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Abstract: The plate motions with respect to the hotspots, which are fixed relative to the mesosphere according to
the hotspot hypothesis, are called absolute. The absolute plate motion model can be achieved by inverting the data
set of the propagation rates and/ or trends of volcanic chains to determine the origin in the angular space for the
relative plate motion. A current absolute plate motion model designated as APM2 has been developed using a data
set of migration rates and trends of recent (0~ 7.8 Ma) globally distributed hotspots tracks in conjunction with
the plate motion model NNR-NUVELIA. According to this model the Pacific plate is moving at a rate of
(0 833 0'=0 013 3)/ Ma about a pole at 60 063 S 102.210 E; Africa has a motion of (0.101 5’ 40.013 4°)/
Ma about 46.849°N, 44.372°W; Antarctic has a motion of (0 084 6 +0 017 7)/Ma about 46. 871'N, 146.942 F;
Eurasia has an even slower motion of (0 0655 &0 0206 )/ Ma about 27 291°N, 171 925 W. The model shows
that the lithosphere has a net rotation of (0 198 3° 0 013 5)/Ma about 49. 423'S, 90. 625 E with respect to the
deep mantle. It is demonstrated that the Pacific hotspots are inconsistent with the Indo-Atlantic hotspots. Also, it
is shown that the Pacific hotspots involved appear do not have a coherent motion. For analysis and comparison
this paper also gives the angular velocities of absolute plate motions obtained from only trend data for global
distributed hotspots and from only trend data for only Indo- Atlantic hotspots.

Key words: absolute plate motion; hotspots; hotspot reference frame; no-net-rotation reference frame; net rotation
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termine an origin in the angular velocity space for
the relative plate motion. In terms of the way the
hotspot data are utilized, absolute plate models
may be grouped into two categories; the first cate-
gory, to which the model AM1" belongs, use only
trend data; the second category, including AM1-
2%, HS2NUVELI'" and HS3NUVELIA", em-
ploy both trends and rates, generally just spanning
a single hemisphere (e. g.the Pacific hemisphere).
The AM1-2 and HS2NUVEL1 share the same
dataset consisting of 5 rates and 9 trends over the
Pacific, Cocos and Nazca and North America; the
HS3-NUVELIA

composed of 2 rates and 11 trends, which again on-

uses a recalculated set of data

ly span the Pacific hemisphere. Miiller et al devel-
oped the revised plate motions relative to the
hotspots by combining the hotspot tracks in the
A tlantic and Indian Oceans without using those in
the Pacific Ocean'" .

We have found that the speed as well as the
direction of plate motion for the same plate may
differ significantly from one model to another. For
example, for Eurasia some models show a clock-
wise rotation, while others anti-clockwise; the
similar situation occurs for Africa and other
plates. This puzzling problem is likely to be relat-
ed to the geometry of hotspot tracks used by indi-
that if the

hotspots were fixed with respect to one another

vidual authors. It is conceivable
and if the relative motion model was right the
hotspots situated on one single plate would be ade-
quate for determining the absolute plate motion.
However, the hotspots are in fact not fixed with
respect to each other, and furthermore, the hots-
pot tracks on the Pacific plate are not consistent
with those on the Indo-A tlantic Oceans”, so the
absolute motion model is strongly hotspot depend-
ent. It would be desirable for achieving a better ab-
solute plate motion model to use a set of well-dis-
tributed hotspot tracks, both in the Indo-Atlantic
hemisphere and in the Pacific hemisphere, but, as
shown later on, the global reference frame is es-

sentially defined by the Indo-A tlantic hotspots.

The rates and trends of hotspot migration are
translated to the absolute plate motion in a differ-
ent manner. The rates are more sensitive to the
speed, while the trends are more sensitive to the
direction of plate motion, but less to the episodici-
ty and nonlinearity of the motion, which may occur

U2 Naturally, it would be better

for some plates
to use the rates and trends together rather than
either kind of data alone; this is the way we are
trying to do. In an attempt to solve the puzzle
mentioned above an absolute plate motion model is
developed in this paper by using the rate and trend
data associated with both the Pacific and the Indo-
Atlantic hotspots. We address the reference frames
in Section 1, describe the data and methodology in
Sections 2 and 3, and present the results and give
discussions in Sections 4 and 5. The paper is con-

cluded in Section 6.

1 Reference Frames

T raditionally the hotspot reference frame has
been used to measure the absolute motion of the

¥, which is based on the assumption that

pla tes'
the hotspots are fixed relative to the mesosphere
and that the trends and the age progressions of the
linear island reflect the motion of the overlying
lithospheric plate relative to the hotspots. The
fixity of the hotspots has been tested by numerous
investigators (e. g. [ 14-17] among others). Stud-
ies show that the hotspots in the Atlantic and In-
dian Oceans have no significant motion (less than 5

