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America

Fig. 1.1 Snider—Pelligrini’s rcconstruction of 1858.



HISTORICAL PERSPECTIVE 3

* Fig. 1.3 Wegener's reconstruction of
the positions of the continents from
Carbonifcrous to Quaternary times.
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(Polarity Polarity chrons

Time (Ma) Epoch ~ chrons)  Polarity ~ and subchrons
Brunhes
" (1)
e — 073
g J illo (1r—1)
4 9 —Jaramilio (1r—
" 3 (n
(43}
o Matuyama
(2) Olduvai (2)
2 Reunion
(2r) (2r—1 2r—2)
- — 248
3 G(azl/ijs —Kaena (2A—1)
" — Mammoth
& 3.40 (2A - 2)
= (&)
o
= (2Ar) N
4 - Gilbert Cochiti (3.1)
(3) Nunivak (3.2)
- — Sidufjall (3.2r—1)
Thvera (3.3)
5

Fig. 4.9 Polarity time scale based on radiometric dating.
Alternative numerical designations based on the numbered
scquence of marine anomalies arc shown in brackets
(redrawn from Harland et al., 1982, A Geological Time
Scale, with permission from Cambridge University Press).
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e P

Figure 1.3

Origin of magnetic anomalies along a ridge. At the present time (t,), a basaltic
lava with normal polarity (black band) is extruded on the ridge untila pointin time
when a magnetic inversion takes place. From this time (t,) onwards the ridge
extrudes basaltic lava of inverted polarity (while band) which splits up and pushes
to the side the older lava bands of normal polarity. The phenomenon is repeated
and thereby leads to the magnetic stripe pattern of the ocean floors. The velocity
of opening V is calculated by simply measuring the distance d from the ridge for
4 certain stripe, the age of which is known. The formula is V= 2d (t-t;)
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JUAN DE FUCA RIDGE 46°N:130°W

{A) RIDGE MODEL 3 ecm/yr
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Figure 1. (A) A schematic representation of the crustal model discussed in the text, applied to
the Juan de Fuca Ridge, southwest of Vancouver Island (see Fig. 4). Shaded material in layer 2,
normally magnetized; unshaded, reversely magnetized,

(B) Part of the summary map of magnetic anomalies recorded over the Juan de Fuca Ridge (Raff
and Mason, 1961). Black, areas of positive anomalies; white, areas of negative anomalies.

(C) A total-field magnetic anomaly profile along the line indicated in (B).

(D) A computed profile assuming the model and reversal time scalz discussed in the text. Intensity
and dip of the earth’s magnetic field taken as 54,000 gamma and 4 66°; magnetic bearing of profile
087°. (1 gamma = 10~ oersted). (S.L. = sea level.)

Note: Throughout, observed and computed profiles have been drawn in the same proportion:
10 km horizontally is equivalent to 100 gamma vertically. Normal or reverse magnetization is with
respect to an axial dipole vector, and the effective susceptibility assumed is = 0.01 except for the

central block at a ridge crest (4 0.02).
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Figure 3. Total magnetic intensity and topographic profiles over the Pacific Antarctic ridge. T_hc
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the axis in other figures.
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Fig. 4.13 Magnetic reversal time scale from mid-Jurassic times to present (redrawn from Harland et al., 1982, A Geological

Time Scale, with permission from Cambridge University Press).
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Figure 2. Cenozoic-Late Mesozoic magnetic polarity
shown in black, reversed-polarity chrons an
having uncertain validity are cross-hatchured.
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FIGURE 20.11 The worldwide pattern of seafloor spreading is revealed by the isochrons
(contours separating the bands of different colors and textures) that give the age of the seafloor

in millions of years since its creation at ridges. Mid-ocean ridges, along which new scafloor is
extruded, coincide with the youngest seafloor (red). The Adantic Ocean is symmetrical about
the Mid-Atlantic Ridge. Asymmetry of the pattern in the Pacific is caused partly by subduc-
tion in the Aleutian Trench south of Alaska, in the Peru-Chile Trench along the west coast of
South America, and in many trenches in the western Pacific. (After map prepared by J. Sclater
and L. Meinke.)
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with permission from the AAAS. Copyright © 1975 by the
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FIGURE 20.17 The development of sedimentary basins on a rifted continental margin, A rift devel-
ops in Pangaea as hot mantle materials upwell and the ancient continent stretches and thins. Volcan-
ics and Triassic nonmarine sediments are deposited in the faulted valleys (a). Seafloor spreading be-
gins (b). The lithosphere cools and contracts under the receding continental margins, which subside
below sea level. Evaporites, deltaic deposits, and carbonates (c) are deposited and then covered by
Jurassic and Cretaceous sediments derived from continental erosion (d). The Atlantic margins of Eu-
rope, Africa, and North and South America have histories similar to this.
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Geographic pole

