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2007-2008 ”Reliefs” INSU/CNRS
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Impact des collisions sur la géodynamique globale, Univ. South California

2007 M2 ST, Paul Planton, 30%
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Univ. Rennes 1

2008 Jury d’attribution des bourses de thèses MNR, Univ. Rennes 1
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♣ Pedoja, K., Regard, V., Husson, L., Martinod, J., Fucks, E., Iglesias, M., Weill,

P., Robin, N., Uplift of Quaternary shorelines in Eastern Patagonia : Darwin

revisited, en préparation.
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♣ Pedoja, K., Husson, L., Cobbold, P.C., Regard, V., Ostanciaux, E., Johnson,

M.E., Kershaw, S., Martinod, J., Delcaillau, B., Relative sea-level fall since the

Last Interglacial Maximum : Why are coasts uplifting worldwide ? , soumis à Earth
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Préambule

Le mémoire qui suit est articulé sous la forme d’une compilation de mes recherches

effectuées au cours d’une dizaine d’années. Essentiellement construit dans un ordre

chronologique -modulo quelques adaptations thématiques-, il illustre l’évolution de

ma philosophie des Sciences de la Terre, sous la forme de l’élargissement spatial

autour de l’objet d’étude qu’à emprunté mon cheminement scientifique dans le

temps. J’ai commencé par étudier des structures unitaires sur le front des châınes

de montagnes pour ensuite considérer les châınes de montagnes comme des bour-

relets qui rident la surface de la Terre et enfin développer une réflexion à l’échelle

de la géodynamique globale.

Cette évolution s’accompagne d’une migration floue de ma réflexion du contexte

de justification vers le contexte de découverte, c’est-à-dire que ma démarche ini-

tialement construite sur un pôle naturaliste, dominée par l’observation de l’objet

naturel et son interprétation dans un paradigme existant, s’est orientée vers la

formulation physique et la théorisation des processus. En pratique, c’est une com-

binaison des deux que je développe actuellement.

Mon parcours scientifique m’a permis de participer à des chantiers variés, des

relations entre tectonique et sédimentation à la dynamique interne de la Terre,

nécessitant l’emploi de méthodologies cohérentes. Animé par la quête d’une vision

globale, je ne suis titulaire ni d’une méthodologie particulière ni d’une compré-

hension aboutie d’un sujet particulier. En conséquence, ce mémoire ne saurait

être construit comme une monographie. A l’inverse, il fournit des éléments parfois

hétéroclites dont le point de convergence est la dynamique de la lithosphère.

La personnalité scientifique se construit aussi au gré des rencontres. Comme celles

d’avec Isabelle Moretti, Yanick Ricard et Wiki Royden.

University Web Site URL Here (include http://)
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2.2 Le rollback est-il une vue de l’esprit ? . . . . . . . . . . . . . . . . . 131

2.3 Interactions de la subduction avec les plaques supérieures . . . . . . 135

2.3.1 Modulation de la subduction par les plaques adjacentes . . . 136

2.3.2 Exhumation des roches de hautes pressions . . . . . . . . . . 140
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Chapitre 1

Dynamique orogénique

L’étude des mécanismes de déformation de la lithosphère continentale a subi une

évolution graduelle depuis l’essor du concept de tectonique des plaques. Elle était

auparavant élaborée de manière confuse, s’appuyant sur des observations biaisées

par des concepts sous-jacents parfois erronés. Lorsque la tectonique des plaques fait

son entrée à la fin des années soixante, des raisonnements souvent plus simples et

logiques clarifient les idées de l’époque sur la formation des châınes de montagnes

en particulier. Il devient alors possible de concilier les observations toujours plus

abondantes avec une interprétation physique réaliste. Différents protocoles d’étude

des orogènes apparaissent entre les pôles d’observation géologique et de raisonne-

ment physique.

La description structurale et cinématique est un des piliers sur lequel se fonde les

interprétations mécaniques. La section 1.1 présente mes contributions apportées

à la compréhension de la formation des fronts de châınes, avec l’exemple du front

sud-himalayen. La section 1.2 s’éloigne des structures unitaires et floute la vision

des châınes de montagnes pour n’en conserver que les traits cinématiques et mor-

phologiques principaux afin de proposer un schéma de développement de la croûte

épaissie des châınes de montagnes, étayé sur l’exemple des Andes Centrales. En

s’éloignant davantage encore, la lithosphère des châınes de montagnes devient un

bourrelet aux limites de plaques dont la cinématique nous renseigne sur les pro-

cessus dynamiques entre les plaques. Les aspects que j’ai examinés en particulier

sont discutés en section 1.3, en proposant une extension des concepts développés

sur la dynamique de la lithosphère aux processus de rifting.

1



Dynamique orogénique 2

1.1 Tectonique des fronts de châıne

Les avant-pays plissés sont caractérisés par une déformation qui n’implique pas (ou

peu) le socle crustal mais la couverture sédimentaire. Le dépôt des sédiments qui

forment cette couverture est souvent synchrone de l’édification de la châıne dans

son ensemble. C’est par exemple le cas des Alpes, de l’Himalaya, et sous une forme

un peu plus complexe, celui des Andes. La châıne interne, ou la croûte sépaissit, est

comprise comme une condition cinématique en arrière de la châıne d’avant-pays,

classiquement imagée par le godet d’un bulldozer repoussant un tas de sable, qui se

déforme en se propageant vers l’exterieur de la châıne. Ces déformations sont très

caractéristiques ; facilement identifiables dans le paysage, elles ont été largement

décrites. En détail, c’est un assemblage de structures plissées. Plusieurs motifs

géométriques de ces structures sont récurrents et font l’objet de classifications qui

dérivent essentiellement des travaux de Dahlen, Suppe, ou Davis, accompagnées

de l’étude de la mécanique associée [Dahlen, 1990, Dahlen et al., 1984, Davis et al.,

1983, Suppe, 1983, Suppe & Medwedeff, 1990].

1.1.1 Croissance d’une structure individuelle

Dans le détail, ces structures ont parfois des géométries complexes, comme dans

l’exemple qui suit où une structure individuelle est composée de plusieurs écailles

imbriquées. Dans la majorité des cas, les données de surface sont indisponibles.

Pour déterminer la géométrie de ces structures, le recours à l’équilibrage structural

est une possibilité. Les hypothèses qui sous-tendent l’équilibrage sont l’isopacité

des couches stratigraphiques, c’est-à-dire que leurs épaisseurs, ou puissances stra-

tigraphiques, mesurées localement sont supposée uniformes sur l’ensemble de la

structure. Une simple projection spatiale des mesures de surface permet alors de

reconstruire la structure profonde. Cette méthode, classiquement utilisée selon des

coupes orthogonales à la direction structurale, est ici etendue en 3D, en collabora-

tion avec J-L. Mugnier. Appliquée à une structure du front sud-himalayen, elle a

permis de révéler la structure sous-jacente en duplex. Cette simple technique s’est

révélée puissante pour connâıtre la géométrie des structures et a été abondament

utilisée par l’industrie pétrolière.
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1.1.2 Structuration du front de châıne

L’équilibrage structural prend un sens plus vaste lorsqu’il est replacé dans le

contexte dynamique des fronts de châınes. C’est un support de travail qui per-

met détayer les interprétations cinématiques. L’enregistrement géologique dans les

avant-pays est remarquable, puisque la sédimentation qui accompagne le dévelop-

pement et la progradation des prismes d’avant-pays est souvent préservée, archi-

vant ainsi l’histoire géologique. Des informations sur la chronologie des évènements

structuraux et morphologiques du prisme mais également de la châıne dans son

ensemble y sont contenues. Les deux articles suivants, fruits d’une collaboration

avec J-L. Mugnier, P. Leturmy et co-auteurs, illustrent l’exploitation de ces re-

constructions pour évaluer l’historique de la châıne himalayenne.



The Siwaliks of western Nepal
I. Geometry and kinematics

J.L. Mugniera,*, P. Leturmya, G. Masclea, P. Huyghea, E. Chalaronb, G. Vidalc,
L. Hussona, B. Delcaillaud

aLaboratoire de Geodynamique des Chaines Alpines et UPRESA CNRS 5025, rue Maurice Gignoux, 38031, Grenoble, France
bInstitute of Geological and Nuclear Sciences, New Zealand

cUMR CNRS 5570 et ENS Lyon, France
dDeÂpartement de GeÂographie, Caen University, 13 rue du milieu, 14000, Caen, France

Abstract

The Siwalik Group which forms the southern zone of the Himalayan orogen, constitutes the deformed part of the Neogene
foreland basin situated above the down¯exed Indian lithosphere. It forms the outer part of the thin-skinned thrust belt of the

Himalaya, a belt where the faults branch o� a major deÂ collement (MD) that is the external part of the basal detachment of
Himalayan thrust belt. This deÂ collement is located beneath 13 Ma sediments in far-western Nepal, and beneath 14.6 Ma
sediments in mid-western Nepal, i.e., above the base of the Siwalik Group. Unconformities have been observed in the upper

Siwalik member of western Nepal both on satellite images and in the ®eld, and suggest that tectonics has a�ected the frontal
part of the outer belt since more than 1.8 Ma. Several north dipping thrusts delineate tectonic boundaries in the Siwalik Group
of western Nepal. The Main Dun Thrust (MDT) is formed by a succession of 4 laterally relayed thrusts, and the Main Frontal

Thrust (MFT) is formed by three segments that die out laterally in propagating folds or branch and relay faults along lateral
transfer zones. One of the major transfer zones is the West Dang Transfer Zone (WDTZ), which has a north-northeast strike
and is formed by strike-slip faults, sigmoid folds and sigmoid reverse faults. The width of the outer belt of the Himalaya varies
from 25 km west of the WDTZ to 40 km east of the WDTZ. The WDTZ is probably related to an underlying fault that

induces: (a) a change of the stratigraphic thickness of the Siwalik members involved in the thin-skinned thrust belt, and
particularly of the middle Siwalik member; (b) an increase, from west to east, of the depth of the deÂ collement level; and (c) a
lateral ramp that transfers displacement from one thrust to another. Large wedge-top basins (Duns) of western Nepal have

developed east of the WDTZ. The superposition of two deÂ collement levels in the lower Siwalik member is clear in a large
portion of the Siwalik group of western Nepal where it induces duplexes development. The duplexes are formed either by far-
travelled horses that crop out at the hangingwall of the Internal DeÂ collement Thrust (ID) to the south of the Main Boundary

Thrust, or by horses that remain hidden below the middle Siwaliks or Lesser Himalayan rocks. Most of the thrusts sheets of the
outer belt of western Nepal have moved toward the S±SW and balanced cross-sections show at least 40 km shortening through
the outer belt. This value probably under-estimates the shortening because erosion has removed the hangingwall cut-o� of the

Siwalik series. The mean shortening rate has been 17 mm/yr in the outer belt for the last 2.3 Ma. # 1999 Elsevier Science Ltd.
All rights reserved.

1. Introduction

The Siwalik-Ganges foreland basin constitutes a

unique present-day active foreland system in a geody-

namic context of intracontinental collision, where

synorogenic sediments are progressively incorporated

into the outer part of the thin-skinned thrust belt.

Thus the study of the active Himalayan thin-skinned

thrust system may provide useful constraints for inter-

preting older collisional thrust systems. Therefore we
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ABSTRACT

T
he Sub-Himalayan Zone constitutes a tectonic wedge of synorogenic sediments

along the southern edge of the Himalayan Belt. Sediments are incorporated into

the prism from the foreland Indo-Gangetic plain, undergo a tectonic cycle within

it, and eventually are eroded. The structural sketch map exhibits westward-plunging

arcuate structures on the foremost location of the Outer Belt. Investigations from spatial

imagery and digital elevation modeling (DEM), together with kinematic data, allow us to

calculate velocities for the geomorphologic development. Four velocities rule the general

evolution of the wedge. The foremost geomorphic structure (ridge) is the assemblage of

elementary structures. The lateral ridge propagation velocity is estimated to be 40 cm/yr,

which supports a general cylindrical development of the Outer Belt, in spite of the asym-

metrical development of each independent elbow-shaped structure. The sediment’s bu-

rial history can be quantified from geometric and kinematic data. We emphasize that

because of the cylindrical behavior of the prism, extrapolation of the sediment transfer

to the entire western Nepal Siwalik is valid. Burial in the foreland basin takes two times

longer than the entire tectonic cycle, which only lasts for about 6.5 m.y. Sediments

reaching 6 � 10–5 km3 per year and per linear kilometer accrete along the Siwalik range.

7
Husson, L., J.-L. Mugnier, P. Leturmy, and G. Vidal, 2004, Kinematics and

sedimentary balance of the Sub-Himalayan Zone, western Nepal, in K. R.
McClay, ed., Thrust tectonics and hydrocarbon systems: AAPG Memoir 82,
p. 115–130.
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êc
o
ll
em

en
t,
M
D
,
w
h
ic
h
ru
le
s
th

e
sh

ap
e
o
f
th

e
w
ed

ge
as

a
w
h
o
le

(D
av

is
et

al
.,
1
9
8
3
).
T
h
e
st
an

d
ar
d
d
ev

ia
ti
o
n

o
f
th

e
el
ev

at
io
n
d
en

si
ty

ch
ar
ac
te
ri
ze
s
th

e
sh

ar
p
n
es
s
o
f

th
e
st
ru
ct
u
re
s:

th
e
lo
w
er

th
e
st
an

d
ar
d

d
ev

ia
ti
o
n
,
th

e
sh

ar
p
er

th
e
o
v
er
ly
in
g
ri
d
ge

.
In

o
th

er
w
o
rd
s,

if
th

e
el
e-

v
at
io
n

d
en

si
ti
es

ar
e

co
n
ce
n
tr
at
ed

ar
o
u
n
d

th
e

m
ea

n
el
ev

at
io
n
,t
h
e
fl
an

k
s
o
f
th

e
ri
d
ge

ar
e
ab

ru
p
t.
T
h
e
la
te
ra
l

te
rm

in
at
io
n
o
f
th

e
M
FT

(F
P
F
o
f
Fi
gu

re
2
)
is
sh

ar
p
(s
ta
n
-

d
ar
d
d
ev

ia
ti
o
n

is
1
0
0
m
),

th
e
M
FT

s
h
av

e
a
sm

o
o
th

er
sh

ap
e
(s
ta
n
d
ar
d
d
ev

ia
ti
o
n
s
ar
e
1
4
5
m

an
d

1
4
8
m

fo
r

th
e
tw

o
st
u
d
ie
d
ri
d
ge

s)
,
an

d
th

e
M
D
T
s
h
av

e
an

ev
en

sm
o
o
th

er
m
o
rp
h
o
lo
gy

(s
ta
n
d
ar
d
d
ev

ia
ti
o
n
s
ar
e
2
1
3
m

an
d
2
2
8
m
).
H
u
rt
re
z
et

al
.(
1
9
9
9
)s
h
o
w
ed

th
at

b
ec
au

se
o
f

th
e
ra
p
id

er
o
si
v
e
p
ro
ce
ss
es

in
th

e
Su

b
-H

im
al
ay

an
Z
o
n
e,

th
e
st
ru
ct
u
re
s
ar
e
in

a
d
yn

am
ic
eq

u
il
ib
ri
u
m
.E

ro
si
o
n
co

m
-

p
en

sa
te
s
fo
r
u
p
li
ft
(F
ig
u
re

3
),
an

d
th

e
to
p
o
gr
ap

h
ic

p
ro
-

fi
le
s
re
m
ai
n
co

n
st
an

t
th

ro
u
gh

ti
m
e
as

lo
n
g
as

n
o
ta
n
-

gi
b
le

ch
an

ge
o
cc
u
rs
in

th
e
te
ct
o
n
ic

v
el
o
ci
ti
es

o
r
er
o
si
o
n

ra
te
s.

T
h
e
to
p
o
gr
ap

h
ic

p
ro
fi
le

re
la
te
s
to

th
e
th

ru
st

v
e-

lo
ci
ty
.
Fo

r
o
n
e
p
ar
ti
cu

la
r
th

ru
st

v
el
o
ci
ty

an
d
ra
m
p
ge

-
o
m
et
ry
,
th

er
e
is

o
n
e,

an
d

o
n
ly

o
n
e,

as
so
ci
at
ed

to
p
o
-

gr
ap

h
ic

p
ro
fi
le

fo
r
th

e
o
v
er
ly
in
g
ri
d
ge

.
T
h
is

st
at
em

en
t

ap
p
li
es

to
m
at
u
re

ri
d
ge

s
w
h
en

th
e
eq

u
il
ib
ri
u
m

p
ro
fi
le

is
re
ac
h
ed

.
H
en

ce
,
th

e
sh

ar
p
n
es
s
o
f
th

e
FP

F
p
ro
b
ab

ly
re
-

la
te
s
to

th
e
gr
o
w
in
g
st
ru
ct
u
re

(f
o
r
w
h
ic
h
an

eq
u
il
ib
ri
u
m

p
ro
fi
le

is
n
o
t
re
ac
h
ed

,
as

sh
o
w
n
,
b
y
it
s
lo
w

m
ea

n
el
e-

v
at
io
n
)r
at
h
er

th
an

to
it
s
te
ct
o
n
ic
ac
ti
vi
ty
.I
ft
h
e
as
su

m
p
-

ti
o
n
o
f
a
d
y
n
am

ic
eq

u
il
ib
ri
u
m

la
w
is
co

rr
ec
t,
th

e
sh

ap
es

o
f
th

e
M
FT

an
d
M
D
T
re
fl
ec
t
th

ei
r
te
ct
o
n
ic

ac
ti
v
it
y
.
B
e-

ca
u
se

th
e
M
FT

an
d
M
D
T
ri
d
ge

m
o
rp
h
o
lo
gi
es

ar
e
gl
o
b
al
ly

co
n
st
an

t,
th

e
p
re
v
io
u
s
st
at
em

en
t
in
d
ic
at
es

th
at

lo
ca
l

es
ti
m
at
io
n
s
o
f
th

ru
st

v
el
o
ci
ti
es

fo
r
th

e
m
aj
o
r
th

ru
st
s

ca
n
b
e
ex

tr
ap

o
la
te
d
la
te
ra
ll
y
.

T
h
e
M
B
T
p
re
se
n
tl
y
sh

o
w
s
m
aj
o
r
d
is
p
la
ce
m
en

t
(r
o
ck

s
o
f
th

e
L
es
se
r
H
im

al
ay

as
th

ru
st

o
v
er

th
e
T
er
ti
ar
y
se
d
i-

m
en

ts
o
ft
h
e
Su

b
-H

im
al
ay

an
w
ed

ge
,a
cc
o
rd
in
g
to

U
p
re
ti
,

1
9
9
0
;
M
u
gn

ie
r
et

al
.,
1
9
9
2
).

H
o
w
ev

er
,
H
o
lo
ce
n
e
ac
ti
-

v
at
io
n
o
f
th

e
M
B
T
h
as

lo
ca
ll
y
m
in
o
r
n
o
rm

al
se
n
se

sl
ip

(0
.5

m
m
/y
r;
M
u
gn

ie
r
et

al
.,
1
9
9
4
),
th

u
s
su

gg
es
ti
n
g
th

at
ta
p
er

is
o
v
er
cr
it
ic
al

in
th

is
ar
ea

,
w
h
ic
h
im

p
li
es

th
at

th
e

M
B
T
is
n
o
tc
u
rr
en

tl
y
ac
co

m
m
o
d
at
in
g
ta
n
gi
b
le
sh

o
rt
en

in
g.

A
s
a
co

n
se
q
u
en

ce
,t
h
e
o
v
er
al
ls
h
o
rt
en

in
g
is
ac
co

m
-

m
o
d
at
ed

m
ai
n
ly

b
y
th

e
M
D
T
an

d
th

e
M
FT

.
A
cc
o
rd
in
g

to
th

e
p
re
v
io
u
s
d
is
cu

ss
io
n
o
n
sh

o
rt
en

in
g
ra
te
s,

w
e
as
-

su
m
e
th

at
sh

o
rt
en

in
g
o
v
er

th
e
M
C
T
is
m
in
o
r,
an

d
th

at
at

le
as
t
1
7
–
2
0
m
m
/y
r
o
f
sh

o
rt
en

in
g
o
cc
u
rs

w
it
h
in

th
e

Su
b
-H

im
al
ay

an
Z
o
n
e.

Sp
ar
se

v
el
o
ci
ty

d
at
a
ar
e
av

ai
la
b
le

fo
r
th

e
Su

b
-H

im
al
ay

an
th

ru
st
s:

Fr
o
m

te
rr
ac
e

u
p
li
ft

in
v
er
si
o
n
,
L
et
u
rm

y
et

al
.
(1
9
9
9
)
su

gg
es
te
d
v
el
o
ci
ti
es

in
th

e
ra
n
ge

o
f
7
–
1
0
m
m
/y
r
fo
r
b
o
th

th
e
M
FT

an
d
M
D
T
in

w
es
te
rn

N
ep

al
,
w
h
er
ea

s
L
av

é
an

d
A
v
o
u
ac

(2
0
0
0
)
ca
l-

cu
la
te
d
a
v
el
o
ci
ty

o
f
2
1
m
m
/y
r
fo
r
th

e
M
FT

an
d
fo
u
n
d

0
m
m
/y
r
fo
r
th

e
M
D
T
in

ea
st
er
n

N
ep

al
.
T
h
es
e
d
if
fe
r-

en
ce
s
ca
n
b
e
ex

p
la
in
ed

b
y
th

e
d
is
tr
ib
u
ti
o
n
o
f
sh

o
rt
en

-
in
g
v
er
su

s
ti
m
e
o
v
er

th
es
e
th

ru
st
s.