8 151
[ T, thus can

mm/a) between these plumes
served as a coherent Indo-Atlantic hotspot refer-
ence frame. However studies also show the Ha-
waiian hotspot has migrated south at a rate of over
40mm/ a for the period from 81 to 47 Ma ago'"™ .
Moreover, it has long been aware that there is a
large misfit between observed and hypothetical Pa-
cific hotspot tracks predicted in a reference frame
fixed to Atlantic and Indian Ocean hotspots, and
vice versa . As Divenere et al'” demonstrated,
the often-cited East-West Antarctic motions can-

not account for the apparent motion between the
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Hawaiian-Emperor hotspot and the Indo-Atlantic
hotspots, and it is concluded that the inter-hemi-
spheric relative motion between the Indo-Atlantic
hotspots and Pacific hotspots (at least the Hawai-
ian-Emperor hotspot) appears likely. If thisis the
case, the hotspots will not define a fixed reference
frame on the global scale. Nevertheless, today s
state-of-arts constrain us to choose the hotspot
reference frame to measure the absolute motion of
the plates even though it is merely a quasi-fixed
reference frame. We believe the non-fixity of the
hotspots will not jeopardize the conclusions to be
drawn. So in this study we still use the hotspot
frame as a basic frame, and try to use the Pacific
as well as the Indo-Atlantic hotspots to define the
hotspot reference frame.

As pointed out earlier that the key point of
deriving the absolute plate motion model is to in-
vert the hotspot track data to determine the origin
in the angular velocity space for the relative plate
motion. The relative plate motion model is usually
constructed in the no-netrotation frame (Also
known as the mean-lithosphere frame) defined
such that it yields a zero for the integral of vX r
over the Earth s surface, where v is the plate ve-
locity at position r; sign X denotes vector cross
product (cf. [ 20] ).

the no-net-rotation frame itself is not fixed relative

It is worthwhile to note that

to the mesosphere, instead drift along with the
lithosphere.

Let w, be the angular velocity vector of a
plate in the hotspot frame, w. the angular velocity
vector of the plate in the no-net rotation frame,
and wu the net rotation velocity vector of the lith-
osphere in the hotspot frame, we can write out the
relation among the three vectors

wh = Wy W QD)

On the basis of equation (1), we can readily
obtain the following relations between the rotation
vectors (pole €, A and angular velocity w) of a
plate in the two frames

Wy = { Q)iJr (Unerr 2(1)11(‘-%1'[ Sin (PnSin (Pm'+
cos P.cos Prcos(A,— A, )] }5_ @)

. wy Wyr
sin $v="—sin Put—sin Pu 3)
[N [N

w,cos Posin A, T w,cos Pusin A,

w,cos P.cos A, F w,cos P.cos A,

tan A= 4)

where on, wn and ww are respectively the mag-
nitude of angular velocity of a plate in the hotspot
and in the no-net-rotation frame and of the net ro-
tation of the lithosphere; A,, @, are the longitude
and latitude of the rotation pole of a plate in the
no-net rotation frame; Aw, Pu are the longitude and
latitude of the pole of the net rotation of litho-

sphere in the hotspot frame.

2 Data

To derive the current absolute plate motion
model, we use the young hotspot data in conjunc-
tion with the relative plate model NUVELI-A,
which averages plate motion over a time span less
[ 21

than =3 2 Ma
hotspot data spanning for a 7. § Ma time inter-

. We confine ourselves to use the

val, so that by the current absolute plate motion
we mean the plate motion spanning less than 7 8
Ma BP with respect to the hotspot reference
frame. Considering many tectonic events took
place from 4 Ma to 8 Ma, such as slowdown in
spreading rate along southern mid-Atlantic Ridge
in8~4 Ma'™ and changes in African absolute mo-
tion at 6 Ma™, it would be less meaningful to talk
about the current plate motion when averaging the
plate motion over more than for example 8 M a.
The hotspot data we used are listed in
table 1, including 8 rates and 20 trends involving
20 hotspot tracks, distributed on 7 plates over both
the Pacific and the A tlantic hemispheres as shown
in figure 1. Amongst these 2 rates and 11 trends
are quoted from [5] in constructing the model
HS3-NUVELIA which averages the plate motion
over the past ™5 8 M a, and the remaining data ci-
ted from other literatures. It should be pointed out
that modifications have been made for some rates
to accommodate them to a 7. 8 Ma time interval.
For example, for the Austral Island chain, we use

the data in [ 24] and regress age, as dependent
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Tab.1 Observed and Modeled Values for Rates and Trends
Location Observed Modeled Observed—  Geometric
Hotspot Plate Y, Y, Reference
°N °E +lo +lo Modeled  Contribution
Rates/ (mm ° a~ 1)
Hawaii PAC 20. 65 —156.91 108. 0+5.0 85.3+1.5 22.7+5.2 6375.5 0. 28 0. 66 [3]
Sodety PAC —17.33 —149.95 106. 0+9.0 92.1+1.5 13.9+9.1 6376. 3 0.011 0.011 [5]
F oundation PAC —37.75 —110.80 77.3+8.4 90.8+1.5 —13.5+8.5 6370. 2 0.013 0.013  This paper
M arquesas PAC  — 9.59 —139.37 101.3+17. 5 92.3+1.4 9.0+17.6  6377.5 0.0003  0.0003 [25]
Austral Island PAC  —29.00 —140.00 92.8+9.8 90.5+1.5 2.3+9.9 6373. 1 0.0002 0.0002 This paper
St.Helenalsland ~ AFR —16. 38 —9.01 11.6+1.4 10. 7+1.4 0.9+2.0 6376. 4 0. 80 0.25 This paper
Tristan AFR  —37.20 —12.30 16.0+5.0 11.3+1.5 4.7+5.2 6370. 4 0.014 0.013  This paper
Vema AFR  —32.00 8.50 16.0+5.0 11.3+1.5 4.7+£5.2 6372.2 0.014 0.013  This paper
Trends/ ()

