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现今绝对板块运动

魏 子 卿
(西安测绘研究所 ,陕西 西安 710054)

摘要:根据热点假设 , 热点对于中间层是固定的。相对热点的板块运动叫做绝对板块运动。绝对板块运动模型

可以通过反演火山链传播的速率和走向数据以确定相对板块运动在角速度空间的原点来得到。利用一组近来

(0 ～ 7.8 Ma)全球分布的热点的迁移速率和走向数据 , 结合板块运动模型 NNR-NUVEL1A , 已研制出一个叫做

APM2 的现今绝对板块运动模型。按照该模型 , 太平洋板块围绕 60.063°S 、102.210°E 处的极以(0.833 0°±

0.013 3°)/Ma 的速率运动 ,非洲板块围绕 46.849°N 、44.372°W 的极以(0.101 5°±0.013 4°)/Ma的速率运动 , 南

极板块的运动则以 46.871°N、146.942°E 为极 , 速率为(0.084 6°±0.017 7°)/Ma , 欧亚板块的运动更慢 , 极为

27.291°N 、171.925°W , 速率为(0.065 5°±0.020 6°)/Ma。这一模型表明 , 岩石圈相对深部地幔有一个以

49.423°S 、90.625°E 为极 ,速率为(0.198 3°±0.013 5°)/Ma的净旋转。表明太平洋热点同印度—大西洋热点不

一致 , 显示太平洋热点的运动也不一致。为了分析和比较 , 还给出了仅用全球分布的热点的走向数据和仅用印

度-大西洋热点的走向数据得到的板块绝对运动的角速度。

关键词:绝对板块运动;热点;热点参考架;无净旋转参考架;岩石圈的净旋转
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Current Absolute Plate Motions

WEI Zi-qing
(X ian Research Insti tute o f S urveyin g and Mapp ing , X ian 710054 , Shaan xi , China)

Abstract:The plate motions w ith respect to the ho tspo ts , which are fix ed relative to the meso sphere according to

the ho tspo t hypothesis , are ca lled absolute.The abso lute plate mo tion model can be achieved by inver ting the data

set of the propagation r ates and/ o r trends of v olcanic chains to determine the origin in the angular space for the

re lativ e plate mo tion.A current absolute plate motion model designated as APM2 has been developed using a data

set of migr ation r ate s and trends of recent(0 ～ 7.8 Ma)g lobally distributed ho tspots tracks in conjunction with

the plate mo tion model NNR-NUVEL1A.Acco rding to this model , the Pacific plate is moving a t a rate o f

(0.833 0°±0.013 3°)/Ma about a pole a t 60.063°S , 102.210°E;Africa has a mo tion of(0.101 5°±0.013 4°)/

Ma about 46.849°N , 44.372°W;Antarctic has a mo tion o f(0.084 6°±0.017 7°)/Ma about 46.871°N , 146.942°E;

Eurasia has an even slower motion of(0.0655°±0.0206°)/Ma about 27.291°N , 171.925°W.The model show s

that the litho sphere has a ne t rota tion o f(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 w ith the Indo-Atlantic ho tspo ts.Also , it

is show n that the Pacific ho tspo ts involved appear do no t have a coherent mo tion.Fo r analysis and comparison ,

this paper also gives the angular v elocities of absolute pla te mo tions obtained from only trend data fo r g lobal

distributed ho tspo ts and from only trend data fo r only Indo-Atlantic ho tspo ts.

Key words:abso lute plate mo tion;ho tspo ts;hotspo t reference frame;no-net-rota tion refe rence f rame;net rota tion

of the lithosphe re

0　Introduction

A number of absolute plate mot ion models
[ 1-5]

have been developed based on the hotspot hypoth-

esis
[ 6-7]
, by inve rting the data set of the propaga-

tio n rates and/or t rends o f volcanic chains to de-



termine an o rigin in the angular veloci ty space for

the relative plate mo tion.In terms of the w ay the

hotspot data are utilized , abso lute plate models

may be g rouped into tw o categ ories:the fi rst cate-

go ry , to w hich the model AM1
[ 5]

belong s , use only

t rend data;the second catego ry , including AM1-

2[ 2] , HS2-NUVEL1[ 4] and HS3-NUVEL1A[ 5] , em-

ploy bo th trends and rates , generally just spanning

a sing le hemisphere (e.g.the Pacific hemisphere).

The AM 1-2 and HS2-NUVEL1 share the same

dataset consisting of 5 rates and 9 trends over the

Pacific , Coco s and Nazca and North America;the

HS3-NUVEL1A uses a recalculated set of data

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

ly span the Pacific hemisphere.Mǜller et al devel-

oped the revised plate motions relative to the

hotspots by combining the hotspot t racks in the

A tlantic and Indian Oceans w ithout using those in

the Pacif ic Ocean
[ 8]
.

We have found that the speed as w ell as the

direction of plate motion for the same plate may

dif fe r significantly f rom one model to ano ther.For

example , fo r Eurasia some models show a clock-

w ise rotation , while o thers anti-clockw ise;the

sim ilar situation occurs fo r Africa and other

plates.This puzzling problem is likely to be relat-

ed to the geometry of hotspot tracks used by indi-

vidual autho rs. It i s conceivable that if the

hotspots w ere f ixed wi th respect to one another

and if the relative motion model w as right the

hotspots situated on one single plate w ould be ade-

quate for determining the absolute plate mo tion.

However , the ho tspo ts are in fact no t fixed wi th

respect to each o ther , and furthermore , the hots-

pot tracks on the Pacif ic pla te are no t consistent

w ith those on the Indo-A tlantic Oceans[ 9] , so the

absolute mo tion model is st rongly ho tspo t depend-

ent.I t w ould be desirable for achieving a be tter ab-

so lute plate mot ion model to use a set o f w ell-dis-

t ributed ho tspot t racks , bo th in the Indo-Atlant ic

hemisphere and in the Pacific hemisphere , but , as

show n later on , the global refe rence f rame is es-

sentially defined by the Indo-A tlantic ho tspo ts.

The rates and trends o f ho tspo t mig ration are

t ranslated to the absolute plate mo tion in a di ffer-

ent manner.The rates are more sensi tive to the

speed , while the t rends are mo re sensitive to the

direction of plate mo tion ,but less to the episodici-

ty and nonlineari ty o f the mot ion , which may occur

fo r some plates[ 10-12] .Natural ly , i t w ould be better

to use the rates and trends tog ether rather than

ei ther kind of data alone;this is the w ay w e are

t rying to do.In an at tempt to so lve the puzzle

mentioned above an abso lute plate mo tion model is

developed in this paper by using the rate and trend

data associated w ith bo th the Pacif ic and the Indo-

Atlant ic ho tspo ts.We address the reference f rames

in Section 1 ,describe the data and methodo logy in

Sections 2 and 3 , and present the resul ts and give

discussions in Sect ions 4 and 5.The paper is con-

cluded in Section 6.