T
h
e
M
D
T
d
is
p
la
y
s

m
in
o
r
o
u
t-
o
f-
se
q
u
en

ce
fa
u
lt
s
th

at
ar
e
o
v
er
la
p
p
ed

b
y

u
n
d
ef
o
rm

ed
se
d
im

en
ts

(M
u
gn

ie
r
et

al
.,
1
9
9
8
;
M
u
gn

ie
r

et
al
.,
1
9
9
9
a)
,w

h
ic
h
in
d
ic
at
e
a
n
o
n
p
er
m
an

en
t
te
ct
o
n
ic

ac
ti
v
it
y
.
T
h
e
ra
ti
o
b
et
w
ee
n
fa
u
lt
ed

se
d
im

en
ts

an
d
o
ve

r-
la
p
p
in
g
se
d
im

en
ts

is
1
:3
.
W

e
as
su

m
e
th

at
it
re
fl
ec
ts

th
e

p
er
io
d
s
o
f
re
la
ti
v
e
ac
ti
v
it
y
to

in
ac
ti
v
it
y
o
f
th

e
M
D
T
.
If

sh
o
rt
en

in
g
in

th
e
Su

b
-H

im
al
ay

an
Z
o
n
e
is

p
ar
ti
ti
o
n
ed

o
n
ly

o
v
er

th
e
M
D
T
an

d
M
FT

,t
h
e
te
ct
o
n
ic

ac
ti
v
it
y
ti
m
e

sp
an

re
fl
ec
ts

th
e
co

ev
al

ac
ti
v
at
io
n
o
f
b
o
th

th
ru
st
s
(L
et
-

u
rm

y
,1

9
9
7
),
w
h
er
ea

s
in
ac
ti
v
it
y
in
d
ic
at
es

p
er
io
d
s
o
ff
as
t

ac
ti
v
at
io
n
o
v
er

th
e
M
FT

al
o
n
e
(L
av

é
an

d
A
v
o
u
ac
,2

0
0
0
).

C
o
ev

al
ac
ti
v
at
io
n
ex

is
ts

fo
r
a
th

ir
d
o
f
th

e
ti
m
e,

h
en

ce
th
e
M
D
T
te
ct
o
n
ic

ve
lo
ci
ty

V
f
M
D
T
is
o
n
e-
th
ir
d
o
f
th
e
va

lu
e

gi
v
en

b
y

L
et
u
rm

y
et

al
.
(1
9
9
9
),

th
at

is
,
2
–
3

m
m
/y
r.

Si
m
il
ar

ca
lc
u
la
ti
o
n
s
fo
r
th

e
M
FT

in
d
ic
at
e
a
te
ct
o
n
ic

ve
l-

o
ci
ty
,
V
f

M
F
T
,
o
f
ab

o
u
t
1
7
m
m
/y
r.

K
in
em

at
ic
s
an

d
Se
d
im

en
ta
ry

B
al
an

ce
o
f
th

e
Su

b
-H

im
al
ay

an
Z
o
n
e,

W
es
te
rn

N
ep

al
1
1
9



1
2
0

H
u
ss
o
n
et

al
.

A
v
er
ag

e
fo
rw

ar
d
-s
h
o
rt
en

in
g

v
el
o
ci
ti
es

ar
e

av
ai
l-

ab
le

fo
r
th

e
m
ai
n
Si
w
al
ik

th
ru
st
s
(F
ig
u
re

4
).
H
o
w
ev

er
,

fo
rw

ar
d
v
el
o
ci
ti
es

d
o
n
o
t
su

p
p
ly

en
o
u
gh

in
fo
rm

at
io
n

to
d
es
cr
ib
e
th

e
as
y
m
m
et
ri
ca
l
d
ev

el
o
p
m
en

t
o
f
th

e
Su

b
-

H
im

al
ay

an
Z
o
n
e,

an
d

th
e
la
te
ra
l
ra
m
p
-f
o
ld

p
ro
p
ag

a-
ti
o
n

v
el
o
ci
ti
es

ar
e
n
ee

d
ed

.
L
et
u
rm

y
(1
9
9
7
)
ca
lc
u
la
te
d

la
te
ra
l-
th

ru
st

v
el
o
ci
ti
es

fo
r
th

e
st
ru
ct
u
re
s
o
f
th

e
Su

b
-

H
im

al
ay

an
Z
o
n
e,

w
h
ic
h

ar
e
1
0
ti
m
es

fa
st
er

th
an

th
e

fo
rw

ar
d
-t
h
ru
st

v
el
o
ci
ti
es
.
T
h
is

v
al
u
e
is

co
n
si
st
en

t
w
it
h

th
e
o
b
se
rv
at
io
n
s
o
f
av

er
ag

e
fa
u
lt

d
is
p
la
ce
m
en

t
v
er
su

s
le
n
gt
h

gi
v
en

b
y

v
ar
io
u
s
au

th
o
rs

(W
al
sh

an
d

W
at
er
-

so
n
,
1
9
8
8
).

T
h
er
ef
o
re
,
la
te
ra
l
v
el
o
ci
ty

(V
l

M
F
T
)
fo
r
th

e
M
FT

is
in

th
e
ra
n
ge

o
f
1
7
0
m
m
/y
r.

B
y
an

al
o
gy

,
as

E
l-

li
o
tt

(1
9
7
6
)
p
re
v
io
u
sl
y
su

gg
es
te
d
,
th

e
fo
rw

ar
d
an

d
la
t-

er
al

v
el
o
ci
ti
es

th
at

co
n
tr
o
l
th

e
fa
u
lt

p
ro
p
ag

at
io
n

ca
n

b
e
co

m
p
ar
ed

to
th

e
d
u
ct
il
e
ed

ge
an

d
sc
re
w

d
is
lo
ca
-

ti
o
n
s,

re
sp

ec
ti
v
el
y
(F
ig
u
re

5
).

V
f M

FT
¼

1
7
m
m
=y

r

V
l M

FT
¼

1
7
0
m
m
=y

r

Fo
r
th

e
sa
k
e
o
f
si
m
p
li
ci
ty
,
th

es
e
v
el
o
ci
ti
es

w
il
l
fu
rt
h
er

b
e
n
am

ed
V
1
an

d
V
2
,
re
sp

ec
ti
v
el
y
.

T
h
es
e
st
ru
ct
u
ra
l
v
el
o
ci
ti
es

ru
le

th
e
w
es
tw

ar
d
p
ro
-

p
ag

at
io
n
o
f
th

e
sa
li
en

ts
,
w
h
ic
h
b
ra
n
ch

o
ff
o
f
th

e
M
D
T
.

Su
ch

a
p
at
te
rn

su
gg

es
ts

th
at

th
e
d
ev

el
o
p
m
en

t
o
f
th

e
m
o
st

fr
o
n
ta
l
st
ru
ct
u
re
s
is

as
y
m
m
et
ri
ca
l,

b
ec
au

se
p
ro
-

p
ag

at
io
n
o
n
ly

ac
ts
to
w
ar
d
th

e
w
es
t.
T
h
e
re
m
ai
n
in
g
q
u
es
-

ti
o
n
co

n
ce
rn

s
th
e
cy

li
n
d
ri
ca
ln

at
u
re

o
ft
h
e
o
ve

ra
ll
w
ed

ge
.

H
o
w

d
o
st
ru
ct
u
re
s
an

d
m
o
rp
h
o
lo
gy

ev
o
lv
e,

o
v
er

ti
m
e,

in
th

e
fo
ld
-a
n
d
-t
h
ru
st

b
el
t
o
f
w
es
te
rn

N
ep

al
,
w
h
er
e

sh
o
rt
en

in
g
is
p
er
p
en

d
ic
u
la
r
to

th
e
gl
o
b
al

ea
st
-s
o
u
th

ea
st

to
w
es
t-
n
o
rt
h
w
es
t
tr
en

d
o
f
th

e
b
el
t
an

d
w
h
er
e
st
ru
c-

tu
re
s
p
lu
n
ge

w
es
tw

ar
d
?

H
O
L
O
C
E
N
E

M
O
R
P
H
O
L
O
G
IC

A
L

V
E
L
O
C
IT

IE
S
O
F
T
H
E

H
IM

A
L
A
Y
A
N

F
R
O
N
T

L
a
te

ra
l
P
ro

p
a
g
a
ti
o
n

V
e
lo

c
it
y
o
f
th

e
M
o
rp

h
o
lo

g
ic
a
l
S
tr

u
ct

u
re

s

E
v
id
en

ce
fo
r
an

as
y
m
m
et
ri
c
w
es
tw

ar
d

gr
o
w
th

o
f

th
e
sa
li
en

ts
w
as

d
es
cr
ib
ed

p
re
v
io
u
sl
y
.
It

in
cl
u
d
es

an
-

ci
en

t
u
n
co

n
fo
rm

it
ie
s
th

at
ar
e
lo
ca
te
d

o
n

th
e
ea

st
er
n

p
ar
t
o
f
th

e
sa
li
en

ts
b
u
t
th

at
v
an

is
h
to
w
ar
d
th

e
w
es
t;
a

w
es
tw

ar
d
tr
an

si
ti
o
n
fr
o
m

w
at
er

ga
p
s
to

w
in
d
ga

p
s;
th

e
d
is
tr
ib
u
ti
o
n
o
ft
h
e
d
ra
in
ag

e
p
at
te
rn

;a
n
d
th

e
sy
st
em

at
ic

m
at
u
ra
ti
o
n

o
f
th

e
st
ru
ct
u
re
s,

fr
o
m

th
e
ea

st
er
n

m
o
n
o
-

cl
in
es

m
at
u
ri
n
g
to

fa
u
lt
-r
el
at
ed

fo
ld
s
sh

o
w
in
g
em

er
-

ge
n
t
ra
m
p
s,

to
th

e
w
es
te
rn

en
d
s
o
f
fa
u
lt
-r
el
at
ed

fo
ld
s

ev
o
lv
in
g
w
it
h
b
li
n
d
ra
m
p
s.

W
e
em

p
h
as
iz
e
th

at
th

e
en

éc
h
el
o
n
p
at
te
rn

o
f
th

e
th
ru
st

b
el
t
o
f
w
es
te
rn

N
ep

al
is
li
n
ke

d
to

th
e
la
te
ra
l
p
ro
p
-

ag
at
io
n
o
f
th
e
im

b
ri
ca
te

th
ru
st
in
g
(s
ee

Sh
aw

et
al
.,
1
9
9
9
),

p
er
p
en

d
ic
u
la
rl
y
to

th
e
th

ru
st
-s
h
ee

t
m
o
ti
o
n

(M
u
gn

ie
r

et
al
.,
1
9
9
9
a)
,a
n
d
d
o
es

n
o
t
re
fl
ec
t
an

y
d
ex

tr
al

st
ri
k
e-
sl
ip

co
m
p
o
n
en

t
o
f
th

e
fr
o
n
t.
M
FT

sa
li
en

ts
b
ra
n
ch

ea
st
w
ar
d

o
n
th

e
M
D
T
an

d
p
ro
p
ag

at
e
w
es
tw

ar
d
o
n
th

e
fo
re
m
o
st

p
o
si
ti
o
n
.
T
h
e
su

b
co

n
ti
n
u
o
u
s
tr
en

d
o
f
th

e
M
FT

co
rr
e-

sp
o
n
d
s
to

th
e
m
o
st

fr
o
n
ta
l
ri
d
ge

,
co

m
p
o
se
d
o
f
th

e
en

éc
h
el
o
n
fa
u
lt
-r
el
at
ed

fo
ld
s.
In

o
th

er
w
o
rd
s,
th

e
en

ve
lo
p
e

o
f
th

e
ri
d
ge

s
o
v
er
ly
in
g
th

e
M
FT

is
th

e
so
u
th

er
n
m
o
st

F
IG

U
R
E
2
.
(a
)
3
0
’’
ar
c
D
E
M

o
f
th

e
st
u
d
ie
d
ar
ea

.
So

li
d
w
h
it
e
li
n
es

re
p
re
se
n
t
sa
m
p
le
d
ar
ea

s
fo
r
st
at
is
ti
ca
l
an

al
y
si
s
o
f

el
ev

at
io
n
.
(b
)
E
le
v
at
io
n
d
en

si
ty

h
is
to
gr
am

s
o
f
ea

ch
sa
m
p
le
d
st
ru
ct
u
re
.
FP

F:
fa
u
lt
-p
ro
p
ag

at
io
n
fo
ld

ri
d
ge

,
M
FT

1
an

d
2
:

M
ai
n
Fr
o
n
ta
l
T
h
ru
st

ri
d
ge

s,
M
D
T
1
an

d
2
:
M
ai
n
D
u
n
T
h
ru
st

ri
d
ge

s.

F
IG

U
R
E
3
.
D
y
n
am

ic
-e
q
u
il
ib
ri
u
m

th
eo

ry
.
(a
)
T
o
p
o
gr
ap

h
y

is
to
o
lo
w

w
it
h
re
sp

ec
t
to

th
e
ra
m
p
v
el
o
ci
ty
;
er
o
si
o
n
ra
te
s

b
ec
o
m
es

lo
w
er

th
an

u
p
li
ft
ra
te
s.
(b
)
T
o
p
o
gr
ap

h
y
is
in

a
d
y
n
am

ic
-e
q
u
il
ib
ri
u
m

st
at
e,

er
o
si
o
n
ra
te
s
b
al
an

ce
u
p
li
ft
.

(c
)
T
o
p
o
gr
ap

h
y
is
to
o
h
ig
h
,
er
o
si
o
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é
G
éo
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é,

an
d
J.

Se
rr
a-
K
ie
l,
1
9
9
8
,

Q
u
an

ti
fy
in
g
th

e
sy
n
te
ct
o
n
ic

se
d
im

en
ts
as
so
ci
at
ed

w
it
h

si
n
gl
e-
la
ye

r
d
et
ac
h
m
en

t
fo
ld
s:
Jo
u
rn
al
o
fS
tr
u
ct
u
ra
lG

eo
-

lo
gy

,v
.
1
9
,
p
.
3
6
9
–
3
8
1
.

P
o
w
er
s,

P
.
M
.,

an
d

R
.
J.

L
il
li
e,

1
9
9
6
,
Sh

o
rt
en

in
g

ra
te
s

w
it
h
in

th
e

su
b
-H

im
al
ay

a
o
f
N
W

In
d
ia

b
as
ed

o
n

a
b
al
an

ce
d
cr
o
ss

se
ct
io
n
o
f
th

e
K
an

gr
a
D
u
n
re
-e
n
tr
an

t:
H
im

al
ay

an
-K
ar
ak

o
ru
m
-T
ib
et

W
o
rk
sh

o
p
,
1
1
th

,
Fl
ag

-
st
af
f,
A
ri
zo

n
a,

p
.
1
2
0
–
1
2
1
.

P
o
w
er
s,
P
.M

.,
R
.J
.L

il
li
e,

an
d
S.

Y
ea

ts
,1

9
9
8
,S

tr
u
ct
u
re

an
d

sh
o
rt
en

in
g
o
f
th

e
K
an

gr
a
an

d
D
eh

ra
D
u
n
re
en

tr
an

ts
,

Su
b
-H

im
al
ay

a,
In

d
ia
:
G
eo

lo
gi
ca
l
So

ci
et
y
o
f
A
m
er
ic
a

B
u
ll
et
in
,
v
.
1
1
0
,
p
.
1
0
1
0
–
1
0
2
7
.

R
ai
v
er
m
an

,
V
.,
A
.
K
.
Sr
iv
as
ta
v
a,

an
d
D
.
N
.
P
ra
sa
d
,
1
9
9
4
,

St
ru
ct
u
ra
l
st
y
le

in
n
o
rt
h
-w

es
te
rn

H
im

al
ay

an
fo
o
t-

h
il
ls
,
in

G
.
K
u
m
ar

an
d

N
.
R
.
P
h
ad

ta
re
,
ed

s.
:
Si
w
al
ik

fo
re
la
n
d
b
as
in

o
f
H
im

al
ay

a,
v
.
1
5
,
p
.
2
6
3
–
2
8
0
.

Sc
h
el
li
n
g,

D
.,

1
9
9
2
,
T
h
e
te
ct
o
n
o
st
ra
ti
gr
ap

h
y

an
d

st
ru
c-

tu
re

o
f
th

e
ea

st
er
n
N
ep

al
H
im

al
ay

a:
T
ec
to
n
ic
s,
v
.
1
1
–

5
,
p
.
9
2
5
–
9
4
3
.

Sc
h
el
li
n
g,

D
.,
an

d
K
.
A
ri
ta
,
1
9
9
1
,
T
h
ru
st

te
ct
o
n
ic
s,
cr
u
st
al

sh
o
rt
en

in
g,

an
d
th

e
st
ru
ct
u
re

o
f
th

e
fa
r-
ea

st
er
n
N
ep

al
H
im

al
ay

a:
T
ec
to
n
ic
s,

v
.
1
0
,
p
.
8
5
1
–
8
6
2
.

Sh
aw

,
J.
H
.,
B
il
o
tt
i,
F.
,
an

d
P
.
A
.
B
re
n
n
an

,
1
9
9
9
,
P
at
te
rn

s
o
f
im

b
ri
ca
te

th
ru
st
in
g:

G
eo

lo
gi
ca
l
So

ci
et
y
o
f
A
m
er
ic
a

B
u
ll
et
in
,
v
.
1
1
1
,
p
.
1
1
4
0
–
1
1
5
4
.

St
ü
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1.1.3 Structuration d’une zone complexe : le Golfe du

Mexique

L’emploi du terme complexe est certes peu éloquent de manière générale. Les mul-

tiples influences sur la géodynamique du Golfe du Mexique obligent cependant à

son emploi. L’héritage des orogénèses Laramide et Sevier, l’évolution de la côte

Pacifique d’une marge active vers une marge transformante et le développement

du Basin and Range [Atwater, 1970, Sonder & Jones, 1999, Wernicke et al., 1982],

la dynamique du système caräıbe et la rotation du Yucatán au sud [Pindell et al.,

1988] contrôlent l’ouverture du Golfe du Mexique.

Les conséquences tectoniques et structurales continuent d’être largement discuées,

partiellement animées par l’intérêt économique de cette région dont le fort poten-

tiel en hydrocarbures est exploité de longue date. Une revue n’a pas sa place ici,

mais quelques points particuliers sur lesquels j’ai travaillé en collaboration avec

X. Le Pichon, C. Rangin et N. Flotté peuvent être présentés. Une série d’articles

associés est compilée dans un Mémoire du Bulletin de la Société Géologique de

France [Rangin et al., 2008]. Une partie du travail portant sur le régime thermique

du Golfe du Mexique, présentée dans le chapitre 5, fait écho à ce travail. Dans

le premier article présenté ci-dessous, nous examinons le rôle de la faille du Rio

Bravo (ou Rio Grande, selon le point de vue) au Tertiaire et sa contribution à

l’évolution tectonique tardive et actuelle du Golfe du Mexique. Dans le second ar-

ticle, nous révélons à la lumière de données sismiques multitrace haute pénétration

les conséquences d’un épisode de rifting crustal tertiaire dans le Golfe du Mexique

sur la tectonique gravitaire.
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The Rio Bravo fault, a major late Oligocene left-lateral shear zone
NICOLAS FLOTTE1,a, JUVENTINO MARTINEZ-REYES2, CLAUDE RANGIN1, XAVIER LE PICHON1,

LAURENT HUSSON1,b and MARC TARDY3

Key-words. – Rio Bravo fault, Oligocene left-lateral fault, Gulf of Mexico, Burgos basin, SW Texas

Abstract. – It has generally been assumed that the last major compressive deformation in the Sierra Madre Oriental
(Mexico) took place during the Laramide orogenesis (Upper Cretaceous – Early Eocene). We have studied the N120o

Rio Bravo fault zone probably inherited from the Jurassic opening of the gulf of Mexico. This fault zone is located
along the international boundary between United States and Mexico. We demonstrate that it was active mainly during
the Oligocene. In the Ojinaga area (Chihuahua), the Sierra Madre Occidental, Oligocene volcanic sequences overlying
conformably the sedimentary Upper Cretaceous sequence, are both tightly folded before 30 Ma. We think this folding is
associated with motion of a major left-lateral fault, the Rio Bravo left lateral fault. These left-lateral fault system affects
also the Sabinas fold-belt and extends below the Burgos bassin. This deformation is also imaged by gravimetric data and
the offsets the Palaeocene-Eocene oil fields that are displaced left laterally. We propose that during the Oligocene, this
~1000 km long left-lateral shear zone that might be called the Rio Bravo fault was active during the Oligocene with a to-
tal offset of 40-60 km.