Axis of rotation
Pole of rotation
— Angle of rotation

Great circle or
equator of rotation

Small circles or
latitudes of rotation

Fig. 3.1 Euler’s thcorem. Diagram illustrating how the
motion of a continent on the Earth can be described by an
angle of rotation about a pole of rotation,



Euler pole

Fig. 5.3 Dectermination of the Euler pole for a spreading
ridge from its offsetling transtorm faults which describe
small circles with respect to the pole.
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Figure 35. Harvard centroid-moment tensor focal mechanisms
along the Peru-—Chile trench from 19° to 35°S. Black dots show

epicentres of earthquakes from 1963 to 1985 with depths shallower
than 60 km.



\J = *
N o/
20 83
e A
_ ) o 4
) - \ 5\
Y _*,_ /m\\ O\
3/
-l @ ~

3E 13-35 Map of magnetic anom-
fishore of western North America.
that the anomalies generally be-
older toward the west, implying a
amount of subduction along the
eran margin of North America.:
ified after Atwater, 1970.)




"RIUIO}I[ED JO J[NO Y1 ul
+7 *81
nej ULIOJSuRI) Aye? (q) uonejo1 jo orod a2y ut oSueyd e JO 9sneddq I[Nk} uLIojsue) A¥yeo] B JO juowdopasg (&) L°L “sid
| | I L

9Lt (®)

—
81

U890 211084

(/A

Il

-9¢

O2IXaN

oCE

SeJeIS pajun

o9€

oCCl
oVOL



Chapter 11/Subduction-Zone Megathrusts 403

Shuswap
Complex

¥ Explorer
Plate

W o

Puget North
&3 Sound

Basin

QCacades
0

Washington

Columbia
Plateau

North
Gorda

Plate
O

Plateau l Range

. B e AR Nevada
10° Mendacino F.Z. &4 T i 2 & g —140°
1 320 i -1 1 60

Figure 11-32. Plate boundaries, physiographic provinces, and seismicity for northwestern United States
and adjacent parts of Canada. Octagons show earthquakes of M > 4 from National Oceanic and Atmospheric
Administration catalog through 1985; largest earthquakes noted by year of occurrence. Open triangles show
Quaternary volcanoes. From Shedlock and Weaver (1991).
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;Alpine orogenic belt’

Fig. 11.4 Simplificd plate tectonic framework of the Red
Sea—Gulf of Aden arca. Dark areas, oceanic crust; light
stippled areas, transitional crust consisting of stretched,
thinned continental crust invaded by basaltic dykes
(redrawn from Bonatti, 1987, with permission from
Nature, 330, 692. Copyright © 1987 Macmillan
Magazines Ltd).
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Fig. 8.32 (a) Early phase of development of an island arc. London, 1974,

(b) Later phase of island arc development (redrawn from

. i Society).
Ringwood, 1974, in Journal of the Geological Society of

with permission from the Geological
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VOLCANIC-MAGMATIC FIGURE 20.19 Rock assem-
TRENCH RANGE

blages associated with ocean-
continent plate collisions and
subduction: ocean trenches,
mélange deposits, magmatic
belts, metamorphism, and vol-
canism. The drawing is not to
scale; the thickness of the litho-
sphere is about 70 km, the

?mr-nqmmmcﬁm

hism 1
3@.5308 IS depth of the ocean trench is

about 10 km, and the distance

from trench to magmatic belt
is 300 to 400 km.

