Plate motions on a sphere

Euler’'s Theorem, 1776 (“Oi|er”) Sign convention: \Wg i pesitive if the rotation i3 counter - clockwise

when viewed from aiceve. Thia is a right hand rule,

A s

The motion of a rigid body (e.qg. W\
a plate) across the surface of a
sphere can be described as a
rotation about some pole that
passes through the center of
the sphere.

Plates cannot be translated,
only rotated.

Also, any combinations of
rotations can be described as
some equivalent single
rotation.




Two versions of Euler poles:

RELATIVE PLATE VELOCITIES are described by
“instantaneous poles” or “Euler vectors™ or “angular velocity vectors”

For each plate pair, need
(a) pole position and (b) angular rate
(equivalent to vector direction {thru center of earth} and vector length)

Example: present relative motion of Pacific plate past North America is
.78°/m.y. about a pole at 49°N, 78°W

RELATIVE PLATE DISPLACEMENTS are described by
“finite poles” or “Euler poles”

For each plate pair need:
(a) pole position and (b) angle of displacement
(itis NOT a vector)

Example: to reconstruct the location of North America with respect to
Europe at anomaly 24 we rotate it 13° about a pole at 68°N, 147°W



Present day plate motions (velocities)

We use a) spreading rates and b) transform fault azimuths (or earthquake slip

vectors) to determine Euler vectors

1) Transform faults should form small  *

circles about the rotation pole position

2) Perpendiculars to transform faults
should all intersect at the pole
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Ex. 1: Gulf of CA,
San Andreas, Fair-

weather Faults e
(Pac — North Am.)
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Ex. 2: South Atlantic
(Africa - So. Amer.)



AUSTRALIA — ANTARCTICA

80}
Rates of relative motion s Measuvred
should vary as sine of " Epreading
angular distance from i‘ Top i
the pole. : (3 Ma’ pe)
[ il
Ex.: Southeast
Indian Ridge
- : ; :

a0 a0 100
Great Crcle Dmtance Irom Euler Pole

Uncertainties: Usually data are clumped in a
smallish region in one general direction from a
poles so that :

Transform crossing errors form a long ellipse

Rate errors form a larger, wide ellipse

Combination actually gives a long ellipse, +/- 5
or 10°, elongated toward data region.




One way to check fit: Plot data on an “Oblique Mercator” projection using
the Euler pole instead of the North pole.

IT L [ 1) Transform faults 2) Young magnetic
i should be horizontal anomalies should be
- —-f' lines evenly separated
BEE

Ex.: Pacific-
Antarctic ridge

Molnar et al. (1975)
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Cylinder
aligned with
spin axis

Shift cylinder
to Euler pole
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Tectonic map of Western North America

shown in an Oblique Mercalor projection

Dickinson and Snyder ( 1979) as
redrawn by Moores and Twiss (1995)

53°N, 53°W (thc Pacific-

about a pole at
Notth America pole from Morgan, 1968).

Pacific p[éte

: 50° N, 77° W (Dixon et al. , 2000)

Newer Oblique Mercator pole




Euler vectors can be added (vector addition) to find others.

For example: add sea floor

spreading in North and Central
Atlantic to find motion across

Mediterranean

NA

AF

(—-Th:aunjuht
Udﬁ!‘.ri\j vectors
form a vecher
tnamgle m tha
plu:’-

it

A e W

- D Addition of angular velocity
- vectors for Eurasia-North

En MA NA H F Eﬁ -'F{ F  America and Africa-North-

America to find Eurasia-Africa
motion

The vectors, centered at the center of
the earth, show locations of poles of
rotation and their anti-poles. Two
vectors define a plane through the earth.
In this plane a vector triangle can be
constructed to find the third vector

-

Map snowmq the location of BUM and the. gmall: gircles abait. it
Arrosss and nembers shew divections and rates of molion  acroas  phe

Eurssian - Afrinm plate boundary described by th pole.
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AFRICAN PLATE
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GLOGAL SOLUTIONS FoR PRESENT -DRY
PLATE MoTioNS

DeMets, Gordon, Argos, + Stein (13%), beophys. J Int., v 10 pi25
L1} NUVEL - 1 1]

prevous versions: RM2 " Mmster 4 Jordon (1978) LGR 43 53,
"PO71* Chase (1978) EPSL., 37, 355
Did inversion (giant least suares ft) of
glabal dota sel to find Euler vectors for
major pleie Pm'rs.

