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Abstract 

Evaluation of hotspot reference frame: current absolute plate motion from 

seismic anisotropy and hotspot tracks; and Pacific apparent polar wander 

from the skewness of magnetic anomaly 

by 

Lin Zheng 

 Hotspots can serve as a reference frame to track the motion of the plates relative to the mantle 

beneath the asthenosphere. The application of the hotspot reference frame, however, is limited by the 

relative hotspot motion ranging from a few mm a-1 [Morgan, 1971; Duncan, 1981; Muller et al., 1993; 

Koivisto et al., 2013] to 80 mm a-1 [Raymond et al., 2000]. This dissertation aims to evaluate the 

hotspot reference frame. 

 In the first part, I estimate the plate motion relative to the sub-asthenospheric mantle from 

seismic anisotropy data [Kreemer, 2009]. Prior studies based on seismic anisotropy assume that errors 

in the azimuths inferred from shear-wave splitting are uncorrelated. In this dissertation, I show that the 

residuals of azimuths are strongly correlated with other residuals from the same plate. I account for 

these correlations in an inversion for absolute plate angular velocity by adopting a two-tier analysis of 

plate absolute velocities. 

 In the second part, I estimate plate motion from HS3 hotspot [Gripp and Gordon, 2002]. 

Volcanic age dates used in HS3 tend to be younger than true ages due to the bias inherent in K-Ar 

measurements. I use the difference between an astrogeochronologic-based, and a K-Ar-based, 

geomagnetic reversal time scale as a proxy to recalibrate the K-Ar age dates, which reduces the 
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volcanic propagation rates of the Hawaii hotspot track and the Society hotspot track by 8% and 4% 

respectively.   

 In the third part, I test the hotspot mobility from the magnetic anomaly data due to seafloor 

spreading. I estimate the location of Pacific 20r paleomagnetic pole (44 Ma B.P.). Then I reconstruct 

this paleomagnetic pole in the Pacific hotspot reference frame [Andrew et al., 2006; Koivisto et al., 

2013], and compare it with prior paleomagnetic pole at the similar age in the Indo-Atlantic hotspot 

reference frame [Besse and Courtillot, 2002]. 
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Introduction 

 

 Hotspots, which are volcanic regions thought to be fed by underlying mantle that is 

anomalously hot compared with the surrounding mantle, can be used as a reference frame to track the 

motion of the plate relative to the mantle beneath the asthenosphere. The application of the hotspot 

reference frame, however, is limited by the relative hotspot motion, which ranges from a few mm a-1 

[Morgan, 1971; Duncan, 1981; Muller et. al., 1993] to 80 mm a-1 [Raymond et. al., 2000].  

 In this dissertation, I evaluate the hotspot reference frame from two different data sets. In the 

first part, I estimate the plate motion relative to the sub-asthenospheric mantle from the orientation of 

seismic anisotropy inferred from shear-wave splitting (mainly from SKS arrivals). Then I update the 

hotspot data set, and compare the angular velocities from seismic anisotropy with those from the 

updated hotspot data set. In the second part, I test the hotspot mobility from the magnetic anomaly data 

due to seafloor spreading. I estimate the location of the Pacific paleomagnetic pole of anomaly 20r (44 

Ma B.P.) by analyzing the skewness of marine magnetic anomalies. Then I reconstruct this 

paleomagnetic pole in the Pacific hotspot reference frame [Andrew et. al., 2006], and compare it with 

prior paleomagnetic pole at the same age in the Indo-Atlantic hotspot reference frame [Besse and 

Courtillot, 2002]. 

 In the first chapter, I estimate the plate motion relative to the sub-asthenospheric mantle from 

seismic anisotropy data [Kreemer, 2009]. The orientations of seismic anisotropy are inferred from shear 

wave splitting (mainly SKS). Shear wave splitting occurs when a polarized shear wave enters an 

anisotropic medium. As the shear wave splits into two shear waves, one of these shear waves will travel 

faster than the other. The orientation of the fast shear wave indicates the preferred alignment of highly 

anisotropic minerals in the asthenosphere. The time delays observed between the slow and fast shear 

waves, as well as their velocities, give information about the depth location of the azimuthal anisotropy. 
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 Observed shear wave splitting from 100 and 300 km depth in the asthenosphere indicates the 

differential motion between the lithosphere and mesosphere [Montagner and Tanimoto, 1991; Leveque 

et. al., 1998; Maggi et. al., 2006]. The orientation of shear wave splitting align with the strain-induced 

lattice-preferred orientation (LPO) of highly anisotropic minerals, and thus with the pattern of 

asthenosphere flow. Since plate velocities have been nearly constant over at least the last 3 Ma, the 

LPO in the asthenosphere is also aligned with the direction of current plate motions relative to sub-

asthenospheric mantle. Most studies find the orientations of shear wave splitting underneath oceanic 

lithosphere align with the direction of absolute plate motion predicted by existing models [Russo and 

Okal, 1998; Wolfe and Silver, 1998; Klosko et. al., 2001; Fontaine et. al., 2007]. 

In this dissertation, I adopt SKS, a data set of 474 shear wave splitting orientations from 

Kreemer [2009], with a few updates (Appendix A). To avoid including the shear wave splitting 

orientations affected by active tectonics, SKS excludes data obtained in plate boundary zones. To 

further avoid including the shear wave splitting orientations that are affected by lithospheric structure, 

all continental data in SKS are obtained above cratons.  

As shown later in this dissertation, the residuals to azimuths from any one plate are strongly 

correlated with the residuals from the same plate. Prior research neglected these correlated errors and 

therefore derived the uncertainties of the angular velocities unrealistically small. 

 In this dissertation, I present a new global set of plate angular velocities from the SKS data after 

removing the correlated errors within each plate. First, I use the shear wave splitting orientations from 

one plate to estimate the pole of rotation and confidence limits for each plate individually. Typically 

this results in a confidence region that is narrow in one well-constrained direction and elongate in the 

other. Then I perform a global inversion in which each plate is represented not by multiple individual 

estimates of the orientation of seismic anisotropy but by a single best-fitting pole and confidence limits. 

Orientations of shear wave splittings from the Australia and Eurasia plate are omitted in this study as 
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Rayleigh test shows the anisotropy data from these plates are not significantly from what is expected 

from data drawn from a uniform random distribution. 

 The plates used in this study are weighted in two different approaches, which depend on the 

assumption about the principal source of noise. If the principal source of noise was anisotropy in the 

lithosphere, the signal-to-noise ratio will be equal for each plate. In the first approach, the short axes of 

the uncertainty ellipses for each plate were normalized to be equal, so the best-constrained components 

on each plate were given equal weight. If the principal source of noise was due to asthenospheric flow 

not directly related to the shearing of the asthenosphere by the motion of the overriding plate, the 

signal-to-noise ratio will be higher for the fast moving plate. In the second approach, the short axes of 

the uncertainty ellipses for each plate were normalized according to the root-mean-square velocity of 

that plate. This approach requires iteration and assigns more weight to the fast moving plate. 

 The preferred set of angular velocities, SKS-GV-MORVEL, are determined from a subset of the 

SKS data from eight plates weighted proportionally to the root-mean-square velocity of each plate and 

constrained to consistency with the MORVEL global set of angular velocities for the motions of 25 

tectonic plates over geologically recent times [Argus et. al., 2011]. The new set of angular velocities 

indicates a right-handed net-rotation of the entire lithosphere of 0.25±0.12º Ma-1 [95% c.l.] about a pole 

located at (57.1 ºS, 68.6 ºE). The realistic uncertainties in absolute motion from seismic anisotropy are 

≈≤ 0.13 º Ma-1 [95% c.l.]. The global set of absolute plate motions estimated from seismic anisotropy 

data are compared with those estimated from the HS3 hotspots data set [Gripp and Gordon, 2002]. 

 Then I update HS3, a widely used hotspot data set consisting of two volcanic propagation rates 

and eleven segment trends of linear volcanic chain segments spanning ≲6 Ma from the Pacific, Nazca, 

South America, and North America plates [Gripp and Gordon, 2002].  

Because of bias (due to argon loss) inherent in K-Ar measurements, the volcanic age dates used 

in HS3 tend to be younger than true ages, and the volcanic propagation rates thus tend to be too high. 
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Here we use the difference between an astrogeochronologic-based, and a K-Ar-based, geomagnetic 

reversal time scale as a proxy to recalibrate the K-Ar age dates, which reduces the volcanic propagation 

rates of the Hawaii hotspot track and the Society hotspot track by 8% and 4% respectively. We 

combine the HS3B data set, which is merely HS3 corrected for bias, with the MORVEL plate relative 

angular velocities [DeMets et al., 2010] to determine HS3B-MORVEL, a new global set of plate 

angular velocities relative to the hotspots. The angular speed of the Pacific plate relative to the hotspots 

is lower in HS3B-MORVEL (0.98º Ma-1) than in HS3-NUVEL1A (1.06º Ma-1). As a limiting case, we 

also determine HS3C-MORVEL, a set of angular velocities determined assuming that Pacific hotspots 

move relative to non-Pacific hotspots at 5 mm a-1 in a direction opposite to Pacific plate motion relative 

to the hotspots. HS3B-MORVEL and HS3C-MORVEL respectively indicate a net-rotation of the 

lithosphere of 0.35±0.11º Ma-1 and of 0.30±0.11 (95% confidence limit), respectively 20% and 32% 

smaller than the net-rotation, 0.44±0.11º Ma-1, for HS3-NUVEL1A. 

The second data-set consists of magnetic anomalies due to seafloor spreading, which are stripes 

of rock symmetric about the mid-ocean ridge axis alternating in magnetic polarity. They formed at an 

active ridge crest when the magnetic minerals cool below the magnetic blocking temperatures and the 

orientation of the Earth's magnetic field is frozen into the upper crust basalts. As the seafloor gradually 

moves away from the mid-ocean ridge, oceanic crust preserves a continuous record of the normal and 

reversal episodes of the Earth's magnetic field. Therefore, the shapes and amplitudes of marine 

magnetic anomalies could be used to estimate the paleomagnetic poles with well-known ages and 

reconstruct the past positions of lithosphere plates relative to the Earth's spin axis. 

  The skewness of a magnetic anomaly is defined as the asymmetry in the shape of the magnetic 

profile. The best estimate of skewness is the phase shift that transforms the observed anomaly most 

closely matching the shape of a zero-phase-shift synthetic anomaly. The phase shift is achieved by an 

'all pass' phase filter which passes all wavenumber components without modifying their amplitudes but 
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shifts their phase by Δθ in the wavenumber domain of the Fourier transform of the observed magnetic 

anomalies. The synthetic magnetic anomalies are calculated based on a two-dimensional sea-floor 

magnetization model, which is composed of a series of 0.5 km thick blocks of constant magnetization 

intensity and direction but of alternating polarity [Schouten, 1971; Schouten and McCamy, 1972; 

Schouten and Cande, 1976; Cande, 1976].  

 The skewness of magnetic anomalies due to seafloor spreading depends on three factors: (1) the 

orientation of the total magnetic field at the time and location of observation, (2) the azimuth of the 

magnetic lineation strike, and (3) the orientation of the remanent magnetic field locked into the seafloor 

at the time and location of formation [Schouten, 1971; Schouten and McCamy, 1972; Schouten and 

Cande, 1976; Petronotis et. al., 1992]. The orientation of the total magnetic field at the time and 

location of observation can be estimated by International Geomagnetic Reference Field (IGRF), a 

series of mathematical models of the Earth's main field and its secular variation (Barton et. al. 1997). I 

improve the method to estimate the azimuth of magnetic lineation strike, the second factor, in this 

dissertation. The third factor, the orientation of the remanent magnetic field, is derived from the 

skewness data and the first two factors. The orientation of the remanent magnetic field is linked with 

the paleomagnetic colatitude directly and therefore could be used to constrain the location of 

paleomagnetic poles.  

 For the Pacific plate, marine magnetic anomalies provide a continuous record of the 

paleomagnetic field from the Jurassic to the present. The abundance and availability of Pacific 

magnetic anomaly data thus provide a large established source of reliable paleomagnetic poles and the 

apparent polar wander (APW) path. Prior studies identified the magnetic anomaly crossings and 

determined the Pacific paleomagnetic poles for anomaly 12r [Horner-Johnson and Gordon, 2010], 

anomaly 25r [Petronotis et. al., 1994], anomalies 27r-31 [Acton and Gordon, 1991], and anomaly 32 

[Petronotis and Gordon, 1999; Koivisto et. al., 2011].  
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 Vector aero-magnetic data in the low paleolatitude region can be used to further constrain the 

existing Pacific paleomagnetic poles and improve the resolution of APW path. Acton and Gordon [1991] 

indicated that the magnetic anomaly crossings in this region contribute the greatest information for 

constraining the location of the Pacific paleomagnetic pole. Horner-Johnson and Gordon [2003] 

showed that the vector aero-magnetic data have a higher signal-to-noise ratio than the scalar shipboard 

magnetic data.  

 There are three reasons to explain the higher signal-to-noise ratio in aero-magnetic data: (1) The 

shipboard magnetic data are contaminated by the diurnal variation, whose wavelengths are similar to 

the wavelengths of the magnetic anomalies due to seafloor spreading. The aero-magnetic data, in 

contrast, are collected at a much faster speed and therefore the wavelengths of the diurnal variation are 

much longer than the wavelengths of the magnetic anomalies due to seafloor spreading. (2) The aero-

magnetic data are recorded at a higher elevation than a ship survey. Therefore the magnetic noise 

caused by topographic variation is averaged more in aero-magnetic data than in shipboard magnetic 

data. (3) Unlike the scalar shipboard magnetic data, the aero-magnetic data are vector data with three 

components. More information is contained in the three component vector data than in the scalar data, 

which only measured total intensity.  

 In Chapter 3, I analyze the skewness of both vector and scalar magnetic anomalies due to 

seafloor spreading in the equatorial Pacific and estimate the location of paleomagnetic pole for 

anomaly 20r (44 Ma B.P.). This magnetic anomaly is selected because it occurred at the same time 

when the Hawaiian-Emperor bend formed, which is from ≈50 Ma to 42 Ma [Sharp and Clague, 2006]. 

Therefore, the location of this best fitting paleomagnetic pole could be used to refine the Pacific APW 

path and test hotspot mobility.  
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Chapter 1 

Correlated Errors and Statistical Significance of  

Groups of Azimuths Inferred from Seismic Anisotropy 

Summary  

The errors in plate motion azimuths inferred from shear-wave splitting beneath any one tectonic 

plate are shown to be correlated with the errors of other azimuths from the same plate.  To account for 

these correlated errors, we adopt a two-tier analysis: First we find the pole of rotation and confidence 

limits for each plate individually. Second we solve for the best fit to these poles while constraining 

relative plate angular velocities to consistency with the MORVEL relative plate angular velocities. The 

within-plate dispersion of seismic anisotropy for oceanic lithosphere (σ=19.2°) differs insignificantly 

from that for continental lithosphere (σ=21.6°). The between-plate dispersion, however, is significantly 

smaller for oceanic lithosphere (σ=7.4°) than for continental lithosphere (σ=14.7°). Our preferred set of 

angular velocities, SKS-MORVEL, is determined from the poles from eight plates weighted 

proportionally to the root-mean-square velocity of each plate. SKS-MORVEL indicates that eight 

MORVEL plates (Amur, Antarctica, Caribbean, Eurasia, Lwandle, Somalia, Sundaland, and Yangtze) 

have angular velocities that differ insignificantly from zero. Two of the slowest plates, Antarctica 

(vRMS=4 mm a-1, σ=29°) and Eurasia (vRMS=3 mm a-1, σ=33°), have two of the largest within-plate 

dispersions, which may indicate that a plate must move faster than ~5 mm a-1 to result in seismic 

anisotropy useful for estimating plate motion. The net rotation of the lithosphere is 0.25±0.11º Ma-1 (95% 

confidence limits) right-handed about 57.1ºS, 68.6ºE. The tendency of observed azimuths on the Arabia 

plate to be counterclockwise of plate motion may provide information about the direction and 

amplitude of superposed asthenospheric flow. 
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1.1   Introduction 

  A long-standing problem in global tectonics is whether “absolute” plate motions, the motions of 

the plates relative to an external reference frame, usually taken to be the lower mantle, can be usefully 

estimated. The most widely used method for estimating absolute plate motions has been from the trends 

(and in some cases the rates of propagation) of hotspot tracks [e.g., Morgan, 1972; Gripp and Gordon, 

2002]. An alternative method for estimating absolute plate motion arises from the orientation of seismic 

anisotropy inferred from shear-wave splitting (mainly from SKS arrivals) [Becker, 2008]. The 

orientations of seismic anisotropy arise from the preferred alignments of highly anisotropic minerals in 

the asthenosphere, which in many places may indicate the direction of the motion of the lithosphere 

relative to the sub-asthenospheric mantle [Savage, 1999].  

  To estimate absolute plate motion, Kreemer [2009] compiled 474 orientations from shear-wave 

splitting data, which we refer to as the SKS data set. Prior studies assume that errors in the azimuths 

inferred from shear-wave splitting are uncorrelated, which has resulted in confidence limits of ~0.001º 

Ma-1. Here we test this assumption and find instead that the residuals to azimuths from any one plate are 

strongly correlated with the residuals from the same plate. 

  To account for these correlated errors, we develop a new method for analyzing the azimuths 

inferred from shear-wave splitting data. To do so, we adopt a two-tier analysis, similar to the typical 

method used for analyzing paleomagnetic data [Irving, 1964]. First we find the pole of rotation and 

confidence limits for each plate individually. Typically this results in a confidence region that is narrow 

in one well-constrained direction and elongate in the other. Second we perform a global inversion in 

which each plate is represented not by multiple individual estimates of the orientation of seismic 

anisotropy but by a single best-fitting pole and confidence limits. The relative plate angular velocities 

are constrained to consistency with the MORVEL global set of relative plate angular velocities 

[DeMets et al., 2010]. Plates are included in the inversion only if the azimuths from anisotropy for that 
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plate differ significantly from what is expected from data drawn from a uniform random distribution in 

azimuth. This results in the omission of several plates with sparse data. 

  We consider two different approaches to weighting the plates and three different sets of plates to 

invert: (1) all plates meeting our minimum criteria for the anisotropy data, (2) the oceanic plate subset 

of the first set, and (3) the continental subset of the first. 

The different weighting approaches give results with overlapping confidence limits as do the results 

from different subsets of data. Our preferred set of angular velocities, SKS-MORVEL (identical to 

SKS-GV-MORVEL), is determined from a subset of the SKS data set from eight plates weighted 

proportionally to the root-mean-square velocity of each plate and constrained to consistency with the 

MORVEL global set of relative plate angular velocities. The new set of angular velocities indicates a 

0.25±0.11º Ma-1 (95% confidence limits here and throughout this paper) right-handed net-rotation of the 

entire lithosphere about 57.1ºS, 68.6ºE. We conclude that realistic uncertainties in absolute plate motion 

from seismic anisotropy are ±0.1º Ma-1 to ±0.2º Ma-1, two orders of magnitude larger than found before 

and similar to the formal uncertainties in plate motion relative to the hotspots [e.g., Gripp and Gordon, 

2002; Morgan and Phipps Morgan, 2007]. 

 

1.2   Are the Azimuth Errors Uncorrelated? 

 To test the assumption of uncorrelated errors in the azimuths we construct a global set of 

absolute angular velocities in a manner similar to that used by Kreemer [2009]. We constrain the 

relative angular velocities to consistency with a pre-determined global set of relative plate angular 

velocities. Kreemer [2009] used NUVEL-1A [DeMets et al., 1994], while here we use the more 

recently determined MORVEL global set of relative plate angular velocities [DeMets et al., 2010]. 

With this constraint we determined a least-squares fit to all azimuths while treating them not as strikes, 

but as trends (i.e., as polar vectors rather than axial vectors). This requires choosing which of the two 
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antipodal directions to use as the unique direction of plate motion for each datum. We exactly followed 

the choices made by Kreemer [2009] (except that we corrected a few transcription errors in azimuths 

and a few errors in plate assignment) and applied the trend-fitting function of Chase [1972] as 

implemented by DeMets et al. [1990]. 

 We find a new global set of plate angular velocities relative to the sub-asthenospheric mantle, 

SKS-UNCOR-MORVEL, from a grid search for the minimum sum-squared normalized error, r:  

2

1

2 sin
2

N
i

SKS
i i

r α
σ=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑           (1.1) 

where σi is the uncertainty of an azimuth inferred from shear-wave-splitting. We assign the same 

uncertainty for each shear-wave-splitting azimuth in the SKS data set. αi is the angular difference 

between the orientation of the observed shear-wave-splitting and the azimuth calculated from the plate 

angular velocities. Due to the 180º ambiguity of the azimuth of shear-wave-splitting, αi varies from -

90º to 90º. 
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Figure 1.1 The Rose diagram of azimuth residuals (the difference between the observed orientations 
of shear wave splitting and the orientations calculated from SKS-UNCOR-MORVEL). The blue bars 
indicate the distribution of azimuth residuals. The red thick lines show the mean direction of azimuth 
residuals. The red shaded region show the 95% confidence limit of the mean direction. The mean 
directions of azimuth residuals for each plates are: Antarctica plate, -6.8º±13.0º (95% confidence limit, 
hereinafter c.l.), insignificantly different from zero (p=30.4%); Arabia plate, -25.6º±3.7º (95% c.l.), 
significantly different from zero (p=7.9×10-41); Australia plate, 24.0º±23.8º (95% c.l.), significantly 
different from zero (p=4.8%); Eurasia plate, 12.0º±27.7º (95% c.l.), insignificantly different from zero 
(p=39.7%); India plate, -9.8º±10.8º (95% c.l.), insignificantly different from zero (p=7.4%); Nazca 
plate, -2.5º±19.2º (95% c.l.), insignificantly different from zero (p=79.8%); North America plate, -
12.9º±4.2º (95% c.l.), significantly different from zero (p=1.1×10-9); Nubia plate, 14.3º±4.7º (95% c.l.), 
significantly different from zero (p=3.0×10-9); Pacific plate, -5.8º±5.5º (95% c.l.), significantly different 
from zero (p=3.7%); Somalia plate: -6.0º±8.7º (95% c.l.), insignificantly different from zero (p=17.7%); 
South America plate: 2.0º±7.1º (95% c.l.), insignificantly different from zero (p=58.4%). 
 
 

 The resulting set of angular velocities, which we refer to as SKS-UNCOR-MORVEL, are 

similar to those obtained by Kreemer [2009] and the 95% confidence limits on the angular velocity are 

about a factor of 3 larger (±0.006° Ma-1 3D 95% confidence limits), mainly because we assigned larger 

errors to the data to be consistent with their dispersion. The confidence limits that we determine with 

this approach are nevertheless nearly two orders of magnitude smaller than the confidence limits 

estimated from hotspot tracks [e.g., Gripp and Gordon, 2002]. 

 To examine whether the errors are uncorrelated, we analyze the azimuth residuals for each plate 

separately (Figures 1.1). If the azimuth errors were uncorrelated within each plate, the mean direction 

of the azimuth residuals of any single plate would be expected to differ insignificantly from zero. 

 An azimuth residual of θ and an azimuth residual of θ+180º are indistinguishable. To eliminate 

this ambiguity, we follow standard practice in directional statistics and double the azimuth residuals so 

that the axial data are transformed to circular data [Mardia and Jupp, 1999]. Let ϕ(θ ) = 2θ . It follows 

that ϕ(θ +180°) = 2θ + 360° , which is equivalent to 2θ. Thus, θ and θ+180º are treated equivalently. 

The mean direction of these doubled azimuth residuals is then determined [Mardia and Jupp, 1999]. 

 Given the azimuth residuals of θ1, θ2, …θN, the mean direction, ϕ , of the doubled azimuth 

residuals is  
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ϕ =
tan−1 C / S( ) if C ≥ 0

tan−1 C / S( ) +180° if C < 0

⎧

⎨
⎪

⎩
⎪

       (1.2) 

where C = 1
n

cosϕi
i=1

N

∑  and S =
1
n

sinϕi
i=1

N

∑ , and ϕi = 2θi  [e.g., Mardia and Jupp, 1999]. 

σϕ , the standard error (i.e., standard deviation of the mean), is estimated by the sample circular 

standard deviation σϕ  divided by the square root of the sample size N: 

σϕ =
σϕ

N
= −2 lnR

N
           (1.3) 

where the mean resultant length R = C
2
+ S

2 . 

 To obtainθ , the mean direction of the azimuth residuals, andσθ , the standard error of the mean, 

ϕ  and σϕ  are respectively halved. Among the eleven plates with azimuth data in SKS-UNCOR-

MORVEL, the mean directions of azimuth residuals for five plates (the Arabia, Australia, North 

America, Nubia, and Pacific plates) are significantly (95% confidence limits) different from zero 

(Table 1). The departure from zero of the mean residuals ranges in magnitude from 2.0º±7.2º for the 

South America plate to 25.6º±3.8º for the Arabia plate. If the errors were uncorrelated, the probability 

of five or more plates out of eleven plates differing significantly from zero is only 1.1×10-4 [Wadsworth, 

1960]. Therefore, the hypothesis of uncorrelated errors in the azimuths can be rejected. 

 

1.3 Two-tier analysis 

We follow procedures analogous to standard practice in the analysis of paleomagnetic data [e.g, 

Irving, 1964], i.e., our analysis has two tiers. First we estimate a pole of rotation for each plate 

individually that best fits the azimuths from that plate. Second, we solve for a globally self-consistent 

set of angular velocities constrained to consistency with the MORVEL global set of relative plate 
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angular velocities [DeMets et al., 2010]. 

 

1.3.1  Best-fitting pole for each plate 

 To estimate the best-fitting pole for each individual plate, we follow the same procedure as 

described above to estimate SKS-UNCOR-MORVEL while using only the shear-wave-splitting 

orientations from that one plate (Table 1.2.a, Figure 1.3). Because the underlying data are not trends 

(i.e. a polar vector), but strikes (an axial vector), a pole and its antipode fit the observed shear-wave-

splitting orientations equally well. For example, on the Arabia plate there are 25 shear-wave-splitting 

orientations incorporated in our SKS data set. The individual best-fitting pole for the Arabia plate 

estimated from these 25 orientations is located at 10.9ºS, 68.0ºW or 10.9ºN, 112.0ºE. 

