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Abstract Over along period of time, the spreading rate
of the mid-Atlantic ridge has been ascertained by the geo-
logical age of the magnetic stripe laid out on either side of the
mid-ocean ridge in conjunction with the annals of the mag-
netic reversal history. Is the mid-Atlantic ridge till spread-
ing today? How fast is it moving or are there any changes?
All these questions remain unsolved. Based on the newest
I TRF2000 velocity field published by the International Earth
Rotation Service (IERS), the contemporary global plate mo-
tion model ITRF2000VEL is constructed, independent of any
plate model hypothesis. Solutions for relative Euler’s vectors
of plate pairs as North America-Eurasia, North America-
Africa and South America-Africa are obtained, implying
current spreading rates of the mid-Atlantic ridge. Compar-
ing them with results from the NNR-NUVEL 1A modd dis-
plays the present-day motion characteristics of the mid-At-
lantic ridge that the mid-ridge of the South Atlantic, whose
spreading is dowing down, spreads faster than the North
Atlantic, whose spreading is speeding up.

Keywords: plate motion, Atlantic spreading, ITRF, Euler vector,
space geodesy.

With the capacity of date accumulated from oceanic
explorations, Hess presented his hypothesis of the origin
of the ocean, namely the seafloor spreading theory!*?. He
proposed that the continent and the seafloor drifted pas-
sively on a flowing layer of mantle instead of the conti-
nent drifting positively on the seafloor as hypothesized in
the early continental drifting theory. The seafloor spread-
ing theory was strengthened further when additional oce-
anic exploring results, such as the seafloor crust tectonics,
geomagnetism as well as the distribution of hypocenters
and terrestrial heat flows, were obtained during subse-
quent years. For a long time, people have noticed that
some continents on the Earth’s surface can fit together like
toy bricks. The best case is the remarkable fit along the
matching coastlines of South America and Africa. Such a
phenomenon demonstrates the existence of divergence of
the continental lithosphere as well as the secular drifting
of the continental slab, which is largely a consequence of
the spreading of the Atlantic Ocean. The spreading of the
mid-Atlantic ridge is the basis of the seafloor spreading
theory and typical evidence as well for constructing the
theory of plate tectonics. For quite some time, the spread-
ing rate of the mid-Atlantic ridge was measured by Ville
and Matthews?, relied on the geological age of the mag-
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netic stripe laid out on either side of the mid-ocean ridge
in conjunction with the annals of the magnetic reversal
history. We should point out that such a mid-ocean spread-
ing rate from geological and geophysical data was based
on the assumption that the spreading rate was invariant in
millions of years. However, geologica and geomagnetic
evidence of millions of years exhibits that the spreading
rate of the mid-Atlantic ridge is variable. Spreading rates
of the relevant magnetic strip ater along different
transform-fault boundaries, explaining that the Atlantic
Ocean spreads erratically. The remarkable diversion of
hotspots' track isavery good proof. Therefore, whether or
not the mid-Atlantic ridge is still spreading today, how
fast it moves or how it changes against the a-million-year
average rate, are still unsolved. Those elements, which
directly lead to the flux of the human inhabiting envi-
ronment, should be given full attention so that we can
better understand the environmental flux of different time
scales through the earth movement history as well as the
disasters of various forms.

It is until recent 20 years that space-geodetic tech-
niques like VLBI, SLR, GPS develop rapidly, providing a
guarantee for studying the global crustal motion as precise
as in millimeters®¥. In this note, we construct the newest
global plate motion model ITRF2000VEL based on the
velocity field of 600 global fuducial stations, including the
ITRF2000 velocity field free of any plate model hypothe-
sis and IGS velocity field. Our model can better describe
the current characteristics of global pate motion. We ob-
tain the spreading rate of the mid-Atlantic ridge from the
ITRF2000VEL model and a contrast is performed next
with the results predicted by the NNR-NUVEL 1A model.