Volatiles and partial melt
i subducted ocean plate
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FIGURE 20.20 The geology of the western United States
at the beginning of Tertiary time, some 60 million years
ago. The paired mélange and magmatic belts indicate a
collision of the North American Plate to the east and the
Farallon Plate to the west; the Farallon Plate was subducted.
The Franciscan mélange formation and the batholiths of the
Sicrra Nevada to the cast as they exist today are indicated.
(After W. Hamilton and W. B. Myers, “Cenozoic Tecton-
ics,” Reviews of Geophysics, vol. 4, 1966, p. 541.)
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FIGURE 20.21 (a) A plate
carrying a continent is sub-
o _ ducted under a plate with a
Continental ; ' ; % ) ~ /] continent at its leading

; A ' ' edge. (b) The two conti-
nents collide. The continent
at left breaks into several
thrust sheets, thickening the
continental crust and raising
a high mountain range.
Other rocks associated with
plate convergence are
caught up in the collision
zone: magmatic intrusions,
deformed and metamor-
phosed shelf and deep-water
sediments, and ophiolite

fragments.
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FIGURE 20.22 Origin of a microplate terrane. An oceanic
island arc or a fragment of continent is carried into a plate

collision zone. Instead of being subducted, it is welded onto
the overriding plate. Because the fragment may have origi-
nated thousands of kilometers away, it difters in its rock
assemblages from the surrounding geological terrain.
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FIGURE 12.28  Quaternary volcanoes in Japan are concentrated
in two belts, one associated with the active Northeast Japan Arc and
the other with subduction along the Ryukyu Arc, which extends
southwestward toward Taiwan. There are no active volcanoes in
southern Honshu or Shikoku. (A map derived from Figure 15.2 in

A. Miyashiro, Metamorphism and Metamorphic Belts, p. 351, George Allen and
Unwin © 1973 by Routledge, Chapman & Hall, Inc.)
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FIGURE 12.29  Mount Fuji, the Japanese volcano that is most

familiar to Westerners, has a picturesque shape that has made it a

favorite subject for artists. Mount Fuji is 3,776 m tall and has a cir-
cumference of 30 km at its base. This woodblock print by Hokusai
(1760-1849) is one of a well-known series of 36 views. (Giraudon, Art
Resource)
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PLATE MoTIONS AND Dgep MANTLE CONVECTION

Figure 3. Hot spot trajectories constructed by rotating the Pacific plate 34 degrees
about a pole at 67° N., 73° W, and then 45 degrees about a pole at 23° N,, 110° W.
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Figure 7. Age of volcanoes in the Hawaiian-Emperor chain as a function of distance from Kilauea Volcano. Errors
shown are standard deviations, and are less than symbol size where omitted. K-Ar data from Table 6. Fossil mini-

mum ages are shown only where radiometric data are unavailable (see text). DSDP sites in parentheses.
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+

Brazil

o Kimberlites ¢ Major alluvial diamond deposits

Fig. 5.9 Locations of kimberlites and major alluvial
diamond deposits in Brazil compared to the predicted
track of the Trinidade hotspot (ages in Ma) (redrawn from
Crough et al., 1980).




Percentage of circumference
connected to descending slab

Eurasian

African
Canbbean
Arabian
Indian
Philippine
Nazca
Pacific
Cocos

North Amcrican
Antarctic

South Amcrican

Plate velocity with respect 10 underlying mantle

Figure 8.17 Plate velociiies
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correlation suggests
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the Royal Astronomical
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Figore 1. Inferred interaction of the lithosphere with a mid-plate hot-spot. From the ridge to the hot
spot the lithosphere thickens and subsides by cooling. At the hot-spot, extra heat drives the isotherms
upwards, thins the lithosphere and causes uplift. Beyond the hotspot, the lithosphere cools rapidly
because it is thin and thus subsides as younger lithosphere at the same Jdepth, rather than as normal
lithosphere of the saune age (dashed line). >

-— DEPTH

-
E
af
-
g
v ° 0 (1]
Es . . .

L] - e @
I L]
E c\
W LA
o

HAWALAN . ZBPERCA
4EMD

T T

o 20 40 €0
AGE ALONG HAWAIIAN-EMPEROR CHAIN
(my)

NWESORS M Q 2}1}“‘”’& '
AN N . Fig., 6. Depth of the crest of the Hawaiian
% o ;

9 % swell plotted against age along the Hawaiian-
£ ' Emperor chain (location approximately indicated
L + ¢ 9 dos by dashed lines in Figure 1). Hawaii is assumed
%, 8 to be 0 m.y. old. Age along the chain is takea
Q_ from Clague and Jarrard [1973], negative ages
‘%\ “UNAFUTI /y,\-vlk < corresponding to points southeast of Hawail
z{\\& K_} .y Sl ¢ along the trend of the Hawaifan ridge. Shaded
|~ (\ M ¢ ( band indicates expacted depth if normal age/
160°E =0° |A60'|' depth relationship existed in this area.
Solid line is empirical age-depth curve for
Fig. 1. Bathymetric map of the western Pacific, normal oceanic crust between 30 and 100 m.y.
Solid circles indicate the locations of drilled old [Parsons and Sclater, 1977].

western Pacific atells, and open circles the
locations of the guyets listed in Table l.
Average depths aleag dashed lines are plotted im
Figure 6.