 

1.3.2 Comparison of azimuth with uniform random distribution 

 The modified Rayleigh statistic can be used to test if the azimuth residuals from any one plate 

differ significantly from a uniform distribution [Mardia and Jupp, 1999]. As above, the angles of 

azimuth residuals are doubled. The modified Rayleigh statistic S is given by  

S = 1− 1
2n

⎛
⎝⎜

⎞
⎠⎟ 2nR

2+nR
4

2
          (1.4) 

where the mean resultant length is given by 

R = 1
n

cosθi
i=1

n

∑⎛⎝⎜
⎞
⎠⎟

2

+ sinθi
i=1

n

∑⎛⎝⎜
⎞
⎠⎟

2⎛

⎝
⎜

⎞

⎠
⎟

1
2

         (1.5) 

 The modified Rayleigh statistic S has an approximately 2χ  distribution [Mardia and Jupp, 

1999; Jupp, 2001].  

 For seven of the eleven plates, the Rayleigh test shows that the probabilities of the azimuth 

residuals being drawn from a uniform random distribution are remote (p≤9×10-8) and we accept these 
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seven plates for further analysis (Table 1.3). The remaining four plates, Antarctica (n=24, p=6.2×10-4), 

Australia (n=8, p=0.048), Eurasia (n=13, p=0.068), and Nazca (n=12, p=3.4×10-4) require further 

discussion. The combination of few data and marginal probability of being drawn from a uniform 

random distribution lead us to reject the results for Australia and Eurasia. The low probability of the 

Nazca plate data being drawn from a random distribution leads us to tentatively accept the Nazca plate 

for further analysis. From just the statistics, we would also tentatively accept the Antarctica plate, but a 

more detailed analysis below causes us to reject the data from Antarctica. 

 

1.3.3 Azimuth from Antarctica 

 Aside from a couple of oceanic data, the Antarctica data used by Kreemer [2009] are from sites 

along or near the Antarctic coastline and tend to strike parallel to the coast, raising questions as to 

whether they parallel plate motion or reflect anisotropy in the lithosphere (Figure 1.2). Azimuths from 

shear-wave splitting observed along the Transantarctic Mountains by Barklage et al. [2009] (and 

unavailable to Kreemer [2009]) tend to parallel the strike of the mountains (Figure 1.2). The pole of 

rotation and 95% confidence limits fit to the Transantarctic Mountain data differs significantly from the 

pole (and confidence region) determined for Kreemer’s [2009] Antarctica data (Figure 1.2). Thus the 

seismic anisotropy recorded along the Transantarctic Mountains is not consistent with recording the 

same plate motion as indicated by the data from near the coast. We conclude that it is difficult to 

interpret the shear-wave splitting data from Antarctica in terms of the direction of motion of the 

Antarctica plate and thus we omit these data from our global inversion. 
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Figure 1.2 Observed orientations of shear wave splitting for the Antarctica plate. Blue lines:  SKS 
data used by Kreemer [2009]; red lines: SKS data from the Transantarctic Mountain [Barklage et al. 
2009]; blue dot and ellipse: individual best-fitting pole (81.9ºS, 19.2ºE) of the Antarctica plate and 95% 
confidence limit (long axis 2.3º with the azimuth of 116º and short axis of 1.2º) constrained by the SKS 
data used by Kreemer [2009]; red dot and ellipse: individual best-fitting pole (41.2ºS, 129.1ºE) and 95% 
confidence limit (long axis 26.5º with the azimuth of 172º and short axis of 2.3º) constrained by the 
SKS data determined by Barklage et al. [2009]; green dot and ellipse: individual best-fitting pole 
(16.2ºS, 305.3ºE) and 95% confidence limit (long axis 14.8º with the azimuth of 178º and short axis of 
3.0º) constrained by a combined SKS data set from both Kreemer [2009] and Barklage et al. [2009].  
Lambert azimuthal equal-area projection. 
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Figure 1.3 The location and 95% confidence limits of the individual best-fitting poles. Blue denotes 
individual poles estimated from the oceanic data set; green denotes individual poles estimated from the 
continental data set, red denotes individual poles estimated from the combined data set.  Lambert 
azimuthal equal-area projection. 
 
 
1.3.4 Another test of the hypothesis of uncorrelated errors 

We incorporate the shear-wave splitting data from eight plates (Arabia, India, Nazca, North 

America, Nubia, Pacific, Somalia, and South America) in our analysis of global absolute plate motions. 

For each plate, there are two antipodal best-fitting rotation poles relative to the sub-asthenospheric 
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mantle (Figure 1.3, Table 1.2a). A global set of angular velocities relative to the sub-asthenospheric 

mantle was determined from a grid search for the minimum weighted least-squares error, r, while 

constraining the relative plate angular velocities to consistency with MORVEL [DeMets et al., 2010]: 

22

1

N
i

i i

sr
σ=

⎛ ⎞
= ⎜ ⎟

⎝ ⎠
∑             (1.6) 

where σi is the length of the short (or long) semi-axis of the uncertainty ellipse of an individual best-

fitting pole, and si is the distance starting from the corresponding trial pole of rotation in our global set 

to a great circle which is perpendicular to the corresponding axis, and N is the number of plates (Figure 

1.4). This equation is identical to the fitting function to paleomagnetic poles with elliptical confidence 

limits adopted by Gordon and Cox [1980]. Figure 4 indicates that the size of the uncertainty ellipse for 

an individual best-fitting pole is the same as that for its antipode, and that the great circle perpendicular 

to the long axis of an individual pole is also perpendicular to the long axis of its antipode (si is the same 

for an antipodal pair). Thus, the sum-squared normalized misfit determined from Equation (1.6) is 

identical for either antipode, and therefore this least square analysis requires no pre-selection between a 

pole and its antipode.  

If the errors were uncorrelated, we could simply use the lengths of the semi-axes found above in 

Equation (1.6). When we do so, we find a value for r of 990 with 13 degrees of freedom. The 

probability of obtaining a value of r this large or larger is less than 1×10-16 and the hypothesis of 

uncorrelated errors can be rejected. 

 

1.3.5 Global set of best-fitting angular velocities 

 A simple way to obtain a global set of angular velocities is to normalize the sizes of the 

uncertainty ellipses such that the short axes of different plates are given equal weight. We refer to the 

resulting global set of angular velocities as SKS-GE-MORVEL (Figure 1.5 and 1.6). 
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Figure 1.4 Estimate a global set of best fitting angular velocities from the rotation poles which fit 
each individual plate. The blue solid and open dots show a pair of antipoles, which fit the orientations 
of observed shear wave splitting on one plate. The black star shows the corresponding best fitting 
angular velocity in our global set. The magenta solid and dash lines show the great circle perpendicular 
to the short axes of the uncertainty ellipses of this pair of antipoles. The green solid and dash lines 
show the great circle perpendicular to the long axes. The red solid line shows the sl, distance starting 
from the best fitting pole in global set to the great circle perpendicular to the long axes. The cyan solid 
line shows ss, the distance starting from the best fitting pole in global set to the great circle 
perpendicular to the short axes. 
 

 



   20 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 1.5 Angular velocity of the Pacific plate relative to the sub-asthenospheric mantle 
red diamond with dash line: SKS-GE-MORVEL (all plates, equal weighted); red circle with solid line: 
SKS-GV-MORVEL (all plates, RMS weighted); blue diamond with dash line: SKS-OE-MORVEL 
(oceanic plates, equal weighted); blue circle with solid line: SKS-OV-MORVEL (oceanic plates, RMS 
weighted); green diamond with dash line: SKS-CE-MORVEL (continental plates, equal weighted); 
green circle with solid line: SKS-CV-MORVEL (continental plates, RMS weighted); black star with 
black solid line: HS3-MORVEL; black cross: SKS-UNCOR-MORVEL; ellipses show the 3D-95% 
confidence limit; The uncertainty of the angular velocity estimated by our preferred data-set, SKS-GE-
MORVEL, is shaded in red color. 
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Figure 1.6 The net-rotation of the lithosphere relative to the sub-asthenospheric mantle. Red 
diamond with dash line: SKS-GE-MORVEL (all plates, equal weighted); red circle with solid line: 
SKS-MORVEL (equivalent to SKS-GV-MORVEL; all plates, vRMS weighted); blue diamond with dash 
line: SKS-OE-MORVEL (oceanic plates, equal weighted); blue circle with solid line: SKS-OV-
MORVEL (oceanic plates, vRMS weighted); green diamond with dash line: SKS-CE-MORVEL 
(continental plates, equal weighted); green circle with solid line: SKS-CV-MORVEL (continental 
plates, vRMS weighted); black star with black solid line: HS3-NUVEL1A [Gripp and Gordon, 2002]; 
black plus sign: SKS-UNCOR-MORVEL; black cross: net rotation estimated by Cocksworth and 
Harper, [1996]. Ellipses show the 3D 95% confidence limits. The 95% confidence limits for SKS-
MORVEL are shaded in red. 
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1.3.6 Alternative weighting 

 The assumption that asthenospheric lattice preferred orientation (LPO) is always parallel to 

absolute plate motions may be more valid beneath fast-moving plates than beneath slow-moving plates, 

because the density-driven sub-asthenospheric flow has a proportionally larger effect on the observed 

seismic anisotropy when the plate velocities are low [Conrad et al., 2007; Conrad and Behn, 2010]. If 

all errors in observed orientations of shear-wave splitting were due to the superposed sub-

asthenospheric flow, the faster-moving plates should be given more weight in a global inversion than 

the slower-moving plates. 

 The root-mean-square velocities, vRMS, of the eight plates (Arabia, India, Nazca, North America, 

Nubia, Pacific, Somalia, and South America) with useful anisotropy data range from 17 to 79 mm a-1 in 

SKS-GE-MORVEL (Appendix B). We use these as initial input for determining a set of angular 

velocities for which the short axis of the confidence ellipse of each input pole of rotation is weighted by 

vRMS. We estimate a global set of angular velocities via a grid search for the minimum weighted least-

squares error as in Equation (1.6) except that we replace σi with  ζ i : 

  ζ i =σ ic / vi             (1.7) 

where vi is vRMS of the plate of interest, σi is equal for all short semi-axes with the value for the long 

semi-axes chosen to preserve the aspect ratio of each ellipse, and c is a plate-independent constant that 

is adjusted ex post facto such that r equals the numbers of degrees of freedom. 

In the resulting set of angular velocities, SKS-GV-MORVEL, which differ insignificantly from SKS-

GE-MORVEL, the angular velocity of the Pacific plate is 0.89±0.12º Ma-1 right-handed about 63.4ºS, 

100.3ºE (Table 1.4, Figures 1.5 and 1.6), which is 0.10º Ma-1 greater than the angular velocity indicated 

by SKS-GE-MORVEL (64.5ºS, 98.7ºE, 0.79±0.11º Ma-1). 
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1.3.6 Continental subset and oceanic subset 

 Among the eight plates used in SKS-GE-MORVEL, three plates (the Pacific, Nazca, and 

Somalia plates) only have oceanic SKS splittings, three plates (the Arabia, India and North America 

plates) only have continental SKS splittings, and two plates (the Nubia and South America plates) have 

both. 

 Anisotropy in the lithosphere may cause the observed orientations of shear-wave-splitting 

beneath continental crust to deviate significantly from the directions of asthenospheric flow [Silver, 

1996; Savage, 1999; Silver et al., 2001, 2004, 2006; Fouch and Rondenay, 2006; Conrad et al., 2007]. 

In contrast, the highest rates of mantle flow due to return flow from trenches to ridges [Chase, 1979] or 

due to buoyancy driven flow [Behn et al., 2004; Conrad and Behn, 2010] may occur under oceanic 

plates. Thus we determine, compare, and contrast plate motions inferred from oceanic-only shear-

wave-splitting data with plate motions inferred from continental-only shear-wave-splitting, and 

compare both with plate motions inferred above from global data. 

Figure 1.3 shows that the individual best-fitting poles estimated from the continental subset and 

from the oceanic subset. For the Nubia and South America plates, the oceanic pole and continental pole 

are similar to one another but nonetheless significantly different from one another, and the best-fitting 

pole estimated from the combined data lies between the oceanic and continental poles. 

 We follow the same procedures that we described above. We refer to the resulting four global 

sets of absolute angular velocities as SKS-OE-MORVEL (oceanic data with each plate equally 

weighted), SKS-OV-MORVEL (oceanic data with each plate weighted by its root-mean-square 

velocity), SKS-CE-MORVEL (continental data with each plate equally weighted), and SKS-CV-

MORVEL (continental data with each plate weighted by its root-mean-square velocity) (Figures 1.5 

and 1.6; Tables 1.2b, 1.2c; Appendix B). 

The angular speed of the Pacific plate ranges from 0.75±0.15º Ma-1 in SKS-CE-MORVEL to 
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0.97±0.19º Ma-1 in SKS-CV-MORVEL (Table 1.4 and Appendix B). The angular velocities estimated 

from the two different weighting approaches differ insignificantly when using the same data set. The 

angular velocities constrained by alternative data sets differ insignificantly from each other (Figures 1.5 

and 1.6). Compared with the angular velocity constrained by continental data, the angular velocity 

constrained by oceanic data is less sensitive to the choice of weighting approach. Moreover, the 

confidence limits of the angular velocities constrained by oceanic data are always more compact than 

those constrained by continental data (Figures 1.5 and 1.6). 

 The between-plate dispersion is significantly higher for the continents (short axis σb=14.7°) than 

for the oceans (short axis σb=7.4°; F=3.93 with 7 versus 7 degrees of freedom; p=4.6%). This 

difference may be caused by greater anisotropy in continental lithosphere relative to oceanic 

lithosphere. Alternatively, but probably less likely (as we include oceanic lithosphere from Somalia and 

South America), the greater dispersion between continents may be because continents tend to move 

more slowly than oceanic plates and thus their azimuths are more sensitive to asthenospheric flow not 

caused by shearing from plate motion. 

 

1.4 Discussion  

1.4.1 Data dispersion 

The observed dispersion of azimuths inferred from seismic anisotropy may provide information on 

the processes that influence anisotropy. The global average of within-plate standard deviation of the 

azimuths of seismic anisotropy is 21.3º. Unsurprisingly, this is significantly less than 28.4º, the 

standard deviation found when the global data were inverted assuming uncorrelated errors. Presumably 

the latter includes a contribution from the between-plate dispersion and from the unequal weighting of 

the plates owing to the large number of data from a few plates: Nubia, South America, Pacific, and 

especially North America. 
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The variation of within-plate dispersion between plates is significant and large, ranging from 

σ=7.3º for Arabia to σ=32.6º for Eurasia. The standard deviation of Arabia is significantly lower than 

that of all (ten) other plates. Perhaps it is low because a relatively small geographic area is sampled, but 

we note that only a slightly larger area is sampled in the India and Somalia plates for which the within-

plate dispersion is comparable to most other plates. 

The standard deviation of Eurasia is significantly larger than that of seven other plates although 

Eurasia’s standard deviation is determined from only 13 data. Perhaps the greater dispersion is a 

consequence of the very slow motion relative to the mantle that we infer for Eurasia; its RMS velocity 

of 3 mm a-1 differs insignificantly from zero (Table 1.4, Figure 1.7). The slow motion of Antarctica, 

with an RMS velocity of 4 mm a-1 that differs insignificantly from zero (Table 1.4), may also help to 

explain its relatively high dispersion of directions as well. In contrast, Nubia (vRMS= 9 mm a-1) moves 

two or three times as fast as Eurasia or Antarctica and does not have a high dispersion (Table 4). (Nubia 

moves faster than Eurasia and Antarctica in all our sets of angular velocities except SKS-CV-

MORVEL). So perhaps a plate must be moving faster than ~5 mm a-1 to result in seismic anisotropy 

that can be used to estimate its direction of plate motion. 

The best-determined standard deviation for an individual plate is that for North America (σ=15.7º, 

n= 164). The within-plate dispersion for all continental lithosphere (σ=21.6º) differs insignificantly 

from the within-plate dispersion for all oceanic lithosphere (σ=19.2º, F=1.27 with 302 versus 101 

degrees of freedom, p=0.08). 

 

1.4.2 Plate velocities  

The angular velocities of eight of 25 major plates are not significantly different from zero in SKS-

MORVEL: the Amur (p=51.8%), Antarctica (p=88.4%), Caribbean (p=8.3%), Eurasia (p=72.0%), 

Lwandle (p=7.7%), Somalia (p=27.8%), Sundaland (p=51.2%) and Yangtze (p=24.6%) plates (Table 



   26 

1.4, Figure 1.8). (Here p is the probability of obtaining data as different or more different from those 

used in SKS-GV-MORVEL if the angular velocity of that plate is zero.) In every case the relative 

angular velocity between each plate pair differs significantly from zero, so not more than one plate can 

be truly motionless. Within the uncertainties of specifying a frame of reference for absolute plate 

velocities, however, the angular velocities of these eight plates cannot be resolved. 

 

 
 
Figure 1.7 Plate speed relative to the sub-asthenospheric mantle in SKS-MORVEL . The motion of 
eight major plates (Amur, Antarctica, Caribbean, Eurasia, Lwandle, Somalia, Sundaland, and Yangtze 
plates) differs insignificantly from zero. Miller cylindrical projection 
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 Among the 25 major plates, the nominal RMS velocities of these eight plates range from 2 to 10 

mm a-1 (Table 1.4). The fastest moving plates are the Pacific, Philippine Sea, Australia, Macquarie, 

Cocos, Capricorn, and Sandwich plates, with vRMS ranging from 89 to 56 mm a-1 (Table 1.4, Figure 1.7).  

As has been observed for prior realizations of absolute plate velocities, plates with large continental 

area tend to move slower than oceanic plates. Among the 31 micro-plates, the RMS velocity ranges 

from a low of 5 mm a-1 for the Okhotsk plate to a high of 110 mm a-1 for the New Hebrides plate, 

making it the fastest-moving plate on the planet (Table 1.4). The RMS velocities we find are generally 

lower than those found by Cuffaro and Jurdy [2006], who estimated velocities of microplates relative 

to the hotspots; their RMS velocities range from 14 mm a-1 for the Galapagos plate to 132 mm a-1 for 

the New Hebrides plate. 

 

Figure 1.8 Absolute plate motions from SKS-MORVEL (red) and SKS-OV-MORVEL (blue). Each 
arrow shows the displacement path of a point on a plate if the plate were to maintain its current angular 
velocity for 40 Ma. Ellipses show the 2D 95% confidence ellipse of velocity multiplied by 40 Ma. 
Mercator’s projection 
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 The sizes of the uncertainties of the rotation rates are almost the same for different plates (Table 

1.4). Thus, the ratio between the size of the uncertainty relative to the size of the rotation rate for the 

slow-moving plate is much larger than the ratio for the fast-moving plate. The uncertainty of the plate 

motion direction for the slow-moving plates is therefore also larger than that for the fast-moving plate. 

For the slow-moving plates, such as the Antarctica plate, the directions of absolute plate motions are 

generally not significantly resolved (Figure 1.8). 

 

1.4.3 Comparison with prior results 

 The angular velocities that we estimate are generally consistent with those estimated by 

Kreemer [2009], with two key differences. First, the confidence limits that we find here are roughly 

two orders of magnitude larger. Second, Kreemer’s [2009] angular velocities were constrained to 

consistency with NUVEL-1A while ours are constrained to consistency with MORVEL, which forces 

small some small differences in results. 

The angular velocities that we estimate here, on the other hand, are inconsistent with the HS3-

NUVEL1A angular velocities [Gripp and Gordon, 2002], except for SKS-CV-MORVEL, which does 

not differ significantly from HS3-NUVEL1A (Figures 1.5 and 1.6). HS3-NUVEL1A indicates a higher 

rate of rotation of the Pacific plate and a higher net rotation of the lithosphere than do Kreemer’s [2009] 

angular velocities and those estimated here (Figures 1.5 and 1.6), although the confidence regions 

overlap substantially, especially for SKS-CV-MORVEL (Figures 1.5 and 1.6). The vector difference 

between SKS-MORVEL and HS3-NUVEL1A varies from a low of 0.09º Ma-1 for the Philippine Sea 

plate to a high of 0.29º Ma-1 for the Scotia plate. 
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1.4.4 Net-rotation of the lithosphere 

 NNR-MORVEL56 is a set of angular velocities, consistent with the MORVEL relative plate 

velocities, of 56 plates in a reference frame in which there is no net rotation of the lithosphere [Argus et 

al., 2011]. The angular velocity of any plate relative to the NNR-MORVEL56 no-net-rotation frame 

differs significantly from the corresponding angular velocity in SKS-MORVEL (p=7.3×10-4). Thus, 

SKS-MORVEL indicates a significant counterclockwise net rotation of the entire lithosphere of 

0.25º±0.11º Ma-1 about a pole at 57.1ºS, 68.6ºE. 

 Gripp and Gordon [2002] estimated a higher net rotation of 0.44±0.11º Ma-1 relative to the 

hotspots. The 95% confidence limits of these net rotations overlap substantially but differ significantly 

(Figure 1.6).  

 Plate driving-force models can also estimate the net rotation of the entire lithosphere relative to 

the sub-asthenosphere mantle. Cocksworth and Harper [1996] estimated the net rotation from their 

plate driving force model, and Gripp and Gordon [2002] revised the result to be consistent with 

NUVEL-1A. This revised plate driving force model indicates a net rotation of 0.25º Ma-1 right-handed 

about a pole of (59ºS, 48ºE), which is contained in the 95% uncertainty limits of SKS-GV-MORVEL 

(Figure 1.6). 

 

4.5 Flow in the asthenosphere 

The strong correlations in azimuth residuals identified in this paper may be influenced by flow 

in the asthenosphere. If so, the sense of misfit provides constraints on the direction and rate of flow in 

the asthenosphere.  

For example, for the Arabia plate, the plate motion direction indicated in SKS-MORVEL is in 19 

out of 25 cases clockwise of the observed azimuths (Figure 9). This general trend implies that a 

component of the superposed mantle flow beneath the Arabia plate is towards the E-SE, with the mean 
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velocity being 6 mm a-1. 

Figure 1.9 Arabia Plate: Observed (blue) orientations or shear wave splitting compared with the 
direction of plate motion (red arrows, which show 10 Ma of displacement from SKS-MORVEL). The 
green arrows show the discrepancy projected onto the direction perpendicular to the plate motion. In 19 
out of 25 cases the red arrows are clockwise of the observed orientations, possibly indicating a 
component of asthenospheric flow towards the E-SE, with a mean velocity of 6 mm a-1. Equidistant 
conic projection. 
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1.6  Conclusion 

(1) Errors in azimuths inferred from shear-wave splitting are correlated within any one plate. The 

neglect of this correlation resulted in unrealistically small confidence limits in prior estimates of 

absolute plate velocities. 

(2)  The within-plate dispersion for oceanic lithosphere (σ=19.2º) differs insignificantly from that 

for continental lithosphere (σ=21.6º). 

(3)  The between-plate angular standard deviation for continental lithosphere, 14.7º, is significantly 

greater than the between-plate angular standard deviation for oceanic lithosphere, 7.4 º. 

(4) The angular velocities estimated from two different weighting approaches differ insignificantly 

when using the same data set. The angular velocities constrained by oceanic data are less sensitive to 

the choice of weighting scheme than are the continental data. 

(5) SKS-MORVEL (equivalent to SKS-GV-MORVEL), our preferred set of angular velocities, 

indicates a net rotation of the entire lithosphere of 0.25º±0.11º Ma-1 about a pole of (57.1ºS, 68.6ºE). 

This net-rotation is consistent with that indicated by plate driving models. 

(6) In our preferred set of angular velocities, eight (Amur, Antarctica, Caribbean, Eurasia, Lwandle, 

Somalia, Sundaland, and Yangtze) of 25 plates include in MORVEL have motion relative to the sub-

asthenospheric mantle that differs insignificantly from zero. 

(7) Because the between-plate dispersion is smaller, the confidence limits of the angular velocities 

constrained by oceanic data are always more compact than those constrained by continental data. The 

95% uncertainties in Pacific absolute plate motion from seismic anisotropy are ±0.1º Ma-1 to ±0.2º Ma-1, 

about three orders of magnitude larger than found before. These limits provide a rough guide to the 

accuracy with which such angular velocities can be estimated from the orientation of seismic 

anisotropy.  
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Table 1.1  Statistics of the azimuth residuals for SKS-UNCOR-MORVEL 
 

Plate Name N    p 

Antarctica 24 -6.8º 32.6º 6.6º 30.4% 
Arabia 25 -25.6º 9.6º 1.9º 7.9×10-41 

Australia 8 24.0º 34.3º 12.1º 4.8% 
Eurasia 13 12.0º 50.9º 14.1º 39.7% 

India 28 -9.8º 29.1º 5.5º 7.4% 
Nazca 12 -2.5º 33.9º 9.8º 79.8% 

North America 164 -12.9º 27.1º 2.1º 1.1×10-9 

Nubia 59 14.3º 18.5º 2.4º 3.0×10-9 

Pacific 65 -5.8º 22.5º 2.8º 3.7% 
Somalia 24 -6.0º 21.8º 4.4º 17.7% 

South America 52 2.0º 26.0º 3.6º 58.4% 
 
N is the number of orientations of shear wave splitting on each plate.  is the mean direction of the 
azimuth residuals,  is the standard deviation.,  is the standard error. ,  and  are 

found by halving ,  and , respectfully. p is the significance level at which the mean direction 
of azimuth residuals differs from zero. In total, there are 474 observed orientations of shear wave 
spitting and the global sample circular standard deviation, , is 28.4º.  