@) Assume world plate mode! of 12 pletes : : \ . ‘”S""'" d /
G’MN- &;Ifﬁp}u and Jusn de Fuca plates for naw) ; . . : _ ‘ mnncrlrca
and defme plate boundories.
8) Colleet and cull date set: NUVEL-] — = — :
Spreadiag retes, anom 234> 2a Gmy) 271 ) Find med.ua/ .'Bm‘-ﬁr'fmy pole’ for esch
Transform fault azimuths 121 plate pair with deta on boundsry.
Earﬂ!’ulla sh}: vector azimuths 724 Check internal consistency of data.)

(+ estimated uncertanty for each) 1122 dota piy

2) Check local plate circnts for closure,

Dste not vsed for calculstion of NUVEL-1 : 9., Bround 3 triph junction,

obh”ut Subductian shp vecfors
shorl off set {ransforms

complex , mult:-fpult boundaries 3) Use ail data at ance to find globli bes?

fit : Euler vectors for all plate pairs
+ uncerlainly ellipse for each vector

' + “mmportsnce " of each datum .
Instantaneous = 3 Ma “NUVEL- 1"

(& poles for global seuhon witk individual
“bust - fitwg " poles.

19




Table 2(a). NUVEL-1 Euler - vectors: pairs of
plates sharing a boundary.

Error Ellipse
Plate Latimde Longitude @ .
Pair °N °E  (deg-my. ") Ous e Goons

Parific Ocean

078 13
200 10
142 18
095 23
142 18
054: 45
0% 36
091 12
112 10
090 13
131 25
058 65

Atlantic Ocean

0.22
025
0.13
0.15
032
0.27
0.11

019 151 43 Te Wetg Q:!l‘ 6L . (LE{QOB

Indian Ocean

au-an 132 5 0.68

af-an 56 2 . 01

au-af 124 5 0.66 o i X . « . . ”

ey ol ML W B0 ; Classic “highly cited” paper;
ar-af 24.1 ) 0.42

e 4 M7 0H 818D 0 everybody compares their

areu 246 ; 0.52 2 17 -72 .
e 30 o5 om ai2e s o local fault zone to this
The first plate moves counterclockwise relative to the second plate. g IObal mOdel

Plate abbreviations: pa, Pacific; na, North America; sa, South Amer-
ica; af, Africa; co, Cocos; nz, Nazca; eu, Eurasia; an, Antarctica; ar,
Arabia; in, India; au, Australis; ca, Caribbean. See Figure 3 for plate
geometries. One sigma-error ellipses are specified by the angular
lengths of the principal axes and by the azimuths (Lo, given in
degrees clockwise from north) of the major axis. The rotation rate
uncertainty is determined from a one-dimensional marginal distribu-
tion, whereas the lengths of the principal axes are determined from a
two-dimensional marginal distribution.




Anqular velocabj vectors (Edar poles)
and the relaghwe motiong thqj describe:

ATLANTIC OCEAN

ﬂrmm z av\f_sul.ar rates
% 20 milli;n
\fv.ars.

PACIFIC OCEAN

Boundary between
NoAmer and EurAsia
runs across Arctic ocean,
into Siberia, and beneath
Euler pole

Arrows = angular rates
x 20 Million years



MORVEL
DeMets et al. (2010)

Note: several
diffuse plate
boundaries
25 plates
earthquakes
define zones of
intraplate
crustal
deformation