Haw aii PAC 20. 65 —156.91 303.5+6.3 302.240.9 1.3+6.4 74.8 0.0001 0.0001 [5]
Sodety PAC —17.33 —149.95 292. 6+7.8 298. 6+1.1 —6.0+7.9 69.2 0.0019 0.0019 [5]
F oundation PAC —37.75 —110.80 297.0+10.0 286. 1+1.4 10. 9£10. 1 70. 2 0.0039  0.0038 This paper
M arquesas PAC — 9.59 —139.37 310. 0+12. 3 296. 1+1.2 13.9+12. 4 69. 1 0.0019 0.0018 [5]
M acdo nald PAC —28.31 —142.31 291. 0+ 8.7 297.5+1.3  —6.5+8.8 70.5 0.0019 0.0018 [5]
Pi tcaim PAC —25.21 —129.59 289. 1+35.9 293.2+1.3 —4.1£35.9 69.0 0.0000  0.0000 [3]
Samoa PAC —14.19 —170.74 283.2+11.2 300.94+0.9 —17.7+112 70. 8 0.0025 0.0027 [5]
Easter NAZ —27.11 —110.06 98.6+31.7 94.4+2.2 4.2+31. 8 108.9 0.0000 0.0000 [5]
Gahpagos NAZ —0.34 —90.83 121. 3+40. 9 78.2+2.6 43.1141.0 139. 1 0.0007  0.0007 [5]
Juan Fernandez NAZ —33.73 —80.45 86.4+14.0 74.24+2.0 12.2+14. 1 105. 5 0.0023  0.0023 [5]
M artin Vaz SAM  —20.49 —29.09 264.9452.7 268. 1+3.5  —3.2452.8 268. 1 0.0000 0.0000 [5]
Yellowstone NAM  44.38 —111.05 241.0423. 8 256.0+6.6 —15.0+24.7 344.9 0.0051 0.0047 [5]
St.Helena AFR —16.38 —9.01 64.0+10.0 65.2+5.8 —1L2+11.6 597.9 0.0016 0.0012 This paper
Tristan AFR  —37.20 —12.30 70.0+10. 0 68.7+6.1 L3+11.7 564. 4 0.0021 0.0015 [23]
V ema AFR  —32.00 8.50 60.01+10. 0 56.915.4 3.1+11. 4 564. 6 0.0080 0.0061 [23]
Reunion AFR  —21.20 55.70 45.0+10.0 43.4+9.3 L.6+13.7 608. 4 0.0180 0.0070 [23]
Prinee Edward AFR  —43.10 37.50 38.0+15.0 41.6+6.4  —3.6%£16.3 623. 6 0.0024  0.0020 [23]
Discovery AFR  —42.50 —2.00 65.0+15.0 62.3+5.8 2.7+16. 1 568. 2 0.001 1 0.0009 [23]
Kerguelen ANT —49.00 69.00 140.0+15. 0 138.7+11. 4 1.3+18. 8 761. 0 0.0021 0.0011 [26]
Gahpagos coC  —1.00 —92.00 45.0+15.0 41.5+1.0 3.5£15.0 76.7 0.0000  0.0000 [

The Meanings of Y1 and Y3 are Shown in Equation 11

variable, on distance X from Macdonald to
Raivavae, the following equation being obtained
Age(Ma)= (0.010 770 322 +0.001 134 551) X+
(0.000 007 512 +0.005 418 091)
thereby achieving a rate of 92 8 mm/a, with a
standard deviation of 9. 8 mm/a.
For the Tristan and Vema hotspots, we uti-

lize the rates given by PollitZz**, but subtracted

by a southwesterly shift of 8 mm/a, which is the
difference between the pre-6 Ma and post-6 Ma
African absolute plate motions evaluated at 6 Ma
by PollitZ > .

For the Foundation chain, we regress age
(7.7 Ma) on the distance (700 km) between
seamounts No. 30 and 22, using data in [27], ob-

taining
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Fig. 1 Geographic Distribution of the Hotspots Used and Predicted Progression Rates of Volcanic Chains

Age(Ma)= (0.012 931 419 +0.001 411 060).X —
(0.742 874 697 +0.715 839 216)

thus giving a rate of 77. 3 mm/a with a standard

deviation of 8.4 mm/a.

For the St.Helena Island, we use the age da-
ta (X7 8 Ma) of the seamounts Josephine and
Benjamin in [ 28] , obtaining a rate of 11 6 mm/a
with a standard deviation of 1 4 mm/a.

In our inversion, each hotspot datum is as-
signed a standard error based on its uncertainty.
For the data in [ 5], the uncertainties are objec-
tively determined from the dispersion of volcano
age and location; for other published data quoted
here, the trends were obtained from bathymetric

12
charts'"™?

, among which some maybe involve the
averaging interval greater than 7 8 Ma, and were
subjectively assigned an uncertainty of 10" or 15 .
As our results show later on, the uncertainties are
in general good approximations to their standard
errors, but probably most tend to be conservative-
ly estimated.