θ σθ σθ

θ
σθ σθ

θ σθ σθ

ϕ σϕ σϕ

σθ
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Table 1.2.a  Statistics of azimuth residuals with respect to the individual best fitting pole 
 
Plate Name N NOC Individual best-

fitting pole 
σ  ax1 ax2 azi S p 

Antarctica 24 3 -81.9ºN 19.2ºE 28.7º 3.0º 1.4º 116º 14.8 6.2×10-4 

Arabia 25 0 -10.9ºN 292.0ºE 7.3º 18.0º 1.3º 68º 57.2 3.8×10-13 

Australia 8 1 -1.2ºN 285.9ºE 29.7º 23.7º 6.3º 45º 6.1 4.8% 
Eurasia 13 0 -59.4ºN 236.6ºE 32.6º 4.6º 3.1º 94º 5.4 6.8% 
India 28 0 -12.4ºN 272.5ºE 22.2º 3.6º 1.3º 69º 32.4 9.2×10-8 

Nazca 12 12 -67.1ºN 71.7ºE 15.7º 26.7º 5.1º 7º 16.0 3.4×10-4 

North America 164 0 -13.2ºN 103.1ºE 22.3º 3.7º 1.1º 26º 180.6 <1×10-16 

Nubia 59 5 -30.7ºN 147.2ºE 17.9º 4.7º 1.7º 65º 90.1 <1×10-16 

Pacific 65 65 -66.6ºN 87.1ºE 21.1º 6.8º 2.7º 129º 80.0 <1×10-16 

Somalia 24 24 -0.2ºN 227.4ºE 17.7º 4.3º 0.6º 57º 37.6 6.7×10-9 
South America 52 5 -81.4ºN 143.4ºE 23.7º 20.9º 3.2º 170º 52.0 5.1×10-12 
Global 474 115   21.3º      

Selected plates 429 111   20.4º      

 
N is the number of orientations of shear wave splitting on that plate. NOC is the number of orientations 
of shear wave splittings beneath oceanic crust. σ  is standard deviation. ax1 is the 1σ one-dimensional 
length of the long axis, ax2 is the length of the short axis, and azi is the azimuth of the long axis of the 
confidence ellipse for the individual best-fitting pole. S is the modified Rayleigh statistic, which 
indicates the likelihood of the azimuth is drawn from a uniform random distribution. p is the 
significance level at which the azimuth residuals differs from a uniform random distribution. The line 
labeled ‘Global’ is the full data-set used in Kreemer [2009]; the line labeled ‘Selected plates’ is the 
selected data set after removing the data from the Antarctica, Australia, and Eurasia plates. 
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Table 1.2.b Statistics of azimuth residuals respect to the individual best fitting pole for oceanic and 
continental subsets 
  
Plate Name N Individual best-

fitting pole 
σ  ax1 ax2 azi S p 

Nubia 5 -32.9ºN 139.5ºE 2.2º 1.3º 0.5º 71º 11.4 0.3% 

South America 5 -72.0ºN 91.7ºE 15.4º 14.9º 6.9º 47º 10.1 0.6% 

Oceanic subset 111   19.2º      

          

Nubia 54 -23.5ºN 158.7ºE 18.2º 5.3º 2.1º 57º 80.9 <1×10-16 
South America 47 -37.9ºN 310.2ºE 23.0º 5.7º 1.1º 7º 49.7 1.6×10-11 

Continental subset 318   21.6º      

 
N is the number of orientations of shear wave splitting on that plate. NOC is the number of orientations 
of shear wave splittings beneath oceanic crust. σ  is standard deviation. ax1 is the 1σ one-dimensional 
length of the long axis, ax2 is the length of the short axis, and azi is the azimuth of the long axis of the 
confidence ellipse for the individual best-fitting pole. S is the modified Rayleigh statistic, which 
indicates the likelihood of the azimuth is drawn from a uniform random distribution. p is the 
significance level at which the azimuth residuals differs from a uniform random distribution. Oceanic 
subset and continental subset are the seismic anisotropy observed beneath oceanic and continental 
lithosphere, respectively. 
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Table 1.3 Comparisons of best-fitting angular velocities estimated from various data-sets and 
weighting approaches. 
 
Data-set Pacific Net rotation σ  
 ºN ºE ºMa-1 ºN ºE ºMa-1 
SKS-UNCOR-MORVEL -64.0 101.9 0.8178  -57.0 61.6 0.1818  
SKS-GE-MORVEL -64.5 98.7 0.7929 -52.6 46.8 0.1673 11.5º 
SKS-GV-MORVEL -63.4 100.3 0.8890 -57.1 68.6 0.2529  
SKS-OE-MORVEL -62.1 99.6 0.8395 -49.4 66.1 0.2092 7.4º 
SKS-OV-MORVEL -64.1 99.8 0.8320 -55.9 58.0 0.1999  
SKS-CE-MORVEL -66.5 94.6 0.7529 -46.0 20.6 0.1491 14.7º 
SKS-CV-MORVEL -59.8 107.8 0.9673 -48.7 98.4 0.3263  
 
Pacific is the angular velocity of the Pacific plate relative to the sub-asthenospheric mantle. Net 
rotation describes the net angular velocity of the entire lithosphere relative to the sub-asthenospheric 
mantle. For equally weighted approach, σ  is defined as the length of the short axes. Shear wave 
splitting data set abbreviations are as follow: UNCOR, single-tier analysis in which each azimuth from 
shear wave splitting is given unit weight assuming uncorrelated errors; GE, all plates, equally weighted; 
GV, all plates, RMS velocity weighted; OE, oceanic plates, equally weighted; OV, oceanic plates, 
RMS velocity weighted; CE, continental plates, equally weighted; CV, continental plates, RMS 
velocity weighted. 
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Table 1.4 Angular velocities of SKS-GV-MORVEL 

plate angular velocity standard error ellipse σω  
º Ma-1 

RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 62.8 146.2 0.0595 58.3 45.5 32 0.0400 2.5 51.8% 
Antarctica 22.6 88.2 0.0392 65.7 54.6 154 0.0530 3.8 88.4% 
Arabia 26.4 10.1 0.4691 11.2 6.8 111 0.0469 29.3 <1×10-16 

Australia 12.2 44.2 0.6613 8.2 4.8 124 0.0454 68.6 <1×10-16 

Caribbean -22.8 290.4 0.1224 34.3 25.4 5 0.0538 8.5 8.3% 
Cocos 19.5 233.8 0.9911 4.9 3.4 64 0.0531 59.9 <1×10-16 

Capricorn 21.6 33.6 0.5801 9.5 5.4 121 0.0435 56.0 <1×10-16 

Eurasia -71.2 304.1 0.0472 63.8 51.4 167 0.0418 3.2 72.0% 
India 26.7 15.2 0.4598 11.6 6.9 113 0.0458 44.0 <1×10-16 

Juan de Fuca -42.3 61.4 1.1925 3.7 3.0 91 0.0571 17.7 <1×10-16 

Lwandle 6.0 341.6 0.1185 35.5 26.9 116 0.0518 11.9 7.7% 
Macquarie 38.2 19.1 1.0560 5.1 2.9 112 0.0468 66.8 <1×10-16 

North America -63.6 317.4 0.2568 20.6 13.2 156 0.0403 22.8 <1×10-16 

Nubia 1.5 335.8 0.1343 31.7 24.5 122 0.0527 9.4 3.3% 
Nazca 39.9 263.0 0.4522 8.1 7.8 84 0.0639 43.1 <1×10-16 

Pacific -63.4 100.3 0.8890 4.7 3.8 4 0.0602 88.9 <1×10-16 

Philippine Sea -54.3 341.2 1.0676 5.2 3.3 136 0.0389 79.7 <1×10-16 

Rivera 18.2 252.9 4.3365 1.0 0.7 58 0.0608 18.9 <1×10-16 

South America -81.8 72.5 0.2569 18.6 13.0 37 0.0511 26.2 <1×10-16 

Scotia -85.4 350.8 0.1568 30.1 20.6 119 0.0472 8.7 0.4% 
Somalia 22.5 308.4 0.1237 27.4 24.8 70 0.0663 13.1 27.8% 
Sur -80.1 68.4 0.2740 17.7 12.2 42 0.0514 17.4 <1×10-16 

Sundaland 26.3 289.6 0.1037 31.1 27.5 45 0.0683 6.2 51.2% 
Sandwich -37.8 329.7 1.4560 3.7 2.4 145 0.0411 55.8 <1×10-16 

Yangtze 77.3 202.6 0.0870 45.8 34.7 88 0.0475 8.6 24.6% 
NNR-MORVEL -57.1 68.6 0.2529 16.7 13.8 58 0.0573  7.3×10-6 

Micro-plates 
Aegean Sea -37.1 93.4 0.2839 12.4 11.7 136 0.0664 31.3 1.4×10-4 

Altiplano -36.0 285.9 0.4559 11.3 7.2 7 0.0479 16.9 <1×10-16 

Anatolia 28.8 31.8 1.1776 4.7 2.7 120 0.0440 22.6 <1×10-16 
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Balmoral Reef -66.2 114.8 0.7123 6.1 4.6 164 0.0595 71.6 <1×10-16 

Banda Sea  -6.2 119.2 2.5744 1.5 1.3 168 0.0646 39.6 <1×10-16 

Birds Head  -44.7 94.8 1.0311 3.5 3.3 170 0.0654 93.3 <1×10-16 

Burma  -12.1 284.0 2.1502 2.1 1.5 16 0.0588 46.1 <1×10-16 

Caroline  -68.2 70.6 0.8528 5.4 4.1 45 0.0551 94.4 <1×10-16 

Conway Reef  -23.4 168.4 3.9784 1.2 0.8 76 0.0535 57.1 <1×10-16 

Easter  23.7 67.5 11.3716 0.5 0.3 139 0.0490 48.2 <1×10-16 

Futuna  -18.8 176.5 5.1223 1.0 0.6 71 0.0495 65.6 <1×10-16 

Galapagos  0.3 80.9 5.6158 0.8 0.6 139 0.0596 36.6 <1×10-16 

Juan Fernandez  33.6 70.7 22.3628 0.2 0.1 143 0.0468 77.8 <1×10-16 

Kermadec  34.8 10.2 2.2728 2.3 1.4 108 0.0484 42.9 <1×10-16 

Manus  -3.9 150.1 51.6031 0.1 0.1 59 0.0556 72.5 <1×10-16 

Maoke  -1.4 89.0 0.8780 4.8 3.5 143 0.0620 73.8 <1×10-16 

Mariana 1.6 132.3 1.3376 3.1 2.7 31 0.0595 53.2 <1×10-16 

Molucca Sea  -1.3 305.8 3.4873 1.2 1.0 165 0.0611 29.5 <1×10-16 

New Hebrides  -4.3 356.4 2.5143 2.1 1.4 120 0.0435 109.8 <1×10-16 

Niuafo'ou  -7.1 183.4 3.2726 1.6 1.0 64 0.0445 61.9 <1×10-16 

North Andes  -78.5 105.4 0.1808 24.8 17.9 0 0.0538 19.1 0.2% 
North Bismarck  -50.0 117.7 1.0677 3.6 3.0 146 0.0651 96.4 <1×10-16 

Okhotsk  -50.0 301.3 0.1267 37.0 25.1 171 0.0420 4.7 2.1% 
Okinawa  31.4 124.4 2.4647 2.1 1.4 22 0.0463 37.0 <1×10-16 

Panama  19.4 243.6 0.1419 32.8 20.9 45 0.0492 11.1 2.6% 
Shetland  -3.3 162.6 0.0903 43.6 33.8 62 0.0506 9.6 24.6% 
Solomon Sea  -9.5 126.7 1.7943 2.0 2.0 24 0.0643 86.5 <1×10-16 

South Bismarck  5.4 329.1 8.0643 0.6 0.4 120 0.0565 38.2 <1×10-16 

Timor  -10.3 110.7 1.9903 1.9 1.6 150 0.0663 58.6 <1×10-16 

Tonga  24.5 5.4 8.9070 0.6 0.4 110 0.0479 98.6 <1×10-16 

Woodlark -6.6 124.8 1.8293 2.0 1.9 7 0.0639 77.7 <1×10-16 

 
NNR-MORVEL is a set of angular velocities, constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-GV-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
a ζmax is the azimuth of the major axis of the error-ellipse.  
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b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-GV-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-GV-MORVEL in Cartesian coordinates is 
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Chapter 2 

Current Plate Velocities Relative to the Hotspot and Bias in K-Ar Dates 

 

Summary 

The HS3 hotspot data set consists of two volcanic propagation rates and eleven trends of linear 

volcanic chain segments spanning ≈≤ 6 Ma from the Pacific, Nazca, South America, and North 

America plates [Gripp and Gordon, 2002]. Because of bias (due to argon loss) inherent in K-Ar 

measurements, the volcanic age dates used in HS3 tend to be younger than true ages, and the volcanic 

propagation rates thus tend to be too high. Here we use the difference between an astrogeochronologic-

based, and a K-Ar-based, geomagnetic reversal time scale as a proxy to recalibrate the K-Ar age dates, 

which reduces the volcanic propagation rates of the Hawaii hotspot track and the Society hotspot track 

by 8% and 4% respectively. We combine the HS3B data set, which is merely HS3 corrected for bias, 

with the MORVEL plate relative angular velocities [DeMets et al., 2010] to determine HS3B-

MORVEL, a new global set of plate angular velocities relative to the hotspots. The angular speed of the 

Pacific plate relative to the hotspots is lower in HS3B-MORVEL (0.98º Ma-1) than in HS3-NUVEL1A 

(1.06º Ma-1). As a limiting case, we also determine HS3C-MORVEL, a set of angular velocities 

determined assuming that Pacific hotspots move relative to non-Pacific hotspots at 5 mm a-1 in a 

direction opposite to Pacific plate motion relative to the hotspots. HS3B-MORVEL and HS3C-

MORVEL respectively indicate a net-rotation of the lithosphere of 0.35±0.11º Ma-1 and of 0.30±0.11 

(95% confidence limit), respectively 20% and 32% smaller than the net-rotation, 0.44±0.11º Ma-1, for 

HS3-NUVEL1A. 
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2.1 Introduction 

Estimates of the current motion of the tectonic plates relative to the hotspots have been used to 

investigate plate driving forces, the motion between hotspots, and the net-rotation of the lithosphere 

relative to the sub-asthenospheric mantle and are typically determined by combining a hotspot data set 

with a global set of relative angular velocities between plates. HS3-NUVEL1A is a widely used set of  

current angular velocities of plates relative to the hotspots, and is determined by combining the HS3 

hotspot track data set [Gripp and Gordon, 2002] with the NUVEL-1A global set of plate relative 

angular velocities [DeMets et al., 1994]. 

Morgan and Phipps Morgan [2007] criticize the HS3 data set, however. In particular, they 

assert that the volcanic propagation rates in HS3 are biased too high because volcanic age dates used to 

determine HS3 are biased too young due to argon loss inherent in K-Ar age dates. To avoid this bias, 

they constructed a large data set of azimuths of hotspot tracks with no rates. They estimated an angular 

speed of the Pacific plate of 0.80º Ma-1 about a pole at 59.3ºS and 94.9ºE, which is 25% smaller than 

the angular speed in HS3-NUVEL1A [Gripp and Gordon, 2002].  

The difference in the rate of Pacific plate motion leads to differences in the estimated rate of net 

rotation of the lithosphere. HS3-NUVEL1A indicates a net rotation of 0.44±0.11º Ma-1 about a pole at 

55.9ºS, 69.9ºE [Gripp and Gordon, 2002]. Becker et al. [2006] estimates a net rotation of no more than 

0.25º Ma-1, which is smaller than the 0.33º Ma-1 lower limit found by Gripp and Gordon [2002]. 

Kreemer [2009] estimates a 0.21º Ma-1 right-handed net-rotation of the lithosphere relative to the sub-

asthenospheric mantle about a pole at 57.6ºS, 63.2ºE from 474 shear wave splitting orientations; his 

rotation rate is also smaller than the 0.33º Ma-1 lower limit from HS3-NUVEL1A. The net rotation 

implied by the angular velocities of Morgan and Phipps Morgan [2007] is even smaller, 0.20º Ma-1 

about 41.0ºS, 59.5ºE. Thus, it seems worth considering whether the discrepancy of net-rotation rates 

determined by hotspot data and seismic anisotropy data might be caused by the bias of volcanic 
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propagation rates in HS3.  

Here we focus on the following questions: (1) Is there a bias in the HS3 rate data? If so, how 

large is it and how can it be removed? In particular, is it as large as 25% as indicated by the set of 

angular velocities estimated by Morgan and Phipps Morgan [2007]? (2) How large is the rate of net 

rotation of the lithosphere? Is this value inconsistent with plate dynamics? (3) From our data, what 

bounds can be placed on the rates of motion between hotspots? 

Herein we determine sets of plate angular velocities relative to the hotspots that are consistent 

with the MORVEL global set of plate relative angular velocities [DeMets et al., 2010], which 

supersede the NUVEL-1A angular velocities [DeMets et al., 1990, 1994] used in prior studies. 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1  HS3 data locations. The blue circles indicate the locations of two propagation rates 
(Hawaii and Society hotspot tracks on the the Pacific plate) and the red triangles indicate the locations 
for trends (Easter, Galapagos and Juan Fernandez hotspot tracks on the the Nazca plate, Hawaii, 
Macdonald, Marquesas, Pitcairn, Samoa and Society hotspot tracks on the Pacific plate, Martin Vaz 
hotspot track on the South America plate and Yellowstone hotspot track on the North America plate). 
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2.2 Recalibration of HS3 

The HS3 data set (Figure 2.1) includes two volcanic propagation rates and eleven segment 

trends. It is determined from the age and location of volcanic tracks that lie on the Pacific, Nazca, 

North America, and South America plates [Gripp and Gordon, 2002]. The volcano age dates in HS3 

were mainly determined by K-Ar measurements rather than the more accurate 40Ar/39Ar 

measurements. In K-Ar measurements, argon loss may tend to shift volcanic age dates toward younger 

ages than the true ages, and the volcanic propagation rates thus tend to be higher than the true rate 

[Morgan and Morgan, 2007]. 

As the Harland et al. [1982] geomagnetic reversal time scale is also based on K-Ar age dates, 

we use its later recalibration as a proxy to recalibrate the K-Ar age dates used to construct HS3. To do 

so, we compare the past ≈8 Ma of the Harland et al. [1982] geomagnetic reversal time scale with the 

corresponding part of the Gradstein et al. [2004] geomagnetic reversal time scale, as that portion of the 

latter is determined from astrogeochronology [Lourens et al., 1996; Bickert et al. 1997; Tiedemann and 

Franz, 1997; Horng et al., 2002] (Figure 2). The average ratio of ages in millions of years between 

these two time scales for various reversals is ≈0.93. Thus, we infer that the volcanic propagation rates 

of HS3 are probably overestimated by ≈7%. To use the differences in the two time scales to recalibrate 

the K-Ar ages used for volcanic propagation rates, for any given HS3 volcanic age date measured by 

the K-Ar method, we mark this age in the Harland et al. [1982] time scale, and find its corresponding 

point in the Gradstein et al. [2004] time scale by linear interpolation. Then we use this interpolated age 

in the Gradstein et al. [2004] time scale as a recalibration for the biased K-Ar volcanic age. 
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Figure 2.2  Comparison of the Harland et al. [1982] geomagnetic reversal time scale with that of 
Gradstein et al. [2004]. Over the past 8 Ma, the former is mainly determined from K-Ar age dates, 
while the latter is determined from calibration with astronomical orbital forcing. The recalibration 
factor α, which varies from 0.897 to 0.966 over the past 8 Ma, is the ratio of the age in millions of 
years of a given chron or chron boundary on the Harland et al. [1982] reversal time scale to the 
corresponding age in millions of years on the Gradstein et al. [2004] time scale. 
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As an example, consider the West Molokai volcano in the Hawaiian hotspot track. The K-Ar 

age date for the volcano is 1.89 Ma [McDougall, 1964; Clague, 1987; Gripp and Gordon, 2002]. In the 

Harland et al. [1982] time scale, we take the young end of chron C2r.1r (1.87 Ma) as 0%, and the old 

end of chron C2r.1r (2.01 Ma) as 100%. The age date for West Molokai volcano thus locates at 14% 

within chron C2r.1r in the Harland et al. [1982] time scale. In the Gradstein et al. [2004] time scale, 

we also take the young end of chron C2r.1r (1.945 Ma) as 0%, and the base of chron C2r.1r (2.128 Ma) 

as 100%. The corresponding point (14%) in the Gradstein et al. [2004] time scale is 1.97 Ma B.P. 

Therefore, the recalibrated volcanic age date that we use for West Molokai volcano is 1.97 Ma.  

The Hawaiian hotspot track is located in the central Pacific Ocean. Because the young (active to 

4.9 Ma B.P.) part of the Hawaiian hotspot track is 33 km wide and 600 km long [Gripp and Gordon, 

2002], the trend is well determined (σtrend=6.3º). Age dates from seven volcanoes (Mauna Kea, 

Hualalai, Haleakala, Kahoolawe, West Molokai, Waianae, and Niihau) are used to estimate volcanic 

propagation rate in HS3, and six of them (Mauna Kea, Haleakala, Kahoolawe, West Molokai, Waianae, 

and Niihau) are K-Ar age dates. Figure 3 shows the recalibration for the Hawaiian volcano age dates. 

Taking volcano age as the dependent variable and the length along the chain as the independent 

variable, the propagation rate for the Hawaiian hotspot track is 99.7 km Ma-1, ≈8% lower than the 

propagation rate assigned in HS3. 

The Society hotspot track also lies on the the Pacific plate. The width of the part of the Society 

track used by Gripp and Gordon [2002] is 32 km and the length is 479 km; thus the trend of the Society 

track is also well determined (σtrend=7.8º). Age dates from eight volcanoes (Tahiti-Iti, Tahiti-Nui, 

Moorea, Huahine, Raiatea, Tahaa, Bora Bora, and Maupiti) are used to estimate the volcanic 

propagation rate in HS3, and the ages for seven of them (Tahiti-Iti, Tahiti-Nui, Moorea, Raiatea, Tahaa, 

Bora Bora and Maupiti) are K-Ar age dates. Figure 4 shows the recalibration for Society volcano ages. 

The propagation rate for Society hotspot track is 101.6 km Ma-1, ≈4% lower than the propagation rate 
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assigned in HS3. 

 

Figure 2.3  Volcano ages for the Hawaiian hotspot track. Upper Panel: Blue bars, volcano ages 
assigned in HS3; Red bars, volcano ages after recalibration. Lower Panel: The volcano ages of Mauna 
Kea, Haleakala, Kahoolawe, West Molokai, Waianae, and Niihau are determined by K-Ar 
measurement, and are recalibrated herein. The volcano age of Hualalai is determined by 234U/238U 
measurement, and it is unchanged in this recalibration. Circles, the recalibration factor for K-Ar age 
dates with red fill if applied and black fill if not; Red diamonds, ratio of volcano age between HS3 and 
HS3B for Hulalai. 
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Figure 2.4  Volcano ages of Society hotspot track. Upper Panel: Blue bars, volcano ages assigned 
in HS3; Red bars, volcano ages after recalibration. Lower Panel: The volcano ages of Tahiti-Iti, Tahiti-
Nui, Moorea, Raiatea, Tahaa, Bora Bora, and Maupiti are determined by K-Ar measurement, and are 
recalibrated herein. The age dates for Tahaa Island were updated [White and Duncan, 1996] from those 
used in HS3, and recalibrated. The volcano age of Huahine Island is determined by paleomagnetic 
reversal (the end of Gauss normal chron) and it is unchanged in this recalibration. Circles, the 
recalibration factor for K-Ar age dates with red fill if applied to prior K-Ar age date and black fill if not; 
Red diamonds, ratio of volcano age between HS3 and HS3B for Tahaa Island and Huahine. 
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To recalibrate the bias caused by K-Ar age dates, we decrease the volcanic propagation rates of 

the Hawaiian hotspot and Society hotspot by ≈8% and ≈4%, respectively, and name this revised data 

set as HS3B. We follow the same procedure as used for HS3-NUVEL1A [Gripp and Gordon, 2002] to 

determine a set of plate angular velocities relative to the hotspots, which we refer to as HS3B-

MORVEL. 

HS3B is assigned the same the trend uncertainties as HS3, while the rate uncertainties of the 

Hawaiian hotspot and Society hotspot are decreased relative to those of HS3 by ≈8% and ≈4% 

respectively in proportion to the decrease in rates. Both the uncertainty of the relative angular velocities 

in MORVEL and the uncertainty of the angular velocity of a plate relative to the no-net-rotation 

reference frame are much smaller than the uncertainty of the angular velocity of a plate relative to the 

hotspots. Thus, only the latter are employed in the determination of the uncertainty of the angular 

velocities of the plates relative to the sub-asthenospheric mantle. 

 

2.3 HS3B-MORVEL angular velocities 

The angular velocities of each plate relative to the hotspots and the corresponding standard error 

ellipses in HS3B-MORVEL are given in Table 2.1. The angular velocities of the other 31 plate relative 

to the hotspots are adapted from Bird [2003]. The displacement paths of the absolute plate motion 

determined by HS3-NUVEL1A, HS3B-MORVEL are compared in Figure 2.5.  

The HS3B-MORVEL velocities (root-mean square velocity of the entire lithosphere is 41 mm  

a-1) tend to be slightly smaller than the HS3-NUVEL1A velocities (rms velocity is 47 mm a-1). The 

angular velocities of the Amuria, Antarctica, Caribbean, Somalia, Sundaland, and Yangtze plates are 

not significantly different from zero. These six plates thus have no discernible motion relative to the 

hotspots during the past few million years.  

To evaluate the robustness of HS3B-MORVEL, we investigate its sensitivity to the omission of 
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any single datum. For example, we remove the trend of the Easter hotspot from the HS3B data set, then 

determine a new global set of angular velocities relative to the hotspots by combining this new hotspot 

data set with the MORVEL relative angular velocities, and calculate the predicted trend and rate of the 

Easter hotspot (Table 2.2). 

 

 
 
Figure 2.5 Plate velocities relative to the hotspots. Each arrow shows the displacement path of a 
point on a plate if the plate maintains its current angular velocity for 40 Ma. Purple arrows, HS3-
NUVEL1A; orange arrows, HS3B-MORVEL; green arrows, HS3C-MORVEL. Ellipses show the 95 
percent confidence limits for HS3B-MORVEL and HS3C-MORVEL. 
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Among all HS3B data, the omission of the Hawaiian rate has the greatest significance, which 

nonetheless results in an angular velocity that lies inside the 95 percent confidence ellipsoid of HS3B-

MORVEL. The summed square misfit of HS3B-MORVEL is 6.22 with 10 degrees of freedom, which 

indicates HS3B data are mutually consistent (p=0.80, where p is the probability of obtaining a rate as 

different as, or more different from, that predicted from the other data if the hotpots are fixed). In 

contrast, the data of Morgan and Phipps Morgan [2007], discussed below, are mutually inconsistent. 