1　Reference Frames

T radi tionally the hotspo t reference f rame has

been used to measure the abso lute motion of the

pla tes
[ 13]
, which is based on the assumption that

the hotspots are fix ed relat ive to the meso sphere

and that the t rends and the age prog ressions of the

linear island ref lect the motion of the ove rly ing

litho spheric plate relative to the hotspots.The

fix ity of the ho tspo ts has been tested by nume rous

investig ato rs(e.g.[ 14-17] among o thers).Stud-

ies show that the ho tspo ts in the At lantic and In-

dian Oceans have no significant mo tion (less than 5

mm/a) between the se plumes[ 8 , 15-17] , thus can

served as a coherent Indo-Atlantic hotspot refer-

ence f rame.Howeve r , studies also show the Ha-

waiian hotspot has mig rated south at a rate of o ver

40mm/a fo r the period f rom 81 to 47 M a ago[ 18] .

Moreover , i t has long been aw are that there is a

large misfit between observed and hypo thetical Pa-

cific hotspot t racks predicted in a reference f rame

fix ed to At lantic and Indian Ocean hotspots , and

vice ve rsa
[ 9]
.A s Divenere et al

[ 19]
demonst rated ,

the o ften-cited East-West Antarctic motions can-

no t account fo r the apparent motion be tw een the
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Hawaiian-Emperor ho tspo t and the Indo-Atlant ic

hotspots , and it i s concluded that the inter-hemi-

sphe ric relat ive mo tion betw een the Indo-Atlant ic

hotspots and Pacific hotspots(at least the Hawai-

ian-Empero r hotspot)appears likely .If this is the

case , the hotspots w ill not def ine a fixed reference

f rame on the global scale.Nevertheless , todays

state-of-ar ts const rain us to choose the ho tspo t

refe rence f rame to measure the abso lute mot ion o f

the plates even though it is merely a quasi-fixed

refe rence f rame.We believe the non-f ixity of the

hotspots wi ll not jeopardize the conclusions to be

draw n.So in this study we still use the ho tspo t

f rame as a basic f rame , and try to use the Pacif ic

as wel l as the Indo-Atlantic hotspots to define the

hotspot reference frame.

As pointed out earlier that the key point o f

de riving the absolute plate mo tion model is to in-

vert the hotspot t rack data to determine the o rigin

in the angular velo city space fo r the relative plate

motion.The relative plate mo tion model is usually

const ructed in the no-net-ro tation f rame (Also

known as the mean-litho sphere f rame) defined

such that it yields a ze ro for the integ ral of v×r

ove r the Earths surface , where v i s the plate ve-

loci ty at posi tion r;sign × deno tes vector cross

product(cf.[ 20]).It is w o rthw hile to note that

the no-net-rotation f rame i tself is not fix ed relative

to the mesosphere , instead drif t along w ith the

lithosphe re.

Let ωh be the angular veloci ty vector o f a

plate in the hotspot f rame , ωn the angular v elo city

vecto r of the plate in the no-ne t ro tation f rame ,

and ωnr the net ro tation veloci ty vector of the li th-

osphere in the hotspot f rame , we can w rite out the

relation among the three vecto rs

ωh =ωn +ωnr (1)

　　On the basis o f equation (1), we can readily

obtain the fo llowing relations betw een the rotation

vecto rs (po le φ, λand angular veloci ty ω)of a

plate in the tw o frames

　　ωh={ω
2
n+ω

2
nr+2ωnωnr [ sin φnsin φnr+

co s φncos φnrcos(λn-λnr)]}
1
2 (2)

　　sin φh=
ωn
ωh
sin φn+

ωnr
ωh

sin φnr (3)

　　tan λh=
ωnco s φnsin λn+ωnrcos φnrsin λn r
ωncos φnco s λn+ωnrcos φnrcos λnr

(4)

where ωh , ωn and ωnr are respectively the mag-

nitude of angular velocity o f a plate in the hotspot

and in the no-net-rotation f rame and o f the net ro-

tat ion of the lithosphere;λn , φn are the longi tude

and lati tude o f the ro tat ion po le of a plate in the

no-net ro tat ion f rame;λnr , φnr are the longi tude and

lati tude of the pole of the net rotation of litho-

sphere in the hotspot f rame.

2　Data

To de rive the current absolute plate mo tion

model , we use the young hotspot data in conjunc-

tio n w ith the relative plate model N UVEL1-A ,

which averages plate mo tion over a time span less

than ≈3.2 Ma
[ 21]
.We confine ourselves to use the

hotspot data spanning fo r a ≈7.8 M a time inter-

val , so that by the current absolute plate mo tion

we mean the plate mo tion spanning less than 7.8

Ma BP w ith respect to the hotspot reference

f rame.Considering many tectonic events took

place from 4 M a to 8 M a , such as slow dow n in

spreading rate along southern mid-Atlantic Ridge

in 8 ～ 4 M a[ 22] and changes in African absolute mo-

tio n at 6 M a[ 23] , it w ould be less meaningful to talk

about the current plate motion w hen averaging the

pla te mo tion over more than fo r ex ample 8 M a.

The ho tspo t data w e used are listed in

table 1 , including 8 rates and 20 trends invo lving

20 hotspot t racks ,distributed on 7 plates ove r bo th

the Pacific and the A tlantic hemispheres as show n

in figure 1.Amongst these 2 rates and 11 trends

are quo ted f rom [ 5] in constructing the model

HS3-NUVEL1A which ave rages the plate mo tion

over the past ≈5.8 M a , and the remaining data ci-

ted f rom other li teratures.It should be pointed out

that modifications have been made fo r some rates

to accommodate them to a 7.8 Ma time inte rv al.