La faille du Rio Bravo, une zone de décrochement senestre majeure à l’Oligocène

Mots-clés. – Faille du Rio Bravo, Faille senestre Oligocène, Golfe du Mexique, Sud-Ouest Texas

Résumé. – Il est généralement admis que le principal événement compressif de la Sierra Madre Orientale (Mexique)
s’est produit durant l’orogenèse Laramienne (Crétacé terminal-Eocène inférieur). Nous avons étudié la zone de faille du
Rio Bravo, structure probablement héritée de l’ouverture du golfe du Mexique au Jurassique. Cette zone de failles est à
cheval sur la frontière internationale USA-Mexique. Nous montrons qu’elle est active surtout durant l’Oligocène. Dans
la région d’Ojinaga (Chihuahua, Mx) les séries volcaniques oligocènes de la Sierra Madre Occidentale, déposées sont
en concordance sur le Crétacé supérieur sédimentaire, ces deux ensembles étant plissés avant 30 Ma. Nous pensons que
cette déformation est associée au jeu décrochant senestre qui suit plus ou moins la direction N120o du Rio Bravo. Ce
système décrochant senestre affecte également la ceinture plissée de Sabinas et se pousuit vers le SE dans le basin de
Burgos. Cette zone de décrochement est imagée dans la gravimétrie, mais aussi par le décalage senestre des champs pé-
troliers présents dans les séries Eocène-Oligocène de ce bassin. Nous proposons que ce cisaillement crustal senestre
long de plus de 1000 km, appelé faille du Rio Bravo, a été actif durant l’Oligocène avec un décalage cumulé de 40 à
60 km.

INTRODUCTION

The Sierra Madre Oriental (SMO) is located along the eas-
tern edge of Mexico (fig.1) and is interpreted as the sou-
thern continuation of the Cordilleran deformation belt in
northern North America [Campa and Coney, 1983]. The
Chihuahua fold-belt and the inverted Sabinas basin belong
to this system. In Mexico, this phase is Palaeocene – Lower
Eocene in age [Tardy, 1980]. However, the precise dating of
the Laramide phase is difficult because, from northern

Mexico to Montana (USA), the deformed or undeformed
Tertiary continental deposits are not well dated. Initially,
the Laramian phase was attributed to the Cretaceous-Tertia-
ry boundary. Here, we document the existence of a major
left-lateral fault zone that was active after this tectonic epi-
sode, during Late Eocene-Oligocene and linked onshore
west-Texas to the Chihuahua – Big Bend area over more
than 1000 km. This fault follows part of the Rio Bravo and
is called for this reason the Rio Bravo fault. We next discuss
its presence along the Texas Lineament where it is localized

Bull. Soc. géol. Fr., 2008, t. 179, no 2, pp. 147-160
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Cenozoic gravity tectonics in the northern Gulf of Mexico induced by crustal
extension. A new interpretation of multichannel seismic data
CLAUDE RANGIN1, XAVIER LE PICHON1, NICOLAS FLOTTÉ2 and LAURENT HUSSON3

Key-words. – Gravity tectonics, Cenozoic rifting, Gulf of Mexico, Texas, Northeast Mexico.

Abstract. – The Gulf of Mexico margin in Texas is one of the most impressive examples of starved passive margin gravi-
ty collapse systems. Growth faults developed upslope and are compensated down slope by toe folding and thrusting. On
the basis of new multi-channel seismic data with high penetration (down to 11 s-twtt) we present evidences for deep
crustal extension and rifting that have enhanced superficial sliding. This hypothesis is supported by a significant heat
flow anomaly and crustal thinning independently deduced from gravity data. This Cenozoic rifting episode is tectonical-
ly linked to left lateral motion along the Rio Bravo fault, a reactivated branch of the Texas lineament.

Extension crustale tertiaire dans le nord du golfe du Mexique à l’origine de la tectonique
gravitaire. Une nouvelle interprétation de données de sismique multitraces

Mots-clés. – Tectonique gravitaire, Rifting tertiaire, Golfe du Mexique, Texas, Mexique du Nord-Est.

Résumé. – La marge du golfe du Mexique au Texas est une des marges passives fossiles où les glissements gravitaires
sont les plus connus. Des failles de croissance developpées en haut de pente se voient compensées en bas de pente par
des plissements et des chevauchements. Sur la base de données de sismique multitrace haute pénétration (jusqu’à
11 std), nous montrons qu’un épisode de rifting crustal a pu provoquer ces glissements superficiels. Cette hypothèse
semble renforcée par un flux de chaleur significativement élevé, l’extension crustale étant indépendament déduite des
données gravimétriques. Cet épisode de rifting cénozoïque est structuralement lié au déplacement senestre le long de la
faille du Rio Bravo, une branche du linéament du Texas réactivée.

INTRODUCTION

Rifting of the Gulf of Mexico was initiated at the Trias-
sic-Jurassic boundary probably along tectonic zones of
weakness inherited from the Late Paleozoic Ouachita Oro-
geny [Marton and Buffler, 1994]. A simple shear model
[Wernicke, 1985] has been often proposed for the early evo-
lution of the Texas margin [Watkins, 1978; Simmons,
1992]. During middle Jurassic times thinning of the crust
was coeval with sedimentation of thick evaporites (Louann
salt). Spreading of this basin occurred briefly during the
Late Jurassic [Salvador, 1987; Buffler, 1991]. A series of
transfer fault zones with sinistral offset are part of the rif-
ting fabric [Tardy, 1980; Anderson and Nourse, 2005; Lister
et al., 1986]. Offshore Texas these faults are represented by
the Brazos and Matagorda transfer faults [Simmons, 1992].
They have segmented this old passive margin during the rif-
ting but no clear evidences were found for similar transform
faults during spreading except maybe for the Mojave Sono-
ra megashear [Silver and Anderson, 1974]. Thermic subsi-
dence affects this basin during the Cretaceous with
development of carbonate reefs [Buffler, 1983]. A stratigra-
phic synthesis of this post rift history was presented by
Feng and Buffler [1996] and Rowan et al. [1999]. A

significant event was the accumulation of a thick clastic se-
quence in southern Texas during the Paleocene, probably re-
lated to the fast erosion of the Laramide Orogeny in
northeastern Mexico [Galloway et al., 2000; Tardy, 1980].
During the Eocene, a 4000 m thick depocenter extended
from South Texas to the Mexican-USA border [Salvador,
1987]. During the Oligocene, large deltas were developed in
Texas (the Vicksburg and Frio formations). A thick regres-
sive wedge was developed during the Miocene and the Plio-
cene with a noticeable sedimentary hiatus during the early
Pliocene.

Despite this long thermal relaxing history, Nagihara and
Jones [2005] have recently documented an abrupt transition
in heat flow at the oceanic crust-thinned crust boundary
proposed by Marton and Buffler [1994] just offshore the
Mississippi delta. Reed [1994] had suspected Cenozoic rif-
ting offshore Texas. The thick sedimentary pile of sedi-
ments blanketing the western margin of the Gulf of Mexico
affected by recent extension involving the whole sedimenta-
ry package was usually interpreted in terms of gravity tecto-
nics over a Triassic salt sole or other shales detachement
horizons. References are numerous on this subject and diffi-
cult to synthesize here. According to most authors, the early
stages of salt tectonics in the northern Gulf of Mexico basin
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1.2 Croissance crustale des châınes de montagnes :

le cas des Andes Centrales

Si l’hypothèse d’isopactité prévaut dans les avant-pays plissés, elle ne s’applique

pas dans les parties plus internes où la croûte est épaissie. Cette assertion se

vérifie simplement en comparant les épaisseurs crustales et le raccourcissement

mesuré en surface, comme dans les Andes Centrales, ainsi qu’il est montré dans

l’article suivant. L’explication mécanique est la dépendence en température de la

rhéologie. Les observations indirectes -cinématiques en particulier- avaient per-

mis d’envisager cette dépendence ; elles ont été ultérieurement corroborées par des

mesures directes [Goetze, 1978, Hirth & Kohlstedt, 1995a,b, Kirby, 1983, Kirby

& Kronenberg, 1987]. Bien que ces mesures restent naturellement insatisfaisantes

puisque les facteurs d’échelles spatiale et temporelle ne permettent pas d’extrapo-

ler avec certitude, elles illustrent une dépendence de type Arrhenius de la viscosité.

Les croûtes épaisses, réchauffée par leurs propres productions radiogéniques, at-

teignent des températures suffisantes pour faire chuter la viscosité effective de la

croûte de plusieurs ordres de grandeur. La décroissance exponentielle de la visco-

sité devient primordiale sur la dynamique lorsque les croûtes deviennent épaisses

[Bird, 1991]. Les vitesses caractéristiques de fluage de la croûte inférieure, excité

par les contraintes gravitationelles dues aux variations d’épaisseur crustale, de-

viennent alors grandes au regard de sa vitesse de raccourcissement. La croûte ne

s’épaissit plus mais la châıne de montagne se propage latéralement, conduisant à

la formation d’un haut plateau. Les cas du Tibet [Clark & Royden, 2000, Royden

et al., 1997] ou des Andes [Gerbault et al., 2005, Yang et al., 2003] sont symp-

tomatiques, celui des Andes est développé dans l’article suivant, en collaboration

avec T. Sempere.
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[1] In the Central Andes, crustal thickness is not well
correlated to upper crustal shortening. Only little shortening
is documented in the upper crust of the 60–65 km-thick
Altiplano plateau, whose thickening and uplift were delayed
with respect to earlier and greater thickening in the adjacent
Western and Eastern Cordilleras. Because crustal thickness
variations induce horizontal stress gradients and cause crustal
flow, a thickness-dependent channel flow is modeled here
and applied to the Central Andes. In situ thickening is
assumed for both cordilleras, while the Altiplano crustal
thickening is generated by lateral flow from these
overthickened adjacent domains. A �8.1018 Pa s viscosity
channel is predicted for crustal thicknesses exceeding 45–50
km to match the estimated topographic evolution of the
Central Andes. Thickening in the cordilleras was sufficient to
generate a flow of 6.109m3 per unit length toward the initially
�30–35 km-thick Altiplano. INDEX TERMS: 3210

Mathematical Geophysics: Modeling; 5104 Physical Properties of

Rocks: Fracture and flow; 8164 Tectonophysics: Evolution of the

Earth: Stresses—crust and lithosphere; 8102 Tectonophysics:

Continental contractional orogenic belts; 8122 Tectonophysics:

Dynamics, gravity and tectonics. Citation: Husson, L., and

T. Sempere, Thickening the Altiplano crust by gravity-driven

crustal channel flow, Geophys. Res. Lett. , 30(5), 1243, doi:10.1029/
2002GL016877, 2003.

1. Introduction

[2] The origin of the Altiplano plateau is poorly under-
stood. In the Bolivian Orocline, i.e. the central segment of
the Central Andes, upper crustal shortening estimates do not
correlate well with total crustal thickness [Kley and Mon-
aldi, 1998]. The largest deviation is found for the 60–65
km-thick [Beck et al., 1996] Altiplano crust: in this domain,
the pre-Neogene total crustal thickness was �30–35 km
[Sempere et al., 2002] and only minor (<10–15%) upper
crustal shortening has occurred during the Neogene [Rochat
et al., 1999]. This profound discrepancy means that homo-
geneous crustal shortening cannot have been responsible for
the Altiplano crustal growth. We address this issue by
testing the hypothesis that the Bolivian Orocline has devel-
oped heterogeneously from gravity-driven channel flow of
crustal material injected from overthickened areas of the
Western and Eastern Cordilleras towards the Altiplano.

2. Relevant Characteristics of the Bolivian
Orocline

[3] The Bolivian Orocline (BO) is commonly divided into
a number of geomorphic zones (Figure 1), among which the

Altiplano plateau is the most characteristic due to its 3600 m
mean elevation and 60–65 km crustal thickness [Isacks,
1988; Beck et al., 1996]. The Altiplano is bounded by the
Eastern Cordillera (EC), which originated mainly from
tectonic shortening [e.g., Sheffels, 1990], and by the Western
Cordillera (WC), where cluster the volcanoes of the sub-
duction arc. Both EC andWC crustal thicknesses are, at least
locally, over 70 km [Beck et al., 1996], but there is no
evidence that the WC, unlike the EC, originated from
tectonic contraction only. West of the WC, which is largely
covered by Late Neogene volcanics, the Coastal Belt dis-
plays a west-tapering 65–0 km-thick crust [ANCORP Work-
ing Group, 1999] and a complex history. In contrast, the EC
has resulted from the Oligocene-Miocene tectonic inversion
of a Triassic-Jurassic rift system [Sempere et al., 2002]. East
of the EC, between 18�S and 23�S, the Subandean Zone
(SAZ) is a Neogene fold-and-thrust belt, the foredeep of
which underlies the Chaco plain [e.g., Dunn et al., 1995].
[4] Models of Andean uplift [Gregory-Wodzicki, 2000;

Kennan, 2000] consider that the onset of the WC uplift
occurred 60 Ma ago, and that the EC uplift developed later
and slower (Figure 2a). This first stage of mountain growth
last until the Late Paleogene, when the WC and EC reached
elevations of �2000 m and �1000 m respectively. Uplift
rates of both cordilleras have increased since 20 Ma, leading
to the present-day high elevations. Located between them,
the Altiplano uplift mainly occurred during the last 20–10
Ma, and thus was delayed with respect to the cordilleras.

3. Discrepancies Between Shortening Rates and
Crustal Thicknesses

[5] The present-day crustal thickness in the EC can be
explained by intense inversion and tectonic contraction of
previously thinned crust [Sempere et al., 2002]. According
to shortening estimates [e.g., Rochat et al., 1999], bulk
strain in the EC is �0.4, in agreement with its 70 km crustal
thickness. In the SAZ, minimum bulk strain is �0.45, but its
overall crustal thickening has been only moderate due to its
thin-skinned deformation.
[6] The high crustal thickness of the WC has not been

satisfactorily explained yet: tectonic shortening, magma-
tism, and possibly other in-situ crustal growth processes
(see, Lamb and Hoke [1997] for a review) have contributed
to crustal growth.
[7] Figure 3 compares the actual crustal thickness and the

crustal thickness predicted by assuming in situ crustal
thickening correlated to upper crustal bulk strain across
the BO. The SAZ presents a large excess of crustal volume,
whereas the Altiplano is characterized by a significant
deficit (bulk strain �0.12). Because this discrepancy cannot
be explained by homogeneous crustal deformation, we
explore the hypothesis that thickening of the Altiplano crust

GEOPHYSICAL RESEARCH LETTERS, VOL. 30, NO. 5, 1243, doi:10.1029/2002GL016877, 2003
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k
n
es
s

v
ar
ia
ti
o
n
s
d
ri
v
e
th
e
ch
an
n
el
-f
lo
w

Q
d
es
cr
ib
ed

b
y
eq
u
at
io
n

(1
)
in
to

th
e
th
in
n
er

A
lt
ip
la
n
o

cr
u
st
,
in
d
u
ci
n
g

it
s
u
p
li
ft

w
it
h
o
u
t
an
y
sh
o
rt
en
in
g
.

[1
1
]

W
e

ca
li
b
ra
te

th
e

v
is
co
si
ty

v
ar
ia
ti
o
n
s
u
si
n
g

th
e

p
re
se
n
t-
d
ay

to
p
o
g
ra
p
h
y
to
g
et
h
er

w
it
h
u
p
li
ft
es
ti
m
at
es

fr
o
m

K
en
n
a
n
[2
0
0
0
]
an
d
G
re
g
o
ry
-W

o
d
zi
ck
i
[2
0
0
0
].
U
p
li
ft
ra
te
s

ar
e
co
n
v
er
te
d
in
to

in
si
tu

cr
u
st
al

g
ro
w
th

ra
te
s
fr
o
m

is
o
st
as
y

fo
r
b
o
th

W
C

an
d
E
C

(F
ig
u
re

2
a)
.
T
h
e
b
es
t
fi
t
b
et
w
ee
n

es
ti
m
at
es

an
d
th
e
p
re
d
ic
te
d
ev
o
lu
ti
o
n
o
f
th
e
o
v
er
al
l
to
p
-

o
g
ra
p
h
y
o
cc
u
rs

fo
r
a
v
is
co
si
ty

d
ec
re
as
e
fr
o
m

2
.1
0
2
0
P
a
s
to

8
.1
0
1
8
P
a
s,
fo
r
a
cr
it
ic
al
cr
u
st
al
th
ic
k
n
es
s
S
c
o
f
4
7
k
m
,
o
v
er

a
1
0
k
m

st
ep

!
h
(F
ig
u
re

2
b
).
U
n
ce
rt
ai
n
ty

o
n
W
C

an
d
E
C

el
ev
at
io
n

in
p
u
t
v
al
u
es

is
&
5
0
0

m
(L
.
K
en
n
an
,
p
er
so
n
al

co
m
m
u
n
ic
at
io
n
,
2
0
0
2
)
in
d
u
ci
n
g
v
ar
ia
ti
o
n
s
in

th
e
A
lt
ip
la
n
o

p
re
d
ic
te
d
el
ev
at
io
n
al
so

o
f
&
5
0
0
m
.
U
n
ce
rt
ai
n
ti
es

in
in
p
u
t

el
ev
at
io
n
s
co
rr
es
p
o
n
d
to

v
ar
ia
ti
o
n
s
in

b
o
th

S
c
an
d
!
h
b
y

&
5
k
m

fo
r
si
m
il
ar

A
lt
ip
la
n
o
u
p
li
ft
ra
te
s.

[1
2
]

T
h
is

p
re
d
ic
te
d
v
is
co
si
ty

al
so

m
at
ch
es

th
e
re
su
lt
s
o
f

p
re
v
io
u
s
d
ep
th
-d
ep
en
d
en
t
o
r
te
m
p
er
at
u
re
-d
ep
en
d
en
t
m
o
d
-

el
s,

w
it
h

a
st
ro
n
g

v
is
co
si
ty

d
ec
re
as
e
(1
0
1
9
P
a
s
in

th
e

ch
an
n
el
)
fo
r
cr
u
st
s
th
ic
k
er

th
an

4
0
–
5
0

k
m

[C
la
rk

a
n
d

R
o
yd
en
,
2
0
0
0
;
M
cQ

u
a
rr
ie

a
n
d

C
h
a
se
,
2
0
0
0
;
M
ed
ve
d
ev

a
n
d

B
ea
u
m
o
n
t,

2
0
0
1
].

V
is
co
si
ty

es
ti
m
at
es

fr
o
m

fu
ll
-2
D

m
o
d
el
s
in
v
o
lv
in
g
m
o
re

co
m
p
le
x
rh
eo
lo
g
ie
s
[e
.g
.,
B
ea
u
m
o
n
t

et
a
l.
,
2
0
0
1
]
ar
e
al
so

in
th
e
sa
m
e
ra
n
g
e.

T
h
e
lo
w

v
is
co
si
ty

fo
u
n
d
fo
r
th
e
ch
an
n
el

is
ex
p
ec
te
d
fo
r
te
m
p
er
at
u
re
s
h
ig
h
er

th
an

6
0
0
–
7
0
0
!C

,
co
n
si
st
en
t
w
it
h
th
e
o
b
se
rv
at
io
n
s
o
f
p
ar
ti
-

al
ly

m
o
lt
en

ro
ck
s
w
it
h
in

th
e
cr
u
st
o
f
h
ig
h
p
la
te
au
s.

6
.

D
is
cu
ss
io
n

[1
3
]

V
ar
io
u
s
p
ro
ce
ss
es

h
av
e
b
ee
n
su
g
g
es
te
d
fo
r
p
la
te
au

fo
rm

at
io
n
,
b
u
t
th
ey

se
ld
o
m

ex
p
la
in

al
l
o
b
se
rv
at
io
n
s
w
h
en

ap
p
li
ed

to
th
e
A
n
d
es
.
O
th
er

st
u
d
ie
s
th
at

fa
v
o
r
th
at

‘‘
b
li
n
d
’’

b
ri
tt
le

sh
o
rt
en
in
g
w
o
u
ld

h
av
e
o
cc
u
rr
ed

b
el
o
w

th
e
A
lt
ip
la
n
o

as
d
ee
p
as

&
2
6
–
4
4
k
m

[e
.g
.,
M
cQ

u
a
rr
ie

a
n
d
D
eC

el
le
s,

2
0
0
1
]
ar
e
co
n
tr
ad
ic
te
d

b
y

la
b
o
ra
to
ry

ex
p
er
im

en
ts

[e
.g
.,

G
o
et
ze
,
1
9
7
8
;
K
ir
b
y,

1
9
8
3
]
an
d

b
y

se
is
m
o
lo
g
ic
al

d
at
a,

w
h
ic
h
b
o
th

su
g
g
es
t
th
at

th
e
lo
w
er

cr
u
st

is
d
u
ct
il
e,

at
le
as
t

lo
ca
ll
y
as

sh
al
lo
w
as

1
8
k
m

[e
.g
.,
Yu
a
n
et
a
l.
,
2
0
0
0
].
M
an
tl
e

d
el
am

in
at
io
n
[e
.g
.,
P
la
tt
a
n
d
E
n
g
la
n
d
,
1
9
9
4
]
is
in
su
ff
ic
ie
n
t

to
p
ro
d
u
ce

m
aj
o
r
u
p
li
ft
(<
8
0
0
m
,
H
u
ss
o
n
[2
0
0
1
])
an
d
d
o
es

n
o
t
in
d
u
ce

cr
u
st
al

th
ic
k
en
in
g
.
T
h
ic
k
en
in
g

b
y

m
ag
m
at
ic

ad
d
it
io
n
[K
a
y
a
n
d
M
p
o
d
o
zi
s,

2
0
0
1
]
o
n
th
e
ti
m
e
sc
al
e
o
f

an
o
ro
g
en
es
is

w
o
u
ld

in
v
o
lv
e
co
n
si
d
er
ab
le

h
ea
t
ad
v
ec
ti
o
n
,

w
h
ic
h

w
o
u
ld

ap
p
ea
r
o
n

th
e

su
rf
ac
e

h
ea
t
fl
o
w

si
g
n
al
.