Blue plates
not included

Ex.: Africa =
Nubia +
Somalia +
Lwandle plates

Figure 1. (a) Epicentres for earthquakes with magnitudes equal to or larger than 3.5 (black) and 5.5 (red) and depths shallower than 40 km for the period
1967-2007. Hypocentral information is from the U.S. Geological Survey National Earthquake Information Center files. (b) Plate boundaries and geometries
employed for MORVEL. Plate name abbreviations are as follows: AM, Amur; AN, Antarctic; AR, Arabia; AU, Australia; AZ, Azores; BE, Bering; CA,
Caribbean; CO, Cocos; CP, Capricorn; CR, Caroline; EU, Eurasia; IN, India; JF, Juan de Fuca; LW, Lwandle; MQ, Macquarie; NA, North America; NB, Nubia;
NZ, Nazca; OK, Okhotsk; PA, Pacific; PS, Philippine Sea; RI, Rivera; SA, South America; SC, Scotia; SM, Somalia; SR, Sur; SU, Sundaland; SW, Sandwich;
YZ, Yangtze. Blue labels indicate plates not included in MORVEL. Patterned red areas show diffuse plate boundaries.
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Spreading centers: Rates and TF azimuths

0.78 Ma 3.16 Ma
Other boundaries: Azimuthal and GPS data
Earthquakes: 10%-103 yrs
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Finite Ro+ation Potes-.(or Euler Poles)

Measure relative plate displacements

Euler Pole: Latitude, Longitude, Q

or E = (Exy Eyy Ez) (Carresian Coordinates)
Q = Angle

Use matrix multiplication 4o rotate a point

if A is a point prior o rot+ation
and A’ is the point after rotration
Yhen = RA where Ris a 3 x 3 “roration” matrix

A’y R11 Rea Rysl | Ax
A’y | = | Raq Raa Rasf | Ay
A’z R31 Rsz R3s| | Az

R4 =ExEx(1-c¢cosQ) + cosQ
Ria =ExEy(1-cosQ) - EzcosQ
]

Rys =EzEz(1-cosQ) + cosQ

See Cox and Hary Box 7.3




How +0 derermine a Finite Rotation Pole

Practically, we derermine finite roration poles by +the +rial-and-
error fi¥¥ing of magneric anomalies (isochrons) and segments of
fracture zones. :

This used +0 pe done “py eve.” Now trhere are several different
search programws +hat use different “pbestr-firtring” algorithms and
generate uncerrainty ellipses.

Euler poles ¥hat rotate a plate from i¥s present position ¥o some
pas% position are also referred +o as “+o%al ro’rahon poles” or
“reconstruction poles.”
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Magnetic anomaly and fracture zone data shown on an

2 k- % 3 % %,
. ! % &7 % % %

WEST

ANTARCTICA

Example: Pacific-Antarctic Ridge

Finite rotation poles for Pacific-Antarctic plates;
gray ellipses show 95% confidence zone

{boxDe’

THIS STUDY

MOLNAR et al, 1975
STOCK & MOLNAR, 1982
STOCK & MOLNAR, 1987
MAYES et al,, 1980
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Table 1. Finite rotations of the Pacific relative to
Antarctica plates. Counterclockwise rotations are
positive. Ages are from (52). An., anomaly.
Age Lat. Long.
mae Aoy ey AR
0.78 1 64.25 —79.06 0.68
2.58 2a G67.03 —73.72 2.42
5.89 3a 67.91 7788 542
8.86 4a 69.68 —77.06 7.85
12.29 5a 71.75 =737 10.92
17.47 5d 73.68 —69.85 1517
24.08 e 7472 —B67.28 19.55
28.28 10 74.55 —-67.38 2295
33.54 13 74.38 —B4.74 27.34
42.54 20 74.90 —571.31 34.54
47.91 21 74.52 —50.19 37.64
53.35 24 73.62 —52.50 40.03
61.10 27 71.38 —55.57 44,90
67.67 31 69.33 —53.44 51.05

&£
Zoom on data from Pitman Fracture Zone; new magnetic data in black




Addition of Finite Ro+ation Poles

Consider the plate circuis:

EUROTAF = NAROTAF +  Eu ROT NA
Fixed Fixed Fixed

Use matrix multiplication +o sum +wo or more ro¥ations

¥ A=RA (1** ro¥ation)
And A” = R A’ (2" rotation)