Fo r example , for the Aust ral 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

Hotspot P la te
Location

°N °E

Observed

±1σ

Modeled

±1σ

Obse rved-

Modeled

Geomet ric

Cont ribution
Y 1 Y 2 Re ference

　Ra tes/(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 [ 5]

Societ y 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 T hi s paper

M arque sa s PAC - 9.59 -139.37 101.3±17.5 92.3±1.4 9.0±17.6 6377.5 0.000 3 0.000 3 [ 25]

A ust ra l Island PAC -29.00 -140.00 92.8±9.8 90.5±1.5 2.3±9.9 6373.1 0.000 2 0.000 2 T hi s paper

St.Helena Island AFR -16.38 -9.01 11.6±1.4 10.7±1.4 0.9±2.0 6376.4 0.80 0.25 T hi s paper

T ristan AFR -37.20 -12.30 16.0±5.0 11.3±1.5 4.7±5.2 6370.4 0.014 0.013 T hi s paper

V ema AFR -32.00 8.50 16.0±5.0 11.3±1.5 4.7±5.2 6 372.2 0.014 0.013 T hi s paper

T rends/(°)

Hawaii PAC 20.65 -156.91 303.5±6.3 302.2±0.9 1.3±6.4 74.8 0.000 1 0.000 1 [ 5]

Societ y PAC -17.33 -149.95 292.6±7.8 298.6±1.1 -6.0±7.9 69.2 0.001 9 0.001 9 [ 5]

F oundation PAC -37.75 -110.80 297.0±10.0 286.1±1.4 10.9±10.1 70.2 0.003 9 0.003 8 T hi s paper

M arque sa s PAC - 9.59 -139.37 310.0±12.3 296.1±1.2 13.9±12.4 69.1 0.001 9 0.001 8 [ 5]

M acdonald PAC -28.31 -142.31 291.0±8.7 297.5±1.3 -6.5±8.8 70.5 0.001 9 0.001 8 [ 5]

Pi tcairn PAC -25.21 -129.59 289.1±35.9 293.2±1.3 -4.1±35.9 69.0 0.000 0 0.000 0 [ 5]

Samoa PAC -14.19 -170.74 283.2±11.2 300.9±0.9 -17.7±11.2 70.8 0.002 5 0.002 7 [ 5]

Easte r N AZ -27.11 -110.06 98.6±31.7 94.4±2.2 4.2±31.8 108.9 0.000 0 0.000 0 [ 5]

Ga lapagos N AZ -0.54 -90.83 121.3±40.9 78.2±2.6 43.1±41.0 139.1 0.000 7 0.000 7 [ 5]

Juan Fernande z N AZ -33.73 -80.45 86.4±14.0 74.2±2.0 12.2±14.1 105.5 0.002 3 0.002 3 [ 5]

M artin Vaz SAM -20.49 -29.09 264.9±52.7 268.1±3.5 -3.2±52.8 268.1 0.000 0 0.000 0 [ 5]

Ye llowstone N AM 44.38 -111.05 241.0±23.8 256.0±6.6 -15.0±24.7 344.9 0.005 1 0.004 7 [ 5]

St.Helena AFR -16.38 -9.01 64.0±10.0 65.2±5.8 -1.2±11.6 597.9 0.001 6 0.001 2 T hi s paper

T ristan AFR -37.20 -12.30 70.0±10.0 68.7±6.1 1.3±11.7 564.4 0.002 1 0.001 5 [ 23]

V ema AFR -32.00 8.50 60.0±10.0 56.9±5.4 3.1±11.4 564.6 0.008 0 0.006 1 [ 23]

Reunion AFR -21.20 55.70 45.0±10.0 43.4±9.3 1.6±13.7 608.4 0.018 0 0.007 0 [ 23]

P rince Edward AFR -43.10 37.50 38.0±15.0 41.6±6.4 -3.6±16.3 623.6 0.002 4 0.002 0 [ 23]

Discove ry AFR -42.50 -2.00 65.0±15.0 62.3±5.8 2.7±16.1 568.2 0.001 1 0.000 9 [ 23]

Kerguelen AN T -49.00 69.00 140.0±15.0 138.7±11.4 1.3±18.8 761.0 0.002 1 0.001 1 [ 26]

Ga lapagos COC -1.00 -92.00 45.0±15.0 41.5±1.0 3.5±15.0 76.7 0.000 0 0.000 0 [ 1]

　T he Meaning s of Y 1 and Y 2 are Shown in Equat ion 11

variable , on distance X f rom M acdonald to

Raivavae , the follow ing equation being obtained

Age(Ma)=(0.010 770 322±0.001 134 551)X +

(0.000 007 512±0.005 418 091)

the reby achieving a rate of 92.8 mm/a , w ith a

standard deviation of 9.8 mm/a.

For the Tristan and Vema hotspots , we uti-

lize the rates given by Pollit z[ 23] , but subtracted

by a southw esterly shif t o f 8 mm/a , which is the

dif ference betw een the pre-6 Ma and post-6 M a

African absolute plate mot ions evaluated at 6 M a

by Pollit z[ 23] .

Fo r the Foundation chain , we regress age

(≤7.7 Ma)on the distance (700 km)betw een

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 wi th a standard

deviat ion of 8.4 mm/a.

For the St.Helena Island , we use the age da-

ta (≤7.8 M a)of the seamounts Jo sephine and

Benjamin in [ 28] , obtaining a rate o f 11.6 mm/a

w ith a standard deviation of 1.4 mm/a.

In our inve rsion , each hotspot datum is as-

signed a standard er ro r based on i ts uncertainty .

For the data in [ 5] , the unce rtainties are objec-

tively determined from the dispersion o f v olcano

age and locat ion;for o ther published data quo ted

here , the trends w ere obtained from bathymetric

char ts[ 1-2] , among which some maybe involv e the

averaging interval g reater than 7.8 M a , and we re

subjectively assigned an uncer tainty of 10°or 15°.

As our resul ts show later on , the uncertainties are

in general go od approximat ions to their standard

erro rs , but probably most tend to be conse rv ative-

ly estimated.

In column 8 o f table 1 listed is a quant ity ,

“geometric contribution(GC)” , defined as

GC =
 d
 ωx

2

+
 d
 ωy

2

+
 d
 ωz

2

(5)

to measure the ro le played by a datum d in de ter-

mining the plate motion model , where in radical

sign is the sum o f the partial derivat ives squared o f

the datum w ith respect to the x-, y and z compo-

nents o f angular velocity ω.The units a re in km

for rate and in Ma for t rend.The quant ity is simi-

lar in concept to the “ impo rtance” 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 t rends but 4(Foun-

dation , Marquesas , Galapagos and Samoa)lie wi thin

their prescribed uncertainties;all the 8 modeled rates

but 3(Society , Foundation and Haw aii on the Pacific

plate)lie within their respective uncertainties , while

Hawaiian rate lies far beyond its uncertainty , at tribu-

ted to either large dating error or most likely the rela-

tive motion betw een hotspots.Fortunately , they all

pass the model robustness check , which w ill be de-

scribed later on , as show n in table 1(See itemsY 1 and

Y 2), 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-

fixi ty and non-rigidity of the hotspot f rame due in par-

ticular to the inconsistent motions between the Pacific

and Atlantic hotspots.