E
v
en
tu
al
ly
,
h
o
m
o
g
en
eo
u
s
cr
u
st
al

d
ef
o
rm

at
io
n
is

in
co
m
p
at
-

ib
le

w
it
h
th
e
o
b
se
rv
ed

u
p
p
er

cr
u
st
sh
o
rt
en
in
g
.

[1
4
]

A
lt
h
o
u
g
h
th
e
av
er
ag
e
v
is
co
si
ty

o
f
th
e
li
th
o
sp
h
er
e
is

g
en
er
al
ly

co
n
si
d
er
ed

to
b
e
ab
o
u
t
1
0
2
1
to

1
0
2
2
P
a
s
[e
.g
.,

E
n
g
la
n
d
,
1
9
8
6
;
W
d
o
w
in
sk
i
et
a
l.
,
1
9
8
9
]
th
e
v
is
co
si
ty

o
f
th
e

cr
u
st

is
h
ig
h
ly

v
ar
ia
b
le

w
it
h

d
ep
th

d
u
e
to

th
e
el
ev
at
ed

cr
u
st
al

g
eo
th
er
m
.
C
o
n
v
er
si
o
n

o
f
rh
eo
lo
g
ic
al

en
v
el
o
p
es

(a
ft
er

e.
g
.,

R
a
n
a
ll
i
a
n
d

M
u
rp
h
y
[1
9
8
7
])

in
to

N
ew

to
n
ia
n

v
is
co
si
ty

p
ro
fi
le
s
in
d
ic
at
es

th
at

v
is
co
si
ty

in
th
ic
k
cr
u
st

is
lo
w

(<
1
0
1
9
P
a
s)

at
d
ep
th

fo
r
ty
p
ic
al

g
eo
th
er
m
s.
O
u
r
m
o
d
el

su
p
p
o
rt
s
th
e
th
eo
re
ti
ca
l
re
su
lt
s
fo
r
m
id
-l
o
w
er

cr
u
st
al

fl
o
w

w
it
h
in

h
ig
h
p
la
te
au
s.
S
ig
n
if
ic
an
t
ch
an
n
el

w
ea
k
en
in
g
(<
1
0
1
9

P
a
s)

o
cc
u
rs

fo
r
cr
it
ic
al

cr
u
st
al

th
ic
k
n
es
s
o
f
4
0
to

5
0
k
m
,

w
h
il
e
n
o
rm

al
(e
.g
.
3
5

k
m

th
ic
k
)
cr
u
st

ch
an
n
el

v
is
co
si
ty

w
o
u
ld

b
e
h
ig
h
er

th
an

2
.1
0
2
0
P
a
s.
N
o
te
th
at
a
h
ig
h
er

ch
an
n
el

v
is
co
si
ty

fo
r
n
o
rm

al
cr
u
st
d
o
es

n
o
t
af
fe
ct
o
u
r
re
su
lt
s
as

m
o
st

o
f
th
e
p
re
d
ic
te
d
A
lt
ip
la
n
o
u
p
li
ft

o
cc
u
rr
ed

w
h
en

b
o
th

co
r-

d
il
le
ra
s
h
ad

th
ic
k
en
ed

u
p
to

4
0
–
5
0
k
m
,
an
d
2
.1
0
2
0
P
a
s
is

th
u
s
a
lo
w
er

b
o
u
n
d
.
A
s
em

p
h
as
iz
ed

b
y
C
la
rk

a
n
d
R
o
yd
en

[2
0
0
0
],

d
u
e
to

th
e
u
n
ce
rt
ai
n
ty

in
ch
an
n
el

th
ic
k
n
es
s,

th
e

re
su
lt
s
fo
r
ch
an
n
el

v
is
co
si
ty

ar
e
n
o
n
u
n
iq
u
e,

as
th
ey

sc
al
e

w
it
h

C
3
/h
.
V
ar
ia
ti
o
n
s
in

C
fr
o
m

1
0

to
2
0

k
m

m
u
st

b
e

b
al
an
ce
d
b
y
v
ar
ia
ti
o
n
s
in

h m
in
an
d
h m

a
x
fr
o
m

2
.4

1
0
1
8
P
a
s

to
1
.9

1
0
1
9
P
a
s
an
d
fr
o
m

6
.1
0
1
9
P
a
s
to

9
.5

1
0
2
0
P
a
s,

re
sp
ec
ti
v
el
y,
g
iv
in
g
a
ra
n
g
e
o
f
ch
an
n
el
v
is
co
si
ti
es

o
f
al
m
o
st

o
n
e
d
eg
re
e
o
f
m
ag
n
it
u
d
e.

O
u
r
es
ti
m
at
es

fo
r
th
e
v
is
co
si
ty

p
ro
fi
le

ar
e
b
as
ed

o
n
th
e
as
su
m
p
ti
o
n
th
at

te
m
p
er
at
u
re
,
an
d

th
u
s
v
is
co
si
ty
,
is

a
fu
n
ct
io
n
o
f
cr
u
st
al

th
ic
k
n
es
s.

B
u
t
ap
ar
t

fr
o
m

ra
d
io
g
en
ic

h
ea
ti
n
g
,
v
ar
io
u
s
th
er
m
al

p
ro
ce
ss
es

ar
e

h
et
er
o
g
en
eo
u
sl
y

d
is
tr
ib
u
te
d

in
o
ro
g
en
s.

F
u
ll
-2
D

m
o
d
el
s

co
u
ld

m
o
re

li
k
el
y
in
te
g
ra
te

th
es
e
p
ro
ce
ss
es
.
H
o
w
ev
er
,
o
u
r

p
o
o
r
k
n
o
w
le
d
g
e
o
f
th
e
d
is
tr
ib
u
ti
o
n
o
f
h
ea
t
so
u
rc
es

li
m
it
s

in
te
g
ra
ti
v
e
an
al
y
si
s,

an
d

si
m
p
le

m
o
d
el
s
w
it
h

re
st
ri
ct
ed

n
u
m
b
er

o
f
fr
ee

p
ar
am

et
er
s
y
ie
ld

m
o
re

in
fo
rm

at
iv
e
re
su
lt
s.

[1
5
]

In
th
e
C
en
tr
al

A
n
d
es
,
th
e
h
ea
t
fl
o
w

is
g
lo
b
al
ly

co
rr
el
at
ed

to
cr
u
st
al

th
ic
k
n
es
s
[S
p
ri
n
g
er

a
n
d

F
o
rs
te
r,

1
9
9
8
;
H
u
ss
o
n
a
n
d
M
o
re
tt
i,
2
0
0
2
].
T
o
a
fi
rs
t
o
rd
er

ap
p
ro
x
-

im
at
io
n
,
v
is
co
si
ty

m
ay

b
e
m
o
re

co
n
v
en
ie
n
tl
y
d
es
cr
ib
ed

as

F
ig
u
re

4
.

C
o
n
ce
p
tu
al

m
o
d
el

fo
r
th
e
la
te
ra
l
in
je
ct
io
n
o
f

m
id
-l
o
w
er

cr
u
st
b
el
o
w

th
e
A
lt
ip
la
n
o
.

H
U
S
S
O
N

A
N
D

S
E
M
P
E
R
E
:
T
H
IC
K
E
N
IN

G
T
H
E
A
L
T
IP
L
A
N
O

4
7
-
3



th
ic
k
n
es
s-
d
ep
en
d
en
t
(r
at
h
er

th
an

tr
u
ly

te
m
p
er
at
u
re
-d
ep
en
d
-

en
t)
.
O
u
r
m
o
d
el

su
g
g
es
ts

th
at

th
e
p
re
se
n
t-
d
ay

A
lt
ip
la
n
o

cr
u
st

h
as

b
ee
n

al
m
o
st

eq
u
al
ly

fe
d

b
y

b
o
th

co
rd
il
le
ra
s

(3
.1
0
9
m

3
p
er

u
n
it
le
n
g
th

fl
o
w
in
g
ea
st
w
ar
d
an
d
as

m
u
ch

w
es
tw
ar
d
),

b
u
t
an

u
n
ev
en

d
is
tr
ib
u
ti
o
n
o
f
th
er
m
al

so
u
rc
es

co
u
ld

lo
ca
ll
y

li
m
it

o
r
en
h
an
ce

w
ea
k
en
in
g

an
d

im
p
ly

an
as
y
m
m
et
ri
c
fl
o
w

(o
n
ly

th
e
cu
m
u
la
ti
v
e
fl
o
w
s
ar
e
eq
u
al

as
th
ey

v
ar
y
th
ro
u
g
h
ti
m
e)
.

[1
6
]

A
b
o
u
t
v
o
lu
m
e
b
al
an
ce

in
th
e
C
en
tr
al

A
n
d
es
,
w
e

p
ro
p
o
se

th
at
:
(i
)
L
ar
g
e
am

o
u
n
ts

o
f
ex
ce
ss

cr
u
st
al

v
o
lu
m
e

fl
o
w
fr
o
m

th
e
S
A
Z
to

th
e
E
C
lo
w
er

cr
u
st
.
F
o
r
a
3
0
k
m
-t
h
ic
k

b
as
em

en
t
sh
o
rt
en
ed

b
y
7
0
k
m

to
1
5
0
k
m

[e
.g
.,
D
u
n
n
et

a
l.
,

1
9
9
5
;
R
o
ch
a
t
et

a
l.
,
1
9
9
9
],
th
e
v
o
lu
m
e
ac
cr
et
ed

to
th
e
E
C

ra
n
g
es

b
et
w
ee
n
2
.1

1
0
9
an
d
4
.5

1
0
9
m

3
p
er

u
n
it
le
n
g
th
.
(i
i)

T
h
e
E
C
sh
o
w
s
a
fa
ir
co
rr
el
at
io
n
b
et
w
ee
n
u
p
p
er
cr
u
st
al
st
ra
in

an
d
cr
u
st
al

th
ic
k
n
es
s.
H
o
w
ev
er
,
th
e
ex
p
ec
te
d
ex
ce
ss

cr
u
st
al

m
at
er
ia
l
in
co
rp
o
ra
te
d
fr
o
m

th
e
S
A
Z
is
d
if
fi
cu
lt
to

ev
id
en
ce

as
cr
u
st
al

m
as
s
al
so

fl
o
w
s
fr
o
m

th
e
E
C

in
to

th
e
A
lt
ip
la
n
o
.

(i
ii
)
N
o
si
g
n
if
ic
an
t
in

si
tu

cr
u
st
al
g
ro
w
th

ca
n
b
e
in
v
o
k
ed

fo
r

th
e
A
lt
ip
la
n
o
,
an
d
it
s
cr
u
st
al

v
o
lu
m
e
re
p
re
se
n
ts
th
e
in
je
ct
ed

m
as
s
fr
o
m

th
e
m
id
d
le

an
d

lo
w
er

cr
u
st
s
o
f
th
e
ad
ja
ce
n
t

co
rd
il
le
ra
s.

T
h
is

in
te
rp
re
ta
ti
o
n
is

su
p
p
o
rt
ed

b
y
th
e
ti
m
in
g

(A
lt
ip
la
n
o
u
p
li
ft

d
el
ay
ed

w
it
h
re
sp
ec
t
to

th
e
co
rd
il
le
ra
s)
,

w
h
ic
h
il
lu
st
ra
te
s
th
e
ti
m
e
sp
an

n
ec
es
sa
ry

fo
r
v
is
co
u
s
p
ro
-

ce
ss
es

to
d
ev
el
o
p
,
an
d
b
y
it
s
cr
u
st
al

g
ro
w
th

w
it
h
o
u
t
si
g
-

n
if
ic
an
t
u
p
p
er

cr
u
st
al

sh
o
rt
en
in
g
.
(i
v
)
D
u
ct
il
e
cr
u
st

w
as

li
k
el
y
to

fl
o
w

in
to

th
e
A
lt
ip
la
n
o
fr
o
m

th
e
W
C
.
In

th
is
ar
ea

ea
rl
y
sh
o
rt
en
in
g
w
as

p
o
ss
ib
ly

la
rg
er

th
an

cu
rr
en
tl
y
ev
al
-

u
at
ed

an
d

th
at

m
o
re

re
ce
n
t
st
ra
in

w
as

lo
w
;
ad
d
it
io
n
al

p
ro
ce
ss
es

li
k
e
m
ag
m
at
ic

ad
d
it
io
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1.3 Les châınes de montagnes aux frontières de

plaques

Dans le chapitre précédent, la stabilité crustale était perçue dans un cadre où les

forces aux limites sont implicites, apparaissent comme le résultat d’une dynamique

plus globale, mais ne sont pas analysées. C’est en dé-zoomant de nouveau que la

châıne de montagne devient au premier ordre un bourrelet à la frontière entre

deux plaques et peut être appréhendée dans le cadre de la tectonique des plaques.

Cette idée n’est pas nouvelle et peut être considérée comme relevant des travaux

séminaux d’Argand [1924] : une châıne de montagne ne saurait être maintenue en

équilibre sans l’existence de forces aux limites dont la magnitude est comparable

aux forces gravitationelles.

1.3.1 Les montagnes, contrebalancier des forces aux limites

Une originalité de l’approche que nous développons ici avec Y. Ricard est, en

considérerant la dynamique de la lithosphère comme une réponse à la sollicita-

tion par les forces aux limites, d’utiliser les observations cinématiques et mor-

phologiques pour quantifier ces mêmes forces. Les contraintes gravitationnelles

n’équilibrent pas totalement les contraintes aux limites (sans quoi il n’y aurait

aucune déformation permettant même d’édifier la châıne de montagnes) : les

contraintes visqueuses contribuent -dans une moindre mesure que les contraintes

gravitationelles- à équilibrer le système dynamique des orogènes. Les montagnes

sont alors perçues comme un contrebalancier aux forces aux limites qui animent

la tectonique des plaques. Puisque les forces inertielles sont négligeables dans les

processus tectoniques, la géométrie et la cinématique des châınes de montagnes

témoignent directement de ces forces tectoniques aux limites : les zones où la

convergence entre les plaques est animée par des forces élevées s’accompagnent

de montagnes élevées. Les montagnes doivent donc être comprises comme des in-

dicateurs dynamiques et non cinématiques. Ce concept apparâıt dans les vitesses

de convergence à la surface de la Terre, qui varient peu tandis que les forces de

flottabilité dans les châınes de montagnes (que l’ont peut inférer à partir de leur

géométrie, c.f. article ci-dessous et fig. 4.2) varient de plus d’un ordre de gran-

deur. En d’autres termes, en supposant une mécanique linéaire, il ressort que les

montagnes modulent les vitesses tectoniques lorsque le régime permanent de la
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convergence est atteint. Une illustration est la diminution de la vitesse de conver-

gence entre les plaques Indienne et Eurasienne lorsque la collision himalayenne

prend place [Allègre et al., 1984, Patriat & Achache, 1984]. D’apparence triviale,

cette base de reflexion n’est en fait que peu prise en considération dans la vaste

majorité des études de la dynamique orogénique, pour lesquelles les modèles -

conceptuels ou physiques- sont pilotés par des conditions aux limites en vitesses

et non en contraintes. Les résultats de modèles classiques [Avouac & Burov, 1996,

Beaumont et al., 2001, Willett, 1999] sont biaisés pour cette raison. Ce concept

est un pilier de mes travaux sur la géodynamique globale présenté en section 4,

dans laquelle je met en évidence la rétroaction de la dynamique orogénique sur la

tectonique des plaques et la circulation mantellique à l’échelle globale.

Techniquement, l’approximation de la lithosphère à une plaque mince uniforme-

ment visqueuse est pertinente à cette échelle. Cette méthode a été essentiellement

introduite par England & McKenzie [1982, 1983] au début des années 80. En

intégrant la mécanique sur l’épaisseur de la lithosphère, le problème perd une

dimension. Les contraintes aux limites peuvent être introduites normalement à

l’épaisseur de la lithosphère (comme dans la majorité des études en plaques minces,

[England & Houseman, 1985, England & McKenzie, 1982, 1983]) et/ou comme

un cisaillement alternativement moteur ou résistant à la base de la lithosphère,

comme dans l’exemple proposé ci-dessous. Les contraintes visqueuses sont calculées

à partir du taux de déformation et de la viscosité effective de la lithosphère, pour

laquelle nous proposons en retour une valeur. Enfin, les contraintes de flottabilité

sont exprimées en introduisant un terme ayant la dimension d’un moment et du

nombre d’Argand Ar, en référence aux travaux précurseurs de Emile Argand au

début du 20ème siècle [Argand, 1924]. Au regard de sa simplicité, cette méthode

s’est montrée puissante pour mettre en évidence les mécanismes de déformation

de la lithosphère [e.g., England & Houseman, 1985].

Dans l’article suivant, le cas des Andes en particulier est examiné. Les contraintes

aux limites sont extraites à partir de la cinématique de déformation de la châıne

de montagne, et une quantification de la valeur de la viscosité effective de la

lithosphère est proposée.
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Abstract

The frequent changes in tectonic and morphological evolutions of active plate margins suggest that similar processes drive

apparently antagonistic tectonics. We address the problem by a thin viscous sheet approach where the governing stresses are

restricted to interplate traction, buoyancy and viscous stresses. Various cases are explored, from compression to extension,

leading to dismiss corner-flow-driven models and to favor interplate traction-driven models. From the topography of the Andes,

we determine the magnitude and profiles of the current stresses beneath the Andes at various locations. The total transmitted

force is about 9� 1012 N m� 1. Shear stresses at the boundaries of the deforming lithosphere range between 25 and 110 MPa

and almost balance the buoyancy stresses due to crustal thickening, the remaining difference being the viscous stresses. The

deviatoric stress is less than 10 MPa and the effective viscosity of the Andean lithosphere is as low as f 3� 1021 Pa s.

Maximum compression is located in the Eastern side of the Andes, matching the geological observations, but we find that the

current stress regime is insufficient to explain the present-day elevation. This suggests that interplate traction was slightly

stronger in the past when the Neogene plate convergence was faster, and this decrease in interplate traction implies that high and

steep parts of the Andes cannot be sustained anymore. The shape of the Altiplano can be explained by a weak lateral variation

of the viscosity, which allows the high plateau to be constructed in the characteristic time span of Andean building.

D 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Although the main characteristics of subductions

are similar anywhere, their morphological and tec-

tonic expressions vary from intensely compressive

to extensive through intermediate settings, so that

the intraplate stress field has been intensively dis-

cussed and remains the focus of many studies (e.g.

[1]). Within cratons, the intraplate stress field is

mainly neutral or compressive, but it is fairly

common to see combined extensional and compres-

sional settings in convergent systems. The Aegean

sea and the Tonga trench display extensional pat-

terns, the Japan sea and Italy show coeval exten-

sional and compressional features, while the Andes

undergo compression with some areas of neutral/

extensional regimes. The tectonic regime also varies

through time: for instance the Basin and Range

evolved from the Laramide compression to the

present-day extension [2]. These changes of tectonic

regimes suggest that the physical processes govern-

ing deformation differ only slightly from one geo-

dynamic setting to another.
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o
m
it

th
e

av
er
ag
in
g
sy
m
b
o
l
(o
v
er
li
n
e)

fo
r
v
er
ti
ca
ll
y
av
er
ag
ed

q
u
an
ti
ti
es

(ū
an
d
ḡ
in

E
q
.
(5
))
in

th
e
fo
ll
o
w
in
g
.
A
ft
er

so
m
e
al
g
eb
ra

E
q
.
(5
)
g
iv
es

th
e
fo
ll
o
w
in
g
h
o
ri
zo
n
ta
l

st
re
ss

b
al
an
ce

eq
u
at
io
n

4
L
B B
x
g
B
u

B
x
¼

q c
g 2

1
"

qc qm

!
"

B
S
2

B
x
"
R
"

1 6

B
2
R

B
x2

L
2
: ð6
Þ

It
co
u
p
le
s
th
e
b
as
al

sh
ea
r
R
,
th
e
d
ev
ia
to
ri
c
st
re
ss

T
=
"
4
gB

u
/B
x
(T
>
0
co
rr
es
p
o
n
d
s
to

co
m
p
re
ss
io
n
),
an
d

th
e
b
u
o
y
an
cy

fo
rc
es

re
la
te
d
to

S
2
.
T
h
e
fa
ct

th
at

S
2
(o
r

S
h
)
ra
th
er

th
an

S
co
n
tr
o
ls

th
e
d
ef
o
rm

at
io
n
is

so
m
e-

ti
m
es

ca
ll
ed

th
e
d
en
si
ty

m
o
m
en
t
ru
le

[1
5
].

