordon (1994). Means of two groups of poles, which do
not overlap in age, rotated into the Pacific plate reference frame from the rest of the globe (hereinafter “RG”)
through the plate motion circuit through Antarctica are shown in Figure S3 with red-orange standard error
ellipses (Acton & Gordon, 1994). The uncertainties incorporate the uncertainties from relative plate recon-
structions. The new Pacific plate paleomagnetic poles lie closer to the RG poles than do the coeval Pacific
plate poles of Acton and Gordon (1994).

As discussed above, our two new Pacific plate poles supersede the 26 and 39 Ma poles of Acton and Gordon
(1994). Despite being nearer the RG poles, the new poles nevertheless differ significantly from the RG poles.
As relative plate motion uncertainty is included in the Acton and Gordon (1994) error budget, we can exclude
it as an explanation for the discrepancy between the poles.

We also use Figure S3 to examine the effect of a small persistent quadrupole component of the paleomag-
netic field. Several workers have found that the Earth’s paleomagnetic field is fit significantly better if it is

Figure 4. Best fit paleomagnetic poles and great semicircles. The best fit paleomagnetic pole for 44 Ma: purple (78.0°N,
26.0°E) from airplane and shipboard data combined; blue (78.6°N, 40.7°E) from only aeromagnetic profiles; red (76.7°N,
18.4°E) from only ship-board profiles. The best fit paleomagnetic pole for 32 Ma: yellow (83.5°N, 44.6°E) from Horner-
Johnson and Gordon (2010); purple (82.7°N, 26.6°E) as updated herein. Each great semicircle is the locus of paleomagnetic
poles exactly consistent with a single estimate of effective remanent inclination inferred from skewness (red for shipboard
data; blue for airplane data—one each for vertical and east components). Also shown is an ≈39 Ma pole from sediment
paleomagnetic colatitudes and declinations from seamount poles (Beaman et al., 2007): green (75.9°N, 17.3°E).
Stereographic projection.
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assumed to have a small persistent quadrupole component superimposed on the main dipole field (e.g.,
Acton et al., 1996; Coupland & Van der Voo, 1980; Livermore et al., 1984). In Figure S3, we examine the
effect of assuming that the time-averaged paleomagnetic field has a persistent quadrupole component
equal to 5% of the magnitude of the dipole component. The Pacific plate poles shift 2° to 3° northward
while the poles reconstructed from the continents shift ≈2° westward if a 5% quadrupole is assumed, the
difference between the Pacific plate 44 Ma pole and the RG 46 Ma pole becoming insignificant. A similar
shift applied to the poles in Figure 5a may shrink the difference to insignificance as well.

4.4. Paleolatitude of the Hawaiian Hot Spot, Position of the Spin Axis Relative to Global Hot Spots, and
True Polar Wander

Figure 5b shows the new 44 Ma Pacific plate paleomagnetic pole and updated 32 Ma pole reconstructed into
the Pacific hot spot reference frame using Pacific plate-hotspot rotations interpolated from those of Koivisto
et al. (2014; Table S6). The 44 and 32 Ma Pacific plate poles, which record the position of the spin axis during
the formation of the Hawaiian chain, lie near 86°N, 155°E in the Pacific hot spot reference frame (Figure 5b),
which indicates that the Pacific hot spots have moved relative to the spin axis at some time since 32 Ma.

Is this shift of the spin axis relative to Pacific hot spots caused by motion of the hotpots relative to a
mantle reference frame and relative to other hot spots, or to true polar wander? To test the hypothesis of true
polar wander, the APW of the Pacific hot spots is in effect compared with that of the Indo-Atlantic hot spots
in Figure 5b.

Morgan and Phipps Morgan (2007) showed that for geologically current plate motion that the Pacific hot spot
reference frame is indistinguishable from the Indo-Atlantic hot spot reference frame. Wang et al. (2017)
further showed for geologically current plate motion that, on average, Pacific hot spots move merely
0.2 ± 7.4mm a�1 relative to Indo-Atlantic hot spots, insignificantly different from zero and providing an upper
bound of 7.6 mm a�1. Moreover, Koivisto et al. (2014) showed that there has been no significant motion
between Pacific and Indo-Atlantic hot spots since ≈48 Ma, roughly the age of the Hawaiian-Emperor Bend.