1 Theglobal plate motion model | TRF2000VEL

The latest ITRF2000 velocity Field published by the
International Earth Rotation Service (IERS) is collected
by highly sophisticated techniques, such as VLBI, SLR,
GPS and DORIS, including global 360 stations, about 650
results of measurement with different surveying technolo-
gies whose precisions are 1.0 cm or better. Thereby, it
is possible to determine a high-accuracy global plate mo-
tion model to study the characteristics®™ of the contempo-
rary plate motion. 241 stations are carefully selected for
research by criterid®” as follows: (i) sites on the plate
boundaries and seismic zones are rejected; (ii) sites with
accuracy ¢, >5 mm/aare excluded; and (iii) sites estab-
lished for less than 3 years are excluded.

Of the 3 criteria, the first criterion is the most im-
portant one because a misjudgment will lead to an incor-
rect result. For example, 5 of the 18 sites on the South
American plate, which are located on the western edge of
the plate, have notable difference in the horizontal move-
ment along the longitude from those plate-interior sites,
due to aforceful westward push from the Nazca plate. As
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Tablel A comparison of Euler’svectors of different models

Plate Model QIC) - Ma*? AC)? aC)? N2
NNR-NUVEL 1A 0.291 ~740 50.6

AFRC ITRF96VEL 0.275£0.0028 -84.8+1.44 51.3+0.54 12
ITRFO7VEL 0.274+0.0020 -86.1+1.00 53.060.42 13
I TRF2000VEL 0.27240.0017 -86.4+1.10 50.3+0.51 15
NNR-NUVEL1A 0.238 ~115.8 63.0

ANTA ITRF96VEL 0.250+0.002 ~138.2+3.0 575425 8
ITRFO7VEL 0.255+0.0008 -135.1+1.8 62.6:1.2 8
I TRF2000VEL 0.231:0.0007 ~126.9+1.6 62.3+1.1 9
NNR-NUVEL 1A 0543 -45 45.0

ARAB ITRF96VEL 0.580 24 45.84 2
ITRFO7VEL 0.670+0.068 16.3+11.0 47.046.0 2
ITRF2000VEL 0.611+0.051 7.4457.0 46.5+4.4 3
NNR-NUVEL1A 0.646 332 339

AUST ITRF96VEL 0.636:£0.006 40.240.74 35.0+0.52 9
ITRFO7VEL 0.606:£0.004 39.040.50 34.0£0.42 10
I TRF2000VEL 0.622+0.003 37.9+0.29 32.5¢0.24 15
NNR-NUVEL1A 0.214 -93.0 250

CARA ITRF96VEL 0.216 -943 303
ITRF7VEL 0.310+0.140 -85.1+17.5 34.0+19.4 4
I TRF2000VEL 0.226+0.120 -92.8+9.4 27.848.6 5
NNR-NUVEL1A 1510 ~115.8 245

cocs ITRF96VEL 1536 ~1145 24.7
ITRFO7VEL 1544 ~1146 246
I TRF2000VEL 1532 -115.6 24.1
NNR-NUVEL1A 0.234 -1123 50.6

EURA ITRF96VEL 0.262+0.0025 -98.3+1.0 50.6+0.34 74
ITRFO7VEL 0.263+0.0018 -97.6+0.68 59.3+0.28 87
I TRF2000VEL 0.258+0.0010 -99.7+0.31 57.5+0.18 98
NNR-NUVEL 1A 0.545 03 455

INDI ITRF96VEL 0.558 3.85 472
ITRFO7VEL 0.550 2.93 471
ITRF2000VEL 0.557 39 53.6
NNR-NUVEL1A 0.743 ~100.1 478

NAZC ITRF96VEL 0.764 -99.8 489
ITRFO7VEL 0.690£0.093 ~100.6+4.5 36.7+6.66 2
I TRF2000VEL 0.722+0.083 -97.7+4.3 44.76.0 2
NNR-NUVEL1A 0.207 -85.9 24

NOAM ITRF96VEL 0.200+0.0022 -84.4+0.35 -4.4+057 44
ITRFO7VEL 0.186+0.0016 -81.95+0.26 -9.14+0.46 62
I TRF2000VEL 0.197+0.0010 -835+0.17 ~7.33:0.25 57
NNR-NUVEL1A 0.641 107.3 -63.0