A
n
o
n
-d
im

en
si
o
n
al
iz
at
io
n
o
f
E
q
.
(6
)
ca
n
b
e
p
er
-

fo
rm

ed
(e
.g
.
u
si
n
g
th
e
le
n
g
th

sc
al
e
L
an
d
re
fe
re
n
ce

v
el
o
ci
ty

an
d
v
is
co
si
ty
,
u
0
an
d
g 0
)
w
h
ic
h
le
ad
s
to

th
e

in
tr
o
d
u
ct
io
n
o
f
th
e
A
rg
an
d
n
u
m
b
er

A
r
[1
6
],

w
h
ic
h

w
ri
te
s
ac
co
rd
in
g
ly

to
[4
]

A
r
¼

q c
g
L
2

2
g 0
u
0

1
"

q c q m

!
"

:
ð7
Þ

A
r
in
d
ic
at
es

th
e
ca
p
ab
il
it
y
o
f
th
e
li
th
o
sp
h
er
e
u
n
d
er
-

g
o
in
g

b
u
o
y
an
cy

fo
rc
es

to
d
ef
o
rm

.
H
o
w
ev
er
,
n
o
n
-

d
im

en
si
o
n
al

q
u
an
ti
ti
es

d
o
n
o
t
si
m
p
li
fy

th
e
fo
ll
o
w
in
g

d
is
cu
ss
io
n
s
an
d
w
e
k
ee
p
d
im

en
si
o
n
al

v
al
u
es
.

A
d
d
it
io
n
al
ly
,
fo
r
in
co
m
p
re
ss
ib
le

fl
u
id
s,

th
e
ti
m
e-

d
ep
en
d
en
ce

o
f
th
e
cr
u
st
al

th
ic
k
n
es
s
S
is
g
iv
en

b
y
:

B
S

B
t
þ
S
B
u

B
x
þ
u
B
S

B
x
¼

0
:

ð8
Þ

B
y

m
u
lt
ip
ly
in
g

E
q
.
(8
)
b
y

2
S
,
o
n
e
o
b
ta
in
s
th
e

tr
an
sp
o
rt
eq
u
at
io
n
o
f
th
e
d
en
si
ty

m
o
m
en
t
[1
7
],

B
S
2

B
t
þ
2
S
2
B
u

B
x
þ
u
B
S
2

B
x

¼
0
:

ð9
Þ

E
q
s.
(6
)
an
d
(9
)
ar
e
th
e
g
o
v
er
n
in
g
eq
u
at
io
n
s
o
f
th
e

m
o
d
el

(s
ee

al
so

[1
8
])
.

2
.2
.
G
en
er
a
l
co
m
m
en
ts

T
h
e
tr
an
sp
o
rt
E
q
.
(9
)
as
su
m
es

lo
ca
l
m
as
s
co
n
se
r-

v
at
io
n
.
T
h
is

as
su
m
p
ti
o
n
m
ay

b
e
fl
aw

ed
in

si
tu
at
io
n
s

w
it
h

er
o
si
o
n
,
se
d
im

en
ta
ti
o
n

o
r
m
ag
m
at
ic

ad
d
it
io
n
.

M
as
s
v
ar
ia
ti
o
n
s
co
u
ld

b
e
ta
k
en

in
to

ac
co
u
n
t
b
y

a
so
u
rc
e
te
rm

in
E
q
.
(8
)
to

ac
co
u
n
t
fo
r
th
e
n
et

m
at
er
ia
l

ad
d
it
io
n

o
r
re
m
o
v
al

an
d

b
y

a
d
if
fu
si
v
e

te
rm

to
re
p
re
se
n
t
tr
an
sp
o
rt

w
it
h

er
o
si
o
n

an
d

se
d
im

en
ta
ti
o
n
.

F
ig
.
1
.
S
k
et
ch

m
o
d
el

o
f
th
e
su
b
d
u
ct
io
n
zo
n
e.

S
ee

te
x
t
fo
r
le
g
en
d
s.

L
.
H
u
ss
o
n
,
Y.

R
ic
a
rd

/
E
a
rt
h
a
n
d
P
la
n
et
a
ry

S
ci
en
ce

L
et
te
rs

2
2
2
(2
0
0
4
)
1
0
3
7
–
1
05
0

1
0
3
9



W
e
d
o
n
o
t
d
is
cu
ss

th
es
e
p
ro
ce
ss
es

w
h
ic
h
af
fe
ct

th
e

v
el
o
ci
ti
es

(E
q
.
(9
))
b
u
t
n
o
t
th
e
st
re
ss

b
al
an
ce

(E
q
.
(6
))
.

W
e
o
n
ly

ac
co
u
n
t
fo
r
la
te
ra
l
v
ar
ia
ti
o
n
s
o
f
d
en
si
ty

d
u
e
to

ch
an
g
es

in
cr
u
st
al

th
ic
k
n
es
s.

In
fa
ct
,
a
d
en
se

li
th
o
sp
h
er
ic
m
an
tl
e
w
o
u
ld

fa
v
o
r
g
ra
v
it
at
io
n
al

in
st
ab
il
-

it
ie
s.
C
o
n
si
d
er
in
g
a
li
th
o
sp
h
er
ic
m
an
tl
e
w
it
h
th
ic
k
n
es
s

L
–
S
h
as

a
d
en
si
ty

q L
sl
ig
h
tl
y
la
rg
er

th
an

th
e
as
th
en
o
-

sp
h
er
ic

m
an
tl
e
d
en
si
ty

q M
,
th
e
A
rg
an
d
n
u
m
b
er

A
r

(E
q
.
(7
))
sh
o
u
ld

b
e
w
ri
tt
en

A
r
¼

g
L
2

2
g 0
u
0

q c
1
"

q c q m

!
"

þ
qL

1
"

qL q m

!
"

ðL
"
S
Þ2

S
2

"

þ
2
q c

1
"

qL q m

!
"

ðL
"
S
Þ

S

#

:
ð1
0
Þ

A
r
n
o
w

in
cl
u
d
es

th
e
li
th
o
sp
h
er
ic

m
an
tl
e
an
d

is
p
o
si
ti
v
e
as

lo
n
g

as
L
V
4
S
(a
ss
u
m
in
g
q c

=
2
8
0
0
k
g

m
"

3
,
q m

=
3
2
0
0

k
g

m
"
3
an
d

q L
=
3
2
2
5

k
g

m
"

3
).

If
L
<
4
S
,
th
e
d
y
n
am

ic
s
re
m
ai
n
s
q
u
al
it
at
iv
el
y
si
m
il
ar

to
th
at

d
es
cr
ib
ed

h
er
ei
n
al
th
o
u
g
h
th
e
st
ab
il
iz
in
g
ro
le

o
f
in
te
rn
al

lo
ad
s
b
ec
o
m
es

le
ss

im
p
o
rt
an
t.

If
L
>
4
S
,

th
e
li
th
o
sp
h
er
e
b
ec
o
m
es

u
n
st
ab
le

b
y
R
ay
le
ig
h
–
T
ay
-

lo
r
in
st
ab
il
it
y.

T
h
e
lo
n
g
-t
er
m

st
ab
il
it
y
o
f
co
n
ti
n
en
ts

su
g
g
es
ts

th
at

A
r
g
en
er
al
ly

re
m
ai
n
s
p
o
si
ti
v
e.

T
h
e
ex
is
te
n
ce

o
f
st
ro
n
g
cr
u
st
al

v
ar
ia
ti
o
n
s
b
et
w
ee
n

tw
o
te
ct
o
n
ic

u
n
it
s
o
f
d
if
fe
re
n
t
cr
u
st
al

th
ic
k
n
es
se
s
h
as

to
b
e
as
so
ci
at
ed

w
it
h
a
ch
an
g
e
in

d
ev
ia
to
ri
c
st
re
ss
es
.

T
h
e
x-
in
te
g
ra
ti
o
n

o
f
E
q
.
(6
)
ac
ro
ss

a
d
is
co
n
ti
n
u
it
y

D
S
2
=
S
2
(0

+
)"

S
2
(0

"
)
o
f
th
e
cr
u
st
al

d
en
si
ty

m
o
m
en
t

(s
tr
ic
tl
y
sp
ea
k
in
g
,
th
e
ap
p
ro
x
im

at
io
n
s
im

p
ly

th
at

th
e

cr
u
st
al

d
en
si
ty

m
o
m
en
t
ch
an
g
e
m
u
st

o
cc
u
r
o
v
er

d
is
-

ta
n
ce
s
la
rg
er

th
an

th
e
li
th
o
sp
h
er
e
th
ic
k
n
es
s)
,
im

p
li
es

a
ju
m
p
in

th
e
d
ev
ia
to
ri
c
st
re
ss

D
T
=
T

"
-T

+
,

T
"
"
T
þ
¼

q c
g

2
L

1
"

q c q m

!
"

ðS
2
ð0

þ
Þ"

S
2
ð0

"
ÞÞ
;

ð1
1
Þ

(p
ro
v
id
ed

th
at

th
e
tw
o
u
n
it
s
h
av
e
si
m
il
ar

li
th
o
sp
h
er
ic

th
ic
k
n
es
se
s
L
).

In
d
ee
d
,
at

a
p
as
si
v
e

m
ar
g
in
,
th
e

as
sy
m
et
ry

in
cr
u
st
al

th
ic
k
n
es
s
is

eq
u
iv
al
en
t
to

an
ex
te
n
si
v
e
st
re
ss

ap
p
li
ed

at
th
e
co
n
ti
n
en
t
b
o
u
n
d
ar
y

(f
2
0
M
P
a
fo
r
L
=
1
0
0
k
m

an
d
a
co
n
ti
n
en
ta
l
cr
u
st

th
ic
k
n
es
s
S
=
3
5
k
m
).
T
h
is

ex
te
n
si
v
e
st
re
ss

al
o
n
g
th
e

p
as
si
v
e
m
ar
g
in
s
o
f
S
o
u
th

E
as
t
A
si
a
fa
v
o
rs

th
e
so
u
th
-

ea
st
w
ar
d
ex
tr
u
si
o
n
al
o
n
g
th
e
co
ll
is
io
n
o
f
In
d
ia

w
it
h

A
si
a.

T
h
e
te
n
d
en
cy

o
f
th
ic
k
co
n
ti
n
en
ts

to
b
e
u
n
d
er

ex
te
n
si
o
n
m
ay

b
e
p
ar
ti
al
ly

co
u
n
te
ra
ct
ed

b
y
th
ei
r
d
en
se

li
th
o
sp
h
er
ic

ro
o
ts
th
at

re
d
u
ce
s
th
e
ef
fe
ct
iv
e
A
r.

B
y
th
e
h
o
ri
zo
n
ta
l
in
te
g
ra
ti
o
n
o
f
E
q
.
(6
)
b
et
w
ee
n

tw
o
te
ct
o
n
ic

u
n
it
s
a
an
d
b
o
f
sa
m
e
cr
u
st
al

th
ic
k
n
es
s,

o
n
e
g
et
s

"
L
ðT

a
"
T
b
Þ¼

Z

b

a

R
þ

1 6

B
2
R

B
x2

L
2
d
x:

ð1
2
Þ

It
sh
o
w
s
th
at

th
e
ch
an
g
e
o
f
st
re
ss

b
et
w
ee
n

tw
o

te
ct
o
n
ic

u
n
it
s
o
f
sa
m
e
cr
u
st
al

th
ic
k
n
es
s
o
n
ly

d
ep
en
d
s

o
n
th
e
b
as
al

fr
ic
ti
o
n
.
F
o
r
in
st
an
ce
,
th
e
st
re
ss

ch
an
g
e

b
et
w
ee
n
th
e
tw
o
si
d
es

o
f
a
m
o
u
n
ta
in

b
el
t
d
o
es

n
o
t

d
ep
en
d
o
n
th
e
to
p
o
g
ra
p
h
y
o
f
th
e
b
el
t
it
se
lf
.

T
h
e
sy
st
em

o
f
E
q
s.
(6
)
an
d
(9
)
ca
n
h
av
e
m
o
ti
o
n
le
ss

so
lu
ti
o
n
s
(a

ze
ro

v
er
ti
ca
ll
y
av
er
ag
ed

h
o
ri
zo
n
ta
l
v
el
o
c-

it
y
u
)
w
h
en

th
e
b
as
al
sh
ea
r
st
re
ss

im
p
o
se
d
b
en
ea
th

th
e

li
th
o
sp
h
er
e
ar
e
ex
ac
tl
y
re
si
st
ed

b
y
th
e
st
re
ss
es

d
u
e
to

v
ar
ia
ti
o
n
s
in

th
e
cr
u
st
al

st
ru
ct
u
re
.

R
þ

1 6

B
2
R

B
x2

L
2
¼

q c
g 2

1
"

q c q m

!
"

B
S
2

B
x
:

ð1
3
Þ

In
th
is
ca
se

o
f
st
ea
d
y
st
at
e,

th
e
st
re
ss
es

at
th
e
b
as
e
o
f

th
e
li
th
o
sp
h
er
e
ca
n

b
e

d
ed
u
ce
d

fr
o
m

th
e

su
rf
ac
e

to
p
o
g
ra
p
h
y.

T
h
e
li
th
o
sp
h
er
e
o
f
th
e
E
ar
th

is
n
o
t
in

st
ea
d
y
st
at
e

an
d
w
e
w
il
l
in

th
e
fo
ll
o
w
in
g
d
is
cu
ss

se
v
er
al

ti
m
e-

d
ep
en
d
en
t
sc
en
ar
ii
in
v
o
lv
in
g
d
if
fe
re
n
t
d
is
tr
ib
u
ti
o
n
s
o
f

st
re
ss
es
.
T
h
ey

in
cl
u
d
e
co
m
p
re
ss
io
n
/t
en
si
o
n
T
at

th
e

p
la
te

b
o
u
n
d
ar
y,

an
d

tr
ac
ti
o
n

R
at

it
s
b
as
e,

ei
th
er

d
ri
v
in
g
o
r
re
si
st
in
g
.
A
t
th
is
st
ag
e,

n
o
at
te
m
p
t
is
m
ad
e

to
re
p
ro
d
u
ce

a
g
iv
en

g
eo
lo
g
ic
al

se
tt
in
g
.

2
.3
.
T
h
eo
re
ti
ca
l
ca
se
s:

m
o
u
n
ta
in

b
u
il
d
in
g

a
t
p
la
te

m
a
rg
in

W
e
n
o
w

co
n
si
d
er

si
tu
at
io
n
s
w
h
er
e
th
e
cr
u
st

h
as

a
u
n
if
o
rm

th
ic
k
n
es
s
S
0
at

ti
m
e
t=

0
an
d

w
h
er
e
th
e

v
is
co
si
ty

is
u
n
if
o
rm

an
d
co
n
st
an
t.
A

fe
w

ex
p
er
im

en
ts

in
tr
o
d
u
ci
n
g
a
n
o
n
-l
in
ea
r
rh
eo
lo
g
y
in

o
u
r
m
o
d
el

g
av
e

re
su
lt
s
th
at

d
if
fe
r
fr
o
m

th
e
st
an
d
ar
d
ru
n
s
le
ss

th
an

th
e

o
b
v
io
u
s
u
n
ce
rt
ai
n
ty

d
u
e
to

th
e
in
h
o
m
o
g
en
eo
u
s
st
ru
c-

tu
re

o
f
th
e
li
th
o
sp
h
er
e.

T
o

m
ai
n
ta
in

th
e
cr
u
st

at
a

st
ea
d
y
st
at
e,

an
in
it
ia
l
d
ev
ia
to
ri
c
st
re
ss

T
0
h
as

to
b
e

ap
p
li
ed

T
0
=
q c
g
/(
2
L
)
(1
"
q c
/q

m
)
S
02
at

x
=
0
"
.
T
h
e

si
m
p
le
st
w
ay

to
d
ef
o
rm

th
e
li
th
o
sp
h
er
e
is
to

ap
p
ly

at
th
e
p
la
te

m
ar
g
in

(x
=
0
"
)
a
d
ev
ia
to
ri
c
st
re
ss

T
0
+
yT

L
.
H
u
ss
o
n
,
Y.

R
ic
a
rd

/
E
a
rt
h
a
n
d
P
la
n
et
a
ry

S
ci
en
ce

L
et
te
rs

2
2
2
(2
0
0
4
)
1
0
3
7
–
1
0
5
0

1
0
4
0

w
it
h
o
u
t
an
y
sh
ea
r
b
en
ea
th

th
e
li
th
o
sp
h
er
e,
R
(x
>
0
)
=
0
.

A
cc
o
rd
in
g
to

(1
1
)
th
e
d
ev
ia
to
ri
c
st
re
ss

at
x
=
0
+
is

T
þ
¼

dT
þ

q c
g

2
L

1
"

q c q m

!
"

ðS
2 0
"
S
2
ðt;

xþ
ÞÞ
:

ð1
4
Þ

T
h
e
tw
o
d
ev
ia
to
ri
c
st
re
ss
es

T
+
an
d
dT

ar
e
id
en
ti
ca
l

at
t=

0
b
u
t
th
en
,
T
+
d
ec
re
as
es

w
it
h

S
2
(t
,x
+
).

T
h
e

h
o
ri
zo
n
ta
l
p
la
te

v
el
o
ci
ty

is
se
t
to

0
at

a
d
is
ta
n
ce

D
aw

ay
fr
o
m

th
e
fr
ee

b
o
rd
er

o
f
th
e
p
la
te
.
W
it
h
o
u
t

b
o
tt
o
m

sh
ea
r
(R

=
0
),
E
q
.
(6
)
im

p
li
es

th
at

th
e
d
ev
ia
-

to
ri
c
st
re
ss

is
u
n
if
o
rm

an
d
ac
co
rd
in
g
to

E
q
.
(8
),
th
e

cr
u
st
al

th
ic
k
n
es
s
v
ar
ie
s
in

th
e
fi
rs
t
ti
m
e
st
ep
s
as

d
S S
¼

T
þ

4
gL

d
t:

ð1
5
Þ

A
n
o
rm

al
st
re
ss

at
a
p
la
te

b
o
u
n
d
ar
y

(e
.g
.
in
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b
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d
ef
o
rm

at
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d
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b
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b
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ac
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d
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b
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b
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u
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at
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b
as
al

sh
ea
r
zo
n
e,
w
it
h
a
-q
u
as
i-

ex
p
o
n
en
ti
al
ly

d
ec
re
as
in
g

sl
o
p
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ac
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p
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p
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p
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p
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b
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b
ee
n
m
en
ti
o
n
ed

fo
r
m
o
u
n
ta
in

b
u
il
d
in
g
at

p
la
te

m
ar
g
in
s
(e
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at
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p
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ac
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ac
ti
o
n

fo
r
th
e
co
rn
er
-f
lo
w

m
o
d
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v
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c
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b
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p
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b
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c
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p
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b
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ra
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b
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v
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p
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b
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p
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b
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ac
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b
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b
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c
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ac
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=
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q c
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p
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a
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P
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0
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p
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b
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ra
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ac
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c
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ra
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d
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b
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p
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p
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b
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m
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v
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d
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v
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b
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v
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c
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ac
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ac
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b
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b
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ra
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p
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b
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b
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at
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b
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b
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ac
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at
io
n
d
ep
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b
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at
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e

te
ct
o
n
ic

st
re
ss
es

b
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m
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p
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ro
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ac
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at
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h
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at
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b
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v
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m
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b
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d
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b
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q c
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b
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v
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p
ro
fi
le
s
(T
ab
le

1
).

T
h
e

v
is
co
si
ty

g
is

co
n
si
d
er
ed

as
u
n
if
o
rm

.
W
e

ch
o
o
se

fo
u
r
to
p
o
g
ra
p
h
ic

p
ro
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p
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p
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b
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b
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b
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at
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q c
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h
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b
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at
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p
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d
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p
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b
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p
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p
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P
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le

(A
an
d
C
).