3　Methodology

The obse rv ation data are inverted to estimate

the angular veloci ties o f plate motion relat ive to

the ho tspo ts by minimizing the fo llow ing quant ity

using an i terative , weighted least square proce-

dure
[ 5 , 29]

χ
2
=∑

N

i=1

d
obs
i -d

cal
i (ω)
σi

2

(6)

where d
ob s
i is the i th datum (rate o r t rend);d

cal
i (ω)

is it s value calculated f rom a prio ri mo tion model
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ω, which consists of the rotation vectors describing

the mo tion of each plate relat ive to the hotspots;σi

is the standard erro r assigned to the i th datum and

N i s the to tal number o f data.d
cal
(ω)can be ex-

pre ssed by

v = v
2
n +v

2
e 　　fo r rate (7)

A =arctan ve

vn
　　fo r t rend (8)

w ith

v n=rsin λωx -rcos λωy (9)

ve =-rsin φcos λωx -rsin φsin λωy +rcos φωz (10)

where vn , ve are the respective no rthing and east-

ing components of linear velocity o f a point of in-

terest w ith spherical co ordinates r(radius), φ(lati-

tude)and λ(longitude);ωx , ωy , ωz are the geocen-

t ric Ca rtesian x-, y- and z components o f angular

velocity respectively.

The model NN R-NUVEL1A[ 21] was used as

the a priori plate mo tion model in the inversion.

The model is a set of angular velocit ies , consistent

w ith the rela tive plate mot ion model N UVEL-

1A
[ 21 , 29]

, o f the plates in a reference f rame in

w hich there is no net rotation of the litho sphere.

In o rder to speed up the convergence of inversion ,

the NN R-NUV EL1A velo cities are first appro xi-

mately rotated into the hotspot refe rence f rame by

using the Pacific o r(but not and)A frican plate ro-

tation in a mean mant le reference f rame given by

[ 30] (This is preferable , but not mandatory).In

o ther w ords , the inversion is practically initia ted

using the “absolute” Pacif ic(or African)velocity .

The parameters solved fo r are three components o f

the co rrection vecto r for angular velo city vecto r o f

the Pacific (o r African), o r equiv alent ly of any

o ther plates.At this point it is important to no te

that the co rrection vecto r fo r the NNR-NUVEL1A

velocities to be achieved is no thing else than the

net ro tation of the lithosphere(cf.Equat ion 1).

We achieve the final solutions for angular veloci ties

relative to hotspots by adding the correction vector

thus obtained to the NN R-NUVEL1A velocities for

each plate.It is found that the inversion is rather

rapidly converg ed fo r w hich the criterion is specif ied

such that the absolute value of increment co rrection

fo r each of three components of angular velocity

should be less than 0.000 01″/Ma.

We estimate unce rtainties in angular velocity

relative to hotspots by linear propagation of er-

rors , neg lecting small erro rs f rom the NUVEL1-A

relative plate angular velocities.T he erro r ellipses

fo r ro tation poles a re obtained based on the covari-

ance matrix of co rrect ion angular veloci ties.

To check the robustness o f our model , we

compare the correction vector for the NN R-NU-

VEL1A veloci ties f rom the w hole da ta set w ith the

alternative cor rection vecto r for the NN R-NU-

VEL1A de rived by removing one datum and re-in-

verting the remaining data.Let Δωdenote the

co rrection vector , Δω′the al ternative correction

vecto r , C
-1
Δω and C

-1
Δω′ the est imates of respect ive co-

variance matrices for Δωand Δω′, the fo llow ing

stati stics are defined

Y 1 = 1
u
(Δω′-Δω)T C

-1
Δω′(Δω′-Δω)

Y 2 = 1
u
(Δω-Δω′)T C

-1
Δω(Δω-Δω′)

(11)

where Y 1 and Y 2 have a Fisher dist ribution F u, m-u , α

at a given signi ficance level αwith u deg rees of

f reedom and m observ ations.In the comparison of

Δω′and Δω, if Y 1 <F3 , 24 , 0.05 =3.01 , then Δω′is

inside the 95% conf idence ellipsoid of Δω, and

considered to be compatible w ith it on the level of

95% probability.Likew ise , if Y 2 <F3 , 25 , 0.05 =

2.99 , then Δωi s inside the 95% conf idence ellip-

soid of Δω′, and considered to be compat ible w i th

it on the level of 95%probabili ty.If bo th Δω′and

Δωa re compatible w ith each o ther on the level of

95%probability , then w e are qui te 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 f rom the global solu-

tio n achieved from both rates and trends , we wi ll

also present the t rend-only so lution wi th omitt ing

all ra tes to further demonst rate the robustness of

our model f rom the w hole data set(See below).
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4　Results

The data set in table 1 w as inverted to achieve

a co rrection vector for the NNR-NUVEL1A angu-

lar veloci ties , and , in turn , a set o f angular veloci-

ties of plates relative to hotspots by adding the

correction vector to the NNR-NUVEL1A angular

velocity vector s fo r individual plates.In the col-

umns 9 and 10 of table 1 listed are Y 1 and Y 2 val-

ues as obtained by omit ting the datum in the cor-

responding row.Notice that bo th Y 1 and Y 2 are

much smaller than the cri tic values given above ,

implying that removing a sing le datum will no t

cause any significant change in the so lution at a

significance lev el 0.05;even the t rend-only solu-

tio n (See below)w ith all rates omit ted is sti ll

compat ible wi th the f inal 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 abso lute plate mo tion model achieved u-

sing the w ho le data set , designated as APM2 ,

consists of a set o f angular velo cities in the hotspot

f rame , which are tabulated in table 2 and illust ra-

ted in figure 2.
Tab.2　Angular Velocities for the Model APM2

P late
Angular Velocity

　°N 　°E ω/((°)·Ma-1)

Standa rd Deviation

σφ/(°) σλ/(°) σω/((°)·Ma-1)

Erro r Ellipse

σmax/(°) σmin/(°) ζm ax/(°)

Rms V elocity

(mm · a-1)

A frica 46.849 -44.372 0.101 5 9.41 12.70 0.0134 14.47 6.36 122.27 9.86

A nt arctica 46.871 146.942 0.084 6 9.54 13.48 0.017 7 13.67 9.27 103.01 7.11

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 ust ra lia 18.776 43.344 0.650 3 1.36 1.54 0.013 6 1.69 1.17 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

Coco s 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

N azca 46.976 -103.824 0.547 0 1.02 3.05 0.014 4 3.05 1.01 92.67 55.94

N .America -63.819 -80.173 0.177 6 4.02 14.36 0.012 4 14.36 4.01 88.88 15.99

P acif ic -60.063 102.210 0.833 0 0.81 2.69 0.013 3 2.72 0.69 80.66 83.53

P hilippine -47.681 -25.997 0.953 0 0.86 1.12 0.018 2 1.14 0.84 76.62 60.50

Rive ra 17.319 -108.156 1.8133 0.37 0.65 0.013 2 0.66 0.35 101.36 30.50

Sco tia -81.301 -136.758 0.226 0 4.20 27.69 0.012 2 27.78 3.54 94.71 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