 

2.4  Discussion 

2.4.1 Comparison with HS3-NUVEL1A 

The length of the vector difference between the angular velocity of a plate relative to the 

hotspots in HS3B-MORVEL and its counterpart in HS3-NUVEL1A varies from a low of 0.03º Ma-1 for 

the Nazca plate (which is statistically insignificant with p=0.88 using only the uncertainty in HS3B-

MORVEL) to a high of 0.32º Ma-1 for the Cocos plate (which is statistically significant with p =2.5×10-

06). 

The vector difference between HS3B-MORVEL and HS3-NUVEL1A can be decomposed into 

two parts. The first is the change in assumed relative angular velocities. The vector difference between 

the angular velocity of a plate relative to the Pacific plate in MORVEL and its counterpart in NUVEL-

1A varies from plate to plate. The largest difference is a vector with a length of 0.38º Ma-1 for the 

Cocos plate, and the smallest difference is 0.04º Ma-1 for the India plate. The second is the change of 

the Pacific plate angular velocity relative to the hotspots between HS3B-MORVEL and HS3-

NUVEL1A, decreases in angular speed from 1.06º Ma-1 in HS3-NUVEL1A to 0.98º Ma-1 in HS3B-

MORVEL, with the length of the vector difference between these two angular velocities being 0.09º 

Ma-1. 

To examine further the effect of changing hotspot data set versus changing the set of relative 
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plate angular velocities, we also combined the HS3 data set with the MORVEL angular velocities and 

the HS3B data set with NUVEL-1A angular velocities. The resulting angular rate of rotation of the 

Pacific plate relative to the hotspots is 1.06º Ma-1 for HS3-NUVEL1A, 1.05º Ma-1 for HS3-MORVEL, 

0.99º Ma-1 for HS3B-NUVEL1A, and 0.98º Ma-1 for HS3B-MORVEL. The difference between any two 

of these four angular velocities is not statistically significant (Figure 2.6). The Pacific plate angular 

velocities for HS3-MORVEL and HS3-NUVEL1A are near each other, and the Pacific plate angular 

velocities for HS3B-MORVEL and HS3B-NUVEL1A are near each other. Thus, the revision in hotspot 

data set has a greater influence on estimated absolute plate motion than does the change of the relative 

angular velocities, at least for the Pacific plate. 

 

2.4.2 Comparison with T57 angular velocities 

Morgan and Phipps Morgan [2007] proposed a hotspot data set of 57 trends of hotspot tracks 

distributed on ten major plates (Antarctica, Australia, Cocos, Eurasia, North America, Nubia, Nazca, 

Pacific, South America, and Somalia). They contend that a bias in volcanic propagation rates would 

contaminate the more accurately determined trend data. Thus their data set only contains hotspot 

segment trends, but not rates [Morgan and Phipps Morgan, 2007]. Here we refer to this trend-only data 

set as T57. 

T57-MORVEL, which we obtained by inverting the T57 data set while constraining relative 

plate motions to equal those of MORVEL, indicates an angular speed of the Pacific plate relative to the 

hotspots of 0.80º Ma-1, the same as found by Morgan and Phipps Morgan [2007] using a different 

method of solving for plate motion from the T57 data set constrained to consistency with NUVEL-1A. 

Both results are a statistically significant ≈25% smaller than the rate indicated by HS3-NUVEL1A and 

a statistically significant ≈18% smaller than the rate indicated by HS3B-MORVEL.  
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Figure 2.6 The angular velocities (with uncertainties) of the Pacific plate relative to the hotspots 
determined from different data sets. Three perpendicular slices are shown. Purple ellipse, 95 percent 
confidence limit for HS3-NUVEL1A; orange ellipse, HS3B-MORVEL; green ellipse, HS3C-
MORVEL; dashed black curve, HS3-MORVEL. 
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Figure 2.7 The angular velocity (with 95% confidence limits) of the net rotation of the lithosphere 
relative to the sub-asthenospheric mantle. The net rotation for HS3B-MORVEL is a right-handed 
rotation of 0.35º Ma-1 about 53.6ºS, 66.4ºE, that for HS3C-MORVEL is 0.30º Ma-1 about 53.4ºS, 
65.4ºE, that for T57-MORVEL is 0.19º Ma-1 about 37.2ºS, 63.5ºE, that for T57-NUVEL1A (not shown) 
is 0.20º Ma-1 about 41.0ºS, 59.5ºE, that for HS3-NUVEL1A is 0.44º Ma-1 about 55.9ºS, 69.9ºE, that 
for the analysis of shear-wave splitting orientations [Kreemer, 2009] is 0.21º Ma-1 about 57.6ºS, 
63.2ºE, and that for the plate driving force model of Cocksworth and Harper [1996] is 0.25º Ma-1 about 
59ºS, 48ºE. Purple ellipse, 95 percent confidence limits for HS3-NUVEL1A; orange ellipse, HS3B-
MORVEL; green ellipse, HS3C-MORVEL. 
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Why is T57-NUVEL1A so different from HS3B-MORVEL? One reason, possibly the main 

reason, is that the length of time spanned by the hotspot tracks in T57 are in many cases much longer 

than the length of time spanned by the hotspot tracks in HS3. The time span of hotspot tracks in HS3 

are ≈≤ 6 Ma, which restricts the trends to those from intermediate- to fast-moving plates [Gripp and 

Gordon, 2002]. According to Morgan and Phipps Morgan [2007], in T57 the trends are determined 

from 0 to 5 Ma-old parts of the hotspot tracks from fast moving plates, and from 0 to 10 Ma-old part of 

the hotspot tracks from slow moving plate, but in some cases (Hoggar, Tibesti, Afar, Cape Verde, and 

Kerguelen) span up to 30 Ma old. We think that the time spans, not only for these six tracks, but also 

for many tracks on slow-moving plates, must be tens of millions of years or longer. For example, if a 

plate is moving only a few mm a-1, as Nubia, Somalia, Eurasia, and Antarctica appear to be in HS3B-

MORVEL, to build a hotspot track a few hundred kilometers long, arguably the minimum needed to 

estimate a trend, requires 100 Ma. Thus, incorporating tracks from slow-moving plates requires an 

averaging interval far too long to be relevant to current plate motions. 

A second reason that the two sets of plate-hotspot angular velocities differ significantly may be 

because T57 is not a self-consistent data set. Some of the trends are misfit by large angles, up to 87°. 

When we invert these data with the uncertainties estimated by Morgan and Phipps Morgan [2007], we 

obtain a summed square misfit of 538 with 54 degrees of freedom, which indicates a significant misfit 

to the data (p<1×10-16). We think that this inconsistency is unsurprising given the wide range of 

averaging intervals reflected in the T57 data set. 

It seem worthwhile to consider a third possible reason that T57-NUVEL1A differs from HS3B-

MORVEL—motion between hotspots, in particular motion of Pacific hotspots relative to a mean-

mantle reference frame, in particular motion of Pacific hotspots approximately anti-parallel to Pacific 

plate motion relative to the hotspots, as proposed by Steinberger and O'Connell [1998]. Morgan and 

Phipps Morgan [2007] present a scale argument why such motion is unlikely to exceed 5 mm a-1. To 
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examine this possibility, we construct a data set, HS3C (Table 2.3), for which we reduce the rates at 

Hawaii and Society by 5 mm a-1 from their values in HS3B. The resulting angular velocity of the 

Pacific plate is another 5% lower and its 95% confidence region now barely excludes the T57-

MORVEL and T57-NUVEL1A angular velocities. Thus, assuming 5 mm a-1 of motion between Pacific 

and non-Pacific hotspots may aid in reconciling part of the differences between HS3B and T57. The 

indicated net rotation of the lithosphere is 0.30±0.11º Ma-1 about a pole at 53.4ºS, 65.4ºE. 

The HS3B data set can be used to place limits on how fast motion may be occurring between 

hotspots under the Pacific plate relative to those under other plates. To do so, we assume that the 

motion of Pacific hotspots relative to a mean-mantle reference frame is anti-parallel (or parallel) to 

Pacific plate motion relative to the hotspots, vary the rate of that motion, and determine the 

corresponding change in sum square normalized misfit (Figure 2.8). The 95 percent confidence limit 

for Pacific hotspot motion relative to the non-Pacific hotspots varies from 37 mm a-1 anti-parallel to 

Pacific plate motion to 31 mm a-1 parallel to Pacific plate motion. Thus, we cannot place useful bounds 

on how fast Pacific hotspots move relative to the deep mantle or relative to non-Pacific hotspots from 

the HS3B hotspot data set alone. Instead we rely on the 5 mm a-1 limit from the scale argument of 

Morgan and Phipps Morgan [2007]. 

 

2.4.3 Net-rotation of lithosphere 

Within the 95% confidence limits, which give a lower bound on rotation rate of 0.24º Ma-1, the 

net rotation of the lithosphere for HS3B-MORVEL includes the maximum net rotation rate of 0.25º 

Ma-1 found by Becker et al. [2006] but just excludes the 0.21º Ma-1 rotation found by Kreemer [2009] 

(Figure 2.7, Table 2.4). The net rotation for HS3C-MORVEL gives a lower bound of 0.18º Ma-1, and 

includes the net rotations found by both Becker et al. [2006] and Kreemer [2009] from inferred seismic 

anisotropy. 
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The net rotation of the lithosphere relative to the sub-asthenospheric mantle can be predicted from 

models for plate driving forces. For example, Cocksworth and Harper [1996] estimated the net rotation 

of the lithosphere using NUVEL-1 relative plate motions, and Gripp and Gordon [2002] revised their 

net rate of rotation to consistency with NUVEL-1A to find a net rotation of 0.25º Ma-1 right-handed 

around 59ºS, 48ºE. This angular velocity is also contained in the 95% uncertainty region for HS3B-

MORVEL (Figure 7, Table 4). 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 

Figure 2.8 Sum square normalized misfit to hotspot data as a function of the rate of motion of 
Pacific hotspots parallel to plate motion (negative in sign if anti-parallel). The dash line indicates the 95 
percent confidence limits, which varies from -37 mm a-1 to 31 mm a-1. Orange line, HS3B-MORVEL; 
green line, HS3C-MORVEL. 
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2.5   Conclusion 

(1) The choice of the hotspot data set generally has a larger effect on plate velocities relative to the 

hotpots than does the choice of relative plate angular velocities. 

(2) In agreement with Morgan and Phipps Morgan [2007], we find that the volcanic propagation rates 

used in HS3-NUVEL1A [Gripp and Gordon, 2002] are upward biased due to a downward bias in K/Ar 

age dates for volcanoes. The bias is only ≈7%, however, much less than the ≈25% indicated by the 

angular velocities estimated by Morgan and Phipps Morgan [2007]. The differences in angular 

velocities may be due in part or whole to the much longer averaging interval (tens of millions of years 

or longer) inherent in the trend data from slow-moving plates used by Morgan and Phipps Morgan 

[2007]. The difference may also be due in small part to motion of Pacific hotspots anti-parallel to the 

motion of the Pacific plate relative to the hotspots. 

(3) HS3B-MORVEL indicates that the whole lithosphere has a right-handed net rotation of 0.35±0.11º 

Ma-1 (95% c.l.) about 53.6ºS, 66.4ºE. Within uncertainties, this includes the upper bound on net rotation 

of 0.25º Ma-1 estimated by Becker et al. [2006] from seismic anisotropy but excludes the net rotation of 

0.21º Ma-1 estimated by Kreemer [2009]. Because the correlations in errors were neglected by Kreemer 

[2009], we believe that the net rotation that best fits observed seismic anisotropy is substantially higher 

than 0.22º Ma-1 [Zheng et al. 2010]. The net rotation indicated by plate driving force models 

[Cocksworth and Harper, 1996; Gerault et al. 2010] is contained in the 95% uncertainty region for 

HS3B-MORVEL. 

(4) If we assume that Pacific hotspots move relative to non-Pacific hotspots at a rate of 5 mm a-1 in a 

direction anti-parallel to Pacific plate motion, the whole lithosphere has a right-handed net rotation of 

0.30±0.11º Ma-1 (95% c.l.) about 53.4ºS, 65.4ºE. Within uncertainties, this includes the upper bound on 

net rotation of 0.25º Ma-1 estimated by Becker et al. [2006] and the net rotation of 0.21º Ma-1 estimated 

by Kreemer [2009]. The net rotation indicated by plate driving forces models [Cocksworth and Harper, 
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1996; Gerault et al. 2010] is also contained in the 95% uncertainty region for HS3C-MORVEL. 

(5) Thus, the small bias in net rotation rates contained in HS3-NUVEL1A has been removed in either 

HS3B-MORVEL or possibly HS3C-MORVEL. 
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Table 2.1 HS3B-MORVEL: plate angular velocities relative to the hotspots 

plate angular velocity standard error 
ellipse 

σω  
º Ma-1 

p(χ2)0
b p(χ2)HS3-NUVEL1A

c 

ºN ºE º Ma-1 σmax σmin ζmax
a 

    MORVEL Plates 
Amur -13.2 82.0 0.0818 44.4º 36.5º 42º 0.0672 57.0% NA 
Antarctica -28.2 70.8 0.1200 35.0º 26.7º 29º 0.0648 19.2% 11.7% 
Arabia 16.3 17.1 0.4875 10.3º 8.3º 73º 0.0558 <1×10-16 3.1% 
Australia 5.4 45.9 0.7186 6.5º 4.3º 48º 0.0693 <1×10-16 50.6% 
Caribbean -54.7 330.1 0.1458 34.8º  18.8º 92º 0.0565 7.6% 4.2×10-4 

Cocos 16.7 233.1 0.9011 5.3º 3.1º 137º 0.0693 <1×10-16 2.5×10-6 

Capricorn 13.2 36.8 0.6201 7.5º 5.7º 52º 0.0653 <1×10-16 NA 
Eurasia -60.3 50.5 0.1339 36.1º 24.4º 25º 0.0541 4.4% 23.0% 
India 16.2 21.8 0.4823 10.2º 8.3º 68º 0.0581 <1×10-16 5.7% 
Juan de Fuca -42.5 61.4 1.2941 4.0º 2.7º 24º 0.0605 <1×10-16 3.6×10-8 

Lwandle -21.9 10.3 0.1593 31.3º 17.9º 66º 0.0596 4.5% NA 
Macquarie 33.4 22.3 1.0579 4.5º 4.3º 100º 0.0533 <1×10-16 NA 
North America -68.6 353.4 0.3241 17.4º 9.7º 73º 0.0535 3.4×10-9 19.0% 
Nubia -23.5 3.2 0.1705 30.1º 16.9º 70º 0.0579 2.1% 15.7% 
Nazca 37.9 268.3 0.3557 13.6º 11.6º 0º 0.0562 7.2×10-14 88.3% 
Pacific -62.2 94.7 0.9797 5.7º 4.2º 158º 0.0461 <1×10-16 37.1% 
Philippine Sea -55.8 347.6 1.1351 5.1º 2.5º 78º 0.0560 <1×10-16 55.9% 
Rivera 17.6 253.0 4.2471 1.1º 0.8º 143º 0.0680 <1×10-16 NA 
South America -71.6 65.7 0.3435 16.3º 10.8º 5º 0.0487 3.9×10-14 7.1% 
Scotia -71.3 53.2 0.2406 22.6º 14.8º 18º 0.0500 1.3×10-6 2.5×10-5 

Somalia -12.7 346.2 0.1104 42.5º 28.0º 81º 0.0521 13.8% NA 
Sur -70.8 64.6 0.3617 15.5º 10.3º 7º 0.0490 1.7×10-15 NA 
Sundaland -20.5 339.9 0.0737 54.1º 37.0º 84º 0.0535 53.4% NA 
Sandwich -40.0 333.3 1.5004 3.9º 1.9º 88º 0.0566 <1×10-16 NA 
Yangtze 12.7 74.2 0.0601 53.4º 38.9º 46º 0.0714 86.9% NA 
NNR- 
MORVEL 

-53.6 66.4 0.3527 15.0º 10.3º 13º 0.0549 1.0×10-12 20.4% 

    Bird's [2003] Plates 
Aegean Sea -39.9 86.0 0.3787 13.0º 10.7º 1º 0.0561 1.3×10-15 NA 
Altiplano -46.7 294.9 0.4671 11.7º 6.0º 117º 0.0607 1.4×10-13 NA 
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Anatolia 24.4 33.7 1.2017 3.8º 3.4º 50º 0.0612 <1×10-16 NA 
Balmoral Reef -65.1 105.0 0.7977 7.1º 5.3º 145º 0.0435 <1×10-16 NA 
Banda Sea  -7.6 117.9 2.6227 2.0º 1.5º 81º 0.0546 <1×10-16 NA 
Birds Head  -45.1 92.0 1.1254 4.6º 3.8º 167º 0.0520 <1×10-16 NA 
Burma  -14.3 285.3 2.1147 2.4º 1.5º 116º 0.0647 <1×10-16 NA 
Caroline  -65.8 69.0 0.9467 6.0º 4.0º 4º 0.0499 <1×10-16 NA 
Conway Reef  -24.5 167.3 3.9897 1.4º 1.1º 94º 0.0400 <1×10-16 NA 
Easter  23.2 67.5 11.4089 0.4º 0.3º 41º 0.0699 <1×10-16 NA 
Futuna  -19.6 175.8 5.1182 1.1º 0.8º 96º 0.0446 <1×10-16 NA 
Galapagos  -0.4 80.6 5.6842 0.8º 0.5º 48º 0.0701 <1×10-16 NA 
Juan Fernandez  33.3 70.7 22.3828 0.2º 0.1º 37º 0.0674 <1×10-16 NA 
Kermadec  32.6 11.9 2.2707 2.3º 2.0º 97º 0.0485 <1×10-16 NA 
Manus  -4.0 150.0 51.6107 0.1º 0.1º 93º 0.0454 <1×10-16 NA 
Maoke  -5.6 87.0 0.9473 4.9º 3.5º 50º 0.0677 <1×10-16 NA 
Mariana  -1.4 129.5 1.3637 4.0º 2.8º 85º 0.0517 <1×10-16 NA 
Molucca Sea  -2.5 306.8 3.4582 1.6º 1.1º 98º 0.0540 <1×10-16 NA 
New Hebrides  -5.8 357.9 2.5510 2.2º 1.4º 76º 0.0531 <1×10-16 NA 
Niuafo'ou  -8.4 182.3 3.2459 1.7º 1.2º 102º 0.0508 <1×10-16 NA 
North Andes  -67.8 76.3 0.2687 20.3º 14.2º 176º 0.0483 4.4×10-9 NA 
North Bismarck  -50.7 113.1 1.1504 4.8º 3.9º 135º 0.0429 <1×10-16 NA 
Okhotsk  -65.7 355.7 0.1851 28.8º 16.3º 71º 0.0542 0.4% NA 
Okinawa  29.7 132.6 2.4482 2.3º 1.2º 79º 0.0582 <1×10-16 NA 
Panama  -62.5 245.2 0.1339 35.2º 25.7º 168º 0.0550 3.7% NA 
Shetland  -36.3 120.0 0.1300 36.0º 31.6º 116º 0.0436 0.6% NA 
Solomon Sea  -11.6 124.6 1.8391 2.9º 2.3º 88º 0.0501 <1×10-16 NA 
South Bismarck  4.9 329.6 8.0543 0.7º 0.5º 87º 0.0451 <1×10-16 NA 
Timor  -12.0 109.1 2.0518 2.4º 2.0º 77º 0.0572 <1×10-16 NA 
Tonga  23.9 5.8 8.9138 0.6º 0.5º 85º 0.0479 <1×10-16 NA 
Woodlark -8.6 122.8 1.8728 2.8º 2.2º 85º 0.0520 <1×10-16 NA 

 
NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
NA means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in HS3B-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A. Probabilities less than 5% are printed in bold, which indicate that the 
differences are statistically significant.  
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a ζmax is the azimuth of the major axis of the error-ellipse.  
b p(χ2)0 is the probability of obtaining data as different or more different as those used in HS3B-
MORVEL if the angular velocity of the plate is zero.  
c p(χ2)HS3-NUVEL1A is the probability of obtaining data as different or more different as those used in 
HS3B-MORVEL if the angular velocity of the plate is that of HS3-NUVEL1A 
The covariance matrix of HS3B-MORVEL in Cartesian coordinates is 
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Table 2.2 HS3B data set 
 

Hotspot Plate Location Observed 
trend ±1σ 

HS3B-MORVEL 
calculated values 

Δθ a Predicted values 

ºN ºE Trend ±1σ Rate ±1σ 
(mm/yr) 

Trend ±1σ Rate ±1σ 
(mm/yr) 

Easter NZ -27.11 -110.06 98.6±31.7º 105.6±9.2º 36.5±5.0 -7.0º 106.3±9.7º 36.3±5.0 
Galapagos NZ -0.54 -90.83 121.3±40.9

º 
88.9±13.4º 24.6±5.3 32.4º 84.9±13.8º 25.2±5.5 

Hawaii b PA 20.65 -156.91 303.5±6.3º 299.7±4.3º 97.3±3.9 3.8º 296.0±5.8º 97.4±4.0 
Juan Fernandez NZ -33.73 -80.45 86.4±14.0º 80.7±8.8º 37.7±5.7 5.7º 76.7±10.6º 39.4±6.6 
Macdonald PA -28.31 -142.31 291.0±8.7º 293.5±3.3º 106.8±5.8 -2.5º 293.9±3.6º 106.7±5.8 
Marquesas PA -9.59 -139.37 310.0±12.3

º 
292.3±3.3º 108.1±4.8 17.7º 290.9±3.4º 108.5±4.8 

Martin Vaz SA -20.49 -29.09 264.9±52.7
º 

250.7±12.1º 36.3±4.8 14.2º 249.8±12.3º 36.5±4.9 

Pitcairn PA -25.21 -129.59 289.1±35.9
º 

289.0±3.1º 108.6±5.4 0.1º 289.0±3.1º 108.6±5.4 

Samoa PA -14.19 -170.74 283.2±11.2º 298.2±3.8º 107.1±5.7 -15.0º 300.2±4.0º 107.5±5.7 
Society c PA -17.33 -149.95 292.6±7.8º 295.0±3.4º 108.6±5.4 -2.4º 295.6±3.8º 108.6±5.4 
Yellowstone NA 44.38 -111.05 241.0±23.8

º 
239.5±11.8º 25.1±7.0 1.5º 239.0±13.6º 25.1±7.0 

 
a Δθ is the observed trend minus calculated trend 
b Hawaiian rate included in prediction 
c Society rate included in prediction 
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Hotspot Plate Observed 
rate ±1σ 
(mm/yr) 

Calculated 
rate ±1σ 
(mm/yr) 

Δrate d 
(mm/yr) 

Predicted values  
(rate removed) 

Predicted values  
(rate & trend removed) 

Rate ±1σ 
(mm/yr) 

Trend ±1σ Rate ±1σ 
(mm/yr) 

Trend ±1σ 

Hawaii PA 99.7±4.6 97.3±3.9 2.4 91.2±7.5 e 299.7±4.3º e 91.4±7.9 296.6±5.8º 
Society PA 101.6±8.6 108.6±5.4 -7.1 113.3±6.4 f 294.8±3.4º f 113.3±6.4 295.4±3.7º 

 
 

Table 2 HS3B-MORVEL active to 5 Ma observed, calculated and predicted values. The calculated 
values are the trends and rates indicated from HS3B-MORVEL angular velocities. Predicted values are 
the trend and rate of one hotspot site calculated from a global set of angular velocities after we removed 
the observed data of this hotspot from HS3B data set. Plate name abbreviations are as follows: NZ, 
Nazca; PA, Pacific; SA, South America; NA, North America. 
d Δrate is the observed rate minus calculated rate 
e Hawaiian trend included in prediction 
f Society trend included in prediction 
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Table 2.3  HS3C-MORVEL: plate angular velocities relative to the hotspots 

plate angular velocity standard error 
ellipse 

σω  
º Ma-1 

p(χ2)0
b p(χ2)HS3-NUVEL1A

c 

ºN ºE º Ma-1 σmax σmin ζmax
a 

    MORVEL Plates 
Amur 28.5 88.6 0.0555 58.7º 41.4º 52º 0.0645 85.3% NA 
Antarctica -8.8 70.3 0.0750 47.0º 35.3º 48º 0.0698 72.6% 2.7% 
Arabia 22.0 13.8 0.4858 9.9º 9.0º 86º 0.0547 <1×10-16 4.3×10-4 

Australia 9.3 44.8 0.6962 6.6º 4.5º 46º 0.0693 <1×10-16 6.3% 
Caribbean -37.6 311.2 0.1210 39.8º  22.0º 102º 0.0570 20.7% <1×10-16 

Cocos 18.8 233.8 0.9435 4.9º 3.1º 136º 0.0703 <1×10-16 <1×10-16 

Capricorn 17.9 35.0 0.6075 7.5º 6.2º 44º 0.0646 <1×10-16 NA 
Eurasia -61.5 33.1 0.0809 49.8º 36.3º 36º 0.0565 44.0% 1.2% 
India 22.1 18.6 0.4786 9.8º 9.1º 75º 0.0569 <1×10-16 1.1×10-3 

Juan de Fuca -41.9 61.1 1.2407 3.9º 2.9º 24º 0.0623 <1×10-16 <1×10-16 

Lwandle -5.9 358.5 0.1364 34.7º 24.1º 78º 0.0569 5.0% NA 
Macquarie 36.0 20.7 1.0670 4.6º 4.2º 151º 0.0524 <1×10-16 NA 
North America -65.6 337.9 0.2816 19.7º 11.0º 82º 0.0544 <1×10-16 8.7×10-3 

Nubia -8.8 351.7 0.1495 32.9º 21.8º 81º 0.0553 2.2% 6.3×10-3 

Nazca 40.3 266.6 0.4079 11.5º 10.7º 7º 0.0558 <1×10-16 23.2% 
Pacific -62.5 96.3 0.9262 5.9º 4.6º 145º 0.0460 <1×10-16 2.9% 
Philippine Sea -54.6 344.7 1.0966 5.2º 2.6º 78º 0.0569 <1×10-16 75.7% 
Rivera 18.1 253.0 4.2911 1.1º 0.8º 135º 0.0675 <1×10-16 NA 
South America -74.6 63.1 0.2911 18.7º 13.1º 179º 0.0488 <1×10-16 1.7×10-3 