In column 8 of table 1 listed is a quantity,
“geometric contribution (GC)”, defined as

N N N
& — JMJ+[J+[7®J )

to measure the role played by a datum d in deter-

mining the plate motion model, where in radical
sign is the sum of the partial derivatives squared of
the datum with respect to the x-, y and z compo-
nents of angular velocity w. The units are in km

for rate and in Ma for trend. The quantity is simi-

lar in concept to the “importance” used by others
(e.g.[1,29]).

In table 1 listed are the modeled values computed
by our model and the “observed— modeled” values for
each datum. All the 20 modeled trends but 4 (Foun-
dation, Marquesas Galapagos and Samoa) lie within
their prescribed uncertainties; all the 8 modeled rates
but 3(Sodety, Foundation and Hawaii on the Pacific
plate) lie within their respective uncertainties, w hile
Hawaiian rate lies far beyond its uncertainty, attribu-
ted to either large dating error or most likely the rela-
tive motion between hotspots. Fortunately, they all
pass the model robustness check, which will be de-
scribed later on, asshown in table 1 (See items Y1 and
Y2), so that there seems to be no point in rejecting
them. On the contrary, the Haw aiian rate needs to be
retained in the datum list to take into account the non-
fixity and nonrigidity of the hotspot frame due in par-
ticular to the inconsistent motions between the Pacific

and Atlantic hotspots.
3 Methodology

The observation data are inverted to estimate
the angular velocities of plate motion relative to
the hotspots by minimizing the following quantity
using an iterative, weighted least square proce-

529
N obs :jal 2

dure'

=1 Oi
obs . . cal
where d; is the ith datum (rate or trend); d; (w)

is its value calculated from a priori motion model
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w, which consists of the rotation vectors describing
the motion of each plate relative to the hotspots; o
is the standard error assigned to the ith datum and

N is the total number of data. d*® (») can be ex-

pressed by
v= Wi+ for rate D
A = arctan % for trend (®
with
v, =rsin Aw,— rcos Aw, ()

ve="rsin Pcos dwr—rsin Psin dw,+rcos fw- (10)
where vu, ve are the respective northing and east-
ing components of linear velocity of a point of in-
terest with spherical coordinates r(radius), ¢(lati-
tude) and A(longitude ); wx, wy, @ are the geocen-
tric Cartesian x-, y- and z components of angular
velocity respectively.

The model NNR-NUVELIA™ was used as
the a priori plate motion model in the inversion.
The model is a set of angular velocities, consistent
with the relative plate motion model NUVEL-
1A', of the plates in a reference frame in
which there is no net rotation of the lithosphere.
In order to speed up the convergence of inversion,
the NNR-NUVELIA velocities are first approxi-
mately rotated into the hotspot reference frame by
using the Pacific or (but not and) A frican plate ro-
tation in a mean mantle reference frame given by
[30] (This is preferable, but not mandatory). In
other words, the inversion is practically initiated
using the “absolute” Pacific (or African) velocity .
The parameters solved for are three components of
the correction vector for angular velocity vector of
the Pacific (or African), or equivalently of any
other plates. At this point it is important to note
that the correction vector for the NNR-NUVEL1A
velocities to be achieved is nothing else than the
net rotation of the lithosphere (cf. Equation 1).
We achieve the final solutions for angular velocities
relative to hotspots by adding the correction vector
thus obtained to the NN R-NUVELIA velocities for
each plate. It is found that the inversion is rather

rapidly converged for which the criterion is specified

such that the absolute value of increment correction
for each of three components of angular velocity
should be less than 0. 000 01/ Ma.

We estimate uncertainties in angular velocity
relative to hotspots by linear propagation of er
rors, neglecting small errors from the NUVEL1-A
relative plate angular velocities. T he error ellipses
for rotation poles are obtained based on the covari-
ance matrix of correction angular velocities.

To check the robustness of our model, we
compare the correction vector for the NN R-N U-
VEL1A velocities from the whole data set with the
alternative correction vector for the NNR-NU-
VELIA derived by removing one datum and re-in-
verting the remaining data. Let Aw denote the

. ! . .
correction vector, Aw' the alternative correction

1 | . .
vector, Ca, and Caw the estimates of respective co-
. . ' .
variance matrices for Aw and Aw, the following

statistics are defined
vi=1 o' —20)" Gl (80— M)
u

an
Yo =L Qow—20)" Gl(Aw—Aw)
u

where Y1 and Y2 have a Fisher distribution Fu mua
at a given significance level @ with u degrees of
freedom and m observations. In the comparison of
Aw' and Aw, if Y1<< Fs24005=3.01, then Ao is
inside the 95% confidence ellipsoid of Aw, and
considered to be compatible with it on the level of
95% probability. Likewise, if Y2<{ Fa2s.0.05 =
2 99, then Aw is inside the 95 % confidence ellip-
soid of Aw', and considered to be com patible with
it on the level of 95 % probability. If both Aw'and
Aw are compatible with each other on the level of
95% probability, then we are quite confident that
the model is insensitive to the omission of that sin-
gle datum and hence the model is robust against
the datum removed. Apart from the global solu-
tion achieved from both rates and trends, we will
also present the trend-only solution with omitting
all rates to further demonstrate the robustness of

our model from the whole data set (See below).
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4 Results