Then A” = TA whereT =R R

T11 e T13 R49 wa R'43] | R11 wa Re3
T = PP P et : LT BTy 1) [TL ] saed  sevdd
PP cont 733 e R’33 et et Rja

where Tq1 = R'44R49 + R'92R21 + R'13R39  etc.

or Ty =Z R’ik Rej
K

See Cox and Har¥ Box 7.5




Adding finite rotations:

Finite rotauons can be added but, unlike instantaneous poles, the addition is
not commu | utatwe

ROT , + ROTy

ROT(2,90°%)

ROT(3,-90%)

ROT(Z,90°) ﬁ

X3S

# ROTp + ROT,

cox & iART (5 L)

‘When summing poles around a plate circuit, you have to define a “fixed”
plate and sum them in the right “direction.” (Towards the fixed plate).

=30}

NAMROT pac = ANTROTpac + ARRROTANT + NaMROTspR
(fixed)

ANTARCTIC

/’MM

PACIFIC

ANTARCTIC

£

Ocean ridges Subd

—90




“The global plate circuit”

Circuit used to determine motion
of Pacific and Farallon plates
relative to North America

19.9 Ma —

Atwater (1989)

Ch
b ~ A30/31
m\‘w 685 Ma

Motion of an arbitrary point relative to North America
since anomaly 30 assuming it moved with the Pacific
plate (light ellipses) or Farallon plate (dark ellipses).




40° N

Motion of several points on
the Pacific plate relative to
s North America. Note that

prior to anomaly 4 the
motion was oblique to the
margin.
A 300
| .
E’W 125° 120° 118% . 110° 105
125° W 120° 115° 110° 105 —
Reconstruction of Pacific ocean crust s i X" SN
relative to North America at anomaly Wi \
6 (20 Ma).

‘-35"

a0°

Atwater and Stock (1998) - : S




Push (collapse)
North America
back to east to
make room for
oceanic crust

Reconstructions of North America
taking into account the translation
and rotations of various pieces.
Note, for example, the 90° cw
rotation of the western Transverse
Ranges since chron 6 (20 Ma) and |
the opening of Baja since chron
‘3A (6 Ma).

\@‘1 j

Chron 60, 20 Ma



Changes in Direction of Sea Floor Spreading / Menard, Atwater

160° 140° 120° 100° 80°
NN

GALAPAGOS
P la

Figure 33-2

Fracture zones in the north-eastern Pacific showing trends corresponding to five possible spreading
episodes. Dotted lines are small circles about the pole al 79°N., 111°E. suggested by Morgan (1968b).
1t is the pole of rotation for episode 111 :
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Changes in Plate Motion

Example:
Before 30 Ma, plates A and B rotated about pole E.
At 30 Ma, pole jumped to F, where it has stayed.

At 0 Ma, (after 30 Ma of opening about pole F), the position of E
is not the same for plates A and B

that is: ! i BE A. # AEB
fixed fixed

These intermediate Euler poles are called stage poles

Stage poles best match actual plate motions (e.g.fracture zone trends) over a
short time interval and are at the heart of tectonic studies




/ ’ ‘
it Euler poles to data from each plate over a time interval | i '
1) Can fit Euler poles p ) | | ’ 6\ g ([) L e

(i)

2) Or, can subtract finile rotation poles (much better method)

o 30 |
A RoTe B ' |

However, this is not a very accurate method.
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ANTARCTICA
FIXED -

PACIFIC

There are two sets of stage poles, one relative to Pacific plate,
the other relative to the Antarctic plate

HALF SPREADING RATE (mm/yr) [lines ]

There are two sets
of stage poles: one
for each plate

Stage poles are used to reconstruct
fracture zones and to calculate
spreading rates (lines) and azimuth
of spreading (symbols) for discrete
time intervals

2ay_ 4a ANOMALY 1.D.

io "3ay 52 5d 6c 10y 130 20y 210 240
1]  d | 1 | ! L 1 1 1 1

-== O ELTANIN FZ
B PITMAN FZ
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