Scotia -75.2 41.1 0.1890 27.6º 18.9º 22º 0.0504 3.4×10-4 <1×10-16 

Somalia 10.8 329.5 0.1120 42.1º 32.4º 93º 0.0435 4.1% NA 
Sur -73.6 62.0 0.3091 17.6º 12.3º 1º 0.0492 <1×10-16 NA 
Sundaland 14.1 315.6 0.0794 51.6º 42.2º 95º 0.0436 24.0% NA 
Sandwich -38.5 331.8 1.4758 3.9º 1.9º 89º 0.0568 <1×10-16 NA 
Yangtze 65.1 76.8 0.0643 56.9º 43.8º 29º 0.0525 58.1% NA 
NNR- 
MORVEL 

-53.4 65.4 0.2976 16.8º 12.8º 9º 0.0565 <1×10-16 8.8×10-3 

    Bird's [2003] Plates 
Aegean Sea -37.3 87.7 0.3266 14.0º 13.4º 180º 0.0565 8.4×10-12 NA 
Altiplano -40.6 291.3 0.4532 12.3º 6.2º 116º 0.0591 4.0×10-13 NA 
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Anatolia 26.8 32.6 1.1990 3.9º 3.4º 29º 0.0606 <1×10-16 NA 
Balmoral Reef -65.4 108.2 0.7457 7.5º 5.8º 130º 0.0429 <1×10-16 NA 
Banda Sea  -6.7 118.4 2.5953 2.1º 1.5º 78º 0.0521 <1×10-16 NA 
Birds Head  -44.5 92.8 1.0724 4.6º 4.2º 150º 0.0519 <1×10-16 NA 
Burma  -12.9 284.8 2.1299 2.5º 1.4º 115º 0.0613 <1×10-16 NA 
Caroline  -66.5 68.8 0.8926 6.1º 4.4º 177º 0.0507 <1×10-16 NA 
Conway Reef  -23.8 167.8 3.9740 1.4º 1.1º 84º 0.0425 <1×10-16 NA 
Easter  23.5 67.5 11.3979 0.4º 0.3º 42º 0.0677 <1×10-16 NA 
Futuna  -19.1 176.1 5.1104 1.1º 0.8º 88º 0.0476 <1×10-16 NA 
Galapagos  0.0 80.7 5.6527 0.8º 0.5º 53º 0.0682 <1×10-16 NA 
Juan Fernandez  33.5 70.7 22.3812 0.2º 0.1º 39º 0.0646 <1×10-16 NA 
Kermadec  33.8 11.1 2.2823 2.2º 2.0º 120º 0.0491 <1×10-16 NA 
Manus  -3.9 150.1 51.6011 0.1º 0.1º 88º 0.0462 <1×10-16 NA 
Maoke  -3.0 87.5 0.9134 5.3º 3.6º 57º 0.0658 <1×10-16 NA 
Mariana  0.5 130.6 1.3466 4.2º 2.7º 81º 0.0500 <1×10-16 NA 
Molucca Sea  -1.7 306.4 3.4748 1.6º 1.0º 101º 0.0516 <1×10-16 NA 
New Hebrides  -4.8 357.2 2.5382 2.1º 1.4º 79º 0.0561 <1×10-16 NA 
Niuafo'ou  -7.6 182.8 3.2506 1.6º 1.2º 99º 0.0547 <1×10-16 NA 
North Andes  -71.0 78.3 0.2153 24.4º 18.1º 164º 0.0478 3.7×10-6 NA 
North Bismarck  -50.1 114.8 1.1006 5.0º 4.1º 116º 0.0421 <1×10-16 NA 
Okhotsk  -58.7 331.5 0.1446 35.0º 19.6º 88º 0.0556 6.4% NA 
Okinawa  30.8 133.3 2.4577 2.4º 1.2º 80º 0.0564 <1×10-16 NA 
Panama  -38.2 247.5 0.1189 37.0º 25.4º 146º 0.0628 20.5% NA 
Shetland  -20.0 135.8 0.0925 47.3º 38.9º 86º 0.0415 10.6% NA 
Solomon Sea  -10.3 125.4 1.8118 3.1º 2.2º 82º 0.0482 <1×10-16 NA 
South Bismarck  5.2 329.4 8.0651 0.7º 0.5º 93º 0.0457 <1×10-16 NA 
Timor  -10.9 109.7 2.0182 2.6º 1.9º 75º 0.0548 <1×10-16 NA 
Tonga  24.2 5.6 8.9206 0.6º 0.5º 96º 0.0500 <1×10-16 NA 
Woodlark -7.3 123.6 1.8469 3.0º 2.1º 80º 0.0498 <1×10-16 NA 

 
NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
NA means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in HS3C-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A. Probabilities less than 5% are printed in bold, which indicate that the 
differences are statistically significant. 
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a ζmax is the azimuth of the major axis of the error ellipse.  
b p(χ2)0 is the probability of obtaining data as different or more different as those used in HS3C-
MORVEL if the angular velocity of the plate is zero.  
c p(χ2)HS3-NUVEL1A

 is the probability of obtaining data as different or more different as those used in 
HS3C-MORVEL if the angular velocity of the plate is that of HS3-NUVEL1A.  
The covariance matrix of HS3C-MORVEL in Cartesian coordinates is 

σ xx
2 σ yx

2 σ zx
2

σ xy
2 σ yy

2 σ zy
2

σ xz
2 σ yz

2 σ zz
2
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⎢
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⎢
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⎦

⎥
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Table 2.4 p(χ2) of Differences in Angular Velocity 
 
      

 HS3-NUVEL1A HS3B-MORVEL HS3C-MORVEL 
HS3-NUVEL1A NA 20.4% 0.9% 
HS3B-MORVEL 30.5% NA 66.6% 
HS3C-MORVEL 2.8% 67.1% NA 
T57-MORVEL 3.0×10-7 2.7×10-4 1.8% 
T57-NUVEL1A 1.3×10-6 9.2×10-4 4.2% 
Kreemer (2009) 4.9×10-5 1.9% 29.3% 
Cocksworth & Harper (1996) 3.5×10-4 6.8% 48.8% 

 

p(χ2) is the probability of obtaining an angular velocity as different or more different than observed if 
the two estimates are of the same angular velocity. Probabilities less than 5% are printed in bold, which 
indicate that the differences are statistically significant. 
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Chapter 3 

Pacific plate apparent polar wander during the formation of the 

Hawaiian island and seamount chain:  

the analysis of the skewness of magnetic anomaly 20r (44 Ma) 

 

Summary 

 While it is well documented that the Hawaiian hotspot shifted southward since the formation of 

some of the Emperor seamounts, few data limit the latitudinal shift of the hotspot during the formation 

of the Hawaiian chain. Here we use vector aeromagnetic profiles collected in low paleolatitude regions, 

which have a superior signal-to-noise ratio, and can be used to constrain the location of the 

paleomagnetic pole with compact confidence limits. In this study, we investigated the skewness 

(asymmetry) of 28 airplane and 19 ship-board magnetic crossings of anomaly 20r (44 Ma B.P.) 

between the Murray and Marquesas fracture zones on the Pacific plate. We choose this region of the 

Pacific plate because numerical experiment shows that these data contribute much more information 

about the location of paleomagnetic poles than do those from any other region of similar size. 

Moreover, the half spreading rate exceeds the threshold of 50 mm a-1, above which the anomalous 

skewness is negligible. The best fitting paleomagnetic pole (78.3ºN, 43.0ºE) has compact 95% 

confidence limit with a major semi-axis of 1.9º oriented 104º clockwise from north and a minor semi-

axis of 0.6º. This updated 44 Ma pole differs significantly by 7.2º±5.3º (95% confidence limits) from 

the pole predicted if the Pacific hotspots have been fixed with respect to the spin axis, indicating that 

Pacific hotspots moved relative to the spin axis since the formation of the elbow in the Hawaiian-

Emperor chain. The pole is also consistent with previously published paleomagnetic poles in a 
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reference frame relative to Indo-Atlantic hotspot. Thus, there is no significant motion between the 

hotspot in the Pacific basin and the hotspots in the Indian-Atlantic basins since 44 Ma. 

 

3.1 Introduction 

 The skewness (asymmetry) of marine magnetic anomaly due to sea-floor spreading is usually 

quantified as the phase shift between the observed magnetic anomaly and the synthetic magnetic 

anomaly. It depends primarily on the apparent effective remanent inclination, which is determined by 

the paleomagnetic colatitude directly. Therefore, marine magnetic anomaly skewness data provide an 

established source of reliable paleomagnetic poles and the apparent polar wander (APW) path, and the 

analysis of these skewness data is very important in paleomagnetic and paleogeographic studies, 

including reconstructing relative plate motions, selecting alternative plate motion circuits, and testing 

hotspot mobility [Schouten and McCamy, 1972; Blakely and Cox, 1972; Schouten and Cande, 1976]. 

 For the Pacific plate, marine magnetic anomalies provide a continuous record of the 

paleomagnetic field from the Jurassic to the present. Prior studies identified the magnetic anomaly 

crossings and determined the Pacific paleomagnetic poles for anomaly 12r [Horner-Johnson and 

Gordon, 2010], anomaly 25r [Petronotis et. al., 1994], anomalies 27r-31 [Acton and Gordon, 1991], 

and anomaly 32 [Petronotis and Gordon, 1999; Koivisto et. al., 2011]. The numerical experiments by 

Acton and Gordon [1991] with data importance [Minster et. al., 1974; Gordon and Cox, 1980] indicate 

that the magnetic anomaly crossings in low paleolatitudes with nearly north-south magnetic strike 

contribute the greatest information for constraining the location of the Pacific paleomagnetic pole. 

However, it has long been challenging to identify the magnetic anomalies in low paleolatitudes because 

the effective magnetization is low and the amplitude of the magnetic anomalies is small compared with 

the magnetic noise.  

 Recently, Horner-Johnson and Gordon [2003] showed that the vector aero-magnetic data have a 
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higher signal-to-noise ratio than the scalar ship-magnetic data, for the following reasons: (1) The 

shipboard magnetic data are contaminated by the diurnal variation, whose wavelengths are similar to 

the wavelengths of the magnetic anomalies due to seafloor spreading. The aero-magnetic data, in 

contrast, are collected at a much faster speed and therefore the wavelengths of the diurnal variation are 

much longer than the wavelengths of the magnetic anomalies due to seafloor spreading. (2) The aero-

magnetic data are recorded at a higher elevation than a ship survey. Therefore the magnetic noise 

caused by topographic variation is averaged more in aero-magnetic data than in shipboard magnetic 

data. (3) Unlike the scalar shipboard magnetic data, the aero-magnetic data are vector data with three 

components. More information is contained in the three component vector data than in the scalar data, 

which only measured total intensity.  

 Therefore we can recognize many previously unidentified magnetic anomalies in the low 

paleolatitude region on the Pacific plate based on the vector aero-magnetic data from Project Magnet, 

and obtain the Pacific paleomagnetic poles with compact confidence limit. Here we present a study of 

the skewness of magnetic anomaly 20r (44 Ma B.P.) for the Pacific plate, based on both vector and 

scalar marine magnetic anomaly data. The anomalous skewness in this study is negligible, as the half 

spreading rate exceeds the threshold of 50 mm a-1 [Dyment and Arkani-Hamed, 1995].  

 

3.2 Data 

 The low paleolatitude region on the Pacific plate, shown as a satellite derived gravity map 

[Smith and Sandwell, 1997], could be divided into 5 spreading rate corridors according to the Murray, 

Molokai, Clarion, Clipperton, Galapagos and Marquesas fracture zones (Figure 3.1). We identified 28 

airplane and 19 shipboard magnetic crossings in this region by reviewing the archives of the National 

Geophysical Data Center.  

 We use a 'data quality' letter to indicate whether the skewness of a magnetic profile is reliable 
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(Table 3.1). 18 airplane and 16 shipboard magnetic profiles are labeled by letter 'A'. Their skewness 

data are used to constrain the location of the Pacific paleomagnetic pole. The other 10 airplane and 3 

shipboard magnetic profiles with letter 'B', however, do not have reliable skewness. We only use their 

locations to refine our estimation of the magnetic strike. The skewness data are rejected for various 

reasons: the altitude of the airplane changed rapidly when it crossed anomaly 20r; the magnetic profile 

was not recorded continuously; and/or the magnetic noise caused by topographic variation (e.g. 

seamounts, islands, fracture zones) overwhelms the magnetic anomaly due to seafloor spreading. 

 Since the vertical component and the east component of a magnetic profile are highly correlated, 

we use the mean of the effective inclinations estimated from these two components as a single datum 

when we estimate the location of the best-fitting paleomagnetic pole.  

The synthetic magnetic anomalies are calculated based on a two-dimensional sea-floor 

magnetization model with a 0.5 km thick layer 2A located at 4.5 km below sea-level [Schouten, 1971; 

Schouten and McCamy, 1972; Schouten and Cande, 1976; Cande, 1976]. The reversal boundaries are 

vertical and consistent with the geologic time scale of Gradstein [2004]. 
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 Figure 3.1 Magnetic anomaly profiles analyzed in this paper are plotted along track on top 
of gridded topography [Smith and Sandwell, 1997]. The magnetic profiles used to estimated the 
best-fitting pole are shaded in white, and the profiles only used for estimate the magnetic strikes 
are shaded in gray color. All magnetic profiles are reduced to the best fitting paleomagnetic pole 
obtained herein. The gray stripes show the best fitting magnetic strikes of anomaly 20r in each 
spreading rate corridor. Mercator projection. 
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3.3 Method 

3.3.1 Magnetic strike and its uncertainty 

 The location of the best fitting paleomagnetic pole is very sensitive to our estimation on the 

magnetic strike. For ship-board magnetic profiles, the observed apparent effective remanent 

inclinations ea depend on the magnetic strike. For both ship-board and airplane magnetic profiles, the 

modeled effective remanent inclinations em depend on the magnetic strike. This dependence is strong 

for nearly north-south lineation in low paleolatitudes on the Pacific plate.  

 To have an accurate estimation of the magnetic strike, we first determine a great circle best 

fitting the magnetic crossings in each spreading rate corridor. In Cartesian coordinates, the magnetic 

crossings are described as a series of unit vectors (sx1, sy1, sz1), (sx2, sy2, sz2), ... (sxn, syn, szn), and the pole 

of a great circle is described as a unit vector (px, py, pz). Therefore, the best fitting great circle could be 

determined by solving: 

sx1 sy1 sz1
sx2 sy2 sz2
... ... ...
sxn syn szn

⎡

⎣

⎢
⎢
⎢
⎢
⎢
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⎦
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⎢
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⎥
⎥
⎥
⎥

         (3.1) 

Where (px, py, pz) is a unit vector with px
2 + py

2 + pz
2 = 1  

Then we used the azimuth of the closest point on this great circle as the magnetic strike of each 

magnetic crossing.  

 For example, we identified 8 airplane and 11 ship-board magnetic crossings in the spreading 

rate corridor between the Murray and the Molokai fracture zones (Figure 3.2). By Solving Equation 

(3.1), we obtain a best fitting great circle with a pole located at (9.0ºN, -46.4ºE). The north-most 

magnetic crossing in this corridor, si933010, is located at (30.533ºN, 218.247ºE). The closest point on 

the best fitting great circle to this crossing is (30.533ºN, 218.250ºE), and the azimuth of the best fitting 

great circle at this closest point is 169.5º. Thus, we use 169.5º as the magnetic strike for the magnetic 
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crossing si933010 (Table 3.1).  

  

 

Figure 3.2  Magnetic strike of magnetic anomaly 20r. Gray dots show the identified magnetic 
crossings of anomaly 20r between the Murray and the Molokai fracture zones on the Pacific plate; Red 
line shows the best fitting great circle; black lines indicate the 95% uncertainty limit. The magnetic 
profiles used to estimated the best-fitting pole are shaded in white, and the profiles only used for 
estimate the magnetic strikes are shaded in gray color. All magnetic profiles are reduced to the best 
fitting paleomagnetic pole. Mercator projection. 
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We define the chi-square as the sum of the square of the misfits between a great circle and the 

magnetic crossings. The uncertainty of the magnetic strike is estimated by the analysis of chi-square. 

Still takes the magnetic crossings between the Murray and the Molokai fracture zones as an example. 

The great circle with a pole located at (9.0ºN, -46.4ºE) fits these magnetic crossings best, with a 

minimum chi-square of 0.0650 (red line in Figure 3.2). As there are 19 magnetic crossings in this 

region, the total degree of freedom is 17. We can normalize the chi-square so the minimum reduced 

chi-square equals 1 (and the minimum normalized chi-square equals 17). Thus, the great circles with a 

normalized chi-square of 20.84 define the 95% confidence limit of the magnetic strike (black lines in 

Figure 3.2). 

 

3.3.2 Apparent effective inclination 

 After removing the International Geomagnetic Reference Field (IGRF), the original magnetic 

profiles are projected in the direction perpendicular to the magnetic strike (Figure 3.3.a). 

The observed magnetic anomalies are phase shifted by various angles through an 'all pass' phase 

filter [Schouten and McCamy, 1972]. The skewness, Δθ, is the angle of phase shift by which the 

observed magnetic anomaly profile most resembles the synthetic magnetic anomaly profile (Figure 

3.3.b). 

 Then, the apparent effective remanent inclination, ea, is estimated from: 

ea=180º-e-Δθ+θa           (3.2) 

Where θa is the anomalous skewness, which decreases with increasing spreading rate and becomes 

negligible above a half spreading rate of 50 mm a-1 [Dyment and Arkani-Hamed, 1995]. Since the half 

spreading rate is more than 60 mm a-1 in the low paleolatitude region on the Pacific plate, the 

anomalous skewness is neglected in our study (θa=0º). 

e is the ambient effective inclination at the profile location [Schouten and Cande, 1976; Petronotis 
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et. al., 1992]. For the aero-magnetic anomalies (vector data), e is 0º for the horizontal component and 

90º for the vertical component. For the shipboard magnetic anomalies (scalar data), the ambient 

effective inclination is estimated from: 

e=tan-1[tan(I)/sin(A-D)]          (3.3) 

Where I is inclination, D is declination for a given time and location determined by the IGRF 

coefficients, and A is the magnetic strike of anomaly 20r.  

 Since the vertical component and the east component of an aero-magnetic profile are highly 

correlated, we take the average effective inclination estimated from these two components as a single 

datum.  

 

3.3.3 Best fitting paleomagnetic pole 

 Based on the observed apparent effective remanent inclinations ea, a best-fitting Pacific 

paleomagnetic pole and its 95% confidence limit are estimated by minimizing the chi-squared statistic 

[Gordon and Cox, 1980; Gordon, 1982; Petronotis et. al., 1992]: 

χ 2 =
ea, i − em, i( )2

σ i
2

i=1

n

∑            (3.4) 

Where ea,i is the ith observed apparent effective remanent inclination, em,i is the ith modeled effective 

remanent inclination calculated from the assumed pole position, and σi is the uncertainty of the ith 

observation. The uncertainties are normalized (σ1 = σ2 = ... = σn ), so that all magnetic anomaly profiles 

are given equal weight and the reduced chi-square equals 1. 

 Here we estimate the best-fitting paleomagnetic pole from aero-magnetic data and ship-board 

magnetic data respectively. For the shipboard data, the best-fitting pole locates at (78.3ºN, 26.2ºE), and 

the standard deviation of effective inclination is 7.8º. For the aero-magnetic data, the best-fitting pole 

locates at (78.3ºN, 43.0ºE), and the standard deviation of effective inclination is 2.9º. Then we combine 
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the aero-magnetic data and the ship-board data, and weight the aero-magnetic and shipboard according 

to their standard deviation respectively. The best-fitting pole from this combined data-set locates at 

(78.5ºN, 38.5ºE). 

 The whole process is iterated several 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 the magnetic anomaly profile is also refined 

during the iteration. 

 

3.4 Result 

 All magnetic profiles are reduced to our best fitting palaeomagnetic pole determined from all 

data (Figure 3.3.c), and the pole from aero-magnetic data only (Figure 3.3.d). 

Each magnetic profile with reliable skewness defines a great semicircle of possible 

paleomagnetic poles (Figure 3.4). We can divide these great semicircles into two groups by geometry. 

The first group, defined by the profiles between the Murray and Clipperton fracture zones, is mainly 

sensitive to the north-south shift in the assumed paleomagnetic pole. The second group, defined by the 

profiles between the Clipperton and Marquesas fracture zones, is mainly sensitive to the east-west shift. 

The best-fitting paleomagnetic pole lies in the region of overlap between these two groups.  

The apparent effective remanent inclination, which increases with increasing latitude, has a zero 

crossing at the paleoequator (Figure 3.5). The modeled apparent effective remanent inclination is 

calculated from the best fitting paleomagnetic pole. The observed apparent effective remanent 

inclination varies from a low of nearly -90º in the south to a high of almost 80º in the north, with a 

standard deviation of 2.9º for the aero-magnetic data and 7.8º for the shipboard magnetic data. 
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Figure 3.3.a  Useful magnetic profiles with crossings of anomaly 20r as observed, but after removal 
of International Geomagnetic Reference Field (IGRF). All profiles are plotted perpendicular to the 
magnetic strike. Vertical yellow shading shows the location of anomaly 20r. Latitudes of the crossing 
of anomaly 20r and the profile names are given to the left of each observed profile. Gray observed 
profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” indicate vertical and east 
components, respectively, of an aero-magnetic profile. The synthetic profiles for ship-board and 
airplane magnetic anomaly are plotted above and below of the magnetic profiles respectively. The 
magnetic reversal boundaries and the synthetic half spreading rate are plotted at the bottom of the 
figure. 
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Figure 3.3.a (continued)  Useful magnetic profiles with crossings of anomaly 20r as observed, but 
after removal of International Geomagnetic Reference Field (IGRF). All profiles are plotted 
perpendicular to the magnetic strike. Vertical yellow shading shows the location of anomaly 20r. 
Latitudes of the crossing of anomaly 20r and the profile names are given to the left of each observed 
profile. Gray observed profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” 
indicate vertical and east components, respectively, of an aero-magnetic profile. The synthetic profiles 
for ship-board and airplane magnetic anomaly are plotted above and below of the magnetic profiles 
respectively. The magnetic reversal boundaries and the synthetic half spreading rate are plotted at the 
bottom of the figure. 
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Figure 3.3.a (continued)  Useful magnetic profiles with crossings of anomaly 20r as observed, but 
after removal of International Geomagnetic Reference Field (IGRF). All profiles are plotted 
perpendicular to the magnetic strike. Vertical yellow shading shows the location of anomaly 20r. 
Latitudes of the crossing of anomaly 20r and the profile names are given to the left of each observed 
profile. Gray observed profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” 
indicate vertical and east components, respectively, of an aero-magnetic profile. The synthetic profiles 
for ship-board and airplane magnetic anomaly are plotted above and below of the magnetic profiles 
respectively. The magnetic reversal boundaries and the synthetic half spreading rate are plotted at the 
bottom of the figure. 
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Figure 3.3.a (continued)  Useful magnetic profiles with crossings of anomaly 20r as observed, but 
after removal of International Geomagnetic Reference Field (IGRF). All profiles are plotted 
perpendicular to the magnetic strike. Vertical yellow shading shows the location of anomaly 20r. 
Latitudes of the crossing of anomaly 20r and the profile names are given to the left of each observed 
profile. Gray observed profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” 
indicate vertical and east components, respectively, of an aero-magnetic profile. The synthetic profiles 
for ship-board and airplane magnetic anomaly are plotted above and below of the magnetic profiles 
respectively. The magnetic reversal boundaries and the synthetic half spreading rate are plotted at the 
bottom of the figure. 
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Figure 3.3.a (continued)  Useful magnetic profiles with crossings of anomaly 20r as observed, but 
after removal of International Geomagnetic Reference Field (IGRF). All profiles are plotted 
perpendicular to the magnetic strike. Vertical yellow shading shows the location of anomaly 20r. 
Latitudes of the crossing of anomaly 20r and the profile names are given to the left of each observed 
profile. Gray observed profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” 
indicate vertical and east components, respectively, of an aero-magnetic profile. The synthetic profiles 
for ship-board and airplane magnetic anomaly are plotted above and below of the magnetic profiles 
respectively. The magnetic reversal boundaries and the synthetic half spreading rate are plotted at the 
bottom of the figure. 
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Figure 3.3.a (continued)  Useful magnetic profiles with crossings of anomaly 20r as observed, but 
after removal of International Geomagnetic Reference Field (IGRF). All profiles are plotted 
perpendicular to the magnetic strike. Vertical yellow shading shows the location of anomaly 20r. 
Latitudes of the crossing of anomaly 20r and the profile names are given to the left of each observed 
profile. Gray observed profiles were not used to estimate the paleomagnetic pole. “Vd” and “Ed” 
indicate vertical and east components, respectively, of an aero-magnetic profile. The synthetic profiles 
for ship-board and airplane magnetic anomaly are plotted above and below of the magnetic profiles 
respectively. The magnetic reversal boundaries and the synthetic half spreading rate are plotted at the 
bottom of the figure. 
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Figure 3.3.b  Same crossings as Figure 2a, after each individual profile has been deskewed to best fit 
anomaly 20r. The phase shifts and observed effective remanent inclinations are given to the right side 
of each profile.  
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Figure 3.3.b (continued)  Same crossings as Figure 2a, after each individual profile has been 
deskewed to best fit anomaly 20r. The phase shifts and observed effective remanent inclinations are 
given to the right side of each profile. 