The data set in table 1 was inverted to achieve
a correction vector for the NNR-NUVELIA angu-
lar velocities, and, in turn, a set of angular veloci-
ties of plates relative to hotspots by adding the
correction vector to the NNR-NUVELIA angular
velocity vectors for individual plates. In the col-
umns 9 and 10 of table 1 listed are Y1 and Y2 val-
ues as obtained by omitting the datum in the cor-
responding row. Notice that both Y1 and Y2 are
much smaller than the critic values given above,
implying that removing a single datum will not

cause any significant change in the solution at a

significance level 0. 05; even the trend-only solu-
tion (See below ) with all rates omitted is still
compatible with the final solution obtained from
the whole data set on the 95% probability level
and inside the 95% confidence ellipsoid of final solu-
tion. So we conclude that the plate motion model we
achieved is very stable and robust at all events.
4.1 Angular Velocities Obtained from the Whole
Data Set

The absolute plate motion model achieved u-
sing the whole data set, designated as APM2,
consists of a set of angular velocities in the hotspot
frame, which are tabulated in table 2 and illustra-

ted in figure 2.

Tab. 2 Angular Velocities for the Model APM2

Angular Velocity Standard Deviation Error Ellipse Rms V elocity
b1
o °N Eow (O Ma D oy ) o) e/ Ma ) G/ O /) Gy () Gam a D

Africa 46.849  —44.372 0.1015 9.41 12.70 0. 0134 14. 47 6. 36 122.27 9. 86
Antarctica 46.871 146. 942 0.084 6 9.54 13. 48 0.017 7 13. 67 9.27 103.01 7.1
A rabia 30.976 14. 563 0.459 9 2.21 1.77 0.015 2 2.27 1.70 18.88 26. 61
A ustralia 18.776 43.344 0.650 3 1.36 1. 54 0.013 6 1. 69 L.17 55.21 65. 54
Caribbean —42.303 —100. 130 0.089 2 9.07 17. 36 0.009 8 17. 64 8.50 101.73 9.26
Cocos 20.666 —118.366 1.346 9 0.47 0. 86 0.014 7 0. 86 0. 47 95.80 67. 86
Eurasia 27.291  —171. 925 0.065 5 10.29 11.30 0. 020 6 12. 49 8. 80 53.07 6. 83
India 30.623 19. 024 0.468 0 2.16 1. 82 0.014 9 2.26 1. 68 26.74 42.39
Juan de Fuca —35.078 64. 522 0.842 3 0.69 1. 59 0.015 1 1. 59 0. 68 89.34 22. 68
Nazca 46.976  —103. 824 0.547 0 1.02 3.05 0.014 4 3.05 101 92.67 55.94
N.America —63.819  —8&0.173 0.177 6 4.02 14. 36 0.012 4 14. 36 4.01 88.88 15.9
Padfic —60.063 102. 210 0.8330 0.81 2. 69 0.0133 2.72 0. 69 80.66 83.53
P hilippine —47.681  —25.997 0.953 0 0.86 L 12 0.018 2 L 14 0. 84 76.62 60. 50
Rivera 17.319 —108. 156 1.8133 0.37 0. 65 0.013 2 0. 66 0. 35 101.36 30. 50
Scotia —81.301 —136.758 0.226 0 4.20 27. 69 0.012 2 27.78 3.54 9%4.71 13. 94
S. America —69.723 145. 279 0.213 7 5.01 10. 72 0.012 4 11. 14 4. 00 73.12 22.57
NNR-NUVELIA —49.423 90. 625 0.198 3 3.06 8.89 0.0135 8.97 2. 80 81.72

The covariance matrix of the correction vector
for the NNR-NUVELIA angular velocities in Car-

. . . . — 10 2 —2 .
tesian coordinates in units of 10 " rad” Ma ~ is

2

G, Oum e 1221.6 —63.1 —292.2
o, O oww | =| —63.1 366.7 —9.8
oo, owe, o —292.2 —99.8  529.

The model APM?2 is characterized in general by

slow motions. The Pacific is moving at a rate of

(0 833 0 =0 013 3°)/Ma about a pole at 60 063’S,
102 210° E; Africa has a motion of (Q 101 5° =+
Q 013 4')/Ma about a pole at 46 849°N, 44 372'W;
Caribbean is moving at a rate of (Q 089 2° =+
Q 009 & )/Ma about a pole at 42 303'S, 100 130°W;
Antarctic has a motion of (Q 084 6 =0 017 7)/Ma
about a pole at 46 871'N, 146 942°F; Furasia has an
even slower motion of (Q 065 5 +Q 020 6 )/Ma
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AFR— African; ANT— AntarctiG ARB— Arabian; AUS— Australian; CAR— Caribbean; COC— Cocos EUA— Furasary IND— Indian; JDF— Juan
de Fuca; NAM— North American; NAZ— Nazca; PAC— Padfic PHL— Philippingg RIV— Rivera; SCO— Scotia; SAM— South A merican; N1A—
NNRNUVELIA; Mercator Projectiors Velocities are in mm/ a; Poles of Plates(Solid Circle) in the Hotspot Frame are also Shown

Fig. 2 Plate Velocities Relative to Hotspots Computed from Model APM2

about a pole at 27 291°N, 171 925 W.