O(ﬁ-ol.V\/

< .

i [N ]

v) o

5 )
wn 8 —
3 ¥ g o
c \A 3
U L ]
L - E
...2 m'-__,f
(R a
-— ch

p— :
< <

=

= Tk B

Depth (kilometers)

Fig. 7. Seafloor depth versus distance,unsorted by distance from a
hotspot track.



80 CHAPTER 5

(o

Iceland

Azores
o

Madeira o

Bermuda

Meteor o 9/ Ahaggar
Canary ]

Verdek/b\

Fernando
Ascension

0 stHelena
0

Trinidade
Tristan ©

L+
Gough

Cameroon

o Vema

o Discovery
Bouvet

Ti bestl N

Jebel Marra

Comoros




Atbanwbe Oean - Apth s an;é
o tegions  fhat have ot

pured over a hotspot
//w.l—/‘ll-f\. 46> — COD L“‘A:j

Lineay gt o 1Fo m.y.bp.

400-600 Kilometers

(SJa4aw0”q)q4daU

o

10 S0 100 150 200
Age (m.y.b.p.)



60



“(votun [earsfydosn urdudUY o woly uorssiurod Yum ‘76T "WEUBIAY-UDE 3P INN WOIJ UMBIPII) SUTR11d) 190dsns o1ning pue juosoid “ised jo uonnquisi(y ¢ “S1g

02 OF <09 .08 -00L 021 0L -091 -08L 091 0vL 0C1L -00L <08 .09 0F 02 <0 .0Z
T PASS T T T / T T T T T e v 4 0L
neale|d —.09
[1egdwen )
nesie|d
asiy mmn_mw 197017 neale|d
neale|d 3 weweyy usjanbiay 3 sey|nfy

uepye ;
PUEIeS A abueyiseoy
7

neale|d

p —.0€
abpiy & /
§|0410N uayoug D0
5 aBpiy eozep Ry . |
neale|d bﬂu “w \
ynied Miyiuey wmuoy  © Ry, e1eWOoS
Aqueg .
m>mﬁ-mmwﬁ_m ) / co_>wu sa||ayokag Sl R
elayew|ey - 2oy Y R 189q1 ] 7 o}
enBeiealy HEW[BH 'S p: Bipu|#5 alL’s Blqely &
b [T ooixa pue|s| [30Bied 2 e ‘Uk. 0a1L ‘NN S
¥ 7\ . el pue _n \\\\w,e..( \\ %u e
) ) weyuag 1By Lt N \ vy dledle
Sy 7, YRECVIR
G 7L = =
ﬁge%&. 7 iy By Ll
asiy ssa : 2 8 TR > T2\ T B o rV
LAl iebeiey \m“. w.\wm AJ\S O\ < i B % = \Ae\u\.usw.uwh {
T eijjeBueip opiexyoy L 7 | an S SO TS 2215109
T E PR IFIFF S S RLIPY S
SM3UPOOY PN dﬂ SIS G%f T S =
5= AR 4 S % 4 O X~
nesie|d u&ﬁ@. @ hvp eoi0y & &Y %@
P [leyo0y > /\l\n : o .\\\c__d\mpocv__m mww \_.om
3 =5
s Y sow0 ¢
B <z % neaie|d
. { xm>._0v_ NE>_OV_ 20.iae

souoBAe |

(=2 <
: A
Emao_m YLION < A7

—

G L



Sua

—LF €17 2012108 “I]G] TP 12 WRYRIAY-UDE WOI] umeIpal) neoled 21uesdo Aep-1u0sdid Jo UONNQLISIYY v o ~-
09 0F -0¢