   85 

Figure 3.3.b (continued)  Same crossings as Figure 2a, after each individual profile has been 
deskewed to best fit anomaly 20r. The phase shifts and observed effective remanent inclinations are 
given to the right side of each profile. 
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Figure 3.3.b (continued)  Same crossings as Figure 2a, after each individual profile has been 
deskewed to best fit anomaly 20r. The phase shifts and observed effective remanent inclinations are 
given to the right side of each profile. 
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Figure 3.3.b (continued)  Same crossings as Figure 2a, after each individual profile has been 
deskewed to best fit anomaly 20r. The phase shifts and observed effective remanent inclinations are 
given to the right side of each profile. 
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Figure 3.3.b (continued)  Same crossings as Figure 2a, after each individual profile has been 
deskewed to best fit anomaly 20r. The phase shifts and observed effective remanent inclinations are 
given to the right side of each profile. 
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Figure 3.3.c  Same crossings as Figures 2a, after reduction to the best fitting paleomagnetic pole 
estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled effective remanent 
inclinations are given to the right side of each profile. 
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Figure 3.3.c (continued)  Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.c (continued)  Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.c (continued)  Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.c (continued)  Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.c (continued)  Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from all data (78.5ºN, 38.5ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d  Same crossings as Figures 2a, after reduction to the best fitting paleomagnetic 
pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase shifts and modeled 
effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d (Continued) Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase 
shifts and modeled effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d (Continued) Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase 
shifts and modeled effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d (Continued) Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase 
shifts and modeled effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d (Continued) Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase 
shifts and modeled effective remanent inclinations are given to the right side of each profile. 
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Figure 3.3.d (Continued) Same crossings as Figures 2a, after reduction to the best fitting 
paleomagnetic pole estimated from only aero-magnetic data (78.3ºN, 43.0ºE). The predicted phase 
shifts and modeled effective remanent inclinations are given to the right side of each profile. 
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Figure 3.4 Best fitting paleomagnetic poles and great semicircles. Solid green triangle, best fitting 
pole from airplane and shipboard data combined; its 95% confidence region is shaded green; solid 
white star, best fitting pole from airplane data only; its 95% confidence region is shaded yellow; solid 
black diamond, best fitting pole from ship-board data only; its 95% confidence region is shown as solid 
black line. Each great semicircle is the locus of paleomagnetic poles exactly consistent with a single 
estimate of effective remanent inclination inferred from skewness (blue for airplane data; red for 
shipboard data). Stereographic projection. 
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Figure 3.5  Latitude versus effective remanent inclination inferred from skewness. Solid circles 
indicate the observed effective remanent inclination for each profile component (blue if from airplane 
data; red if from shipboard data). Black curve shows effective remanent inclination calculated from the 
best fitting paleomagnetic pole (78.3ºN, 43.0ºE) estimated from the aero-magnetic profiles. 
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Figure 3.6  Comparison of new 44 Ma B.P. Pacific plate paleomagnetic pole with prior results. Solid 
triangle with green ellipse, best fitting pole from airplane and shipboard data combined; open star with 
yellow ellipse, best fitting pole from airplane data only; solid black diamond with solid line, best fitting 
pole from shipboard data only; solid red diamond with dash line, north pole predicted if the hotspots 
have been fixed with respect to the spin axis (rotations of Andrews et al. [2006]); blue dot with solid 
line, 43 Ma pole estimated from equatorial sediment facies [Parés and Moore, 2005]. Stereographic 
projection. 
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3.5. Discussion 

3.5.1  Comparison with other data sets 

Plate motion can also be estimated by the locations of individual hotspots and their ancient 

tracks. Andrews et. al. [2006] estimated the Pacific-hotspot rotation since the age of the Hawaiian-

Emperor elbow. Figure 3.6 shows the linear interpolation of their stage pole in the Pacific plate 

reference frame. The location of the spin axis (red diamond with red dash line in Figure 3.6) is 

significantly differs from our best fitting paleomagnetic pole, with the lower limit of 1.9º and the upper 

limit of 12.9º (95% confidence limit). Therefore, the Pacific hotspots moved relative to the spin axis 

since the formation of the elbow in the Hawaiian-Emperor chain 

 The motion of the Pacific plate can also be estimated through the analysis of fossiliferous 

sediments. This analysis is independent of palaeomagnetic data and thus permits another test of the 

location of the paleomagnetic pole. Parés and Moore [2005] showed the northward motion of the 

Pacific Plate for the last 53 Ma based on the latitudinal movement of Equatorial sediment facies. This 

plate motion indicates that the spin axis of the Pacific plate at 44 Ma B.P. was located at (79.7ºN, 

18.5ºE). All our three best-fitting magnetic pole (from aero-magnetic data, from ship-board magnetic 

data, and from the combined data-set) are inside of the 95% confidence limits of Equatorial sediment 

pole, but with much smaller confidence limits.  

 

3.5.2  Data importance 

 The information contributed by each magnetic profile in determining the location of the best 

fitting pole is quantified by data importance [Minster et. al., 1974; Gordon and Cox, 1980]. 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 fitting paleomagnetic pole. Thus, 

the data importances sum to two. 
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Since we assign more weight to the aero-magnetic data than the shipboard magnetic data, the aero-

magnetic data tend to have larger data importance. The data importance is also related with the location 

of the magnetic profile. The greatest information is contributed by the magnetic profiles close to the 

paleo-equator, which lies about 10ºN. Data importance shows that the three magnetic profiles between 

the Clarion and Clipperton fracture zones contribute 34% of the information. In contrast, the five 

magnetic profiles between the Murray and Molokai fracture zones only contribute 15% of the 

information (Table 3.1). 

 

3.5.3 Motion of the spin axis in hotspot reference frame 

Andrews et al. [2006] provided a series of relevant stage poles for the plate reconstruction of the 

Pacific plate relative to the Pacific hotspot over the past 67.7 Ma. The linear interpolation of these 

relevant stage poles indicates that the Pacific plate rotates 32.2º about a pole located at (66.1ºN, 

293.9ºE) since 44 Ma relative to the hotspot. Thus, the spin axis of the Pacific plate is located at 

(82.8ºN, 154.6ºE) in the Pacific hotspot frame. Its 95% confidence limit (blue ellipse in Figure 3.7) has 

a major semi-axis of 1.9º and a minor semi-axis of 0.6º. This reconstructed magnetic pole differs 

significantly from the North Pole (with 95% confidence limit shown as red solid line). The difference 

between the skewness pole and the spin axis indicates that the Pacific hotspot shifted significantly 

relative to the spin axis since 44 Ma, which is consistent with the implications from previous studies 

(e.g. Horner-Johnson and Gordon, 2010). 

 Figure 3.7 also shows the location of the 30, 40 and 50 Ma B.P. paleomagnetic poles in the 

Indo-Atlantic hotspots reference frame [Besse and Courtillot 2002]. The north pole is not included in 

the 95% confidence limits of these paleomagnetic poles, which suggests a significant motion of the 

Indo-Atlantic hotspots relative to the spin axis. The consistency between the pole inferred for Pacific 

hotspot and the poles inferred for Indo-Atlantic hotspots, however, indicates that the Pacific hotspot 
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have been fixed relative to the Indo-Atlantic hotspot for the past 44 Ma.  

 

 
 
 
Figure 3.7  Comparison of the apparent polar wander of Pacific hotspots with that of Indo-Atlantic 
hotspots. Solid triangle with green ellipse, best fitting pole from airplane and shipboard data combined; 
open star with yellow ellipse, best fitting pole from airplane data only; solid diamond with dash line, 
north pole predicted if the hotspots have been fixed with respect to the spin axis (rotations of Andrews 
et al. [2006]); solid blue, magenta and cyan diamond with dash line shows the 30, 40 and 50 Ma Indo-
Atlantic pole from Besse and Courtillot [2002]. Stereographic projection. 
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3.6 Conclusion 

 (1) Vector aeromagnetic profiles collected in low paleolatitudes region on the Pacific plate have 

a higher signal-to-noise ratio than the ship-board magnetic profiles, and can be used to constrain a 

paleomagnetic pole with compact confidence limits. Data importance suggests that the magnetic 

profiles close to the paleo-equator provide the most useful information for constraining the location of 

paleomagnetic pole. 

 (2) The paleomagnetic pole of anomaly 20r constrained by aero-magnetic profiles is located at 

(78.3ºN, 43.0ºE). Its 95% confidence limit has a major semi-axis of 1.9º oriented 104º clockwise from 

north and a minor semi-axis of 0.6º. The best fitting pole shifts to (78.5ºN, 38.5ºE) if both airplane and 

shipboard magnetic profiles are used. The 95% confidence limit becomes smaller, with a major semi-

axis of 1.6º oriented 98º clockwise from north and a minor semi-axis of 0.6º.  

 (3) The updated magnetic anomaly 20r pole differs significantly (7.2º±5.3º, 95% confidence 

limits) from the spin axis, but consistent with the paleomagnetic pole of the Indo-Atlantic hotspot. This 

result suggests that the Pacific hotspot and Indo-Atlantic hotspots have been approximately fixed 

relative to one another but have moved in unison (within uncertainties) relative to the spin over the past 

44 Ma.  
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Table 3.1 Summary of Data and Results 
 
 
Profile Name Lat. (ºN) Long. (ºE) Strike Δθ   ea  em Residual Data 

Quality 
Data 
Importance 

 Between Murray F. Z. and Molokai F. Z. 
si933010 30.533 218.247 172.2 34 74.7 75.5 -0.8 A 0.0118 
sotw13wt 30.353 218.260 172.2 38 70.7 75.4 -4.6 A 0.0120 
jpyn01bd 30.036 218.476 172.2 37 71.9 75.1 -3.3 A 0.0122 
0480-384.Vd 29.982 218.333 172.2 12 78.0 75.1 2.9 A 0.0916 
0480-384.Ed 29.982 218.333 172.2 102 78.0 75.1 2.9 A (0.0916) 
cato01mv 29.758 218.428 172.2 33 75.9 75.0 -3.6 A 0.0126 
pol7103 29.568 218.464 172.2 35 74.0 74.8 9.8 A 0.0128 
erdc01wt 28.044 218.732 172.1 31 78.4 73.5 -3.7 A 0.0146 
0440-039.Vd 27.639 218.903 172.0 14 76.0 73.1 2.9 A 0.1122 
0440-039.Ed 27.639 218.903 172.0 104 76.0 73.1 2.9 A (0.1122) 
um6503 27.460 218.852 172.0 52 56.1 73.1 -17.0 B  
0550-028.Vd 27.214 219.024 172.0 46 44.0 73.0 -29 B  
0550-028.Ed 27.214 219.024 172.0 127 53.0 73.0 -20 B  
nova10ar 27.177 218.767 172.0 40 69.7 72.7 -3.0 A 0.0159 
0480-255.Vd 27.148 218.897 172.0 34 56.0 72.5 -16.5 B  
0480-255.Ed 27.148 218.897 172.0 115 65.0 72.5 -7.5 B  
dsdp55gc 26.634 219.052 171.9 59 49.3 71.0 -21.7 B  
proa04bd 25.511 219.360 171.9 67 41.9 70.5 -28.6 B  
styx10az 25.044 219.352 171.8 40 70.6 70.2 0.3 A 0.0195 
 Between Molokai F. Z. and Clarion F. Z. 
pol6725 22.883 227.704 171.1 50 61.3 62.5 -1.2 A 0.0150 
nova06ho 21.469 228.096 171.0 55 57.2 59.3 -2.3 A 0.0167 
rc2002 21.468 227.915 171.0 70 41.9 59.4 -17.5 A 0.0169 
0480-182.Vd 20.800 228.014 171.0 32 58.0 57.7 0.3 A 0.1324 
0480-182.Ed 20.800 228.014 171.0 123 57.0 57.7 -0.7 A (0.1324) 
0480-068.Vd 20.322 228.131 170.9 33 57.0 56.3 0.7 A 0.1377 
0480-068.Ed 20.322 228.131 170.9 124 56.0 56.3 -0.3 A (0.1377) 
styx01az 19.294 228.491 170.9 75 38.4 53.0 -14.6 A 0.0201 
 Between Clarion F. Z. and Clipperton F. Z. 
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0480-068.Vd 15.288 222.818 168.2 57 33.0 29.8 3.2 A 0.2733 
0480-068.Ed 15.288 222.818 168.2 145 35.0 29.8 5.2 A (0.2733) 
0480-069.Vd 12.755 222.143 168.0 84 6.0 11.0 -5.0 A 0.4775 
0480-069.Ed 12.755 222.143 168.0 172 8.0 11.0 -3.0 A (0.4775) 
80012103 11.113 222.498 168.0 135 -8.5 -3.3 -5.1 A 0.0900 
v2113 10.136 222.742 167.9 120 8.4 -11.7 20.1 A 0.1024 
 Between Clipperton F. Z. and Galapagos F. Z. 
0560-033.Vd 0.000 219.857 170.0 125 -35.0 -66.0 31.0 B  
0560-033.Ed 0.000 219.857 170.0 229 -49.0 -66.0 17.0 B  
0440-045.Vd -0.003 219.767 170.0 143 -53.0 -66.0 13.0 B  
0440-045.Ed -0.003 219.767 170.0 238 -58.0 -66.0 8.0 B  
 Between Galapagos F. Z. and Marquesas F. Z. 
0550-044.Vd -5.041 222.754 170.6 138 -48.0 -73.0 25.0 B  
0550-044.Ed -5.041 222.754 170.6 241 -61.0 -73.0 12.0 B  
0550-047.Vd -6.605 222.942 170.6 168 -83.0 -74.7 -8.3 A 0.1353 
0550-047.Ed -6.605 222.942 170.6 257 -86.0 -74.7 -11.3 A (0.1353) 
0480-084.Vd -6.657 222.908 170.6 161 -74.0 -74.8 0.8 A 0.1345 
0480-084.Ed -6.657 222.908 170.6 254 -81.0 -74.8 -6.2 A (0.1345) 
rc1501 -7.093 223.042 170.6 284 -79.7 -75.1 -4.6 A 0.0173 
risp03bd -7.472 223.186 170.6 285 -77.9 -75.3 -2.6 A 0.0167 
0480-271.Vd -9.956 223.554 170.7 161 -73.0 -76.9 3.9 A 0.0983 
0480-271.Ed -9.956 223.554 170.7 254 -74.0 -76.9 2.9 A (0.0983) 
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Appendix A 

Orientations of shear wave splitting 

 

The data table is adopted from the table S1 in Kreemer [2009], with a few updates showed in 

bold italic font with asterisk. 

 

'Sigma' is the standard deviation in observed azimuth (and was set to 10 degrees when unknown); 

'Azimuth' is the direction of fast moving wave measured clockwise from north.  

'O/C' indicates whether site is on oceanic (O) or cratonic (C) lithosphere.  

Plate name abbreviations are as follows: AN, Antarctic; AR, Arabia; AU, Australia; EU, Eurasia; IN, 

India; NA, North America; NB, Nubia; NZ, Nazca; PA, Pacific; SA, South America; SM, Somalia. 
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Latitude Longitude azimuth Sigma Plate Type 

-21.22 -43.80 -117 5 SA C 
-21.22 -43.80 -73 5 SA C 
-21.05 -42.00 -93 4 SA C 
-21.05 -42.00 -61 5 SA C 
-20.04 -46.03 -50 3 SA C 
-18.09 -44.93 -77 9 SA C 
-17.27 -46.82 -82 4 SA C 
-15.64 -48.01 -117 2 SA C 
-17.74 -48.69 -88 2 SA C 
-13.81 -47.38 -105 3 SA C 
-15.26 -49.09 -86 3 SA C 
-17.89 -51.49 -73 8 SA C 
-15.14 -50.86 -113 2 SA C 
-13.33 -49.08 -110 4 SA C 
-17.60 -54.88 -105 2 SA C 
67.83 -115.09 -110 7 NA C 
66.89 -111.00 -100 10 NA C 
66.03 -111.47 -114 9 NA C 
65.92 -107.47 -109 9 NA C 
64.69 -110.63 -136 9 NA C 
64.41 -115.10 -130 9 NA C 
63.51 -116.01 -140 2 NA C 
63.44 -109.21 -115 10 NA C 
63.19 -113.89 -139 11 NA C 
62.49 -114.51 -124 10 NA C 
62.41 -110.74 -115 9 NA C 
61.17 -113.68 -121 12 NA C 
61.05 -117.44 -116 7 NA C 
4.43 18.55 31 3 NU C 

-66.67 140.01 88 2 AN C 
21.42 -158.01 -140 6 PA O 

-22.28 166.43 -13 5 AU O 
-49.35 70.21 0107 5 AN O 
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-21.16 55.75 -51 13 SM O 
22.79 5.53 -6 1 NU C 
-7.93 -14.36 53* 20 SA O 

-28.61 25.26 46 4 NU C 
6.67 -4.86 17 4 NU C 

-25.02 25.60 59 5 NU C 
-4.67 55.48 35 2 SM O 

-15.96 -5.75 54 12 NU O 
-19.20 17.58 47 4 NU C 
-15.28 28.19 18 3 NU C 
28.68 -17.92 19 12 NU O 
4.43 18.55 35 2 NU C 

-21.16 55.75 51 13 SM O 
22.79 5.53 6 1 NU C 
32.78 -87.87 -88 10 NA C 
38.81 -99.74 -138 6 NA C 
38.81 -99.74 -136 7 NA C 
38.06 -91.25 -146 3 NA C 
47.95 -91.50 -128 2 NA C 
47.95 -91.50 -123 1 NA C 
37.98 -90.43 -138 5 NA C 
37.98 -90.43 -146 3 NA C 

41.92* -90.25 -134 11 NA C 
41.91 -90.25 -141 11 NA C 
35.60 -85.59 -121 6 NA C 
34.74 -98.78 -71 4 NA C 
34.74 -98.78 -71 3 NA C 
42.48 -78.54 -103 5 NA C 
42.48 -78.54 -98 3 NA C 

-72.65 -9.31 67 6 AN C 
-75.56 -9.71 77 6 AN C 
-74.71 -8.79 63 6 AN C 
-75.00 0.07 73 5 AN C 
-74.28 -9.62 86 5 AN C 
-74.91 -11.34 34 4 AN C 
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-74.55 -11.26 27 7 AN C 
-7.93 -14.36 -99 11 SA O 

-46.43 51.86 148 15 AN O 
-4.67 55.48 32 3 SM O 

-49.35 70.21 103 10 AN O 
-21.16 55.75 99 8 SM O 
14.97 -23.61 52 11 NU O 

-15.96 -5.75 59 6 NU O 
28.68 -17.92 17 5 NU O 
53.22 -113.35 -147 10 NA C 
68.30 -133.52 -99 10 NA C 
62.49 -114.60 -127 10 NA C 
4.40 18.50 17 1 NU C 
4.40 18.50 16 1 NU C 

-15.64 -48.01 -117 2 SA C 
50.70 29.20 100* 10 EU C 
48.30 25.00 -60 10 EU C 
49.80 24.00 -48 10 EU C 
53.22 -113.35 -127 10 NA C 
58.76 -94.08 -125 10 NA C 
54.72 -101.97 -133 10 NA C 
63.74 -68.54 -87 10 NA C 
68.30 -133.52 -63 10 NA C 
68.30 -133.52 -104 10 NA C 
74.68 -94.90 -61 10 NA C 
44.77 -79.14 -65 10 NA C 
62.49 -114.61 -136 10 NA C 
62.49 -114.61 -129 10 NA C 
62.49 -114.61 -132 10 NA C 
62.49 -114.61 -132 10 NA C 
-1.35 -89.72 59 7 NZ O 
0.14 -91.38 83 9 NZ O 

-0.30 -91.63 81 11 NZ O 
-0.98 -91.45 109 17 NZ O 

-25.07 -130.09 -87 5 PA O 



   118 

-25.07 -130.09 -84 7 PA O 
-21.21 -159.77 -45 9 PA O 
-21.21 -159.77 -63 8 PA O 
-27.13 -109.33 164 7 PA O 
-27.13 -109.33 33 6 PA O 
-23.12 -134.97 -55 9 PA O 
-23.12 -134.97 -54 4 PA O 
-14.98 -147.62 -63 9 PA O 
-14.98 -147.62 -56 5 PA O 
-23.35 -149.46 -80 5 PA O 
-23.35 -149.46 -77 6 PA O 
-17.36 -145.51 -44 5 PA O 
-17.36 -145.51 -54 5 PA O 
-18.06 -140.96 -75 9 PA O 
-18.06 -140.96 -66 7 PA O 
-9.77 -139.01 -123 3 PA O 
-9.77 -139.01 -106 18 PA O 

-14.87 -148.71 -72 12 PA O 
-14.87 -148.71 -67 10 PA O 
-16.45 -152.27 -103 16 PA O 
-16.45 -152.27 -108 5 PA O 
-23.87 -147.69 -46 12 PA O 
-23.87 -147.69 -68 12 PA O 
-27.62 -144.34 -71 9 PA O 
-27.62 -144.34 -65 9 PA O 
-18.46 -136.44 -101 3 PA O 
-18.46 -136.44 89* 6 PA O 
-22.43 -151.37 -97 3 PA O 
-22.43 -151.37 -62 11 PA O 
-14.47 -145.04 -67 19 PA O 
-14.47 -145.04 -79 13 PA O 
41.26 -79.14 -110 8 NA C 
41.11 -80.07 -114 5 NA C 
40.79 -81.21 -130 8 NA C 
40.61 -82.30 -110 10 NA C 
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40.22 -83.19 -122 5 NA C 
40.04 -84.37 -110 8 NA C 
39.83 -85.31 -117 5 NA C 
39.55 -86.39 -127 10 NA C 
39.29 -87.31 -120 7 NA C 
38.92 -88.30 -119 6 NA C 
38.67 -89.33 -120 10 NA C 
38.53 -90.57 -123 5 NA C 
38.06 -91.25 -141 8 NA C 
49.45 -82.51 -111 11 NA C 
48.50 -79.72 -110 13 NA C 
50.02 -79.76 -91 13 NA C 
50.18 -81.63 -117 14 NA C 
46.64 -81.34 -94* 12 NA C 
48.19 -77.76 -91 8 NA C 
33.34 -106.03 -139 10 NA C 
32.08 -103.84 -161 10 NA C 
32.20 -103.97 -175 10 NA C 
32.33 -104.12 -153 10 NA C 
32.47 -104.27 -145 10 NA C 
32.58 -104.41 -140 10 NA C 
32.68 -104.51 -156 10 NA C 
32.80 -104.66 -164 10 NA C 
32.91 -104.76 -145 10 NA C 
33.01 -104.91 -136 10 NA C 
33.17 -105.13 -138 10 NA C 
33.26 -105.17 -138 10 NA C 
33.40 -105.34 -155 10 NA C 
33.49 -105.45 -145 10 NA C 
33.60 -105.59 -150 10 NA C 
33.84 -105.87 -136 10 NA C 
33.95 -106.01 -146 10 NA C 
34.05 -106.12 -118 10 NA C 
34.17 -106.26 -122 10 NA C 
34.26 -106.36 -139 10 NA C 
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34.39 -106.52 -132 10 NA C 
31.42 -103.11 -172 10 NA C 
31.51 -103.20 -168 10 NA C 
31.62 -103.32 -170 10 NA C 
31.73 -103.45 -180 10 NA C 
31.88 -103.61 -165 10 NA C 
31.97 -103.71 -162 10 NA C 
-7.01 52.73 22 12 SM O 
-4.21 55.67 14 14 SM O 
-3.73 55.20 18 18 SM O 
-4.28 55.73 40 10 SM O 
-7.14 56.27 69 8 SM O 
-3.81 55.67 46 8 SM O 
-5.68 53.68 32 8 SM O 
-4.32 55.87 15 9 SM O 
-4.37 55.83 30 9 SM O 
-4.63 55.43 26 6 SM O 
-4.57 55.46 35 5 SM O 
-4.79 55.53 30 7 SM O 
-4.62 55.36 22 9 SM O 
-4.48 55.54 29 8 SM O 
-4.40 55.25 34 5 SM O 
-5.86 55.38 45 10 SM O 
-4.34 55.75 15 18 SM O 
-4.31 55.71 34 12 SM O 
-4.48 55.25 35 9 SM O 
23.93 43.00 -7 14 AR C 
23.93 43.04 -13 10 AR C 
25.88 43.24 8 14 AR C 
28.19 35.27 3 15 AR C 
28.43 35.10 2 10 AR C 
19.88 41.60 -3 22 AR C 
17.71 43.54 -9 9 AR C 
22.84 44.32 -1 15 AR C 
25.19 49.69 -8 16 AR C 
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27.38 41.79 -17 12 AR C 
32.48 38.40 7 11 AR C 
25.79 39.26 -3 15 AR C 
20.27 40.41 -9 15 AR C 
19.17 42.21 -3 14 AR C 
31.39 37.32 -6 14 AR C 
21.31 42.78 7 14 AR C 
23.52 45.50 6 13 AR C 
24.72 46.64 4 33 AR C 
29.74 35.84 1 9 AR C 
18.29 42.38 -7 10 AR C 
21.28 40.35 9 9 AR C 
19.54 43.48 -3 10 AR C 
28.23 36.55 -13 15 AR C 
25.79 42.36 -2 11 AR C 
24.34 37.99 -4 13 AR C 

-13.80 -115.12 -76 8 PA O 
-12.37 -114.53 -70* 7 PA O 
-15.41 -115.20 -80 4 PA O 
-16.00 -115.25 -92 4 PA O 
-14.85 -118.37 -76 17 PA O 
-15.21 -117.60 -66 4 PA O 
-21.88 -42.66 -108 2 SA C 
-21.29 -42.86 -23 10 SA C 
-22.54 -45.58 -98 6 SA C 
-21.00 -44.76 -57 3 SA C 
-20.49 -45.64 -56 7 SA C 
-20.68 -46.28 -54 12 SA C 
-23.25 -46.12 -109 3 SA C 
-24.09 -47.72 -86 2 SA C 
-24.65 -49.03 -79 5 SA C 
-21.93 -45.96 -42 2 SA C 
-23.59 -47.43 -94 2 SA C 
-22.15 -43.19 -102 2 SA C 
-23.00 -46.97 -94 2 SA C 



   122 

-15.93 127.25 64 9 AU C 
-18.19 127.82 48 4 AU C 
-18.00 141.64 24 4 AU C 
-20.15 139.41 -63 23 AU C 
-21.68 140.00 7 7 AU C 
-31.21 121.09 64 11 AU C 
55.11 36.57 -19 9 EU C 

-51.67 -58.06 -110 4 SA O 
-19.74 -50.23 -73 4 SA C 
-21.68 -46.73 -59 2 SA C 
-22.81 -51.01 -94 12 SA C 
-22.66 -51.05 -84 6 SA C 
-20.24 -44.72 -53 8 SA C 
-20.49 -45.64 -56 7 SA C 
-20.68 -46.28 -54 12 SA C 
-21.78 -48.81 -91 6 SA C 
-21.43 -54.18 -123 3 SA C 
-20.88 -48.93 -69 14 SA C 
-20.07 -47.50 -67 3 SA C 
-22.03 -51.31 -91 8 SA C 
-21.46 -57.48 -124 2 SA C 
-20.67 -51.33 -102 7 SA C 
48.32 -90.71 -120 3 NA C 
48.66 -90.83 -122 6 NA C 
49.00 -90.76 -119 7 NA C 
49.34 -90.47 -145 28 NA C 
49.66 -90.33 -124 3 NA C 
50.02 -90.59 -125 4 NA C 
50.36 -90.67 -112 10 NA C 
50.70 -90.56 -123 13 NA C 
51.03 -90.35 -106 10 NA C 
51.35 -90.22 -112 15 NA C 
51.65 -89.91 -91 8 NA C 
52.05 -90.02 -92 3 NA C 
52.41 -90.51 -92 2 NA C 
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52.57 -90.44 -98 3 NA C 
53.84 -89.88 -73 19 NA C 
5.32 163.01 -35 11 PA O 