The mean rms velocity over the globe is
46. 94 mm/a. The rms velocities for each plate are
listed in last column of table 2 and depicted in fig-
ure 3 as a function of the percentage of the plate
area that is continental and the approximate per-
centage of plate boundary that is attached to a
subducting slab, respectively.

Our model again warrants the often-published
conclusions (e.g.[2] ): Dplate velocity correlates
negatively with the continent area; @plate velocity
correlates positively with the fraction of the
boundary being subducted; @plate velocity corre-
lates positively with the geographic colatitude.

The comparison of the APM2 with other mod-

els may be outlined as follows: Our Pacific motion is
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agreeable to the model AM 1" of 0 84°/Ma about a
pole at 67 37 S, 120 6 E; Our African motion is
fairly comparable to the revised African plate motion
in [ 31] thereby African has since 9 M a BP a motion
of 0. 11°/Ma about a pole at 38°N, 61" W; Our A fri-
can motion is also close to the Model A in[ 32]
where the rotation angle during 10 Ma is 1. 0" a
round a stage pole at 52. O'N, 16. 3 W.

Our South American velocity is close to the
model AM1'" of a pole at 61 7°S, 173. 9 W and a
rotation rate of @ 20°/Ma, and it also may be com-
pared with model P073'"Y with a pole at 70 7S,
131. 3’W and a rotation rate of Q 232"/ Ma.

In the comparison of the APM2 with the
HS3NUVELIA'? we have Y1=94 9 >F: 10.0.05=
3.71, and Y2=9 8> F32s5.0.05s = 2. 99, indicating
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that the HS3-NUV EL1A velocities are far outside
95 % confidence ellipsoid of APM2 velocities, and
vice versa. It follows that these two models are by
no means compatible on the 95% probability.
Compared with the HS3-NUVELI1A, the APM2
velocities are lower by about 10% ~70% for all
plates but Cocos and Nazca, for which the APM2
velocities are higher by 16% and 69% respective-
ly. The significant difference in angular velocity
between these two models is obviously ascribed to
the fact that we use both the Indo-Atlantic and the
Pacific hotspots rather than only use the hotspots
in the Pacific hemisphere like does in[ 5], whereas
the African hotspot data are of greater importance

than the Pacific hotspot data to the global absolute

plate motion inversion, as often pointed out in the
literature(e.g.[ 1] ).
4.2 Angular Velocities Obtained from the Trend-
only Data

We also present in table 3 angular velocities
obtained from the trend-only data with the purpo-
ses of showing by contrast the robustness of the
model APM 2, and consequently of explaining the
validity of the trend-only solutions themselves as a
useful alternative model.

For the trend-only solution, we have Y1 =
0 11<< Fiir00s =320, Y2 =0 07< F32.00 =
2 99, implying that they are well consistent and
compatible with the model APM2 as obtained from
the whole data set.

Tab.3 Angular Velocities for Trend-only Solution

Angular Velocity Standard Deviation Error Ellipse Rms V elocity
Plate °N E () Ma ) o/ O o/ ) o0 Ma ) o /C) o/ C /G (mmtah
Africa 46.485  —43.593 0.109 1 6.76 9.75 0.024 9 11.26 3.75 122.03 10. 57
A ntarctica 52.040 147. 060 0.084 6 15.20 14.82 0.016 2 19. 4 8.53 43.92 6.73
Arabia 31.265 13. 942 0.465 7 2.81 2.24 0.013 6 3.36 1. 28 143.65 27. 36
A ustralia 19.158 42. 823 0.653 1 2.25 1.39 0.008 2 2.4 1.02 154.85 65. 81
Caribbean —38.765  —95.738 0.087 9 17.76 10.36 0. 007 2 17. &4 10. 21 6.89 8. 69
Cocos 20.857 —118.106 1.349 2 0.77 0.63 0.020 6 0. 87 0. 49 32.94 67. 65
Eurasia 32.948 —167.833 0.064 4 17.29 16.47 0.018 1 23. 12 5.95 43.41 6.73
India 30.932 18. 376 0.473 6 2.82 2.20 0.012 7 3.33 1. 30 144.75 43.17
Juan de Fuca —34.831 64. 050 0.838 8 0.91 1.14 0. 024 2 1. 26 0.73 121.95 22.51
Nazca 47.178  —103. 002 0.552 1 0.87 1.96 0.026 7 1. 96 0. 86 85.77 56. 49
N. A merica —61.892  —77.298 0.1750 7.82 8.18 0.015 4 8. 41 7.57 122.32 15.93
Padfic —60.138 101. 658 0.826 6 0.51 1.64 0.027 5 1. 66 0. 45 81.00 82. 85
P hilippine —47.225  —26. 069 0.953 2 1.34 1.23 0.0159 1.70 0. 65 138.32 59.91
Rivera 17.455 —107.973 1.816 3 0.60 0.43 0.0203 0. 63 0. 40 21.60 16. 98
Scotia —81.305 —127.097 0.2209 4.17 24.65 0.022 0 24. 69 3.9 86.66 13.26
S. America —70.732 145. 229 0.207 1 3.16 11.19 0.0253 11. 22 3.05 85.61 21. 8
NNR-NUVELIA —49.171 88. 475 0.192 4 2.33 5.55 0.027 2 5.57 2.28 .21

The covariance matrix of the trend-only solu-
tions for the correction vector for the NNR-NU-

VELI1A angular velocities in Cartesian coordinates

in units of 10 ' rad> Ma * is

2

(qu Gmxu)y o'wxuiv 4475 *886 755
o o owo | =| —88.6  711.1 —965.8
G, Oue, O, —4.5 —965.8 1727.