ARG ITRF96VEL 0.700+0.0028 91.8+0.62 -62.4+0.26 27
ITRFO7VEL 0.670+0.0024 945059 ~64.0+0.22 25
I TRF2000VEL 0.635+0.0017 120.3+0.48 ~63.3+0.20 28
NNR-NUVEL 1A 0.900 -35.35 -380

oL ITRF96VEL 0.894 -33.22 -34.7
ITRFO7VEL 0.896 -33.38 -346
I TRF2000VEL 0.877+0.084 -3452+4.4 —36.7+6.1 2
NNR-NUVEL1A 0.116 ~124.4 -253

SOAM ITRF96VEL 0.105+0.01 ~133.6+9.4 ~10.15+5.3 5
ITRFO7VEL 0.096+0.007 ~139.4+4.8 —21.7425 6
ITRF2000VEL 0.109:+0.006 ~133.2+2.6 -19.3+16 7

a) 2, Aand ¢ represent the rotation velocity, longitude and latitude respectively; N; is the number of sites.
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their movements are not in agreement with the whole
plate motion, we need to reject these sites.

According to the theory of tectonic plate mation, if
there are more than two stations on a plate, the (2, can

be estimated through a weighted least sguares algo-
rithm(®9,
\/i = Qi X ri y
where . represents the Euler vectors of the “i" plate,
“V; " and " r,” represent the velocity and position vector
of sites on the “i” plate respectively. We used a weighted
least squares algorithm to estimate the Euler vectors of the
Africa (AFRC), Antarctica (ANTA), Australia (AUST),
Eurasia (EURA), Nazca (NAZC), North American
(NOAM), Pecific (PAFC) and South American plate
(SOAM) with the velocity field chosen from ITRF2000.
The Euler vectors of the INDI, JUFU, ARAB, COCS and
PHIL plate cannot be obtained directly because of the
lacking or even non-existence of stations. We have to cal-
culate Euler vectors of the 5 plates by using the additive
relation of the rotation vectors™.
Qi = .Q” +Qj ’

where , represents one of the Euler vectors of the five
plates, and 2 represents the relative Euler vector of

adjacent plates. At last, we gain the Euler vectors of
global plates (seetable 1).

In table 1, the Euler’'s vectors of ITRF2000VEL,
ITRFO6VEL, ITRFO7VEL!? and NNR-NUVEL1A® are
presented. As we can see, our estimation precise of Euler
vectors is very high due to the high precise of the velocity
field. With respect to the ITRF96 and ITRF97, the quan-
tity and quality of ITRF2000 stations have been largely

improved and also the distribution is much more extensive.

For example, the total number of sites increases from 500
in ITRF97 to 650 in ITRF2000. Thus ITRF2000 can pro-
vide a more reasonable and more precise plate motion
model than ITRF97 and ITRF96. The global plate motion
model of ITRF2000VEL is determined from an about
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20-year time span of space geodetic data, so the model
can better describe contemporary features of global plate
motion than the geological model NNR-NUVEL 1A that
was determined from the geological and geophysical data
in several million years. In addition, the ITRF2000VEL
model is amost consistent with the geological model
NNR-NUVEL1A, but there are some discrepancies of
about 10% in Euler angular velocity and 12° in Euler pole.
These discrepancies are very significant for the contem-
porary crustal deformation measurement in mm/a accu-
racy. Hence, the ITRF2000VEL model is more suitable as
the background of deformation investigation for the cur-
rent short time scale than the NNR-NUVEL 1A.

2 The present-day spreading rate of the mid-Atlantic
ridge

The Euler’'s motion formula \/”. = _Qij xr isused to

determine the current spreading rate of the mid-Atlantic
ridge, where r stands for the position vector of the
mid-Atlantic ridge, 02 stands for the relative Euler's

vector of plate pairs as North America-Eurasia, North
America-Africa and South America-Africa derived from
space geodetic measurements (table 2), and V;; represents
the spreading rate of the mid-Atlantic ridge. In this way,
the current spreading rate of the mid-Atlantic ridge are
gained, and results are shown in table 3.