-0.51 166.94 -49 5 PA O 
6.97 158.21 -58 12 PA O 
7.45 151.78 -5 2 PA O 
7.45 151.78 -110 4 PA O 

-0.73 -59.97 -65 14 SA C 
26.48 74.64 10 10 IN C 
24.01 72.85 30 23 IN C 
24.57 81.33 37 9 IN C 
23.88 79.88 47 12 IN C 
23.24 77.42 41 10 IN C 
20.70 77.02 5 17 IN C 
18.42 76.56 -1 15 IN C 
20.33 73.70 11 2 IN C 
19.16 73.30 6 19 IN C 
18.90 72.81 42 15 IN C 
18.53 73.85 -23 16 IN C 
17.31 74.18 9 18 IN C 
17.25 73.58 3 20 IN C 
17.12 73.88 7 13 IN C 
17.00 73.71 -1 22 IN C 
15.49 73.83 3 8 IN C 
15.30 75.04 6 16 IN C 
12.94 74.82 3 11 IN C 
13.00 78.00 30 12 IN C 
14.47 78.87 6 10 IN C 
17.66 80.69 44 16 IN C 
10.53 76.35 -31 11 IN C 
10.23 77.47 -38 7 IN C 
10.23 77.47 60 6 IN C 
8.51 76.96 34 10 IN C 

23.80 85.89 62 21 IN C 
22.13 82.13 74 23 IN C 
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21.15 79.05 57 16 IN C 
-77.87 -34.57 75 10 AN C 
-66.67 140.01 100 10 AN C 
-51.68 -58.06 -92 10 SA O 
-70.92 -7.39 64 10 AN C 
-71.24 -9.67 64 10 AN C 
69.30 87.50 -20 10 EU C 
62.03 129.68 150 10 EU C 
8.94 -68.04 -84 4 SA C 

-67.60 62.87 95 10 AN C 
-70.80 68.17 116 5 AN C 
-71.52 67.39 159 1 AN C 
-72.66 64.17 167* 8 AN C 
-72.93 68.62 28* 7 AN C 
-72.91 74.89 216 6 AN C 
-70.45 72.55 95 6 AN C 
-68.58 77.98 84 3 AN C 
-66.28 110.54 75* 10 AN C 
-25.07 -130.09 -38 9 PA O 
-23.12 -134.97 -53 6 PA O 
-23.35 -149.46 -86 2 PA O 
-14.98 -147.62 -66 4 PA O 

2.04 -157.45 -58 8 PA O 
-15.66 -47.90 -127 10 SA C 
36.28 -105.91 -154 18 NA C 
34.95 -106.46 -139 11 NA C 
34.27 -106.73 -139 19 NA C 
32.34 -106.49 -169 8 NA C 
31.77 -106.51 -175 12 NA C 
37.54 -105.58 -157 10 NA C 
40.38 -105.20 -123 10 NA C 
39.20 -108.15 -89 10 NA C 
39.15 -106.36 -94 10 NA C 
40.60 -108.05 -53 10 NA C 
40.05 -107.75 -132 10 NA C 
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38.50 -103.70 -48 10 NA C 
38.07 -103.62 -40 10 NA C 
37.69 -106.61 -142 10 NA C 
38.60 -102.50 -136 10 NA C 
40.32 -104.07 -129 10 NA C 
40.16 -102.77 -136 10 NA C 
32.12 13.09 -28 13 NA C 
32.52 20.88 46 43 NA C 
49.77 -111.43 -140 13 NA C 
51.10 -112.68 -138 7 NA C 
51.54 -113.04 -133 7 NA C 
52.87 -114.34 -125 5 NA C 
53.22 -113.35 -137 7 NA C 
54.12 -115.76 -141 5 NA C 
50.86 -93.70 -105 1 NA C 
62.48 -114.59 -132 2 NA C 
44.12 -104.04 -126 8 NA C 
35.59 -85.57 -134 5 NA C 
69.76 27.01 1 23 EU C 
44.12 -104.04 -125 5 NA C 
50.86 -93.70 -104 2 NA C 
62.48 -114.59 -129 4 NA C 
35.59 -85.57 -121 6 NA C 
55.10 36.36 5 10 EU C 
52.87 -93.65 -107 5 NA C 
52.46 -93.05 -100 4 NA C 
50.53 -93.30 -116 4 NA C 
50.15 -93.07 -104 5 NA C 
49.61 -92.86 -114 2 NA C 
49.07 -93.14 -122 6 NA C 
48.10 -93.80 -99 5 NA C 
48.12 -96.42 -142 5 NA C 
48.23 -97.74 -126 2 NA C 
47.85 -99.23 -152 5 NA C 
47.55 -100.36 -132 8 NA C 
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46.67 -99.80 -143 8 NA C 
45.80 -102.61 -112 5 NA C 
44.91 -102.51 -97 4 NA C 
43.71 -103.39 -96 5 NA C 
44.19 -105.68 -143 4 NA C 
43.46 -105.58 -151 8 NA C 
51.41 -93.69 -114 10 NA C 

-28.61 25.26 54 4 NU C 
-25.02 25.60 80 5 NU C 
-30.92 22.99 21 8 NU C 
-30.97 23.91 -42 8 NU C 
-29.98 23.14 26 5 NU C 
-29.87 24.02 24 2 NU C 
-29.90 25.03 20 3 NU C 
-28.93 23.23 49 2 NU C 
-28.63 24.31 48 4 NU C 
-28.91 24.83 29 2 NU C 
-29.02 26.20 20 2 NU C 
-27.93 23.40 37 3 NU C 
-27.88 24.24 48 2 NU C 
-27.85 25.13 58 2 NU C 
-27.55 26.18 48 8 NU C 
-26.93 23.03 52 10 NU C 
-27.07 24.17 48 4 NU C 
-27.00 25.02 41 2 NU C 
-26.87 26.28 47 2 NU C 
-25.97 23.72 44 3 NU C 
-25.93 25.08 47 10 NU C 
-25.90 26.15 47 3 NU C 
-24.84 24.46 61 3 NU C 
-23.85 24.96 58 4 NU C 
-23.95 24.02 54 4 NU C 
-24.85 25.14 69 5 NU C 
-23.66 26.08 60 4 NU C 
-22.97 26.20 50 15 NU C 
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-22.82 27.22 63 6 NU C 
-21.90 26.37 63 3 NU C 
-21.89 27.27 53 9 NU C 
-21.09 26.34 57 3 NU C 
-20.93 27.14 51 4 NU C 
-30.93 21.27 56 8 NU C 
-25.85 26.27 42 8 NU C 
69.30 -53.50 -42 9 NA C 
67.00 -50.62 -171 5 NA C 
64.18 -51.74 -166 18 NA C 
61.99 -49.66 -157 7 NA C 
61.16 -45.42 -167 10 NA C 
75.00 -42.31 -147 19 NA C 

69.17* -44.74* -119 9 NA C 
66.47 -46.26 -160 9 NA C 
34.90 -106.50 -145 10 NA C 
4.40 18.50 60 10 NU C 

-15.70 -47.90 -140 10 SA C 
60.40 5.30 -75 10 EU C 
69.30 -53.50 -60 10 NA C 
69.80 27.00 70 10 EU C 
21.40 -158.00 -135 10 PA O 
59.60 9.60 20 10 EU C 
69.40 88.10 0 10 EU C 

-32.90 117.20 60 10 AU C 
50.90 -93.70 -110 10 NA C 
27.88 -141.99 -78 13 PA O 

-28.38 24.89 20 10 NU C 
-29.11 23.86 40 10 NU C 
-29.13 23.12 20 10 NU C 
-25.85 26.27 40 10 NU C 

4.40 18.50 30 10 NU C 
27.88 -141.99 -77 4 PA O 
16.73 -169.53 -77 5 PA O 
21.21 -159.77 -57 6 PA O 
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19.76 -155.53 -67 6 PA O 
19.50 -159.00 -89 5 PA O 

-13.91 -171.78 -43 8 PA O 
-7.93 -14.36 -97 2 SA O 
21.42 -158.01 -87 4 PA O 

-17.57 -149.58 -45 22 PA O 
-21.21 -159.77 -45 3 PA O 
-27.13 -109.33 156 3 NZ O 
-15.64 -111.64 94 5 NZ O 
-16.01 -114.20 -82 3 PA O 
-17.20 -112.64 91 12 NZ O 
-17.17 -112.50 89 6 NZ O 
-17.12 -111.88 75 7 NZ O 
-16.72 -109.49 108 12 NZ O 
-17.34 -113.66 -91 10 PA O 
-17.35 -113.75 -94 3 PA O 
-17.39 -114.06 -89 4 PA O 
-17.41 -114.21 -70 8 PA O 
-17.49 -114.96 -74 8 PA O 
-17.79 -116.93 -90 5 PA O 
67.90 34.65 15 10 EU C 
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Appendix B 

Angular velocities of current plate motion estimated from  

various data-sets and weighting approaches 

 

The angular velocities of current plate motion estimated from SKS-GV-MORVEL, the 

preferred model with seismic anisotropy data from both continental and oceanic part and weighted 

according to the RMS velocity of that plate, are listed in chapter 1. Here I list the angular velocity 

estimated from alternative data-sets and weighting approach. 
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Angular velocities of SKS-GE-MORVEL 

plate angular velocity standard error ellipse σω  
º Ma-1 

RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 73.7 265.3 0.1380 27.9 15.0 135 0.0509 12.9 0.2% 
Antarctica 74.1 319.5 0.0983 35.8 21.3 22 0.0520 6.0 5.8% 
Arabia 33.6 2.6 0.5205 8.5 4.4 107 0.0464 37.5 <1×10-16 

Australia 19.3 39.4 0.6624 8.1 3.4 123 0.0261 67.7 <1×10-16 

Caribbean 10.7 290.2 0.1730 16.2 12.8 17 0.0625 3.5 0.6% 
Cocos 23.0 236.6 1.0507 4.5 2.1 67 0.0432 61.3 <1×10-16 

Capricorn 29.0 27.5 0.6045 8.6 3.8 117 0.0316 62.4 <1×10-16 

Eurasia 25.8 292.8 0.0799 26.6 25.9 138 0.0663 8.2 65.4% 
India 34.3 7.4 0.5076 9.0 4.5 108 0.0438 51.3 <1×10-16 

Juan de Fuca -40.5 58.5 1.1124 4.0 1.9 100 0.0481 15.4 <1×10-16 

Lwandle 29.9 325.3 0.1842 15.0 11.8 109 0.0632 20.4 4.9% 
Macquarie 41.4 15.2 1.1091 4.3 2.1 107 0.0410 62.3 <1×10-16 

North America -42.0 308.3 0.2247 22.2 9.5 173 0.0323 22.5 1.6×10-13 

Nubia 24.9 322.5 0.1970 14.0 10.8 122 0.0635 16.5 0.3% 
Nazca 42.8 266.7 0.5436 6.0 3.9 104 0.0602 53.1 <1×10-16 

Pacific -64.5 98.7 0.7929 4.6 2.7 35 0.0569 79.2 <1×10-16 

Philippine Sea -50.0 337.3 1.0276 5.3 2.0 149 0.0282 69.7 <1×10-16 

Rivera 19.0 253.3 4.4053 0.9 0.5 65 0.0515 15.3 <1×10-16 

South America -78.5 328.7 0.1784 26.6 11.8 155 0.0354 16.6 3.6×10-8 

Scotia -50.1 299.8 0.1001 43.2 20.7 1 0.0287 2.2 0.4% 
Somalia 36.9 302.3 0.2116 10.8 9.9 149 0.0667 21.8 1.5% 
Sur -78.7 344.6 0.1942 24.5 10.9 140 0.0367 8.8 2.3×10-9 

Sundaland 39.9 289.7 0.1955 12.7 10.5 132 0.0658 15.5 1.7% 
Sandwich -34.2 328.0 1.4452 3.6 1.4 155 0.0346 65.0 <1×10-16 

Yangtze 69.6 271.7 0.1753 21.5 11.9 140 0.0536 19.2 9.9×10-5 

NNR-MORVEL -52.6 46.8 0.1673 26.0 12.3 99 0.0443 N/A 1.0×10-5 

Micro-plates 
Aegean Sea -28.0 88.0 0.1954 16.0 11.1 101 0.0603 21.7 3.1×10-4 

Altiplano -23.9 286.4 0.4655 10.0 4.8 14 0.0427 7.6 <1×10-16 

Anatolia 32.3 28.6 1.2093 4.3 1.9 117 0.0319 17.5 <1×10-16 
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Balmoral Reef -68.0 116.0 0.6169 6.0 3.5 9 0.0563 62.2 <1×10-16 

Banda Sea  -4.5 119.4 2.5109 1.3 0.9 2 0.0609 37.4 <1×10-16 

Birds Head  -43.6 93.6 0.9362 3.3 2.2 67 0.0621 84.7 <1×10-16 

Burma  -9.7 284.1 2.1910 1.9 1.0 19 0.0513 46.0 <1×10-16 

Caroline  -68.9 63.0 0.7635 5.7 2.7 72 0.0487 84.8 <1×10-16 

Conway Reef  -22.5 169.2 3.9203 1.0 0.6 66 0.0517 48.3 <1×10-16 

Easter  24.2 67.3 11.3654 0.5 0.2 135 0.0300 42.6 <1×10-16 

Futuna  -18.0 177.2 5.0760 0.9 0.4 62 0.0459 56.1 <1×10-16 

Galapagos  1.1 80.6 5.5669 0.8 0.4 134 0.0473 40.6 <1×10-16 

Juan Fernandez  33.8 70.6 22.3702 0.2 0.1 139 0.0277 76.9 <1×10-16 

Kermadec  36.2 8.5 2.3275 2.0 1.0 107 0.0436 40.7 <1×10-16 

Manus  -3.8 150.2 51.5543 0.1 0.0 41 0.0548 66.2 <1×10-16 

Maoke  4.0 87.6 0.8267 5.1 2.8 141 0.0491 71.5 <1×10-16 

Mariana 5.2 133.3 1.2899 3.0 1.6 19 0.0551 43.5 <1×10-16 

Molucca Sea  0.0 305.5 3.5414 1.0 0.6 169 0.0587 25.0 <1×10-16 

New Hebrides  -2.5 355.2 2.5328 1.9 0.8 129 0.0399 101.3 <1×10-16 

Niuafo'ou  -5.7 184.3 3.2481 1.5 0.7 57 0.0377 69.5 <1×10-16 

North Andes  -77.7 297.4 0.0999 42.1 20.7 3 0.0340 11.0 0.7% 
North Bismarck  -49.6 118.5 0.9705 2.8 2.2 14 0.0643 86.9 <1×10-16 

Okhotsk  -7.3 296.6 0.1389 25.7 15.4 3 0.0547 12.1 0.4% 
Okinawa  33.6 135.1 2.4638 2.1 0.9 14 0.0369 44.8 <1×10-16 

Panama  10.3 257.0 0.1811 21.8 12.3 56 0.0504 7.5 3.0×10-6 

Shetland  46.0 201.8 0.1033 41.5 19.4 62 0.0332 8.4 0.6% 
Solomon Sea  -7.2 127.2 1.7287 1.8 1.2 17 0.0618 81.6 <1×10-16 

South Bismarck  5.9 328.8 8.1163 0.5 0.3 139 0.0562 40.1 <1×10-16 

Timor  -8.3 110.7 1.9211 1.6 1.2 165 0.0617 56.4 <1×10-16 

Tonga  24.9 5.0 8.9534 0.5 0.3 113 0.0431 105.9 <1×10-16 

Woodlark -4.2 125.2 1.7670 1.8 1.2 12 0.0607 74.1 <1×10-16 

 
NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-GE-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
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a ζmax is the azimuth of the major axis of the error-ellipse.  
b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-GE-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-GE-MORVEL in Cartesian coordinates is 

 

 
 
 
 
 
  

σ xx
2 σ yx

2 σ zx
2

σ xy
2 σ yy

2 σ zy
2

σ xz
2 σ yz

2 σ zz
2

⎡

⎣

⎢
⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
⎥

=
4440 −3717 2433
−3717 8271 −4471
2433 −4471 5412

⎡

⎣

⎢
⎢
⎢

⎤

⎦

⎥
⎥
⎥
×10−1radians2Ma−2



   133 

Angular velocities of SKS-OE-MORVEL 
 
plate angular velocity standard error ellipse σω  

º Ma-1 
RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 78.8 146.6 0.1084 31.4 16.6 18 0.0278 6.8 2.5×10-10 

Antarctica 64.1 79.3 0.0760 42.9 23.0 144 0.0218 5.4 6.8×10-6 

Arabia 31.7 9.5 0.4988 7.1 2.5 119 0.0368 31.6 <1×10-16 

Australia 16.6 43.6 0.6757 6.3 1.9 129 0.0220 69.9 <1×10-16 

Caribbean 2.9 292.1 0.1182 22.2 15.1 22 0.0425 3.6 1.7×10-6 

Cocos 22.3 234.2 1.0100 3.8 1.1 57 0.0322 61.9 <1×10-16 

Capricorn 26.2 32.9 0.6038 6.7 2.2 126 0.0260 59.9 <1×10-16 

Eurasia 22.4 310.0 0.0228 56.4 49.1 118 0.0505 2.3 95.5% 
India 32.1 14.6 0.4895 7.4 2.6 120 0.0347 47.1 <1×10-16 

Juan de Fuca -40.3 61.0 1.1568 2.9 1.0 112 0.0388 19.0 <1×10-16 

Lwandle 28.0 340.7 0.1401 18.8 7.9 119 0.0464 15.2 0.2% 
Macquarie 40.3 18.7 1.0926 3.3 1.3 117 0.0345 66.0 <1×10-16 

North America -55.8 317.7 0.2137 19.1 8.5 170 0.0152 19.9 <1×10-16 

Nubia 22.1 335.3 0.1514 17.2 7.7 124 0.0466 11.3 3.0×10-4 

Nazca 44.5 263.9 0.4903 5.5 2.4 81 0.0465 48.6 <1×10-16 

Pacific -62.1 99.6 0.8395 2.9 1.9 63 0.0470 84.0 <1×10-16 

Philippine Sea -52.3 341.0 1.0283 4.1 1.7 153 0.0173 74.5 <1×10-16 

Rivera 18.9 252.9 4.3553 0.8 0.3 57 0.0384 15.0 <1×10-16 

South America -80.0 62.9 0.2040 15.5 8.8 74 0.0373 20.8 <1×10-16 

Scotia -79.8 342.4 0.1045 31.9 17.1 148 0.0294 5.0 3.9×10-9 

Somalia 40.0 309.3 0.1568 11.9 7.1 100 0.0524 16.6 2.8% 
Sur -78.0 60.9 0.2214 14.3 8.0 78 0.0376 13.6 <1×10-16 

Sundaland 45.4 291.7 0.1395 14.1 8.4 95 0.0516 12.0 2.9% 
Sandwich -35.9 329.7 1.4289 2.9 1.2 160 0.0193 59.5 <1×10-16 

Yangtze 83.1 220.9 0.1392 23.1 12.9 88 0.0350 14.0 3.2×10-13 

NNR-MORVEL -49.4 66.1 0.2092 14.8 6.1 103 0.0413  5.7×10-13 

Micro-plates 
Aegean Sea -27.9 92.1 0.2520 10.3 4.7 114 0.0471 28.0 4.0×10-11 

Altiplano -29.9 286.5 0.4308 9.3 4.3 16 0.0219 11.3 <1×10-16 

Anatolia 31.0 31.5 1.2063 3.3 1.1 125 0.0274 18.5 <1×10-16 
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Balmoral Reef -64.7 114.2 0.6615 3.4 2.7 38 0.0473 66.4 <1×10-16 

Banda Sea  -5.0 119.1 2.5637 1.0 0.7 170 0.0442 39.2 <1×10-16 

Birds Head  -42.7 94.4 0.9913 2.4 1.2 96 0.0490 88.5 <1×10-16 

Burma  -10.7 284.1 2.1443 1.6 0.8 23 0.0338 45.2 <1×10-16 

Caroline  -66.9 69.5 0.8029 3.8 2.0 83 0.0410 88.9 <1×10-16 

Conway Reef  -22.7 168.5 3.9523 0.8 0.3 57 0.0429 53.8 <1×10-16 

Easter  24.0 67.5 11.3919 0.4 0.1 138 0.0199 46.0 <1×10-16 

Futuna  -18.2 176.6 5.1004 0.7 0.2 54 0.0387 62.1 <1×10-16 

Galapagos  0.8 80.8 5.6136 0.7 0.3 136 0.0333 40.3 <1×10-16 

Juan Fernandez  33.7 70.7 22.3910 0.2 0.1 140 0.0175 78.3 <1×10-16 

Kermadec  35.8 10.0 2.3072 1.5 0.6 117 0.0373 44.1 <1×10-16 

Manus  -3.8 150.1 51.5934 0.1 0.0 37 0.0413 69.6 <1×10-16 

Maoke  2.1 88.7 0.8749 4.0 1.8 140 0.0350 74.2 <1×10-16 

Mariana 3.9 132.3 1.3342 2.3 1.4 13 0.0397 49.0 <1×10-16 

Molucca Sea  -0.4 305.8 3.4923 0.8 0.5 176 0.0417 26.8 <1×10-16 

New Hebrides  -3.1 356.4 2.5161 1.5 0.5 135 0.0310 104.5 <1×10-16 

Niuafo'ou  -6.1 183.4 3.2617 1.2 0.3 50 0.0321 67.3 <1×10-16 

North Andes  -75.7 98.3 0.1278 21.2 13.9 40 0.0419 13.3 9.5×10-8 

North Bismarck  -48.3 117.5 1.0237 1.9 1.2 80 0.0517 91.0 <1×10-16 

Okhotsk  -26.7 302.9 0.0974 34.9 18.6 1 0.0253 5.8 4.8×10-9 

Okinawa  32.5 134.4 2.4878 1.6 0.7 8 0.0216 40.2 <1×10-16 

Panama  2.6 246.2 0.1351 26.8 9.5 49 0.0300 8.2 2.1×10-8 

Shetland  29.7 163.9 0.0971 36.8 15.9 31 0.0214 7.3 1.9×10-7 

Solomon Sea  -7.9 126.6 1.7804 1.4 1.0 11 0.0457 85.9 <1×10-16 

South Bismarck  5.8 329.1 8.0756 0.4 0.2 142 0.0424 39.5 <1×10-16 

Timor  -8.8 110.6 1.9764 1.3 0.9 148 0.0450 58.4 <1×10-16 

Tonga  24.8 5.3 8.9335 0.4 0.1 122 0.0370 103.4 <1×10-16 

Woodlark -4.9 124.7 1.8183 1.4 1.0 4 0.0444 77.7 <1×10-16 

NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-OE-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
a ζmax is the azimuth of the major axis of the error-ellipse.  