N NR-NUVEL1A -49.423 90.625 0.198 3 3.06 8.89 0.013 5 8.97 2.80 81.72

　　The covariance matrix of the co rrect ion vector

for the NNR-NUVEL1A angular velocities in Car-

tesian coo rdinates in units o f 10-10 rad2 Ma-2 is

σ
2
ω
x

σω
x
ω
y
σω

x
ω
y

σω
y
ω
x
σ
2
ω
y

σω
y
ω
z

σωzωx σωyωz σ
2
ω
z

=

1 221 .6 -63.1 -292 .2

-63 .1 366.7 -99 .8

-292 .2 -99.8 529 .9

The model APM2 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 (0.101 5°±

0.013 4°)/Ma about a pole at 46.849°N , 44.372°W;

Caribbean is moving at a rate of (0.089 2°±

0.009 8°)/Ma about a pole at 42.303°S , 100.130°W;

Antarctic has a motion of (0.084 6°±0.017 7°)/Ma

about a pole at 46.871°N , 146.942°E;Eurasia has an

even slower motion of (0.065 5°±0.020 6°)/Ma
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AFR-African;ANT-Antarctic;ARB-Arabian;AUS-Aust ralian;CAR-Caribbean;COC-Cocos;EUA-Eurasian;IND-Indian;JDF-Juan

de Fuca;NAM-North American;NAZ-Nazca;PAC-Paci fic;PHL-Philippine;RIV-Rivera;SCO-Scotia;SAM-South American;N1A-

NNR-NUVEL1A;Mercator Projection;Velocities are in mm/ a;Poles of Plates(Solid Ci rcle)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 veloci ty over the globe is

46.94 mm/a.The rms veloci ties fo r each plate are

listed in last column o f 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 o f plate boundary that is at tached to a

subducting slab , respect ively.

Our model again w ar rants the of ten-published

conclusions(e.g.[ 2] ):①plate velo city co rrelates

negatively wi th the continent area;②plate v elo city

correlates posi tively wi th the f raction of the

boundary being subducted;③plate velo city corre-

lates posit ively wi th the geog raphic cola titude.

Fig.3　Plate Parameter Plotted Against Rms Velocity

The comparison of the APM 2 w ith other mod-

els may be out lined as follow s:Our Pacif ic mo tion is

ag reeable to the model AM 1
[ 1]

of 0.84°/Ma about a

pole at 67.3°S , 120.6°E;Our African mo tion is

fai rly 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 Afri-

can motion is also close to the Model A in [ 32]

where the rotation ang le during 10 M a is 1.0°a-

round a stage pole at 52.0°N , 16.3°W.

Our South American veloci ty is close to the

model AM 1[ 1] of a pole at 61.7°S , 173.9°W and a

ro tation rate o f 0.20°/Ma , and it also may be com-

pared w ith model P073
[ 3]

w ith a pole at 70.7°S ,

131.3°W and a rotation rate o f 0.232°/Ma.

In the comparison o f the APM 2 with the

HS3-NUVEL1A
[ 5]

we have Y 1 =94.9 F 3 , 10 , 0.05=

3.71 , and Y 2 =9.8 >F3 , 25 , 0.05 =2.99 , indicat ing

338 地球科学与环境学报　　　　　　　　　　　　　　　　　　第 31 卷



that the HS3-NUV EL1A veloci ties are fa r outside

95% confidence ellipsoid of APM 2 veloci ties , and

vice versa.It fo llow s that these tw o models are by

no means compatible on the 95% probability .

Compared wi th the HS3-NUVEL1A , the APM 2

velocities are low er by about 10%～ 70% for all

plates but Cocos and Nazca , fo r w hich the APM 2

velocities are higher by 16% and 69% re spective-

ly.The signif icant difference in angular v elo city

betw een these tw o models is obviously ascribed to

the fact that w e use bo th the Indo-Atlant ic and the

Pacific hotspots rather than only use the hotspots

in the Pacif ic hemisphere like does in [ 5] , whereas

the African hotspot da ta are o f greater importance

than the Pacific hotspot data to the global absolute

pla te motion inversion , as o ften 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 velocit ies

obtained from the t rend-only data w ith the purpo-

ses of showing by contrast the robustness of the

model APM 2 , and consequently of explaining the

validity of the trend-only so lutions themselves as a

useful al terna tive model.

Fo r the trend-only solution , we have Y 1 =

0.11 < F3 , 17 , 0.05 =3.20 , Y 2 =0.07 <F 3 , 25 , 0.05 =

2.99 , implying that they are well consistent and

compat ible w ith the model APM2 as obtained from

the whole data set.
Tab.3　Angular Velocit ies for Trend-only Solution

P late
Angular Velocity

　°N 　°E ω/((°)·Ma-1)

Standa rd Deviation

σφ/(°) σλ/(°) σω/((°)·Ma-1)

Erro r Ellipse

σmax/(°) σmin/(°) ζm ax/(°)

Rms V elocity

(mm · a-1)

A frica 46.485 -43.593 0.109 1 6.76 9.75 0.024 9 11.26 3.75 122.03 10.57

A nt arctica 52.040 147.060 0.084 6 15.20 14.82 0.016 2 19.44 8.53 43.92 6.73

A rabia 31.265 13.942 0.465 7 2.81 2.24 0.013 6 3.36 1.28 143.65 27.36

A ust ra lia 19.158 42.823 0.653 1 2.25 1.39 0.008 2 2.44 1.02 154.85 65.81

Caribbean -38.765 -95.738 0.087 9 17.76 10.36 0.007 2 17.84 10.21 6.89 8.69

Coco s 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

N azca 47.178 -103.002 0.552 1 0.87 1.96 0.026 7 1.96 0.86 85.77 56.49

N .America -61.892 -77.298 0.175 0 7.82 8.18 0.015 4 8.41 7.57 122.32 15.93

P acif ic -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 0.015 9 1.70 0.65 138.32 59.91