Table 3 presents two groups of spreading rates at the
North, Equator and South mid-Atlantic ridge. Values pre-
dicted by the geological and geomagnetic model NNR-
NUVEL1A are 21.8 mm/a, 29.8 mm/a and 32.9 mm/a
respectively, and the ones derived from space geodetic
data are 22.3 mm/a, 28.8 mm/a and 30.7 mm/a respec-
tively. We can easily find in fig. 1 that the current spread-
ing rate of the South mid-Atlantic ridge from space geo-
detic data is slower than that derived from the NNR-
NUVEL1A model and it is reversed in the North
mid-Atlantic ridge.

The NNR-NUVEL1A model is determined from
millions of years' geological and geophysical data, so its

Table2 The Euler components of the plate motion

Plat NNR-NUVEL1A ITRF2000VEL
) 209 2() 22 2% () 22
NOAM 0.0148 -0.2063 -0.0087 0.0220 -0.1932 -0.0250
SOAM -0.0593 -0.0865 -0.0496 -0.0704 -0.0750 -0.0360
EURA -0.0564 -0.1374 0.1808 -0.0234 -0.1366 0.2176
AFRC 0.0509 -0.1776 0.2249 0.0299 -0.1698 0.2077
NOAM-EURA 0.0712 -0.0689 -0.1895 0.0454 -0.0566 -0.2426
NOAM-AFRC —-0.0361 —-0.0287 —-0.2336 —-0.0079 -0.0234 -0.2327
SOAM-AFRC -0.1102 0.0911 -0.2745 -0.1003 0.0948 -0.2437
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Table3 Comparison of the present-day spreading velocity at the mid-Atlantic ridge?

Latitude/(°)  Longitude/(°) Ve(@) V(@) V(@) Ve(b) Vi(b) V(b) V(@)-V(b) Aat
70.0 344,60 _147 52 156 163 53 17.1 15 15
60.0 330.50 ~19.1 35 194 ~108 2.8 20,0 06 24
51.2 330.00 217 35 21.9 216 2.7 218 0.1 21
395 330.25 243 35 246 231 2.7 23.3 13 15
384 329.70 216 18 217 ~192 48 19.8 1.9 -92
350 325.00 225 16 22,6 —205 49 211 15 -93
30.9 318.30 235 14 235 219 5.1 225 1.0 97
275 315.80 241 13 24.1 228 5.1 234 07 97
245 313.90 246 12 24.6 235 5.1 24.0 06 —9.4
213 314.40 251 1.2 251 ~24.0 5.1 245 06 -93
20.3 314.30 214 -06 21.4 232 17 23.3 ~19 -58
108 316.30 251 -11 25.1 270 11 27.0 ~19 48

0.50 335.00 283 59 28.9 -30.4 —40 30.7 ~18 53
~1.40 344.20 287 81 298 -309 6.4 316 -18 -35
-105 347.00 302 87 314 326 71 334 20 -38
211 348.40 -30.9 -9.0 322 -336 75 34.4 22 -36
311 346.60 307 -86 319 -335 -70 342 23 -38
—40.1 344.10 -29.9 -80 31.0 -328 6.4 334 24 -40
482 350.20 278 93 293 -30.7 -79 317 24 41
522 355.20 —26.1 ~103 28.1 —29.1 91 305 24 41

a) Ve(a) and V() respectively represent the east and north rates of the mid-Atlantic ridge from ITRF2000VEL model; V. (b) and V; (b) respec-
tively represent the east and north rates of the mid-Atlantic ridge from NNR-NUVEL 1A model; V(a)-V(b) and A« are the dispersion of speed and of

movement azimuth angle respectively.
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Fig. 1. Comparison of spreading rates. The solid square (1) represents
the present-day spreading rate of the mid-Atlantic ridge obtained from
space geodetic measurements, while the solid circle (2) represents the
average spreading rate predicted by the geological and geomagnetic
model NNR-NUVEL1A.