Figure 5. (a) Comparison of Pacific plate poles from skewness with mean poles from the continents rotated into the Pacific plate reference frame by way of the
relative plate motion circuit through Antarctica. Blue: 32 and 44 Ma Pacific plate paleomagnetic poles from this study. Orange: 40 to 10 Ma paleomagnetic poles
from Torsvik et al. (2012), reconstructed into the Pacific plate reference frame through Antarctica while using the east-west Antarctica rotations of Granot et al. (2013).
(b) Paleomagnetic poles reconstructed into the Pacific hot spot reference frame: Blue, 32 and 44 Ma paleomagnetic poles from this study; Orange, 40 to 10 Ma
paleomagnetic poles from Torsvik et al. (2012) reconstructed into the Pacific hot spot reference frame, which we take to be equivalent to a global hot spot reference
frame (Koivisto et al., 2014). The direction and magnitude of true polar wander since ≈32 Ma is indicated by a light blue arrow. The orientation of contemporary
true polar wander, which occurs at a rate of ≈1.1°Ma�1 in the hot spot reference frame if extrapolated to geologic time, is shown by a purple arrow (Argus & Gross,
2004). The direction of modeled true polar wander owing to advection of mantle density anomalies is shown by a red arrow (Steinberger & O’Connell, 1997). The
arrows with open arrowheads point to the indicated hot spots. Stereographic projection.
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Thus, to locate the poles from the continents in a global hot spot reference frame, we have simply transferred
the 10, 20, 30, and 40 Ma poles of Torsvik et al. (2012), which are determined from paleomagnetic poles from
the continents bordering the Atlantic and Indian Oceans, to the Pacific reference frame through the global
plate circuit through Antarctica, as in Figure 5a, and then rotated them relative to Pacific hot spots using
the reconstructions of Koivisto et al. (2014; Table S6).

The reconstructed paleomagnetic poles of Torsvik et al. (2012) agree in a general way with our coeval Pacific
plate poles when both are plotted in the hot spot reference frame—both sets of poles lie within 3° to 9° of the
north pole of the hot spot reference frame near the 150°E meridian (Figure 5b). In detail, however, they differ
formally significantly, although their confidence ellipses overlap.

The results show that, to a first approximation, the Pacific and Indo-Atlantic hot spots shifted coherently rela-
tive to the spin axis since 32 Ma (Pacific plate data). The light blue arrow shows the direction of late Cenozoic
true polar wander that we infer in Figure 5b; it can be compared with the direction of true polar wander over
the past century in the hot spot reference frame, which is shown as a purple arrow (Argus & Gross, 2004).
Contemporary true polar wander differs from late Cenozoic true polar wander by ≈40° in orientation, consis-
tent with the possibility that contemporary true polar is not only a response to deglaciation but may also
include a component that is a continuation of the late Cenozoic true polar wander documented by our
new and updated poles (Gordon, 1995; Steinberger & O’Connell, 1997).

5. Discussion

Paleomagnetic poles determined from the skewness of Pacific marine magnetic anomalies due to seafloor
spreading have compact confidence limits and strongly constrain the past motion of the Pacific plate relative
to the spin axis. Such poles are an order of magnitude more accurate than the paleomagnetic information
obtained by vertical drill cores of igneous rock. For example, the 95% confidence limits on paleolatitude
for the two drill cores from Midway Island (Grommé & Vine, 1972) are ±9.6° and ±14.1° (Cox & Gordon,
1984). In contrast, our new 44 Ma pole has a 95% ellipse with a minor semiaxis of 2.0°, which corresponds
to one-dimensional 95% confidence limits of ±1.6° (see Cox & Gordon, 1984 for a discussion of converting
between one-dimensional and two-dimensional confidence limits). Moreover, the drill-core basalts provide
no useful constraint on paleomagnetic declination, while the major semiaxis of the skewness pole is well con-
strained (±4.3° one-dimensional 95% confidence limits).

In Figure 4, the new chron 20r (44 Ma) paleomagnetic pole is compared with the original and revised chron
12r (32 Ma) paleomagnetic pole (Text S1 and Table S1) and with a prior ≈39 Ma pole determined from paleo-
magnetic inclinations measured in sediments recovered by coring, combined with declinations from
seamount poles (Beaman et al., 2007). The 39 Ma pole lies 2.9° southwest of our new 44 Ma pole and just out-
side of the 95% confidence limits of the latter. It also lies significantly southwest of the great circle segment
that connects the 32 and 44 Ma poles. We doubt that the paleomagnetic pole shifted to the southwest
between 44 and 39 Ma and then a larger distance to the north northeast from 39 to 32 Ma. It is more likely
that the difference between the 39 and 44 Ma pole is due to the large uncertainty in Beaman et al.’s (2007)
pole plus a small possible bias in their pole from some combination of shallowly biased paleomagnetic incli-
nations of Pacific plate sedimentary rocks (Gordon, 1990) and a bias in the seamount declinations (cf. Gee
et al., 1993).