Rive ra 17.455 -107.973 1.816 3 0.60 0.43 0.020 3 0.63 0.40 21.60 16.98

Sco tia -81.305 -127.097 0.220 9 4.17 24.65 0.022 0 24.69 3.92 86.66 13.26

S.America -70.732 145.229 0.207 1 3.16 11.19 0.025 3 11.22 3.05 85.61 21.85

N NR-NUVEL1A -49.171 88.475 0.192 4 2.33 5.55 0.027 2 5.57 2.28 84.21

　　The covariance matrix of the t rend-only solu-

tions fo r the cor rection vector fo r the N NR-NU-

VEL1A angular v elo cities in Cartesian coo rdinates

in units of 10-10 rad2 Ma-2 is

σ
2
ω
x

σω
x
ω
y
σω

x
ω
y

σω
y
ω
x
σ
2
ω
y

σω
y
ω
z

σωzωx σωyωz σ
2
ωz

=

447.5 -88.6 -5 .5

-88.6 711.1 -965 .8

-4.5 -965.8 1 727 .2

4.3　Net Rotation of the Lithosphere

The plate motion model NN R-NUV EL1A ,

consistent w ith the relative mo tion model N U-

VEL1A , is defined in the mean litho sphere f rame

in w hich there is no net ro tation of the litho-

sphere.Our model show s(cf.Tab.2 and Fig .4),

the NNR-NUVEL1A has a rotation of 0.198 3°/
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AFR-African;ANT -An tarct ic;ARB-Arabian;A US-Aus t ralian;CAR-Carib bean;COC-Cocos;EUA -Eurasian;IND-Indian;

JDF-Juan de Fuca;NAM-North American;NAZ-Nazca;PAC-Pacif ic;PH L-Phi lippine;RIV -Rivera;SCO -Scotia;SAM -S ou th

American;N1A-NNR-NUVEL1A;S olid Ci rcle Represents th e Rotation Pole

Fig.4　Net Rotation of the Lithosphere with Respect to the Deep Mantle

Ma about 49.423°S , 90.625°E , indicating the li th-

osphere has a net rotation this larg e.It fol low s

that a significant difference exists between the

mean li thosphere f rame and the ho tspo t f rame , the

max imum veloci ty between the tw o reference

f rames being as large as 22.1 mm/a ,which most ly

occur in the Paci fic.We are qui te confident our es-

timation of the net litho spheric ro tation is no t

st rong ly biased by improperly select ing/weighting

a datum.Our net rotation of the li thosphere is

comparable to the values of 0.15/Ma about a pole

at 56°S , 84°E derived by [ 33] using 5 observed ve-

loci ties and 14 observed azimuths , and of 0.232°/

Ma about 48.7°S , 80.9°E , predicted by Harper

model[ 34] including the ne t torque exe rted by the

subducting slabs on the litho sphere w ithout con-

side ring any ext ra drag beneath continents.Our

new ly dete rm ined net rotation is also mo re close to

Chasevalue[ 3] of 0.217°/Ma about 48.2°S , 80.0°E ,

as cited in [ 34] , and comparable in magni tude to

the value of 0.2°/Ma about 53.8°S , 100.2°E pre-

dicted by So lomon and Sleep[ 35] regarding all of the

drag at the base of the lithosphe re concentra ted

beneath cont inental regions.Our value can be also

favorably comparable to the AM1-2 rotation o f

0.26°/Ma around 54°S , 66°E[ 2] and the Cocks-

wo rthpredicted value o f 0.252°/Ma about 59°S ,

48°E , as repor ted in [ 5] .

5　Discussions

As shown in column 8 of table 1 , the geomet-

ric contribution of a datum to the plate mo tion

model dif fe rs numerically f rom one da ta type to

ano ther and from datum to datum.Fo r ra tes the

geometric contribut ions va ry in a small range , a-

round one Ear ths radius;by contrast , for t rends

the dif fe rences in geometric contribut ion are sig-

nificant , ranging f rom 70 to 760 M a.Obviously ,

the geometric contribution values fo r the t rends in

the Pacific hemisphere are smal l compared to tho se

in the Indo-A tlantic hemisphere.Hence , the t rend

data for the Indo-Atlantic hemisphe re are expected

to play a more important ro le in defining the g lob-

al hotspot f rame.To verify this , we use a small

data subset consisting of only 7 Indo-A tlantic

t rends (St.Helena , Tristan , Vema , Reunion ,

Prince Edw ard , Discovery , Kerguelen)to invert

the angular velocit ies of plates , w ith the re sults

show n in table 4.Interesting ly , the angular veloc-

i ties thus obtained are w ell compatible wi th tho se

obtained from the whole data set on the 95%

probabi li ty (cf.Tabs.2 , 4)in light of Y 1=0.035

<F3 , 4 , 0.05 =6.59 , and Y 2 =0.265 < F3 , 25 , 0.05 =

2.99.In o ther w ords , the angula r velo cities f rom

these 7 trends are inside the 95% conf idence ellip-

soid of those from the whole data se t.It follow s
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Tab.4　Angular Velocities Obtained from 7 Trends in Indo-Atlantic Oceans

P late
Angular Velocity

　°N 　°E ω/((°)·Ma-1)

Standa rd Deviation

σφ/(°) σλ/(°) σω/((°)·Ma-1)

Erro r Ellipse

σmax/(°) σmin/(°) ζm ax/(°)

Rms V elocity

(mm · a-1)

A frica 47.530 -43.682 0.097 5 2.20 3.20 0.008 6 3.68 1.23 121.68 9.47

A nt arctica 44.229 145.552 0.085 4 5.56 3.61 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 0.43 139.70 26.16

A ust ra lia 18.579 43.681 0.650 2 0.70 0.51 0.002 7 0.80 0.34 148.56 65.54

Caribbean -44.466 -102.417 0.088 8 5.42 4.30 0.002 8 5.91 3.59 30.27 9.44

Coco s 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

P acif ic -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

Rive ra 17.276 -108.251 1.810 4 0.20 0.16 0.006 2 0.22 0.13 34.86 17.61

Sco tia -81.494 -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 0.99 84.57 22.91

N NR-NUVEL1A -49.146 91.485 0.202 0 0.67 1.87 0.008 8 1.87 0.66 86.48

that the global ho tspo t reference f rame is almost

completely defined by the Indo-A tlantic hotspots

w hose surface t races have very low prog ression

rates.

As seen in table 1 , the rate misfi t , or the ob-

served -modeled rate fo r Haw aii i s as large as

(22.7±5.2)mm/a , demonst rating the inconsist-

ency o f the Haw aii hotspot w ith the Indo-Atlant ic

hotspots.Know ing that the hotspot reference

f rame is defined essent ially by the Indo-Atlant ic

hotspots as mentioned in previous sect ion and that

missing plate boundarie s and other erro rs in the

plate circuits only play a small ro le in the ho tspo t

inconsistency[ 19] , the misfit of (22.7±5.2)mm/a

possibly quant ify the relative mo tion of the Ha-

waiian hotspot relative to the Indo-Atlant ic

hotspots[ 9] , also likely ref lect southw ard mo tion

of the Haw aiian-Empero r ho tspo t relat ive to the

Pacific plate between 81 and 43 M a
[ 11 , 18]

.Also , as

seen from table 1 , the rate misf it for Foundation is

(-13.5±8.5)mm/a.The A PM 2 rate o f the Pa-

cific plate ove r the Louisville hotspot(50.5 S ,

139.2 W from [ 36] )i s (79.4 ±1.4)mm/a , the

measured rate is (64.1±1)mm/a[ 27] , the di ffer-

ence being (-15.3±1.7)mm/a.The minus re-

siduals o f obse rv ed rate s for these tw o ho tspo ts

likely mani fest themselves as southeastw ard mo-

tio ns o f the ho tspo ts in central and south Pacific

Ocean , probably connected wi th a “demi-tour” o r

U-turn of mant le f low w est o f the East Pacific

Ridge , shif t ing the mantle upw elling center east-

wa rd
[ 37]
.