prediction here represents the 3-million-year average ve-
locity. The global plate motion model of ITRF2000VEL is
determined from an about 20-year time span of space
geodetic data, so the model can better describe contempo-
rary features of globa plate motion. From table 1, the
precise of angular velocity in ITRF2000VEL is average
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0.002°/Ma, and the precise of Euler pole is better than 1°.
With respect to the NNR-NUVEL1A model, the maximal
discrepancy is 0.02°/Ma in angular velocity and 12° in
Euler pole. The discrepancy is an order of magnitude lar-
ger than the precise of ITRF2000VEL, and even goes be-
yond the limits of errors in calculating Euler vector with
space geodetic data. The difference between results from
the NNR-NUVEL1A model and ITRF2000VEL model
reflects the present-day motion characteristics of the
mid-Atlantic ridge that the mid-ridge of the South Atlantic
is slowing down, and the mid-ridge of the North Atlantic
is speeding up.

Our latest studies record a slowdown of the spread-
ing rate at the South mid-Atlantic ridge, mid-Indian ridge
and also southeast mid-Pacific ridge, which may indicate
a deceleration of the south hemisphere movement.

3 Conclusion and discussion

From the results above, spreading rates of the North,
Equator and South mid-Atlantic ridge derived from
ITRF2000VEL are 22.3 mm/a, 28.8 mm/a and 30.7 mm/a
respectively, basically aligning with the NNR-NUVEL 1A
predictions. It also shows that the spreading motion of the
mid-Atlantic ridge in the recent 20 years is steady.
Simultaneously the 3-million-year geological model
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NNR-NUVEL1A is proved to be correct. But the dis-
crepancy between the two models is very significant for
the contemporary crustal deformation measurement in
mm/a accuracy and just reflects current characteristics of
the mid-Atlantic ridge spreading motion: the South
mid-Atlantic ridge spreads faster than the North mid-At-
lantic ridge while the former is slowing down and the lat-
ter is accelerating.

Provided that the mid-Atlantic ridge kept spreading
at an average 25.6 mm/a speed, it should have been
around the Permian period or even earlier that the Atlantic
Ocean came into being and began to spread. However,
according to the geologica data, the Atlantic Ocean did
not exist in the Permian period. Therefore, we have rea
sons to suppose that during a certain period of geological
time, the spreading rate of the mid-Atlantic ridge might be
several times bigger than the current rate. Present-day
movement characteristics of the mid-Atlantic ridge dis-
play a nonlinear spreading. As a result, we may conclude
that the spreading of the mid-Atlantic ridge appears to be
unsteady during different periods of time.

The plate motion and plate tectonics of those plates
adjacent with the mid-Atlantic ridge have a very close
relationship with the spreading of the mid-Atlantic ridge,
especially for the South American plate and the African
plate. With a westward strain from the South mid-Atlantic
ridge and an eastward push from Nazca Plate collide, a
transmeridional compressional deformation is seen on the
South American plate as well as an integrated northward
motion. While an eastward strain from the South mid-
Atlantic ridge and a westward push from the East
mid-Indian ridge force the whole African plate to move
northeastward. Additionally, by analyzing the baseline
change rates of those sites straddling the South Atlantic
Ocean using data from velocity filed of sites distributed
around the South American plate and the African plate, we
obtain the baseline change rates varying in the range of 20
—25 mm/a for those sites of the same latitude degree,
slower than the spreading rate of the South mid-Atlantic
ridge by 5—10 mm/a, which may reflect the South Amer-
ican and African plates are not of rigid bodies.

It is of high significance to ascertain the correct
spreading rate of the mid-Atlantic ridge so that we are
able to better understand the theory of plate tectonics, the
continental drifting theory and the environmental change.
In our study, we are restricted by some uncertainties and
factors: whether the African plate should be divided into
two parts, the Nubia plate and somalia plate? the Eurasian
plate sites concentrating in the West Europe, can the
Euler’s vector of the Eurasian Plate from the ITRF2000V EL
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model represent the whole Eurasia; sites on the South
American Plate are rare and badly deformed by the strong
push from the Nazca plate, etc. All these factors affect the
accuracy of the space geodetic model. The higher-accu-
racy spreading rate depends on the further improvement in
space techniques, a longer observation time span and a
much wider and more average distributions of observation

sites.
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