The new accurate Pacific plate paleomagnetic poles demonstrate (1) that the Pacific hot spots have moved
relative to the spin axis at some time since 32 Ma, (2) that both the Pacific hot spots on the one hand and
the Indo-Atlantic hot spots on the other have had similar motion relative to the spin axis, and (3) the
orientation of this motion is similar in orientation to the secular drift of the spin axis observed over the
past century (e.g., Argus & Gross, 2004). When extrapolated to geologic time, the contemporary secular
drift corresponds to a rate of true polar wander of 1.1° per million years (Argus & Gross, 2004). As an
end-member case, this suggests that the post-32 Ma true polar wander, if continuing today at the current
rate, occurred in just the past ≈4 Ma. Alternatively, models of Steinberger and O’Connell (1997) indicate
true polar wander of 0.37° Ma�1 toward 24°W in the past one million years, the direction of which agrees
well with the observed direction of true polar wander (Figure 5b). If we take their rate and extrapolate it
back further in time, the amount of true polar wander indicated in Figure 5b would have occurred over
the past ≈11 Ma.
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What caused the spin axis to move to its present position from the position it occupied from at least 44 to
32 Ma? One possibility is a change in the global geometry of subducting slabs. Steinberger and Torsvik
(2010), whose interpretation of true polar wander during Cenozoic time is broadly similar to ours (but differs
in important detail), propose that motion of the spin axis toward Greenland since ≈50 Ma is caused by
increased subduction beneath East Asia and South America and a decrease beneath North America, which
is in the right direction to explain our observations, but it is not clear that the timing fits our result.
Alternatively, the shift could be due to detachment of slab in the southwest Pacific basin. Cox and
Engebretson (1985) infer that the Pacific plate changed its direction of motion relative to the hot spots to
a more northerly direction about 5 Ma, probably as the result of the detachment of a piece of Pacific plate
that had been subucted beneath the Fiji plateau. The changing trench boundary resulted in a change in
the torque applied to the Pacific plate, which changed its direction of motion (Gordon et al., 1978). The same
change in plate geometry would cause a decrease in the contribution of this subducting plate boundary to
the nonhydrostatic moment of inertia tensor in the right sense to cause the true polar wander we observe
since 32 Ma.

6. Conclusions

1. Vector aeromagnetic profiles collected in low paleolatitudes on the Pacific plate have a higher signal-to-
noise ratio than the ship-board magnetic profiles and can be used to help constrain a paleomagnetic pole
with compact confidence limits. Data importances suggest that magnetic profiles close to the paleoequa-
tor provide the most useful information for constraining the location of paleomagnetic poles, as was
previously indicated from numerical experiments (Acton & Gordon, 1991).

2. The paleomagnetic pole for chron 20r (44 Ma) is located at 78.0°N, 26.0°E. Its 95% confidence limits are
described by an ellipse with a major semiaxis of 5.4° oriented 101° clockwise from north and a minor
semiaxis of 2.0°. The updated paleomagnetic pole for chron 12r (32 Ma) is located at 82.7°N, 26.6°E. Its
95% confidence limits are described by an ellipse with a major semiaxis of 4.3° oriented 61° clockwise
from north and a minor semiaxis of 1.3°.

3. The new and updated Pacific plate paleomagnetic poles show that the Pacific hot spots have not been
fixed relative to the spin axis since 32 or 44 Ma. This does not require, however, that the Pacific hot spots
have moved relative to Indo-Atlantic hot spots. Instead the data indicate that Pacific and Indo-Atlantic hot
spots have moved coherently relative to the spin axis since 32 Ma.

4. The coherent motion of global hot spots relative to the spin axis is most simply explained as a recent epi-
sode of true polar wander. The orientation of this true polar wander is close enough to that of true polar
wander over the past century that the episode recorded by paleomagnetic data may be continuing today.
The magnitude of this episode of true polar wander, ≈4°, combined with either the historical rate (Argus &
Gross, 2004) or a modeled rate (Steinberger & O’Connell, 1997), suggests that the current episode of true
polar wander began either ≈4 Ma or ≈11 Ma, respectively.
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