A
t
th
e
le
v
el

o
f
th
e
A
lt
ip
la
n
o
(B
)
an
d
al
so

b
en
ea
th

S
o
u
th

C
h
il
e
(D

),
th
e
sl
ab

su
b
d
u
ct
s
w
it
h
a

st
ee
p
an
g
le
.
T
h
e
tr
ac
ti
o
n
p
ro
fi
le
s
ar
e
n
o
t
co
rr
el
at
ed

to
th
e
p
re
se
n
t-
d
ay

in
cl
in
at
io
n

o
f
th
e
B
en
io
ff
–
W
ad
at
ti

zo
n
e
at

g
re
at
er

d
ep
th
.
B
ec
au
se

sl
ab

b
en
d
in
g
ch
an
g
ed

th
ro
u
g
h
ti
m
e
in

th
e
A
n
d
es

[3
2
],
th
e
p
re
se
n
t-
d
ay

st
re
ss

b
al
an
ce

re
fl
ec
ts

an
av
er
ag
e
o
f
th
e
w
h
o
le

h
is
to
ry

o
f

in
te
rp
la
te

tr
ac
ti
o
n
.

T
h
e
d
ev
ia
to
ri
c
st
re
ss
es

as
so
ci
at
ed

w
it
h
th
e
p
re
se
n
t-

d
ay

te
ct
o
n
ic

d
ef
o
rm

at
io
n
ar
e
g
iv
en

b
y
4
gB

u
/B
x.

F
o
r

th
e
fo
u
r
p
ro
fi
le
s,

th
e
d
ev
ia
to
ri
c
st
re
ss
es

ar
e
le
ss

th
an

1
0
M
P
a
(s
ee

F
ig
.
11
).
T
h
e
m
ax
im

u
m

co
m
p
re
ss
io
n
an
d

th
e
w
id
th

o
f
th
e
co
m
p
re
ss
iv
e
zo
n
e
ar
e
fr
ee

p
ar
am

et
er
s

fo
r
th
e
in
v
er
si
o
n
.
M
ax
im

u
m

co
m
p
re
ss
io
n
o
cc
u
rs

in
th
e
S
u
b
-A

n
d
ea
n
Z
o
n
e,

in
ag
re
em

en
t
w
it
h
g
eo
lo
g
ic
al

o
b
se
rv
at
io
n
s
(e
.g
.
[3
3
])
.

F
ro
m

th
e
p
re
v
io
u
s
in
v
er
si
o
n
w
e
h
av
e
o
b
ta
in
ed

th
e

sh
ap
e
o
f
th
e
h
o
ri
zo
n
ta
l
v
el
o
ci
ty

an
d
th
e
am

p
li
tu
d
e
o
f

th
e

d
ev
ia
to
ri
c

st
re
ss
es

(F
ig
.
1
1
).

G
eo
d
et
ic

G
P
S

m
ea
su
re
m
en
ts

in
th
e

A
n
d
es

co
n
fi
rm

a
m
ax
im

u
m

sh
o
rt
en
in
g
in

th
e
fo
re
la
n
d
.
T
h
ey

in
d
ic
at
e
a
m
ax
im

u
m

E
as
t–
W
es
t
sh
o
rt
en
in
g
ac
ro
ss

th
e
b
el
t
o
f
ab
o
u
t
4
cm

/
y
ea
r
b
u
t
th
e
se
cu
la
r
d
ef
o
rm

at
io
n
is

le
ss

th
an

1
cm

/
y
ea
r
[2
9
,2
1
].
A

si
m
il
ar

v
al
u
e
ca
n
b
e
es
ti
m
at
ed

fr
o
m

g
eo
lo
g
ic
al

re
co
rd
s.

T
o
ta
l
N
eo
g
en
e

sh
o
rt
en
in
g

is
as
su
m
ed

to
ra
n
g
e
b
et
w
ee
n
1
9
0
an
d
2
5
0
k
m

in
th
e

C
en
tr
al

A
n
d
es

[3
3
,3
4
],
w
h
ic
h
co
rr
es
p
o
n
d
s
to

7
to

9
m
m
/y
ea
r
av
er
ag
e
d
ef
o
rm

at
io
n
fo
r
2
7
M
a,

an
d
p
ro
b
-

ab
ly

1
0
m
m
/y
ea
r
fo
r
th
e
la
st

1
0
M
a
[2
9
].

C
o
m
b
in
in
g

th
is

v
el
o
ci
ty

in
fo
rm

at
io
n

w
it
h

th
e

d
ev
ia
to
ri
c

st
re
ss
es
,
w
e

es
ti
m
at
e

a
v
is
co
si
ty

in
th
e

ra
n
g
e
o
f
1
.5

to
5
&
1
0
2
1
P
a
s,
o
n
ly

a
co
u
p
le

o
f
o
rd
er
s

o
f
m
ag
n
it
u
d
e

la
rg
er

th
an

th
e

u
n
d
er
ly
in
g

m
an
tl
e

(4
&
1
0
1
9
P
a
s
[3
5
])
.
It
re
p
re
se
n
ts

an
ef
fe
ct
iv
e
rh
eo
l-

o
g
y
av
er
ag
ed

o
v
er

th
e
li
th
o
sp
h
er
e,
ac
co
u
n
ti
n
g
fo
r
th
e

so
ft
en
in
g
o
f
th
e
li
th
o
sp
h
er
e
d
u
e
to

cr
u
st
al

fa
u
lt
in
g
,

fr
ac
tu
ra
ti
o
n

an
d

d
éc
o
ll
em

en
t
le
v
el
s.

E
n
g
la
n
d

[3
6
],

b
as
ed

o
n
st
ra
in

ra
te
s
in

ex
te
n
si
o
n
al

ar
ea
s,

m
en
ti
o
n
ed

th
at

th
e
li
th
o
sp
h
er
e
v
is
co
si
ty

h
as

to
b
e
ab
o
u
t
1
0
2
2
P
a

s,
an
d
W
d
o
w
in
sk
i
et

al
.
[1
2
]
su
g
g
es
te
d
th
at

it
ca
n

ev
en

b
e
as

lo
w

as
1
0
2
1
P
a
s
in

so
m
e
p
la
ce
s.

W
e

ex
p
la
in

th
e

lo
w

ef
fe
ct
iv
e

v
is
o
si
ty

o
f
th
e

A
n
d
ea
n

li
th
o
sp
h
er
e
b
y

it
s
p
re
-A

n
d
ea
n

h
is
to
ry
.
T
h
e
w
es
te
rn

m
ar
g
in

o
f
S
o
u
th

A
m
er
ic
a
u
n
d
er
w
en
t
se
v
er
al

ex
te
n
-

si
o
n
al

ev
en
ts

th
at

th
er
m
al
ly

an
d
m
ec
h
an
ic
al
ly

w
ea
k
-

en
ed

th
e
li
th
o
sp
h
er
e,

p
ar
ti
cu
la
rl
y
b
et
w
ee
n
1
8
jS

an
d

2
8
jS

[3
7
–
3
9
].

3
.3
.
T
im
e
ev
o
lu
ti
o
n

T
h
e
p
re
v
io
u
s
in
v
er
si
o
n
s
p
ro
v
id
e
th
e
cu
rr
en
t
st
re
ss

b
al
an
ce

in
th
e
A
n
d
es
,
b
u
t
m
ay

n
o
t
re
fl
ec
t
th
e
p
as
t

st
re
ss

b
al
an
ce

re
sp
o
n
si
b
le
fo
r
th
e
o
v
er
al
l
g
ro
w
th

o
f
th
e

F
ig
.
9
.
T
o
p
o
g
ra
p
h
y
o
f
th
e
A
n
d
es
.
L
o
ca
ti
o
n
o
f
th
e
fo
u
r
re
fe
re
n
ce

p
ro
fi
le
s
(a
cr
o
ss

C
en
tr
al
P
er
u
(A

),
N
o
rt
h
(B
),
C
en
tr
al
(C
),
an
d
S
o
u
th

(D
)
C
h
il
e)
.

L
.
H
u
ss
o
n
,
Y.

R
ic
a
rd

/
E
a
rt
h
a
n
d
P
la
n
et
a
ry

S
ci
en
ce

L
et
te
rs

2
2
2
(2
0
0
4
)
1
0
3
7
–
1
05
0

1
0
4
5



A
n
d
es
.
In
d
ee
d
,
in
te
rp
la
te

tr
ac
ti
o
n
p
ro
fi
le
s
m
ay

h
av
e

ch
an
g
ed

d
u
ri
n
g
th
e
o
ro
g
en
y.

W
e
n
o
w

te
st
w
h
et
h
er

o
r

n
o
t
th
e
p
re
se
n
t-
d
ay

b
o
u
n
d
ar
y
co
n
d
it
io
n
s
ar
e
ap
p
ro
p
ri
-

at
e
to

re
co
n
st
ru
ct

th
e
p
re
se
n
t-
d
ay

si
tu
at
io
n
,
st
ar
ti
n
g

w
it
h
an

h
o
m
o
g
en
eo
u
s
p
la
te

an
d
in
te
g
ra
ti
n
g
E
q
s.

(6
)

an
d
(9
)
th
ro
u
g
h
ti
m
e.

F
o
r
ea
ch

se
ct
io
n
,
w
e
ta
k
e
th
e

p
ar
am

et
er
s
R
,
x R
,
D
R
,
k
an
d

g
d
ed
u
ce
d

fr
o
m

th
e

p
re
v
io
u
s
fi
ts

(T
ab
le

1
).

C
o
n
tr
ar
il
y

to
th
e
p
re
v
io
u
s

se
ct
io
n
s,

th
e
v
el
o
ci
ty

p
ro
fi
le
s
ar
e
n
o
t
co
n
st
ra
in
ed

to
h
av
e
a
p
ri
o
ri
si
g
m
o
id
al

sh
ap
es

b
u
t
ar
e
d
ed
u
ce
d
fr
o
m

ti
m
e
in
te
g
ra
ti
o
n
.

3
.3
.1
.
G
en
er
a
l
m
o
d
el
s
fo
r
th
e
A
n
d
es

C
h
o
o
si
n
g
th
e
p
re
se
n
t-
d
ay

tr
ac
ti
o
n
p
ro
fi
le
s
as

co
n
-

st
an
t
b
o
u
n
d
ar
y

co
n
d
it
io
n
s
th
ro
u
g
h

ti
m
e
al
lo
w
s
th
e

A
n
d
ea
n
b
el
t
to

b
e
re
co
n
st
ru
ct
ed
;
h
o
w
ev
er
,
in

o
rd
er

to
re
p
ro
d
u
ce

th
e
cu
rr
en
t
to
p
o
g
ra
p
h
y
in

th
e
ti
m
e
ra
n
g
e
o
f

th
e
A
n
d
ea
n
o
ro
g
en
y
(i
.e
.
f

2
7
M
a)
,
th
e
p
re
se
n
t-
d
ay

in
te
rp
la
te

tr
ac
ti
o
n
p
ro
fi
le
s
ar
e
to
o
lo
w

an
d
h
av
e
to

b
e

in
cr
ea
se
d
b
y
7
to

3
0
M
P
a
(F
ig
.
1
2
).
P
ro
fi
le

B
,
ac
ro
ss

th
e
A
lt
ip
la
n
o
p
re
se
n
ts

a
ta
n
g
ib
le

m
is
fi
t
as

th
e
h
ig
h

p
la
te
au

sh
ap
e
ca
n
n
o
t
b
e
re
p
ro
d
u
ce
d
.
In

S
.
C
h
il
e
(C
),

th
e

L
o
n
g
it
u
d
in
al

V
al
le
y

o
n

th
e

w
es
te
rn

si
d
e

is
n
eg
le
ct
ed
.

T
h
e

co
n
v
er
g
en
ce

ra
te

b
et
w
ee
n

th
e

N
az
ca

an
d

S
o
u
th

A
m
er
ic
an

p
la
te
s
st
ro
n
g
ly

in
cr
ea
se
d

si
n
ce

2
7

M
a
an
d
g
ra
d
u
al
ly

d
ec
re
as
ed

u
n
ti
l
p
re
se
n
t
[4
0
,4
1
].
O
n
e

ca
n
as
su
m
e
th
at

in
te
rp
la
te

tr
ac
ti
o
n
d
u
ri
n
g
th
e
A
n
d
ea
n

o
ro
g
en
y

d
ec
re
as
ed

ac
co
rd
in
g
ly

to
th
e
co
n
v
er
g
en
ce

ra
te
.
T
h
e
fa
ct

th
at

o
u
r
ti
m
e-
d
ep
en
d
en
t
si
m
u
la
ti
o
n
s

F
ig
.
1
0
.
L
ef
t
co
lu
m
n
:
to
p
o
g
ra
p
h
ic
p
ro
fi
le
s
A
,
B
,
C
an
d
D
co
rr
es
p
o
n
d
in
g
to

F
ig
.
9
.
E
ar
th
q
u
ak
e
ep
ic
en
te
rs
u
n
d
er
li
n
in
g
B
en
io
ff
zo
n
e
o
f
th
e
N
az
ca

p
la
te
ar
e
al
so

p
lo
tt
ed
.
R
ig
h
t
co
lu
m
n
:
1
/2
q c
g
(1
"
q c
/q

m
)B
S
2
/B
x
p
ro
fi
le
s
(s
o
li
d
li
n
es
).
T
h
es
e
p
ro
fi
le
s
ca
n
b
e
b
al
an
ce
d
b
y
th
e
su
m

o
f
an

in
te
rp
la
te

tr
ac
ti
o
n
(d
as
h
ed

li
n
es
),
a
re
si
st
iv
e
b
as
al

sh
ea
r
(d
o
tt
ed

li
n
es
)
an
d
an

in
te
rn
al

d
ev
ia
to
ri
c
st
re
ss

te
rm

(l
o
n
g
d
as
h
ed
)
co
m
p
u
te
d
fr
o
m

a
g
en
er
al
iz
ed

le
as
t-
sq
u
ar
es

fi
t
o
f
E
q
.
(6
).
T
h
e
su
m

o
f
th
e
th
re
e
la
st
te
rm

s
(d
o
tt
ed
-d
as
h
ed
)
g
iv
e
g
o
o
d
fi
ts
to

th
e
o
b
se
rv
at
io
ns

(s
o
li
d
li
n
es
).

L
.
H
u
ss
o
n
,
Y.

R
ic
a
rd

/
E
a
rt
h
a
n
d
P
la
n
et
a
ry

S
ci
en
ce

L
et
te
rs

2
2
2
(2
0
0
4
)
1
0
3
7
–
1
0
5
0

1
0
4
6

re
q
u
ir
es

la
rg
er

in
te
rp
la
te

tr
ac
ti
o
n
s
th
an

at
p
re
se
n
t-
d
ay

re
fl
ec
ts

su
ch

an
ev
o
lu
ti
o
n
.

3
.3
.2
.
H
ig
h
p
la
te
a
u
s:

th
e
A
lt
ip
la
n
o
ex
a
m
p
le

A
b
et
te
r
fi
t
to

th
e
o
b
se
rv
ed

to
p
o
g
ra
p
h
y

o
f
th
e

A
lt
ip
la
n
o

th
an

in
F
ig
.
1
2

co
u
ld

b
e

o
b
ta
in
ed

b
y

w
ea
k
en
in
g

th
e
rh
eo
lo
g
y

o
f
th
e
A
n
d
ea
n

li
th
o
sp
h
er
e

in
o
rd
er

to
co
n
fi
n
e
an
d
en
h
an
ce

th
e
d
ef
o
rm

at
io
n
o
f
th
e

E
as
te
rn

C
o
rd
il
le
ra
.
A

th
er
m
al
ly

th
in
n
ed

li
th
o
sp
h
er
e

h
as

in
d
ee
d
b
ee
n
in
v
o
k
ed

to
ex
p
la
in

th
e
b
u
il
d
in
g
o
f
th
e

A
lt
ip
la
n
o
[4
2
–
4
4
].
M
o
re
o
v
er
,
an

E
ar
ly

N
eo
g
en
e
li
th
-

o
sp
h
er
ic

st
re
tc
h
in
g
h
as

b
ee
n
ac
ti
v
e
at

th
e
le
v
el

o
f
th
e

A
lt
ip
la
n
o
[3
7
].
F
ig
.
1
3
sh
o
w
s
th
e
p
re
d
ic
te
d
to
p
o
g
ra
-

p
h
y
af
te
r
2
7
M
a,

u
si
n
g
a
m
o
d
er
at
e
la
te
ra
l
v
is
co
si
ty

in
cr
ea
se

u
n
d
er

th
e
ea
st
er
n
ed
g
e
o
f
th
e
C
o
rd
il
le
ra

(f
ro
m

2
.1
&
1
0
2
1
to

6
.3
&
1
0
2
1
P
a
s)
.
T
h
e
v
ar
ia
ti
o
n
o
f
th
e

ef
fe
ct
iv
e
v
is
co
si
ty

is
al
so

a
w
ay

to
ac
co
u
n
t
fo
r
th
e

st
ro
n
g
d
éc
o
ll
em

en
t,
in

th
e
b
ri
tt
le
d
ef
o
rm

at
io
n
d
o
m
ai
n
,

w
h
er
e
th
e
B
ra
zi
li
an

cr
at
o
n
su
b
d
u
ct
s.

3
.3
.3
.
E
xt
en
si
o
n
in

a
ct
iv
e
m
o
u
n
ta
in

b
el
ts
:
th
e
S
o
u
th

P
er
u
vi
a
n
ex
a
m
p
le

A
n
eu
tr
al

st
at
e
o
f
st
re
ss

h
as

b
ee
n
ev
id
en
ce
d
b
y
th
e

co
ev
al

n
o
rm

al
an
d
in
v
er
se

te
ct
o
n
ic

re
g
im

es
in

m
o
u
n
-

ta
in

b
el
ts

su
ch

as
th
e
A
lp
s
(e
.g
.
[4
5
])
,
th
e
A
n
d
es

[4
6
,4
7
,2
5
],
o
r
T
ib
et

[2
4
].

In
th
e
A
n
d
es
,
it
h
as

b
ee
n

d
es
cr
ib
ed

b
et
w
ee
n
1
3
jS

an
d
1
8
jS

.
T
h
is

se
g
m
en
t
is

th
e

m
o
st

o
b
li
q
u
e

to
th
e
p
re
se
n
t-
d
ay

co
n
v
er
g
en
ce

d
ir
ec
ti
o
n
.
A
lt
h
o
u
g
h
st
il
l
co
n
tr
o
v
er
si
al
,
p
al
eo
m
ag
n
et
ic

d
at
a
(e
.g
.
[4
8
,4
9
])
in
d
ic
at
e
th
at

th
is
se
g
m
en
t
p
ro
b
ab
ly

ro
ta
te
d

co
u
n
te
rc
lo
ck
w
is
e.

A
lt
h
o
u
g
h

th
e

se
tt
in
g

is
o
b
v
io
u
sl
y
3
D
th
is
si
tu
at
io
n
ca
n
b
e
si
m
u
la
te
d
as
su
m
in
g

th
at
th
e
se
g
m
en
t
ro
ta
te
d
3
0
j
co
u
n
te
rc
lo
ck
w
is
e
fo
r
th
e

la
st

1
0

M
a
an
d

th
at

o
n
ly

th
e
tr
ac
ti
o
n

co
m
p
o
n
en
t

n
o
rm

al
to

th
e
b
el
t
af
fe
ct
s
th
e
2
D

st
re
ss

b
al
an
ce
.
T
h
e

tr
ac
ti
o
n
is

th
en

a
fu
n
ct
io
n
o
f
th
e
co
n
v
er
g
en
ce

an
g
le

b
et
w
ee
n
th
e
tw
o
p
la
te
s.
A
ft
er

b
ei
n
g
R
b
et
w
ee
n
2
7
an
d

1
0
M
a,

w
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d
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b
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p
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Dans le cas des Andes présenté ci-dessus, la morphologie de la châıne est présentée

comme une réponse directe à la friction interplaque : sa morphologie vient équilibrer

cette friction pour une vitesse de convergence donnée. Il existe cependant une

rétroaction de la morphologie de la châıne de montagne sur la vitesse de conver-

gence. Iaffaldano et al. [2006] ou Meade & Conrad [2008] ont ansi montré qu’au

premier ordre la convergence entre les plaques Nazca et Amérique du Sud ralentit

à mesure que les Andes se développent. L’examen de la convergence Inde-Asie est

éloquent pour examiner les ordres supérieurs. En collaboration avec G. Iaffaldano

et H-P. Bunge, nous montrons dans l’article suivant que si la convergence entre

les deux plaques est au premier ordre ralentie par la croissance himalayenne et

tibétaine, le second ordre révèle l’impact du climat. La mousson, focalisée sur l’est

himalayen, stimule l’érosion de façon asymmétrique sur la châıne, et par conséquent

détériore localement l’équilibre statique des forces au profit d’un équilibre dyna-

mique : la convergence est accélérée à l’est, où l’épaisseur crustale est limitée par

l’érosion. C’est en revanche la cinématique globale indienne qui est affectée. Cette

cinématique particulière fournit une explication à l’altitude atypiquement élevée

du Népal Central, qui ne peut se justifier en deux dimensions que par un nombre

d’Argand très faible.
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Abstract

The short-term plate motion variations, on the order of a few Myrs, are a powerful
probe into the nature of plate boundary forces, as mantle related buoyancy forces evolve
over longer time-scales. Here we relate the recent counter-clockwise rotation of India to
increased erosion and lowered elevation of the eastern Himalayas following monsoon in-
tensification. The along-strike elevation Himalayan profile is used to infer the competing
contributions from mountain building and erosion. Monsoonal erosion in the Eastern Hi-
malayas locally decreased the gravitational potential energy. Coupled mantle/lithosphere
models show that it lowered the ability of the orogen to resist convergence of the Indian
plate towards Eurasia sufficiently to foster convergence along the eastern Himalayas. It
ultimately converts into an additional component of counter-clockwise rotation of India
about a Euler pole located North of the Carlsberg ridge, unusually close from the boundary
between the converging plate pair. The modified stress balance along the entire Himalayas
provides an unusual setting in which the extremely elevated Central Himalayas, that would
normally collapse under their own weight, can be sustained.