The rate misfi ts fo r the Pacific hotspots in-

volved , ranging fo rm (22.7±5.2)mm/a fo r the

Hawaii in north Paci fic to (-13.5±8.5)mm/a

fo r Foundation in central Pacific , roughly co rre-

late po sitiv ely w ith the lat itude and negatively

wi th the longi tude o f the ho tspo ts(cf.Fig .5), im-

plying that the relat ive motions of the Pacific

hotspots relative to the Indo-A tlantic ho tspo ts are

spatially prog ressively slow dow n from no rthw est

to southeast.This tends to disag ree wi th the of-

ten-ci ted view that the Hawaii and Louisville

hotspots have been stationary w ith respect to one
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HAWA-Haw aii;SOCI -S ociety;MA RQ -M arquesas;AUST

-Aust ral Island;FO UN-Foundat ion

Fig.5　Observed Minus Modeled Values for the Progression

Rates of Volcanism in the Pacific Ocean

another since 65 M a
[ 19 , 38]

o r fo r at least the past 21

M a [ 27] .The di fference in rate misfi t of (38.0±

5.5)mm/a betw een Haw aii and Louisville st rong-

ly suppo rts the view that the Pacif ic ho tspo ts have

an incoherent motion at least for the past 8 M a.

6　Conclusions

The primary conclusions of this study can be

summarized as follow s:

(1)Tw o refe rence f rames have been invo lved

in inversion.One is the ho tspo t f rame assuming

the hotspots are fixed w ith respect to each o ther;

the other is the no-ne t-rotation f rame requiring

the re be no net-ro tation of the litho sphere.The

angular velocit ies of a plate can be transformed be-

tween the tw o frames by a linea r vecto r equa tion.

(2)Know ing the hotspots move , we canno t

choose but to use the fix ed hotspot f rame to esti-

mate the plate mo tion.A n attempt has been made

to define a mean ho tspo t (or mesosphere)refer-

ence f rame in terms of more globally dist ributed

hotspots.Eventually , i t w as found that the mean

hotspot f rame is almost comple tely defined by the

t rends of the Indo-Atlantic volcanic chains w hich

have low prog ression rates , and that the Pacif ic

hotspots only play a very small ro le in defining the

refe rence f rame.

(3)The model APM2 has been achieved using

a data se t containing 8 rates and 20 trends , with

the NNR-NUVEL1A as the init ial model.The so-

lution is found to be very stable and robust against

the observ ations.The model is compatible w ith the

t rend-only , even wi th the 7 Indo-A tlantic t rend-

only solutions , on the 95%probability .The model

APM 2 is characterized on the w hole by slow mo-

tio ns , favo rably comparable to other models.

(4)The model APM2 again w arrants the of ten-

published conclusions:①plate velocity correlates

negatively wi th the continent area;②plate velocity

correlates positively with the f raction of the bounda-

ry being subducted;③plate veloci ty co rrelates posi-

tively with the geog raphic colatitude.

(5)A s a useful by-product , the net-ro tat ion of

the li thosphere has been achieved wi th the rate be-

ing (0.198 3°±0.013 5°)/Ma and the po le at

49.423°S , 90.625°E , which are close to the pub-

li shed f igures in li terature.

(6)It has demonst rated that the hotspot

t racks in the Pacif ic Ocean are inconsistent w i th

tho se in the Indo-A tlantic Ocean.The misfit s of

the prog ression rates o f vo lcanism in the Pacific O-

cean exhibi t roughly a po sitiv e cor relation w ith the

lati tude and a negative co rrelation w ith the long i-

tude o f the ho tspots , showing that the Pacific

hotspots involv ed have incoherent mo tions at least

during the pe riod o f the study.

References:

[ 1 ] 　Minster J B , Jordan T H , Molnar P , et al.Numerical Model-

in g of Ins tantaneous Plate Tectonics[ J] .Geophysical J ou rnal

of the Royal Ast ronomical Society , 1974 , 36:541-576.

[ 2 ] 　Minster J B , Jordan T H.Present-day Plate Mot ions[ J] .

Journal of Geophysical Research , 1978 , 83(B11):5331-5354.

[ 3 ] 　C hase C G.Plate Kinematics:the Americas , East Af rica , and

th e Rest of the World[ J] .Earth and Planetary Science Let-

ters , 1978 , 37(3):355-368.

[ 4 ] 　Gripp A E , Gordon R G.Cu rrent Plate Velocit ies Relat ive to

th e Hotsp ots Inco rp orat ing the NUVEL-1 Global Plate M o-

tion Model[ J] .Geophysical Research Let ters , 1990 , 17:1109-

1112.

[ 5 ] 　Gripp A E , Gordon R G.Young T racks of H otspots and Cu r-

rent Plate Veloci ties[ J] .Geophysical Journal International ,

2002 , 150(2):321-361.

[ 6 ] 　Wils on J.A Possib le Origin of the Haw aiian Island s[ J] .Ca-

342 地球科学与环境学报　　　　　　　　　　　　　　　　　　第 31 卷



nadian Journal of Physics , 1963 , 41:863.

[ 7 ] 　Morgan W J.C onvect ion Plumes in the Lower M an tle[ J] .

Natu re , 1971 , 230:42-43.

[ 8 ] 　Mǜ ll er R D , Royer J Y , Law ver L A.Revised Plate Motions

Relative to the H otspots f rom Combined Atlant ic and Indian

Ocean H otspot T racks[ J] .Geology , 1993 , 21(3):275-278.

[ 9 ] 　Molnar P , S tock J.Relat ive Motion s of Hotspots in the Pacif-

i c , Atlantic and Indian Ocean s Since Late Cretaceou s Time

[ J] .Nature , 1987 , 327:587-591.

[ 10] 　Polli tz F F.Epis odic North America and Pacific Plate Mo-

ti on s[ J] .T ectonics , 1988 , 7(4):711-726.

[ 11] 　Tardun o J A , Cot t rell R D.Paleom agnetic Eviden ce for Mo-

ti on of the Haw aiian Hotspot Du ring Formation of the Em-

peror Seamounts[ J] .Earth and Planetary Science Letters ,

1997 , 153(3):171-180.