O suido) Sy vy oy1 woiy voissiudd yim ‘+¢
o0 «0¢ OF =09 08 00L 0¢CL 0plL 091 =08l 081 0bL 0¢L 2001 <08
_ 1 T 1720 ~~ @ | = _ _ I _ _ T 0L
. S pues| %
,/, aBpiy - s Jalad pue|s| Auajeg %
Jyuey BHOSS YINOS | £77 | : indg
| pnep B 1se3-Auy L - o8
abpiy mzwum YLON o, neaeld
seu Qm W s Ty B llsqdwe) =y
: asi
eiBioag yinog neaje) > . Emmmu_w_ %cmﬁ.\mwmh ) neaie|d asiy
» puepiey i wheld asiy@Y UINOS S [ seynby ade)
« .- asiy . neale|d M04oN & MOH ) &Mo % )
% spueioly . obpiy zepueuiay oy pi0T uoIg ¥ nesey
P % == uenr S legn| / % = Lmuwmmmﬁms_ @ - o¢
. %@ oBory <, 9Bpiyne & N 5
! : 2 o
SIAIBM nealelg” % BOZEN JZ 3mmumﬂm ﬁmu Reareig N < 25
o|ned oeg S5y = ve T @ anbiquiezop
soBede|en abpiy 5, o 3 .
niowen | nesie|d® . > %9
| o o < neaiely S m>mﬁ.mco@wc0n/5 / _..m. sueg N o
rw%...\ abpiy so209) BIIUELY : ~ f / . W = sa||ayoAag
. Bpiy nYsnAY|
4 Q-
q nejed Id
euIPaN
abpiy ~
~_—.0¢E

neale|d
sauaylsole.g

- nesleld
aalpeooe-sobeyn

apJap aden’

abpiy sopegleg .@ mp..m .,...%\ / %“«%
. : .ﬂ\?)ﬁmﬁ u_:oma//f., S, -

@ abpiy mm><.-/r.aﬁﬂ. i
cm.‘..\m.ﬁ
S PN < 96p1

spue|s| neale|d / .
- Azeueq mEmsmm-Nw_um_m av
1se3 & o) Snose
%Mmum_m 9sly epnuuiag asiy m% »w%mv.m_m
. Axsieyg

BiaIpRAl de)
' 2
%@ sljunowessg nesje|q

27

7z

2

ysiwalJ
o
jueg N ENSEY
Q%mcﬁ:uhom 2 # = 3 Sy, v_mcmhww@.
D=
neaie|q ) / ﬁh\u !
w | lexooy » : et P .09
S L < o >
%smm;m_a ==
aolae4- 3 -,
A1 -
neale|d
Buuaop ™
| ol oS4




E Hawali
Pacific Rise

Izu Bonin
Chile trench

South America

5 Eurasia

Mid-Atlantic Ridge

Indian Ridge

Africa

Figure 2.3

Illustration of a possible convective circulation involving the entire mantle. The
plates (in black) descend along the subduction zones towards the core, traverse
the upper mantle (light grey) and disperse prior to becoming resorbed in the
lower mantle (dark grey). Their great longevity (100 Ma) allows them to rise again
under the hotspots, contributing eventually to the volcanism at these points. The

ridges are fed mainly by material ascending in the upper mantle. (After P. G.
Silver and R. W. Carlson 1988. Ann. Rev. Earth Planet. Sci. , 16, 477-541)



Figure 2.4
[llustration of a convective circulation in two level

s in the mantle. The elongated

cells of the upper mantle descend along subduction zones and rise below ridges.
The circulation in the lower mantle may be mechanically coupled with that of the

upper mantle (same direction in horizontal movements, opposite direction in
vertical movements), thermally coupled (same sense in vertical movements,
opposite sense in horizontal movements) as rather suggested by seismic tomog:

raphy, or not coupled at all
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Fig. 4. Plate and site motions relative to North America estimated from VLBI geodetic data. Bold
arrows show the motion of the Pacific plate and of the Sierra Nevada-Great Valley microplate relative
to North America. Small arrows show the motion of individual radio telescope sites (not constrained to
lic on a plate) relative to North America; ellipses centered on the tips of arrowheads are 95%
confidence limits. Numerals adjacent to arrows give the velocities in millimeters per year. The lengths

the arrows are scaled to show displacements if each velocity was constant for two million years.

{" is the Sierra Nevada-Great Valley microplate. From D. F. Argus and R. G. Gordon (manuscript

in preparation, 1994).
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