Introduction

A prominent feature of the Himalayan morphology is the along-strike parabolic profile of its

elevation (Fig. 1a). Topography increases eastward from ∼3 km in Kashmir and Ladakh to-

wards the summits of Nepal, where most of the world’s highest peaks cluster at a mean altitude

1
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1.3.2 Les instabilités lithosphériques et la propagation des

hauts plateaux

L’évolution morphologique des châınes de montagnes semble, d’après les exemples

disponibles, être caractérisée par la croissance d’une châıne peu large localisée au

niveau de la marge, dont l’altitude s’accrôıt jusqu’à un maximum, suivi d’une

propagation de la déformation vers l’intérieur du continent chevauchant. L’étape

ultime est l’écroulement du haut plateau ainsi formé. Les Alpes, les Andes, les

Himalaya-Tibet, puis la Cordillière nord-américaine peuvent être vu comme des

étapes de cette progression. Les causes mécaniques restent débattues, et s’établis-

sent autour de deux modèles conceptuels limites. Le premier, dans lequel la li-

thosphère est comprise comme une plaque cassante s’épaississant par un écaillage

à l’échelle de la lithosphère [Tapponnier et al., 2001] bute sur la jusitification

d’une rhéologie permettant une pareille évolution. Le second, qui fait intervenir

un fluage visqueux de la croûte et du manteau lithosphérique [Royden et al., 2008],

permet d’expliquer une vaste partie des observations en respectant les contraintes

rhéologiques. Cependant, la propagation à des distances de l’ordre de 1500 km, au

Tibet ou en Amérique du Nord, reste difficile à expliquer sans l’existence d’une

châıne excessivement haute au niveau de la fosse.

Le nombre d’Argand Ar relie les contraintes gravitationelles et la viscosité. Il donne

ainsi une mesure de la capacité d’un orogène à maintenir une altitude sans fluer,

c’est-à-dire à s’épaissir plus vite qu’il ne s’écroule sous son propre poids. Dans les

gammes de paramètres raisonables géologiquement, il ressort -sans surprise ?- que

les montagnes peuvent atteindre des altitudes maximales qui sont comparables

à celles observées sur la Terre actuelle (notons que cette valeur a changé depuis

l’Archéen à mesure que la Terre se refroidit [Rey & Houseman, 2006]). Cependant,

la propagation latérale des châınes de montagnes au profit d’un développement en

hauts plateaux reste difficile a percevoir dans ce contexte. Ce travail, qui fait suite

au précédent (également en collaboration avec Y. Ricard), examine le rôle favorable

des instabilités gravitationelles de la lithosphère thermique dans le développement

des hauts plateaux.
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Dans la section précédente, seules les contraintes gravitationelles dues aux varia-

tions d’épaisseur crustale sont considérées, négligeant la possibilité d’une contri-

bution par des hétérogénéités thermiques ou chimiques siégeant dans le manteau

lithosphérique. La différentiation chimique du manteau implique probablement

l’existence d’hétérogénéités de densité dans la lithosphère, dont l’importance est

mal connue. Une autre source d’hétérogénéité est d’origine thermique. Le man-

teau lithosphérique est par définition plus froid que l’asthénosphère sous-jacente. Il

existe donc dans la lithosphère une compétition entre l’effet du moment crustal -qui

tend à restaurer une épaisseur uniforme- et le moment thermique lithosphérique,

instable qui tend à destabiliser la lithosphère et à l’entrâıner dans la convection

mantellique (fig. 1.1). Le comportement gravitaire de la couche lithosphérique li-

mite thermique a largement été étudié en termes d’instabilités de Rayleigh-Taylor,

et apppliqué à une très large gamme de contextes géologiques, en particulier par

Molnar et Houseman [Conrad & Molnar, 1999, Houseman et al., 1981, Molnar

et al., 1998]. Cependant, peu d’études examinent la compétition avec la croûte

dont la flottabilité est positive et qui pour le moins ralentit la destabilistation du

système [Molnar & Houseman, 2004].

Cette compétition entre la stabilisation par la croûte et la déstabilisation par

la lithosphère thermique est remarquable dans le cas des Andes Centrales, où

la déformation s’accélère sous la Cordillière Orientale à mesure qu’une insta-

bilité lithosphérique se développe dans le manteau. Celle-ci est imagée par la

tomographie sismique [Baumont et al., 2002], et la conversion des vitesses de

propagation des ondes S en anomalies de température puis en densité révèle la

présence d’une forte anomalie de densité sous la Cordillière Orientale (fig. 1.2).

En termes de moments, il ressort que les variations latérales du moment ther-

mique lithosphérique sont comparables en magnitude aux variations latérales du

moment crustal, minéralogique. Les contraintes de flottabilité qui en résultent sont

en conséquence également comparables (fig. 1.3). L’incidence sur la dynamique li-

thosphérique de la racine lithosphérique apparâıt significative : elle pourrait être

capable de stimuler la tectonique dans la Cordillière Orientale.

Afin d’évaluer l’impact sur l’histoire tectonique de la châıne, j’ai introduit progres-

sivement le moment thermique dans un modèle du même type que ceux présentés
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Fig. 1.1: Compétition entre les forces de flottabilité dans la croûte, qui tendent
à stabiliser le système, et les forces de flottabilité de la lithosphère thermique,
qui tendent à destabiliser le système. L’efficacité de l’instabilité de Rayleigh-
Taylor de la lithosphère est modulée par la croûte, moins dense que le manteau
lithosphérique sous-jacent. Competition between the stabilizing crustal buoyancy
forces and the lithospheric thermal destabilizing buoyancy forces. The efficiency
of the Rayleigh-Taylor instability is modulated by the crust, less dense than the

underlying lithospheric mantle.

en section 1.3.1. Il est introduit ad-hoc (bien qu’étayée par l’enregistrement géolo-

gique de la convergence entre les Andes Centrales et le bouclier brésilien) dans

l’équilibre du système en supposant une croissance linéaire dans le temps de la

racine lithosphérique entre 27 Ma et 0 Ma. A l’inverse des modéles qui prennent

uniquement en compte la cinématique, les processus s’accélèrent à mesure que le

moment négatif de la lithosphère thermique prend de l’ampleur (fig. 1.4). Cette

accélération de la tectonique andine est plus fidèle aux enregistrement géologiques

de la croissance andine (comme les paléo-altimètres, largement utilisés et débattus

dans les Andes Centrales, voir Garzione et al. [2008] ou Sempere et al. [2006] pour

une revue).
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Fig. 1.2: Anomalies de vitesses de propagations des ondes S sous les Andes
Centrales (22◦S) [Baumont et al., 2002], et conversion en anomalies de densité.
La conversion est réalisée avec ∂Vs/∂T = 3.3 10−4 [Lee, 2003], une expansion
thermique α = 2.4 10−5 K−1 [Turcotte & Schubert, 2002], et une densité de
référence ρ0 = 3225 kg m−3. S-wave velocity anomalies in the Central Andes
(22◦S)[Baumont et al., 2002], and conversion into density anomalies (assuming
∂Vs/∂T = 3.3 10−4 [Lee, 2003], a thermal exansion α = 2.4 10−5 K−1 [Turcotte

& Schubert, 2002], and a reference density ρ0 = 3225 kg m−3.

Dans l’article qui suit, nous examinons avec Y. Ricard cette compétition en utili-

sant toujours le formalisme des plaques minces visqueuses, en couplant les moments

lithosphériques thermiques Mθ et minéralogiques Mc (siégeant ici uniquement dans

la croûte). Le problème est traité en 2 dimensions. L’étude de stabilité révèle bien

sûr un mode dans lequel l’hétérogénéité thermique domine et déstabilise la li-

thosphère et un mode dans lequel la croûte stabilise la lithosphère. Un mode plus

inattendu correspond à une propagation spatiale, sous forme d’ondes tectoniques,

qui conduisent à la progradation de la déformation très à l’intérieur des plaques,

sous forme de trains d’ondes. La vitesse de groupe est de l’ordre de 0.5 mm/yr,

comparable à la vitesse de propagation des hauts plateaux comme le Tibet [Royden

et al., 2008, Tapponnier et al., 2001]. Ce modèle continu peut alors être proposé
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Fig. 1.3: Contraintes de flottabilité dans les Andes Centrales (22◦S) inférées
d’après la vitesse de propagation des ondes S [Baumont et al., 2002] pour la com-
posante thermique lithosphérique (tiretés), et sur la base d’un modèle isostatique
pour la composante crustale, tel que ρc = 2800 kg m−3 et ρm = 3225 kg m−3.
Buoyancy forces in the Central Andes (22◦S) inferred from the S-wave propa-
gation velocity [Baumont et al., 2002] for the lithospheric thermal component
(dashed line) and on the basis of an isostatic model for the crustal component

(solid), with ρc = 2800 kg m−3 and ρm = 3225 kg m−3).

comme une alternative au mode de propagation discontinu proposé par Tappon-

nier et al. [2001] sur la base d’interprétations très discutées des résultats de la

tomographie sismique de Griot et al. [1998]. Un régime oscillatoire comparable

dans la lithosphère a priori stable des cratons a été récement mis en évidence par

Jaupart et al. [2007]. Cette étude diffère cependant dans le traitement des insta-

bilités thermiques qui sont atténuées par diffusion à mesure que les instabilités se

développent.
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[1] Mountain building depends on the disequilibrium
between boundary stresses, either at the base of the
deforming lithosphere or its lateral boundaries, and
buoyancy stresses arising form lateral density variations
within the lithosphere itself. On the basis of the thin viscous
sheet approximation, we propose a model which accounts
for both crustal and lithospheric thickness variations. The
deformation is controlled by the sum of the moments of
density anomalies (i.e. density anomalies times depth) of
compositional and thermal origins. The transport of the
compositional moment is obtained from the continuity
equation while the transport of the thermal moment is
obtained from the heat equation. The resulting set of
equations controls the coupled behavior of the crust and
lithosphere. It shows that various type of solutions can exist:
unstable, stable and propagating. When propagation occurs,
the crustal and the lithospheric thickness variations are out of
phase. The tectonic waves propagate with velocities around
5 mm yr�1 that increase with the crustal thickness and
decrease with the lithospheric viscosity. We discuss these
solutions and argue that continents may in large part be in a
domain of propagating tectonic waves. Citation: Ricard, Y.,

and L. Husson (2005), Propagation of tectonic waves, Geophys.

Res. Lett., 32, L17308, doi:10.1029/2005GL023690.

1. Introduction

[2] The fundamental role of crustal thickness variations
in the stress balance has been acknowledged since [Argand,
1924], and almost all tectonic models account for it. The
lithosphere is a thermal boundary layer and its lateral
thickness variations in time and space during an orogenesis
are also associated with density variations. Whereas the
crust constantly tends to approach a uniform thickness
because it is lighter than the underlying mantle, the cooling
lithospheric mantle is denser than the underlying astheno-
sphere and may become unstable [e.g., Houseman et al.,
1991; Neil and Houseman, 1999; Conrad, 2000]. The
dynamics of orogenesis results from the balance between
competing processes of crustal and lithospheric thickening.

2. The Model

[3] A thin viscous sheet approximation has been exten-
sively used to describe the dynamics of the crust, [e.g.,

England and McKenzie, 1982; Houseman and England,
1993; Husson and Ricard, 2004]. This approximation is
based on the vertical integration of the Navier-Stokes
equations, coupled with mass conservation of the crust
which controls the time evolution of the model. Lémery et
al. [2000] have extended this approach in the case of
thermal density variations to derive a boundary layer model
of convection at very large Rayleigh number. In the present
paper we couple these approaches to take into account both
compositional and thermal heterogeneities in the deforming
lithosphere.
[4] The main assumption of the thin sheet viscous models

is that the vertical variations of the horizontal velocity can
be neglected within the lithosphere. This holds when the
lithosphere is stiff enough with respect to the underlying
asthenosphere and when the deformations occur at wave-
lengths larger than the lithospheric thickness.

2.1. Stress Balance

[5] We assume that the lithosphere behaves like an
incompressible viscous fluid of viscosity h and that isostasy
holds across the whole lithosphere. If the upper and lower
boundaries of the lithosphere are traction free, the horizontal
equilibrium equation relates the lateral density variations to
the viscous stresses by

4L0
@

@x
h
@u

@x
¼ @M

@x
; ð1Þ

where u denotes the vertically average velocity and L0 the
uniform averaged thickness of the mechanical lithosphere
[Lémery et al., 2000]. The quantity M is the moment of the
lithospheric mass anomalies and is written [Artyushkov,
1973; Fleitout and Froidevaux, 1982]

M ¼
Z þ1

0

drgz dz; ð2Þ

where dr is the lateral density variation, g the gravitational
acceleration, z the depth measured downward from sea
level. This equation assumes that below some compensation
depth the density heterogeneities dr vanish so that equation
(2) remains finite.
[6] In the lithosphere, the total moment M can be divided

into a compositional component Mc which relates to the
difference between crustal and mantle densities rc and rm,
and a thermal moment Mq

Mc ¼
1

2
rcg 1� rc

rm

� �
S2; Mq ¼

Z þ1

0

zrmgaq dz; ð3Þ
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sp
h
er
ic

th
ic
k
n
es
s.

[8
]

B
y

is
o
st
as
y

th
e

su
rf
ac
e

to
p
o
g
ra
p
h
y

h
ca
n

b
e

ex
p
re
ss
ed

in
te
rm

s
o
f
S
an
d
L
(o
r
in

te
rm

s
o
f
M

c
an
d
M

q
u
si
n
g
(3
))

h
¼

r m
"
r c

r m
S
"
1 2
a
D
qL
:

ð5
Þ

T
h
e
li
th
o
sp
h
er
ic

co
n
tr
ib
u
ti
o
n
to

is
o
st
as
y
is

g
en
er
al
ly

sm
al
l

co
m
p
ar
ed

to
th
e
cr
u
st
al

co
n
tr
ib
u
ti
o
n
.

2
.2
.

T
ra
n
sp
o
rt

[9
]

T
h
e

ti
m
e-
d
ep
en
d
en
ce

o
f
th
e

cr
u
st
al

m
o
m
en
t
is

o
b
ta
in
ed

b
y
as
su
m
in
g
cr
u
st
al

m
as
s
co
n
se
rv
at
io
n
:

@
M

c

@
t
þ
u
@
M

c

@
x

þ
2
M

c
@
u

@
x
¼

0
;

ð6
Þ

th
e
co
ef
fi
ci
en
t
2
in

th
e
la
st
te
rm

o
f
th
e
le
ft
h
an
d
si
d
e
o
f
(6
)

co
m
es

fr
o
m

th
e
fa
ct

th
at

M
c
/

S
2
(s
ee

(2
))
.
T
h
e
h
ea
t

eq
u
at
io
n
m
u
lt
ip
li
ed

b
y
z
an
d
in
te
g
ra
te
d
v
er
ti
ca
ll
y
y
ie
ld
s
th
e

tr
an
sp
o
rt
o
f
th
e
th
er
m
al

m
o
m
en
t
[L
ém

er
y
et

a
l.
,
2
0
0
0
]

@
M

q

@
t
þ
u
@
M

q

@
x

þ
2
M

q
@
u

@
x
¼

k
@
2
M

q

@
x2

;
ð7
Þ

(k
is
th
e
th
er
m
al
d
if
fu
si
v
it
y
).
T
h
e
th
ir
d
te
rm

o
f
th
e
le
ft
h
an
d

si
d
e
ex
p
re
ss
es

th
e
fa
ct

th
at

th
e
li
th
o
sp
h
er
e
ca
n

b
ec
o
m
e

th
in
n
er

b
y

d
ev
el
o
p
in
g

co
ld

d
o
w
n
w
el
li
n
g

in
st
ab
il
it
ie
s.

In
eq
u
at
io
n

(7
)
w
e

h
av
e

n
eg
le
ct
ed

th
e

se
cu
la
r
in
cr
ea
se

in
li
th
o
sp
h
er
ic
th
ic
k
n
es
s
d
u
e
to

th
e
d
if
fe
re
n
ce

b
et
w
ee
n
su
rf
ac
e

co
o
li
n
g
(a

te
rm

w
h
ic
h
g
o
es

as
"
kr

m
g
a
D
q
in

L
ém

er
y
et

a
l.

[2
0
0
0
])
an
d
in
te
rn
al
ra
d
io
ac
ti
v
e
m
an
tl
e
p
ro
d
u
ct
io
n
.
In

o
th
er

te
rm

s
w
e
as
su
m
e
th
at
th
e
p
la
n
et
su
rf
ac
e
h
ea
t
fl
u
x
eq
u
al
s
th
e

ra
te
o
f
ra
d
io
g
en
ic
h
ea
t
p
ro
d
u
ct
io
n
.
T
h
e
se
cu
la
r
co
o
li
n
g
te
rm

is
u
n
if
o
rm

an
d

k
ee
p
in
g

a
m
o
d
es
t
co
o
li
n
g

ra
te

in
th
e

eq
u
at
io
n
s
w
o
u
ld

n
o
t
af
fe
ct

o
u
r
co
n
cl
u
si
o
n
s.

3
.

D
y
n
a
m
ic
s
o
f
th
e
L
it
h
o
sp
h
er
e

[1
0
]

T
h
e
d
y
n
am

ic
s
o
f
th
e
li
th
o
sp
h
er
e
is

th
er
ef
o
re

co
n
-

tr
o
ll
ed

at
lo
n
g
w
av
el
en
g
th

b
y
eq
u
at
io
n
s
(1
),
(6
)
an
d
(7
).
T
h
e

st
ab
il
it
y
/i
n
st
ab
il
it
y
o
f
th
e
cr
u
st
-l
it
h
o
sp
h
er
e
co
m
b
in
at
io
n
o
n

to
p
o
f
th
e
m
an
tl
e
is
ak
in

to
th
at

o
f
a
li
g
h
t/
h
ea
v
y
fl
u
id

la
y
er

o
n
to
p
o
f
an
o
th
er

fl
u
id
,
n
am

el
y
ak
in

to
R
ay
le
ig
h
-T
ay
lo
r

in
st
ab
il
it
y.
H
o
w
ev
er
,d
u
e
to

th
e
th
er
m
al
d
if
fu
si
v
e
te
rm

in
th
e

tr
an
sp
o
rt

eq
u
at
io
n

in
(7
)
b
u
t
n
o
t
in

(6
),

th
e

co
u
p
le
d

d
y
n
am

ic
s
o
f
th
e
cr
u
st
an
d
li
th
o
sp
h
er
e
y
ie
ld
s
so
m
e
su
rp
ri
si
n
g

b
eh
av
io
r
w
it
h

re
sp
ec
t
to

th
e

cl
as
si
ca
l
R
ay
le
ig
h
-T
ay
lo
r

in
st
ab
il
it
y.

3
.1
.

S
ta
b
il
it
y
A
n
a
ly
si
s

[1
1
]

In
o
rd
er

to
so
lv
e
o
u
r
sy
st
em

o
f
eq
u
at
io
n
s
w
e
ca
n

re
p
la
ce

x,
t,
u
,
M

c
,
M

q
b
y
L
0
~ x,

(L
02
/k
)
~ t,
(k
/L

0
)~ u
,
(h
k/
L
0
)
~ M
c
,

(h
k/
L
0
)
~ M
q
w
h
er
e
th
e
&

v
ar
ia
b
le
s
ar
e
n
o
w
d
im

en
si
o
n
le
ss
.T

o
st
u
d
y
th
e
st
ab
il
it
y
o
f
o
u
r
sy
st
em

,
le
t
u
s
as
su
m
e
th
at

th
e

so
lu
ti
o
n
co
n
si
st
s
in

a
u
n
if
o
rm

st
at
e
w
it
h
o
u
t
an
y
te
ct
o
n
ic

v
el
o
ci
ty

p
lu
s
in
fi
n
it
es
im

al
p
er
tu
rb
at
io
n
s,

~ M
c
=
M

c0
+
!m

c
(~ x
,

~ t)
,
~ M
q
=
M

q0
+
!m

q(
~ x,
~ t)
,
~ u
=
!u
(~ x
,~
t)
,
w
h
er
e
M

c0
an
d
M

q0
ar
e

th
e
u
n
if
o
rm

d
im

en
si
o
n
le
ss

m
o
m
en
ts
an
d
!
'

1
.
A
ss
u
m
in
g

al
l
te
rm

s
o
f
o
rd
er

!
g
o
as

ex
p
(i
k~ x

+
s~ t
),

o
u
r
g
o
v
er
n
in
g

eq
u
at
io
n
s
(1
),
(6
)
an
d
(7
)
y
ie
ld

to
fi
rs
t
o
rd
er

in
!