   135 
b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-OE-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-OE-MORVEL in Cartesian coordinates is 
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Angular velocities of SKS-OV-MORVEL 
 
plate angular velocity standard error ellipse σω  

º Ma-1 
RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 77.5 233.1 0.1022 31.3 25.1 120 0.0558 8.6 9.9% 
Antarctica 79.9 17.6 0.0628 48.5 34.7 109 0.0522 3.8 46.4% 
Arabia 31.0 5.5 0.4958 9.7 4.5 131 0.0431 33.9 <1×10-16 

Australia 16.5 41.4 0.6579 8.0 3.3 143 0.0344 67.8 <1×10-16 

Caribbean -0.2 289.4 0.1470 26.9 17.7 180 0.0481 5.0 4.6×10-4 

Cocos 21.5 235.4 1.0275 4.2 2.2 42 0.0508 60.8 <1×10-16 

Capricorn 26.1 30.0 0.5904 8.8 3.7 139 0.0355 59.6 <1×10-16 

Eurasia 2.5 291.4 0.0489 55.9 44.0 178 0.0496 4.8 59.5% 
India 31.5 10.5 0.4841 10.1 4.6 132 0.0418 48.0 <1×10-16 

Juan de Fuca -41.3 59.8 1.1434 3.2 2.1 127 0.0580 16.1 <1×10-16 

Lwandle 22.9 329.9 0.1519 25.1 16.0 131 0.0518 16.7 0.2% 
Macquarie 40.2 16.7 1.0847 4.5 2.0 131 0.0429 63.9 <1×10-16 

North America -51.8 310.2 0.2333 21.3 11.6 163 0.0303 22.5 4.1×10-15 

Nubia 17.6 326.3 0.1661 23.5 15.2 137 0.0505 13.2 1.6×10-4 

Nazca 41.7 265.0 0.5068 5.9 4.3 51 0.0637 49.1 1.9×10-15 

Pacific -64.1 99.8 0.8320 3.4 3.0 141 0.0634 83.2 <1×10-16 

Philippine Sea -51.9 338.7 1.0422 4.8 2.7 145 0.0340 73.7 <1×10-16 

Rivera 18.7 253.1 4.3786 0.9 0.5 35 0.0551 16.5 <1×10-16 

South America -84.4 6.4 0.2085 18.4 12.7 100 0.0517 20.5 6.3×10-7 

Scotia -69.4 302.1 0.1170 35.6 21.9 165 0.0398 3.2 0.2% 
Somalia 32.8 303.3 0.1740 16.4 14.6 110 0.0620 18.0 1.1% 
Sur -82.7 22.1 0.2250 16.8 11.9 87 0.0525 12.3 8.5×10-8 

Sundaland 36.1 288.6 0.1572 17.2 15.0 56 0.0642 11.7 7.1% 
Sandwich -35.7 328.6 1.4479 3.7 1.9 153 0.0273 61.1 <1×10-16 

Yangtze 72.7 258.3 0.1379 21.7 19.0 151 0.0596 14.9 3.2% 
NNR-MORVEL -55.9 58.0 0.1999 16.2 12.8 109 0.0589  2.8×10-4 

Micro-plates 
Aegean Sea -32.8 91.2 0.2299 13.2 9.7 138 0.0629 25.5 0.1% 
Altiplano -28.8 285.9 0.4596 11.2 5.8 0 0.0316 11.3 <1×10-16 

Anatolia 31.0 29.9 1.1933 4.3 1.8 139 0.0366 19.0 <1×10-16 
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Balmoral Reef -67.2 116.0 0.6560 4.6 3.7 132 0.0625 65.9 <1×10-16 

Banda Sea  -5.2 119.4 2.5367 1.6 1.1 12 0.0502 37.8 <1×10-16 

Birds Head  -44.2 94.3 0.9744 2.9 2.3 126 0.0650 88.1 <1×10-16 

Burma  -10.7 284.0 2.1744 2.2 1.2 3 0.0419 45.5 <1×10-16 

Caroline  -68.8 66.7 0.7993 3.9 3.5 63 0.0593 88.7 <1×10-16 

Conway Reef  -22.9 168.9 3.9457 1.2 0.6 49 0.0454 51.7 <1×10-16 

Easter  24.0 67.4 11.3660 0.5 0.2 155 0.0343 44.7 <1×10-16 

Futuna  -18.3 176.9 5.0968 1.0 0.5 46 0.0407 59.9 <1×10-16 

Galapagos  0.8 80.7 5.5853 0.8 0.4 157 0.0469 38.9 <1×10-16 

Juan Fernandez  33.7 70.7 22.3655 0.2 0.1 158 0.0322 77.2 <1×10-16 

Kermadec  35.7 9.1 2.3028 2.1 1.0 130 0.0437 41.3 <1×10-16 

Manus  -3.9 150.1 51.5756 0.1 0.1 36 0.0418 68.6 <1×10-16 

Maoke  1.7 88.3 0.8455 5.3 2.9 163 0.0473 72.1 <1×10-16 

Mariana 3.7 133.0 1.3094 3.5 2.1 22 0.0419 47.3 <1×10-16 

Molucca Sea  -0.5 305.6 3.5187 1.2 0.8 163 0.0456 26.5 <1×10-16 

New Hebrides  -3.2 355.7 2.5228 2.1 1.0 140 0.0324 104.7 <1×10-16 

Niuafo'ou  -6.3 183.9 3.2600 1.6 0.7 43 0.0343 66.4 <1×10-16 

North Andes  -89.1 98.8 0.1304 27.6 19.4 180 0.0530 14.3 1.0% 
North Bismarck  -49.8 118.4 1.0104 2.8 2.2 106 0.0649 90.7 <1×10-16 

Okhotsk  -23.7 296.7 0.1252 35.5 20.8 173 0.0328 8.5 2.5×10-4 

Okinawa  32.7 134.9 2.4642 2.1 1.1 19 0.0275 41.6 <1×10-16 

Panama  -0.1 251.8 0.1608 26.8 13.8 28 0.0457 8.5 3.8×10-4 

Shetland  28.4 184.4 0.0875 45.9 27.4 42 0.0329 7.7 3.3% 
Solomon Sea  -8.2 127.1 1.7556 2.3 1.6 22 0.0506 83.3 <1×10-16 

South Bismarck  5.7 328.9 8.0936 0.6 0.3 144 0.0433 39.1 <1×10-16 

Timor  -9.1 110.7 1.9489 2.0 1.4 1 0.0536 56.9 <1×10-16 

Tonga  24.7 5.1 8.9322 0.6 0.3 133 0.0408 102.9 <1×10-16 

Woodlark -5.2 125.1 1.7925 2.3 1.5 18 0.0492 75.2 <1×10-16 

NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-OV-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
a ζmax is the azimuth of the major axis of the error-ellipse.  
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b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-OV-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-OV-MORVEL in Cartesian coordinates is 
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Angular velocities of SKS-CE-MORVEL 
 
plate angular velocity standard error ellipse σω  

º Ma-1 
RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 63.1 287.6 0.1770 36.0 15.6 151 0.0820 18.4 8.1% 
Antarctica 58.7 310.9 0.1405 40.5 19.8 178 0.0880 10.0 2.8% 
Arabia 34.2 357.8 0.5573 11.9 7.8 71 0.0801 43.2 <1×10-16 

Australia 21.4 35.1 0.6702 12.6 6.8 102 0.0404 67.4 <1×10-16 

Caribbean 15.0 293.6 0.2227 20.1 15.9 159 0.1043 4.7 6.9% 
Cocos 23.8 239.2 1.0767 7.6 3.9 85 0.0569 59.9 <1×10-16 

Capricorn 30.6 22.6 0.6248 12.8 7.2 93 0.0547 66.2 <1×10-16 

Eurasia 27.1 298.0 0.1323 33.5 21.9 157 0.1048 13.4 56.7% 
India 35.1 2.1 0.5419 12.7 8.0 74 0.0760 56.4 <1×10-16 

Juan de Fuca -40.1 55.5 1.0831 7.6 3.5 90 0.0598 13.5 <1×10-16 

Lwandle 29.9 321.0 0.2355 20.3 13.3 4 0.1044 26.0 7.5% 
Macquarie 41.7 12.2 1.1392 6.7 3.7 78 0.0666 60.7 <1×10-16 

North America -30.4 307.8 0.2473 26.4 11.7 1 0.0856 25.2 0.5% 
Nubia 25.9 319.1 0.2486 18.7 12.3 179 0.1060 21.4 7.9% 
Nazca 42.2 270.6 0.5882 11.4 5.8 123 0.0862 57.2 <1×10-16 

Pacific -66.5 94.6 0.7529 10.1 3.8 42 0.0767 74.9 <1×10-16 

Philippine Sea -47.4 335.3 1.0349 7.9 2.8 155 0.0678 65.8 <1×10-16 

Rivera 19.2 253.8 4.4405 1.7 1.0 89 0.0709 16.7 <1×10-16 

South America -61.6 315.8 0.1697 41.5 16.5 175 0.0607 13.1 3.4% 
Scotia -24.9 302.4 0.1219 43.7 23.8 6 0.0892 7.5 37.3% 
Somalia 35.2 303.1 0.2641 19.4 10.6 164 0.1031 27.3 4.7% 
Sur -64.2 323.3 0.1833 39.5 15.2 168 0.0595 5.4 1.8% 
Sundaland 37.7 293.5 0.2467 21.9 12.0 151 0.0997 18.9 3.3% 
Sandwich -32.4 327.2 1.4674 5.0 2.0 161 0.0819 70.7 <1×10-16 

Yangtze 61.5 286.4 0.2159 30.5 12.9 149 0.0830 24.0 2.0% 
NNR-MORVEL -46.0 20.6 0.1491 45.7 21.6 115 0.0528 N/A 2.2% 
Micro-plates 
Aegean Sea -25.5 76.1 0.1538 39.3 25.5 84 0.0746 16.8 1.3% 
Altiplano -19.2 288.3 0.4972 12.9 7.4 24 0.0876 4.4 3.7×10-115 

Anatolia 33.2 26.1 1.2289 6.7 3.6 94 0.0522 19.2 <1×10-16 
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Balmoral Reef -71.3 113.6 0.5771 13.2 4.9 20 0.0763 59.1 <1×10-16 

Banda Sea  -4.0 119.3 2.4629 2.0 1.4 2 0.1047 37.3 <1×10-16 

Birds Head  -44.2 91.3 0.8906 7.6 3.7 55 0.0860 82.1 <1×10-16 

Burma  -8.9 284.6 2.2295 2.7 1.8 31 0.0914 48.5 <1×10-16 

Caroline  -69.5 53.7 0.7334 11.3 4.0 83 0.0643 81.4 <1×10-16 

Conway Reef  -22.3 169.7 3.8793 1.5 1.2 99 0.0886 44.3 <1×10-16 

Easter  24.3 67.1 11.3538 0.7 0.4 117 0.0480 39.4 <1×10-16 

Futuna  -17.8 177.6 5.0406 1.3 0.9 86 0.0806 51.5 <1×10-16 

Galapagos  1.4 80.2 5.5349 1.3 0.8 112 0.0714 40.8 <1×10-16 

Juan Fernandez  33.9 70.5 22.3625 0.4 0.2 122 0.0491 75.1 <1×10-16 

Kermadec  36.4 7.2 2.3602 3.1 1.9 78 0.0711 38.4 <1×10-16 

Manus  -3.8 150.2 51.5102 0.1 0.1 26 0.1016 64.0 <1×10-16 

Maoke  6.0 85.5 0.7931 8.7 5.7 120 0.0753 70.8 <1×10-16 

Mariana 6.6 133.6 1.2466 4.3 2.3 9 0.1025 39.4 <1×10-16 

Molucca Sea  0.4 305.5 3.5880 1.4 0.8 176 0.1051 24.7 <1×10-16 

New Hebrides  -1.9 354.5 2.5625 2.6 1.7 121 0.0802 99.1 <1×10-16 

Niuafo'ou  -5.3 185.0 3.2216 2.3 1.4 71 0.0700 71.5 <1×10-16 

North Andes  -46.8 303.3 0.0989 54.8 27.9 6 0.0704 9.1 42.1% 
North Bismarck  -50.7 117.9 0.9213 6.9 3.1 20 0.0933 83.7 <1×10-16 

Okhotsk  2.5 298.9 0.1841 24.9 17.7 0 0.1041 17.5 20.8% 
Okinawa  34.7 135.3 2.4400 3.0 1.2 7 0.0820 48.4 <1×10-16 

Panama  15.3 266.5 0.2194 26.8 19.7 91 0.0836 5.8 2.3×10-4 

Shetland  52.9 238.6 0.1251 49.0 24.8 97 0.0647 11.4 12.5% 
Solomon Sea  -6.6 127.3 1.6794 2.8 1.7 8 0.1071 79.3 <1×10-16 

South Bismarck  6.1 328.7 8.1616 0.6 0.4 157 0.1029 41.2 <1×10-16 

Timor  -7.7 110.3 1.8731 2.5 2.2 1 0.1016 56.4 <1×10-16 

Tonga  25.0 4.7 8.9860 0.8 0.5 87 0.0733 108.1 <1×10-16 

Woodlark -3.5 125.2 1.7189 2.8 1.7 5 0.1061 72.5 <1×10-16 

 
NNR-MORVEL is a set of angular velocities , constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-CE-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
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a ζmax is the azimuth of the major axis of the error-ellipse.  
b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-CE-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-CE-MORVEL in Cartesian coordinates is 
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Angular velocities of SKS-CV-MORVEL 
 
plate angular velocity standard error ellipse σω  

º Ma-1 
RMS vel. 
km Ma-1 

p(χ2)0
b 

ºN ºE º Ma-1 σmax σmin ζmax
a 

Major-plates 
Amur 7.9 136.1 0.1461 37.7 25.8 11 0.0889 10.4 28.3% 
Antarctica -7.0 123.6 0.1467 32.8 26.6 179 0.0981 15.2 40.7% 
Arabia 25.5 25.6 0.4078 18.7 11.2 115 0.0628 16.5 1.4×10-12 

Australia 9.2 54.5 0.6665 12.5 6.9 123 0.0512 69.2 <1×10-16 

Caribbean -59.6 206.0 0.0929 54.5 40.1 86 0.0722 10.2 47.2% 
Cocos 17.9 226.6 0.9681 8.5 4.6 62 0.0573 67.9 <1×10-16 

Capricorn 18.8 46.2 0.5611 14.8 8.2 121 0.0502 47.5 <1×10-16 

Eurasia -36.9 135.2 0.1289 32.3 29.0 16 0.1046 12.2 66.3% 
India 25.2 31.5 0.4081 19.2 11.2 116 0.0585 32.4 2.6×10-13 

Juan de Fuca -42.1 68.3 1.2461 5.7 3.4 95 0.0800 29.4 <1×10-16 

Lwandle -19.9 57.8 0.0602 66.4 52.4 115 0.0648 2.4 75.8% 
Macquarie 38.2 26.9 1.0027 7.66 4.6 109 0.0661 69.6 <1×10-16 

North America -88.2 73.7 0.2630 26.8 15.2 58 0.0736 18.3 0.1% 
Nubia -30.0 36.5 0.0585 68.1 51.9 118 0.0579 4.8 76.8% 
Nazca 41.8 244.5 0.3856 18.2 10.8 82 0.0776 38.5 6.0×10-8 

Pacific -58.9 107.8 0.9673 6.1 4.1 38 0.0945 97.5 <1×10-16 

Philippine Sea -59.9 347.2 1.0398 8.1 3.9 149 0.0582 86.2 <1×10-16 

Rivera 18.1 251.4 4.2731 1.7 1.1 66 0.0742 21.9 <1×10-16 

South America -64.1 120.4 0.3192 18.4 12.5 18 0.0931 33.7 0.1% 
Scotia -60.2 129.7 0.2178 24.8 18.2 6 0.0958 21.5 7.7% 
Somalia 51.8 201.8 0.0185 82.7 75.3 57 0.0610 1.6 99.2% 
Sur -64.6 116.6 0.3353 17.7 11.9 23 0.0925 30.3 4.4×10-4 

Sundaland 14.5 182.7 0.0522 69.7 54.6 46 0.0645 5.4 84.6% 
Sandwich -41.7 331.5 1.3901 6.0 2.9 161 0.0615 43.1 <1×10-16 

Yangtze 22.4 141.9 0.1365 43.6 27.3 13 0.0766 6.3 22.6% 
NNR-MORVEL -48.7 98.4 0.3263 17.2 12.3 60 0.0956 N/A 0.1% 
Micro-plates 
Aegean Sea -32.1 107.0 0.3841 12.8 11.2 67 0.1006 41.6 4.3×10-4 

Altiplano -48.1 274.1 0.4044 20.1 10.7 30 0.0540 25.0 1.6×10-12 

Anatolia 27.8 38.3 1.1462 7.2 4.1 118 0.0552 26.0 <1×10-16 
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Balmoral Reef -59.6 120.3 0.7933 7.3 5.1 21 0.0959 76.4 <1×10-16 

Banda Sea  -6.6 119.8 2.6917 2.0 1.6 173 0.0972 39.2 <1×10-16 

Birds Head  -42.5 100.0 1.1225 4.9 3.7 64 0.0974 96.1 <1×10-16 

Burma  -13.6 282.3 2.0585 3.5 2.2 27 0.0766 40.7 <1×10-16 

Caroline  -65.0 86.5 0.9099 7.3 4.4 59 0.0863 99.1 <1×10-16 

Conway Reef  -23.3 167.4 4.0811 1.4 1.1 61 0.0917 64.2 <1×10-16 

Easter  23.5 68.1 11.4026 0.7 0.4 130 0.0523 58.6 <1×10-16 

Futuna  -18.8 175.6 5.2155 1.3 0.9 60 0.0846 74.4 <1×10-16 

Galapagos  -0.0 81.8 5.6876 1.3 0.8 129 0.0727 43.7 <1×10-16 

Juan Fernandez  33.5 71.0 22.3895 0.4 0.2 133 0.0513 86.6 <1×10-16 

Kermadec  35.0 13.3 2.2027 3.2 2.1 105 0.0752 50.8 <1×10-16 

Manus  -3.9 150.1 51.7183 0.1 0.1 29 0.0933 76.1 <1×10-16 

Maoke  -3.2 93.9 0.9667 6.8 4.8 135 0.0833 74.8 <1×10-16 

Mariana 0.2 132.5 1.4551 4.1 2.8 9 0.0944 60.7 <1×10-16 

Molucca Sea  -1.9 305.5 3.3715 1.8 1.2 0 0.0930 30.0 <1×10-16 

New Hebrides  -5.2 358.3 2.4318 3.1 1.7 133 0.0718 112.3 <1×10-16 

Niuafo'ou  -7.5 181.8 3.3539 2.2 1.3 54 0.0753 62.7 <1×10-16 

North Andes  -54.3 127.3 0.2585 20.0 15.3 13 0.0991 22.4 3.9% 
North Bismarck  -46.8 120.1 1.1680 4.4 3.4 29 0.1018 100.6 <1×10-16 

Okhotsk  -71.9 158.4 0.1367 40.5 28.3 148 0.0851 12.7 27.5% 
Okinawa  29.4 134.4 2.5499 3.0 1.6 6 0.0714 34.2 <1×10-16 

Panama  -28.8 193.8 0.1660 37.6 26.0 70 0.0731 18.4 4.1% 
Shetland  -10.7 146.2 0.2053 25.2 19.0 29 0.0980 22.1 13.7% 
Solomon Sea  -9.9 127.1 1.9153 2.7 2.2 6 0.1000 91.0 <1×10-16 

South Bismarck  5.2 329.3 7.9480 0.7 0.5 151 0.0943 38.1 <1×10-16 

Timor  -10.7 111.9 2.1035 2.5 2.1 157 0.0969 57.3 <1×10-16 

Tonga  24.5 6.0 8.8272 0.8 0.5 113 0.0782 97.9 <1×10-16 

Woodlark -7.1 125.3 1.9491 2.8 2.1 2 0.0984 80.9 <1×10-16 

 
NNR-MORVEL is a set of angular velocities, constrained by the MORVEL relative angular velocities, 
of the 25 MORVEL plates in a reference frame in which there is no net rotation of the lithosphere 
[Argus et al., 2011].  
N/A means that plate only is contained in the MORVEL but is not contained in the NUVEL1A. The 
angular velocity of the Nubia plate in SKS-CV-MORVEL is compared with the angular velocity of the 
Africa plate in HS3-NUVEL1A.  
Probabilities less than 5% are printed in bold, which indicate that the differences are statistically 
significant.  
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a ζmax is the azimuth of the major axis of the error-ellipse.  
b p(χ2)0 is the probability of obtaining data as different or more different as those used in SKS-CV-
MORVEL if the angular velocity of the plate is zero.  
The covariance matrix of SKS-CV-MORVEL in Cartesian coordinates is 
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Appendix C 
 
 
 

Magnetic anomaly profiles (thin black line) are plotted along track (thick black line) on top of 

gridded gravity map [Smith and Sandwell, 1997]. The magnetic profiles have been reduced to the best 

fitting paleomagnetic pole located at (77.4ºN, 8.4ºE). White thick line shows the best estimation of the 

magnetic strike for anomaly 20r. 
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Figure C.1 Track line of magnetic profile si933010 on the gravity map 
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Figure C.2 Track line of magnetic profile sotw13wt on the gravity map 
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Figure C.3 Track line of magnetic profile jpyn01bd on the gravity map 
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Figure C.4 Track line of magnetic profile 0480-384.c1.Vd on the gravity map 
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Figure C.5 Track line of magnetic profile 0480-384.c1.Ed on the gravity ma 
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Figure C.6 Track line of magnetic profile cato01mv on the gravity map 
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Figure C.7 Track line of magnetic profile pol7103 on the gravity map 
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Figure C.8 Track line of magnetic profile erdc01wt on the gravity map 
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Figure C.9 Track line of magnetic profile 0440-039.c1.Vd on the gravity map 
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Figure C.10 Track line of magnetic profile 0440-039.c1.Ed on the gravity map 
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Figure C.11 Track line of magnetic profile 0550-028.c1.Ed on the gravity map 
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Figure C.12 Track line of magnetic profile 0550-028.c1.Vd on the gravity map 
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Figure C.13 Track line of magnetic profile 0550-028.c1.Ed on the gravity map 
 

 



   159 

 

Figure C.14 Track line of magnetic profile nova10ar on the gravity map 

 



   160 

 

Figure C.15 Track line of magnetic profile 0480-255.c1.Vd on the gravity map 
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Figure C.16 Track line of magnetic profile 0480-255.c1.Ed on the gravity map 
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Figure C.17 Track line of magnetic profile dsdp55gc on the gravity map 
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Figure C.18 Track line of magnetic profile proa04bd on the gravity map 
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Figure C.19 Track line of magnetic profile styx10az on the gravity map 
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Figure C.20 Track line of magnetic profile pol6725 on the gravity map 
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Figure C.21 Track line of magnetic profile nova06ho on the gravity map 
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Figure C.22 Track line of magnetic profile rc2002 on the gravity map 
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Figure C.23 Track line of magnetic profile 0480-182.c1.Vd on the gravity map 
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Figure C.24 Track line of magnetic profile 0480-182.c1.Ed on the gravity map 
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Figure C.25 Track line of magnetic profile 0480-068.c1.Vd on the gravity map 
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Figure C.26 Track line of magnetic profile 0480-068.c1.Ed on the gravity map 
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Figure C.27 Track line of magnetic profile styx01az on the gravity map 
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Figure C.28 Track line of magnetic profile 0480-068.c2.Vd on the gravity map 
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Figure C.29 Track line of magnetic profile 0480-068.c2.Ed on the gravity map 
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Figure C.30 Track line of magnetic profile 0480-069.c1.Vd on the gravity map 
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Figure C.31 Track line of magnetic profile 0480-069.c1.Ed on the gravity map 
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Figure C.32 Track line of magnetic profile 80012103 on the gravity map 
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Figure C.33 Track line of magnetic profile v2113 on the gravity map 
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Figure C.34 Track line of magnetic profile 0560-033.c1.Vd on the gravity map 
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Figure C.35 Track line of magnetic profile 0560-033.c1.Ed on the gravity map 
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Figure C.36 Track line of magnetic profile 0440-045.c1.Vd on the gravity map 
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Figure C.37 Track line of magnetic profile 0440-045.c1.Ed on the gravity map 
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Figure C.38 Track line of magnetic profile 0550-044.c1.Vd on the gravity map 
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Figure C.39 Track line of magnetic profile 0550-044.c1.Ed on the gravity map 
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Figure C.40 Track line of magnetic profile 0550-047.c1.Vd on the gravity map 
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Figure C.41 Track line of magnetic profile 0550-047.c1.Ed on the gravity map 
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Figure C.42 Track line of magnetic profile 0480-084.c1.Vd on the gravity map 
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Figure C.43 Track line of magnetic profile 0480-084.c1.Ed on the gravity map 
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Figure C.44 Track line of magnetic profile rc1501 on the gravity map 
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Figure C.45 Track line of magnetic profile risp03bd on the gravity map 
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Figure C.46 Track line of magnetic profile 0480-271.c1.Vd on the gravity map 
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Figure C.47 Track line of magnetic profile 0480-271.c1.Ed on the gravity map 
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Appendix D 

Magnetic profile with different phase shifts 

 

For each of the magnetic profile, the best phase shift is used in the middle profile and the other 

six profiles are reduced by the best phase shift ± 5º, ± 10º, ± 15º. The magnetic profiles are plotted 

perpendicular to anomaly strike. Vertical gray shading shows the locations of anomaly 20r. “Vd” and 

“Ed” indicate vertical and east components, respectively, of an aeromagnetic profile. Profiles at the 

bottom of the bottom of the diagram are synthetic magnetic anomaly profiles appropriate for the 

elevation of a ship or of an airplane, respectively. 
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Figure D.1 magnetic profile si933010 
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Figure D.2 magnetic profile sotw13wt 
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Figure D.3 magnetic profile jpyn01bd 
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Figure D.4 magnetic profile 0480-384.c1.Vd 
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Figure D.5 magnetic profile 0480-384.c1.Ed 
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Figure D.6 magnetic profile cato01mv 
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Figure D.7 magnetic profile pol7103 
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Figure D.8 magnetic profile erdc01wt 
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Figure D.9 magnetic profile 0440-039.c1.Vd 
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Figure D.10 magnetic profile 0440-039.c1.Ed 
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Figure D.11 magnetic profile um6503 
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Figure D.12 magnetic profile 0550-028.c1.Vd 
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Figure D.13 magnetic profile 0550-028.c1.Ed 
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Figure D.14 magnetic profile nova10ar 
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Figure D.15 magnetic profile 0440-255.c1.Vd 
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Figure D.16 magnetic profile 0440-255.c1.Ed 
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Figure D.17 magnetic profile dsdp55gc 
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Figure D.18 magnetic profile proa04bd 
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Figure D.19 magnetic profile styx10az 
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Figure D.20 magnetic profile pol6725 
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Figure D.21 magnetic profile nova06ho 
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Figure D.22 magnetic profile rc2002 
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Figure D.23 magnetic profile 0480-182.c1.Vd 
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Figure D.24 magnetic profile 0480-182.c1.Ed 
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Figure D.25 magnetic profile 0480-068.c1.Vd 
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Figure D.26 magnetic profile 0480-068.c1.Ed 
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Figure D.27 magnetic profile styx01az 
 

styx01az.lp

6e=67

6e=72

6e=77

6e=82

6e=87

6e=92

6e=97

synthetic (ship)

100 km
100 nT



   221 

 
Figure D.28 magnetic profile 0480-068.c2.Vd 
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Figure D.29 magnetic profile 0480-068.c2.Ed 
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Figure D.30 magnetic profile 0480-069.c1.Vd 
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Figure D.31 magnetic profile 0480-069.c1.Ed 
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Figure D.32 magnetic profile 80012103 
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Figure D.33 magnetic profile v2113 
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Figure D.34 magnetic profile 0560-033.c1.Vd 
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Figure D.35 magnetic profile 0560-033.c1.Ed 
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Figure D.36 magnetic profile 0440-045.c1.Vd 
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Figure D.37 magnetic profile 0440-045.c1.Ed 
 

0440−045.c1.Ed.lp

6e=223

6e=228

6e=233

6e=238

6e=243

6e=248

6e=253

synthetic (aero)

100 km
100 nT



   231 

 
Figure D.38 magnetic profile 0550-044.c1.Vd 
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Figure D.39 magnetic profile 0550-044.c1.Ed 
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Figure D.40 magnetic profile 0550-047.c1.Vd 
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Figure D.41 magnetic profile 0550-047.c1.Ed 
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Figure D.42 magnetic profile 0480-084.c1.Vd 
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Figure D.43 magnetic profile 0480-084.c1.Ed 
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Figure D.44 magnetic profile rc1501 
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Figure D.45 magnetic profile risp03bd 
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Figure D.46 magnetic profile 0480-271.c1.Vd 
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Figure D.47 magnetic profile 0480-271.c1.Ed 

 

0480−271.c1.Ed.lp

6e=239

6e=244

6e=249

6e=254

6e=259

6e=264

6e=269

synthetic (aero)

100 km
100 nT