4.3 Net Rotation of the Lithosphere

The plate motion model NNR-NUV ELIA,
consistent with the relative motion model N U-
VELIA, is defined in the mean lithosphere frame
in which there is no net rotation of the litho-
sphere. Our model shows (cf. Tab.2 and Fig.4),
the NNR-NUVELIA has a rotation of Q 198 3/
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Fig. 4 Net Rotation of the Lithosphere with Respect to the Deep Mantle

Ma about 49 423’S, 90 625 E, indicating the lith-
osphere has a net rotation this large. It follows
that a significant difference exists between the
mean lithosphere frame and the hotspot frame, the
maximum velocity between the two reference
frames being as large as 22 1 mm/a, which mostly
occur in the Pacific. We are quite confident our es-
timation of the net lithospheric rotation is not
strongly biased by improperly selecting/weighting
a datum. Our net rotation of the lithosphere is
comparable to the values of Q@ 15/Ma about a pole
at 56'S, 84°E derived by [ 33] using 5 observed ve-

locities and 14 observed azimuths, and of Q 232"/

Ma about 48 7°S, 80 9 E, predicted by Harper

I’ including the net torque exerted by the

mode
subducting slabs on the lithosphere without con-
sidering any extra drag beneath continents. Our
newly determined net rotation is also more close to
Chase "value'” of Q 217/Ma about 48 2'S, 80 O'E,

as cited in [ 34], and comparable in magnitude to

the value of Q 2°/Ma about 53. 8°S, 100 2°E pre-

[35]

dicted by Solomon and Sleep'™ regarding all of the
drag at the base of the lithosphere concentrated
beneath continental regions. Our value can be also
favorably comparable to the AM1-2 rotation of
Q 26’ /Ma around 54°S, 66 E'? and the Cocks-
worth ’ predicted value of 0. 252°/Ma about 59°S,

48°E, as reported in [ 5] .

5 Discussions

As shown in column 8 of table 1, the geomet-
ric contribution of a datum to the plate motion
model differs numerically from one data type to
another and from datum to datum. For rates the
geometric contributions vary in a small range, a-
round one Earth s radius; by contrast, for trends
the differences in geometric contribution are sig-
nificant, ranging from 70 to 760 Ma. Obviously,
the geometric contribution values for the trends in
the Pacific hemisphere are small compared to those
in the Indo-A tlantic hemisphere. Hence, the trend
data for the Indo-Atlantic hemisphere are expected
to play a more important role in defining the glob-
al hotspot frame. To verify this, we use a small
data subset consisting of only 7 Indo-A tlantic
trends (St. Helena, Tristan, Vema Reunion,
Prince Edward, Discovery, Kerguelen) to invert
the angular velocities of plates, with the results
shown in table 4. Interestingly, the angular veloc-
ities thus obtained are well compatible with those
obtained from the whole data set on the 95%
probability (c¢f. Tabs.2, 4) in light of ¥1=0. 035
< F34005=6.59, and Y2= Q 265< F325.005 =
2 99. In other words, the angular velocities from
these 7 trends are inside the 95% confidence ellip-

soid of those from the whole data set. It follows
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Tab. 4 Angular Velocities Obtained from 7 Trends in Indo- Atlantic Oceans

Angular Velocity

Standard Deviation

Error Ellipse Rms V elocity

Plate °N E ow () Ma ) o O o/ ) o/ (C) cMa ) o, /C) o/ /) (mmcah
Africa 47.530  —43.682 0.097 5 2.20 3.20 0. 008 6 3. 68 123 121.68 9.47
Antarctica 44.229 145. 552 0.085 4 5.56 3.6l 0. 004 2 6. 13 2.53 27.39 7.38
A rabia 30.822 15. 072 0.457 8 0.87 0.77 0. 005 0 1.08 0.4 139.70 26. 16
Australia 18.579 4. 681 0.650 2 0.70 0.51 0.002 7 0. 80 0.34 148.56 65. 54
Carbbean —44.466  —102.417 0.088 8 5.42 4.30 0.002 8 5.91 3.59 30.27 9. 44
Cocos 20.607 —118.513 1.3445 0.26 0.24 0. 006 2 0.31 0. 15 41.34 67.97
Eurasia 24.983  —175. 120 0.066 0 6.41 4.82 0. 004 6 7. 86 1. 62 36.21 6. 86
India 30.453 19. 533 0.466 2 0.87 0.76 0. 004 7 1. 07 0. 43 140.32 42.02
Juan de Fuca —35.122 64. 783 0.845 1 0.30 0.42 0.007 5 0. 47 0.21 119.19 22.93
N azca 47.015  —104. 241 0.543 8 0.28 0.74 0. 008 4 0.75 0.26 81.17 55. 64
N.America —65.095  —81.289 0.178 1 2.45 3.12 0.005 1 3. 24 2.29 67.74 15. 89
Padfic —59.932 102. 391 0.836 6 0.16 0.54 0. 008 9 0.55 0. 13 80.02 83. 90
P hilippine —47.908  —25.828 0.952'5 0.47 0.37 0. 004 7 0.56 0.22 144.92 60. 84
Rivera 17.276  —108. 251 1.810 4 0.20 0.16 0. 006 2 0.2 013 34.86 17. 61
Scotia —81.49%4 —142.933 0.228 0 1.07 9.30 0.007 3 9.31 1. 04 88.62 14. 49
S. America —69.069 144. 254 0.216 9 1.02 2.82 0.008 5 2. 84 0.9 84.57 22.91
NNR-NUVELIA  —49.146 91. 485 0.202 0 0.67 1.87 0. 008 8 1.87 0. 66 86.48