[ 12] 　Wessel P ,K roenke L W.Ontong Java Plateau and Late Neo-

gene Changes in Pacif ic Plate Motion[ J] .Jou rn al of Geo-

physical Research , 2000 , 105(B12):28255-28277.

[ 13] 　Gordon R G , Ju rdy D M.Genozoic Global Plate Motions[ J] .

Journal of Geophysical Research , 1986 , 91(B12):12389-

12406.

[ 14] 　Morgan W J.H otspot Track s and the Early Ri f ting of th e

At lantic[ J] .T ectonophy sics , 1983 , 94:123-139.

[ 15] 　Duncan R A.Hotspots in the Southern Oceans———an Ab so-

lute Frame of Reference for Mot ion of the Gondw an a Cont i-

nen ts[ J] .Tectonophy sics , 1981 , 74(1/ 2):29-42.

[ 16] 　Mcdougall I , Duncan R A.Age Prog ressive Volcanism in the

Tasm an tid seam ounts[ J] .Earth and Planetary Science Let-

ters , 1988 , 89(2):207-220.

[ 17] 　Duncan R A , Richards M A.H otspots , Mant le Plumes , Flood

Basal ts , and T rue Polar Wander[ J] .Review s of Geophysics ,

1991 , 29(1):31-50.

[ 18] 　Tardun o J A , Duncan R A , Scholl D W , et al.The Emperor

Seam ounts:S ou thward M otion of the Haw aiian Hotspot

Plume in Earths Mant le[ J] .Science , 2003 , 301:1064-1069.

[ 19] 　Divenere V , Kent D V.Are the Paci fic and In do-Atlantic

H otspots Fixed? Test ing the Plate Circui t Th rou gh Antarct i-

ca[ J] .Earth and Plan etary S cience Let ters , 1999 , 170(1/ 2):

105-117.

[ 20] 　Argus D F , Go rdon R G.No-net-rotation M odel of Cu rrent

Plate Velocit ies Incorporating Plate Motion Model NUVEL-1

[ J] .Geophy sical Research Let ters , 1991 , 18:2039-2042.

[ 21] 　Demets C , Gordon R G , A rgus D F , et al.Effect of Recent

Revisions to the Geomag net ic Reversal Time Scale on Est i-

mates of Current Plate M otions [ J] .Geophy sical Research

Letters , 1994 , 21:2191-2194.

[ 22] 　Brozen a J M.Tem poral and Spat ial Variabi lit y of Seaf loor

Spreadin g Processes in the Northern South At lan tic [ J] .

Journal of Geophy sical Research , 1986 ,91(B1):497-510.

[ 23] 　Pollit z F F.Tw o-s tage Model of Af rican Ab solute Mot ion

Du ring the Las t 30 Mi llion Years[ J] .Tectonophysics , 1991 ,

194(1/ 2):91-106.

[ 24] 　Mcdougall I , Duncan R A .Linear V olcanic Chains ——— Re-

cording Plate Mot ions? [ J] .Tectonophysics , 1980 , 63(1/ 4):

275-295.

[ 25] 　Polli tz F F.Pliocene Change in Pacifi c-plate Motion[ J] .Na-

tu re , 1986 , 320:738-741.

[ 26] 　Antret ter M , S teinberger B , Heider F , et al.Paleolati tudes of

th e Kerguelen H otspot:New Paleomagn et ic Resul t s and Dy-

namic M odeling [ J] .E arth and Planetary S cien ce Let ters ,

2002 , 203(2):635-650.

[ 27] 　OC onnor J M , S tof fers P ,Wijbrans J R.Mig rat ion Rate of

Volcanism Along the Foundation Ch ain s , SE Pacif ic[ J ] .

Earth and Planetary Science Let ters ,1998 , 164(1):41-59.

[ 28] 　OConnor J M , Stoffers P , Bogaard P , et al.First Seam ount

Age Evidence for Signifi cant ly Slow er Af rican Plate Motion

S ince 19 to 30 Ma[ J] .Earth and Planetary S cience Let ters ,

1999 , 171(4):575-589.

[ 29] 　DeMets C ,Gordon R G ,Argus D F , et al.Current Plate Motions

[ J] .Geophysical Journal International , 1990 , 101:425-478.

[ 30] 　S teinberger B.Plumes in a Convect ing Mant le:Models and

Ob servations for Individual H otspots[ J] .Jou rnal of Geo-

ph ysical Research , 2000 , 105(B5):11127-11152.

[ 31] 　OC onnor J M , Roex A P.S ou th At lant ic H ot Spot-p lume

S ystem :1.Dist ribu tion of Volcanism in Time and Space[ J] .

Earth and Planetary Science Let ters ,1992 , 113(3):343-364.

[ 32] 　OC onnor J M , Duncan R A.Evolu tion of the Walvi s Ridge-

Rio G rande Ris e H ot Spot S ystem:Implications for Af rican

and South American Plate Mot ions over Plumes[ J] .J ou rnal

of Geophysical Research , 1990 , 95(B11):17475-17502.

[ 33] 　Ricard Y , Doglioni C , Sabadini R.Dif ferential Rotation Be-

tw een Lithosp here and Mant le:a C on sequence of Lateral

Man tle Viscosi ty Variat ions[ J] .Journal of Geop hysical Re-

search , 1991 , 96(B5):8407-8415.

[ 34] 　Harper J F.Mant le Flow and Plate M otion s[ J] .Geophysical

Journal of the Royal As tronomical Society , 1986 , 87:155-

171.

[ 35] 　Solom on S C , Sleep N H.S ome S imple Physical Models for

Absolute Plate Mot ions [ J] .Journal of Geophysical Re-

search , 1974 , 79(17):2557-2567.

[ 36] 　Lonsdale P.Geog raphy and His tory of the Louisville H otspot

C hain in the Southw est Pacif ic[ J] .Jou rnal of Geophysical

Research , 1988 , 93(B4):3078-3104.

[ 37] 　Gaboret C , Fo rte A M , Mon tagner J P.T he Unique Dynamics

of the Paci fic H emisphere Mant le and It s Signature on S eis-

mic Anis ot ropy [ J] .Earth and Planetary Science Let ters ,

2003 , 208(3/ 4):219-233.

[ 38] 　Watts A B ,Weissel J K , Duncan R A , et al.Origin of the

Louisville Ridge and It s Relationship to the Eltanin Fracture

Zone Sy stem[ J] .Jou rnal of Geophysical Research , 1988 , 93

(B4):3051-3077.

343第 4 期　　　　　　　　　　　　　　　　　　魏子卿:现今绝对板块运动