that the global hotspot reference frame is almost
completely defined by the Indo-A tlantic hotspots
whose surface traces have very low progression
rates.

As seenin table 1, the rate misfit, or the ob-
served — modeled rate for Hawaii is as large as
(22 7£5. 2) mm/a, demonstrating the inconsist-
ency of the Hawaii hotspot with the Indo-Atlantic
hotspots. Knowing that the hotspot reference
frame is defined essentially by the Indo-Atlantic
hotspots as mentioned in previous section and that
missing plate boundaries and other errors in the
plate circuits only play a small role in the hotspot
inconsistency'" , the misfit of (22 7435 2) mm/a
possibly quantify the relative motion of the Ha-
the

hotspots'”, also likely reflect southward motion

wallan hotspot relative to Indo-Atlantic
of the Hawaiian- Emperor hotspot relative to the

o 1118
Pacific plate between 81 and 43 Ma'""
seen from table 1, the rate misfit for Foundation is

(—13 5+8 5) mm/a. The APM2 rate of the Pa-
cific plate over the Louisville hotspot (50 5 S,

.Also, as

139. 2 W from[ 36] ) is (79 4 = 1. 4) mm/a, the
measured rate is (64.14+1) mm/a ", the differ
ence being (—15 31 7) mm/a. The minus re-
siduals of observed rates for these two hotspots
likely manifest themselves as southeastward mo-
tions of the hotspots in central and south Pacific
Ocean, probably connected with a “demi-tour” or
U-turn of mantle flow west of the East Pacific
Ridge, shifting the mantle upwelling center east-
ward " .

The rate misfits for the Pacific hotspots in-
volved, ranging form (22 745 2) mm/a for the
Hawaii in north Pacific to (—13 548 5) mm/a
for Foundation in central Pacific, roughly corre-
late positively with the latitude and negatively
with the longitude of the hotspots (cf.Fig.5), im-
plying that the relative motions of the Pacific
hotspots relative to the Indo-A tlantic hotspots are
spatially progressively slow dow n from northwest
to southeast. This tends to disagree with the of-
Hawaii and Louisville

ten-cited view that the

hotspots have been stationary with respect to one
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another since 65 Ma "™ or for at least the past 21

Ma ™ . The difference in rate misfit of (38 0+
5 5) mm/a between Hawaii and Louisville strong-
ly supports the view that the Pacific hotspots have

an incoherent motion at least for the past 8§ Ma.

6 Conclusions

The primary conclusions of this study can be
summarized as follow s:

(ID)Two reference frames have been involved
in inversion. One is the hotspot frame assuming
the hotspots are fixed with respect to each other;
the other is the no-netrotation frame requiring
there be no net-rotation of the lithosphere. The
angular velocities of a plate can be transformed be-
tween the two frames by a linear vector equation.

(2)Knowing the hotspots move, we cannot
choose but to use the fixed hotspot frame to esti-
mate the plate motion. An attempt has been made
to define a mean hotspot (or mesosphere) refer-
ence frame in terms of more globally distributed
hotspots. Eventually, it was found that the mean
hotspot frame is almost completely defined by the
trends of the Indo-Atlantic volcanic chains which
have low progression rates, and that the Pacific
hotspots only play a very small role in defining the
reference frame.

(3)The model APM2 has been achieved using

a data set containing 8 rates and 20 trends, with

the NNR-NUVELI1A as the initial model. The so-
lution is found to be very stable and robust against
the observations. The model is compatible with the
trend-only, even with the 7 Indo-A tlantic trend-
only solutions, on the 95% probability . The model
APM2 is characterized on the whole by slow mo-
tions, favorably comparable to other models.

(4)The model APM?2 again warrants the often-
published conclusions: D plate velocity correlates
negatively with the continent area; @plate velocity
correlates positively with the fraction of the bounda-
1y being subducted; @plate velocity correlates posi-
tively with the geographic colatitude.

(5)A's a useful by-product, the net-rotation of
the lithosphere has been achieved with the rate be-
ing (0. 198 3° £0. 013 5)/Ma and the pole at
49 423°S, 90 625 E, which are close to the pub-
lished figures in literature.

(6) It has demonstrated that the hotspot
tracks in the Pacific Ocean are inconsistent with
those in the Indo-A tlantic Ocean. The misfits of
the progression rates of volcanism in the Pacific O-
cean exhibit roughly a positive correlation with the
latitude and a negative correlation with the longi-
tude of the hotspots, showing that the Pacific
hotspots involved have incoherent motions at least

during the period of the study.
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