4
u
k
þ
i
m

c
þ
m

q
ð

Þ¼
0
;

sm
c
þ
2
ik
M

0 c
u
¼

0
;

sm
q
þ
2
ik
M

0 q
u
þ
k
2
m

q
¼

0
:

ð8
Þ

S
o
lv
in
g
fo
r
s
le
ad
s
to

th
e
d
is
p
er
si
o
n
re
la
ti
o
n

2
s2

þ
s

M
0 q
þ
M

0 c
þ
2
k
2

!
"

þ
k
2
M

0 c
¼

0
:

ð9
Þ

D
ep
en
d
in
g
o
f
th
e
si
g
n
o
f
th
e
d
is
cr
im

in
an
t
o
f
th
is

se
co
n
d

d
eg
re
e
eq
u
at
io
n
,
s
ca
n
ei
th
er

b
e
re
al

o
r
im

ag
in
ar
y.

L
et

u
s

d
ef
in
e
k 1

an
d
k 2

k 1
¼

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi

jM
0 q
j

q

"
ffi
ffi
ffi
ffi
ffi
ffi
ffi

M
0 c

p

$
%

ffi
ffi
ffi 2

p
;

k 2
¼

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi

jM
0 q
j

q

þ
ffi
ffi
ffi
ffi
ffi
ffi
ffi

M
0 c

p

$
%

ffi
ffi
ffi 2

p
:

ð1
0
Þ

If
0
<
k
<
jk
1
jo

r
k
>
k 2
,
th
e
tw
o
ro
o
ts

o
f
th
e
d
is
p
er
si
o
n

eq
u
at
io
n
ar
e
re
al

an
d
th
e
g
ro
w
th

ra
te

s
is

s
¼

1 2
k 1
k 2

"
k
2

!
"

(
1 2

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi

k
2 1
"
k
2

!
"

k
2 2
"
k
2

!
"

q

:
ð1
1
Þ

O
n
th
e
co
n
tr
ar
y,
w
h
en

jk
1
j<

k
<
k 2
,
th
e
ro
o
ts
ar
e
im

ag
in
ar
y

n
u
m
b
er
s
(i
.e
.
s
=
R
ea
l(
s)

+
iw
),

R
ea
l
sð
Þ¼

1 2
k 1
k 2

"
k
2

!
"

;
w
¼

1 2

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi

k
2
"
k
2 1

!
"

k
2 2
"
k
2

!
"

q

ð1
2
Þ

[1
2
]

T
h
e
ro
o
ts
o
f
th
e
d
is
p
er
si
o
n
eq
u
at
io
n
ar
e
d
ep
ic
te
d
in

F
ig
u
re

1
.
W
h
en

M
0 q
+

M
0 c
>

0
(d
as
h
ed

li
n
es
,
k 1

<
0
)

th
e
li
th
o
sp
h
er
e
is
ev
er
y
w
h
er
e
st
ab
le
.
O
n
th
e
co
n
tr
ar
y,
w
h
en

M
0 q
+

M
c0
<

0
(s
o
li
d

li
n
es
,
k 1

>
0
)
lo
n
g

w
av
el
en
g
th

p
er
tu
rb
at
io
n
s
(k

<
k 1
)
ar
e

u
n
st
ab
le

(t
h
e

tw
o

s
ro
o
ts

ar
e
p
o
si
ti
v
e)
.
T
h
is

is
th
e
ty
p
ic
al

ca
se

o
f
R
ay
le
ig
h
-T
ay
lo
r

in
st
ab
il
it
ie
s
w
it
h
a
d
en
se

fl
u
id

o
n
to
p
o
f
a
li
g
h
te
r
fl
u
id
.

H
o
w
ev
er
,
th
e
d
y
n
am

ic
s
ar
e
d
if
fe
re
n
t
fr
o
m

th
e
R
ay
le
ig
h
-

T
ay
lo
r
si
tu
at
io
n

at
sh
o
rt
er

w
av
el
en
g
th
s.

F
o
r
th
e
sh
o
rt
es
t

w
av
el
en
g
th
s
(k

>
k 2
),

li
th
o
sp
h
er
ic

th
er
m
al

an
o
m
al
ie
s
ar
e

er
as
ed

b
y
th
er
m
al

d
if
fu
si
o
n
an
d
an
y
p
er
tu
rb
at
io
n
v
an
is
h
es
.

F
o
r
0
<
k 1

<
k
<
k 2
,
a
p
ro
p
ag
at
in
g
u
n
st
ab
le
m
o
d
e
b
ec
o
m
es

a
p
ro
p
ag
at
in
g
st
ab
le

m
o
d
e
as

k
in
cr
ea
se
s.
T
h
is
te
ct
o
n
ic

w
av
e

p
ro
p
ag
at
es

as
a
p
la
n
e
w
av
e
at

p
h
as
e
v
el
o
ci
ty

w/
k
an
d

L
1
7
3
0
8

R
IC
A
R
D

A
N
D

H
U
S
S
O
N
:
P
R
O
PA

G
A
T
IO

N
O
F
T
E
C
T
O
N
IC

W
A
V
E
S

L
1
7
3
0
8

2
o
f
5

p
h
y
si
ca
ll
y,

as
it
is
a
d
is
p
er
si
v
e
w
av
e,

at
th
e
g
ro
u
p
v
el
o
ci
ty

d
w/
d
k.

W
h
en

R
ea
l(
s)

=
0
,
a
p
u
re

p
ro
p
ag
at
in
g

m
o
d
e
o
f

co
n
st
an
t
am

p
li
tu
d
e
ex
is
ts

w
it
h
w
av
e
n
u
m
b
er

an
d
an
g
u
la
r

fr
eq
u
en
cy

k 0
¼

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffiffi

k 1
k 2

p

;
an
d

w
¼

1 2
k 0

k 2
"
k 1

ð
Þ:

ð1
3
Þ

T
h
is

p
ar
ti
cu
la
r
w
av
e
p
ro
p
ag
at
es

w
it
h
th
e
m
ax
im

u
m

p
h
as
e

v
el
o
ci
ty

an
d
it
s
g
ro
u
p
an
d
p
h
as
e
v
el
o
ci
ti
es

ar
e
eq
u
al
.
It
s

v
el
o
ci
ty

th
at
ca
n
ea
si
ly

b
e
ex
p
re
ss
ed

in
d
im

en
si
o
n
al
u
n
it
s
b
y

v p
¼

1 2

ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi
ffi

kr
c
r m

"
r c

ð
Þg

L
0
hr

m

s

S
:

ð1
4
Þ

[1
3
]

T
h
e
ex
is
te
n
ce

o
f
a
p
ro
p
ag
at
in
g
m
o
d
e
is
su
rp
ri
si
n
g
in

a
co
n
te
x
t
w
h
er
e
o
n
ly

d
if
fu
si
v
e
p
ro
ce
ss
es

o
cc
u
r
(d
if
fu
si
o
n
o
f

m
o
m
en
tu
m

an
d
d
if
fu
si
o
n
o
f
h
ea
t)
.
T
h
e
p
ro
p
ag
at
io
n
o
cc
u
rs

w
h
il
e
th
e
u
n
d
u
la
ti
o
n
s
o
f
th
e
cr
u
st
an
d
th
e
li
th
o
sp
h
er
e
ar
e
n
o
t

in
p
h
as
e.

T
h
is

ca
n
b
e
sh
o
w
n
b
y
so
lv
in
g
(8
)
w
h
ic
h
im

p
li
es

th
at

th
e
ra
ti
o
o
f
th
e
cr
u
st
al

an
d
li
th
o
sp
h
er
ic

d
ef
o
rm

at
io
n
s
is

a
co
m
p
le
x
n
u
m
b
er
,

m
q
¼

"
m

c

k 1
"
k 2

ð
Þ2

k
2 1
þ
k
2 2
"
2
k
2

!
"

þ
4
iw

!
"

:
ð1
5
Þ

[1
4
]

W
e
ca
n

co
m
p
ar
e
to

re
al

g
eo
lo
g
ic
al

si
tu
at
io
n
s
b
y

re
d
im

en
si
o
n
al
iz
in
g
o
u
r
re
su
lt
s.

T
h
e
o
n
ly

p
ar
am

et
er

v
al
u
e

w
h
o
se

v
al
u
e
is

d
eb
at
ab
le

is
th
e
li
th
o
sp
h
er
ic

v
is
co
si
ty
.
W
e

ch
o
o
se

a
ra
th
er

lo
w
st
if
fn
es
s
o
f
th
e
li
th
o
sp
h
er
e,
L
0
=
5
0
k
m
,

h
=

2
1
0
2
1
P
a
s,

w
h
ic
h

is
h
o
w
ev
er

th
e
k
in
d

o
f
v
al
u
es

co
m
m
o
n
ly

u
se
d
to

m
o
d
el

o
ro
g
en
y
[E
n
g
la
n
d
,
1
9
8
6
;
H
u
ss
o
n

a
n
d
R
ic
a
rd
,
2
0
0
4
].
T
h
e
o
th
er

p
ar
am

et
er
s
ar
e
st
an
d
ar
d
an
d

y
ie
ld

k 1
=
0
.1

an
d
k 2

=
1
2
fo
r
S
=
4
0
k
m

an
d
L
=
8
3
k
m

(s
ee

p
ar
am

et
er
s
in

th
e
ca
p
ti
o
n
o
f
F
ig
u
re

2
).
T
h
e
co
m
p
o
si
ti
o
n
al

an
d
li
th
o
sp
h
er
ic

m
o
m
en
t
h
av
e
o
p
p
o
si
te

si
g
n
s
an
d
si
m
il
ar

am
p
li
tu
d
es
,
M

c0
=

7
1
,
M

q0
=

"
7
3
.
W
it
h

th
is

p
ar
am

et
er
s,

p
ro
p
ag
at
io
n
ta
k
es

p
la
ce

fo
r
w
av
el
en
g
th
s
b
et
w
ee
n
2
6
k
m

an
d

3
1
4
0
k
m
.T

h
is
su
g
g
es
ts
th
at
m
u
ch

o
f
co
n
ti
n
en
ta
l
te
ct
o
n
ic
s
is

ei
th
er

in
th
e
u
n
st
ab
le

re
g
im

e
o
r
in

th
e
p
ro
p
ag
at
in
g
re
g
im

e.
O
n
ly

th
e
sh
o
rt
es
t
w
av
el
en
g
th
s
ar
e
st
ab
le

(w
av
el
en
g
th
s
le
ss

th
an

2
6
k
m
).

In
th
is

u
n
in
te
re
st
in
g
d
o
m
ai
n
,
h
o
w
ev
er
,
o
u
r

lo
n
g
w
av
el
en
g
th

ap
p
ro
x
im

at
io
n
b
re
ak
s
d
o
w
n
.

[1
5
]

A
s
se
en

in
F
ig
u
re

2
,
th
e
p
h
as
e
an
d
g
ro
u
p
v
el
o
ci
ti
es

h
av
e
ty
p
ic
al

v
al
u
es

fr
o
m

5
to

1
0

w
h
ic
h

in
re
al

u
n
it
s

co
rr
es
p
o
n
d
s
to

3
.2

to
6
.4

m
m

y
r"

1
.
W
it
h
th
e
sa
m
e
p
ar
am

-
et
er
s,

S
=
4
0
k
m

an
d
L
=
8
3
k
m
,
p
ro
p
ag
at
io
n
at

co
n
st
an
t

am
p
li
tu
d
e
o
cc
u
rs
fo
r
a
w
av
el
en
g
th

o
f
2
8
7
k
m

an
d
a
v
el
o
ci
ty

o
f
3
.7

m
m

y
r"

1
(s
ee

(1
4
))
.

3
.2
.

N
o
n
li
n
ea
r
S
o
lu
ti
o
n
s

[ 1
6
]

T
h
e
p
re
v
io
u
s
re
su
lt
s
h
av
e
b
ee
n
o
b
ta
in
ed

in
th
e
li
n
ea
r

st
ab
il
it
y

ap
p
ro
x
im

at
io
n
s
w
h
er
e
th
e
n
o
n
li
n
ea
r
te
rm

s
h
av
e

b
ee
n
n
eg
le
ct
ed
.
W
e
ca
n
al
so

co
m
p
u
te

th
e
w
h
o
le

n
o
n
li
n
ea
r

so
lu
ti
o
n
u
si
n
g
a
st
an
d
ar
d
fi
n
it
e
d
if
fe
re
n
ce

al
g
o
ri
th
m

w
it
h

p
er
io
d
ic

b
o
u
n
d
ar
y
co
n
d
it
io
n
s
an
d
ex
p
li
ci
t
ti
m
e-
st
ep
p
in
g
.

[1
7
]

In
F
ig
u
re

3
,
w
e
d
ep
ic
te
d

th
e
so
lu
ti
o
n
s
fo
r
th
re
e

d
if
fe
re
n
t
ca
se
s.
T
h
e
li
th
o
sp
h
er
ic
th
ic
k
n
es
s
h
as

b
ee
n
re
d
u
ce
d

fr
o
m

F
ig
u
re
s
3
a
to

3
c
(8
6
,
8
3
an
d
8
0
k
m

th
ic
k
),
so

th
at

th
e

d
y
n
am

ic
s
fo
r
a
w
av
el
en
g
th

o
f
1
2
5
0

k
m

co
rr
es
p
o
n
d
s
to

u
n
st
ab
le
,
p
ro
p
ag
at
in
g
u
n
st
ab
le
an
d
p
ro
p
ag
at
in
g
st
ab
le
ca
se
s,

re
sp
ec
ti
v
el
y.

T
h
e
in
it
ia
l
in
te
rf
ac
es

ar
e
d
ep
ic
te
d
b
y
d
as
h
ed

li
n
es
,
th
e
fi
n
al

in
te
rf
ac
es

ar
e
d
ep
ic
te
d
b
y
so
li
d
li
n
es
.

[1
8
]

In
th
e
ca
se

o
f
a
th
ic
k
li
th
o
sp
h
er
e
(F
ig
u
re

3
a)
,
th
e

in
st
ab
il
it
y
ra
p
id
ly

d
es
ta
b
il
iz
es

th
e
w
h
o
le
la
y
er

an
d
le
ad
s
to

a
fi
n
it
e
ti
m
e
si
n
g
u
la
ri
ty

an
al
o
g
to

th
at
d
is
cu
ss
ed

b
y
L
ém

er
y
et

a
l.
[2
0
0
0
].
In

F
ig
u
re
s
3
b
an
d
3
c
th
e
p
ro
p
ag
at
io
n
to

th
e
ri
g
h
t

o
f
a

w
av
e-
li
k
e

d
ef
o
rm

at
io
n

is
cl
ea
rl
y

n
o
ti
ce
ab
le
.
T
h
e

m
ax
im

a
o
f
th
e
li
th
o
sp
h
er
ic

th
ic
k
n
es
s
ar
e
sh
if
te
d
to

th
e
ri
g
h
t

w
it
h
v
el
o
ci
ti
es

o
f
o
rd
er

5
m
m

y
r"

1
in

ag
re
em

en
t
w
it
h
th
e

m
ar
g
in
al

st
ab
il
it
y

st
u
d
y.

D
u
e
to

th
e
as
y
m
m
et
ry

o
f
th
e

li
th
o
sp
h
er
ic

th
ic
k
en
in
g
o
f
F
ig
u
re

3
b
,
li
th
o
sp
h
er
e
ev
o
lv
es

to
w
ar
d
w
h
at

co
u
ld

b
e
in
te
rp
re
te
d
as

a
se
ri
es

o
f
su
b
d
u
ct
io
n

zo
n
es
.

[1
9
]

T
h
e
p
h
y
si
cs

o
f
th
e
to
p
o
g
ra
p
h
y
p
ro
p
ag
at
io
n
is
ea
sy

to
u
n
d
er
st
an
d
(s
ee

F
ig
u
re

4
):

th
e
th
ic
k
n
es
s
v
ar
ia
ti
o
n
s
o
f
th
e

li
th
o
sp
h
er
e
ar
e
in

ad
v
an
ce

to
th
o
se

o
f
th
e
cr
u
st
,
in

th
e

d
ir
ec
ti
o
n
o
f
p
ro
p
ag
at
io
n
.
T
h
ey

in
d
u
ce
d
a
co
m
p
re
ss
io
n
an
d

th
u
s
a
th
ic
k
en
in
g
o
n
th
e
ri
g
h
t
h
an
d
si
d
e
o
f
th
e
m
o
u
n
ta
in

F
ig
u
re

1
.

D
ec
ay

ra
te

s
an
d

an
g
u
la
r
fr
eq
u
en
cy

w
o
f
a

p
er
tu
rb
at
io
n
o
f
th
e
cr
u
st
o
r
th
e
li
th
o
sp
h
er
ic

th
ic
k
n
es
se
s
as

a
fu
n
ct
io
n
o
f
th
e
w
av
e
n
u
m
b
er

k.
T
h
e
so
li
d
li
n
e
co
rr
es
p
o
n
d
s

to
a
ca
se

w
h
er
e
th
e
li
th
o
sp
h
er
e
is
g
lo
b
al
ly

u
n
st
ab
le
.
A
s
th
e

w
av
e
n
u
m
b
er

in
cr
ea
se
s,

th
e
d
y
n
am

ic
s
sh
if
ts

fr
o
m

u
n
st
ab
le

to
st
ab
le
.
B
et
w
ee
n
jk
1
ja

n
d
k 2

p
ro
p
ag
at
in
g
te
ct
o
n
ic

w
av
es

ar
e
ex
ci
te
d
.
T
h
e
d
as
h
ed

li
n
e
is
fo
r
a
st
ab
le

li
th
o
sp
h
er
e.

F
o
r

th
e
cl
ar
it
y
o
f
th
e
p
lo
t,
w
e
u
se
d
th
e
g
eo
lo
g
ic
al
ly

n
o
n
re
le
v
an
t

v
al
u
es

k 1
=
1
an
d
k 2

=
4
(s
o
li
d
li
n
e)

an
d
k 1

=
"
1
an
d
k 2

=
4

(d
as
h
ed

li
n
es
).

F
ig
u
re

2
.

P
h
as
e

(s
o
li
d

li
n
e)

an
d

g
ro
u
p

(d
as
h
ed

li
n
e)

v
el
o
ci
ty

o
f
a
te
ct
o
n
ic

w
av
e
as

a
fu
n
ct
io
n
o
f
th
e
n
o
rm

al
iz
ed

w
av
el
en
g
th
.
W
e
u
se

th
e
fo
ll
o
w
in
g
p
ar
am

et
er
s:

S
=
4
0
k
m
,

L
=
8
3
k
m
,
h
=
2
1
0
2
1
P
a
s,
k
=
1
0
"
6
m

2
s"

1
,
L
0
=
5
0
k
m
,

r c
=
2
8
0
0
k
g
m

"
3
,
r m

=
3
2
0
0
k
g
m

"
3
,
g
=
9
.8

m
s"

2
,
a
=

3
1
0
"
5
K
"
1
,
q m

=
1
3
5
0
K
).
W
it
h
re
al

u
n
it
s,

a
n
o
rm

al
iz
ed

v
el
o
ci
ty

o
f
6
co
rr
es
p
o
n
d
s
to

3
.7

m
m

y
r"

1
.

L
1
7
3
0
8

R
IC
A
R
D

A
N
D

H
U
S
S
O
N
:
P
R
O
PA

G
A
T
IO

N
O
F
T
E
C
T
O
N
IC

W
A
V
E
S

L
1
7
3
0
8

3
o
f
5



ra
n
g
es

th
at

co
ll
ap
se

o
n

th
ei
r
le
ft

h
an
d

si
d
e.

T
h
er
m
al

d
if
fu
si
o
n
co
n
tr
o
ls

th
e
m
ax
im

u
m

o
f
th
e
li
th
o
sp
h
er
ic

th
ic
k
-

n
es
s
an
d
m
it
ig
at
es

th
e
o
v
er
al
l
in
st
ab
il
it
y.
In

th
e
si
m
u
la
ti
o
n
s

o
f
F
ig
u
re

3
,
th
e
d
if
fe
re
n
ce

o
f
p
h
as
e
is

d
if
fi
cu
lt
to

se
e
as

it
o
n
ly

am
o
u
n
ts
to

ab
o
u
t
2
!
ac
co
rd
in
g
to

(1
5
).

4
.

C
o
n
cl
u
si
o
n
s

[2
0
]

T
h
e
lo
n
g
w
av
el
en
g
th

te
ct
o
n
ic

w
av
es

ex
is
t
w
h
en

th
e

co
m
p
o
si
ti
o
n
al
an
d
th
er
m
al
m
o
m
en
ts
h
av
e
so
m
ew

h
at
si
m
il
ar

am
p
li
tu
d
es
.
T
h
is
b
al
an
ce

is
h
o
w
ev
er

th
e
ty
p
ic
al

si
tu
at
io
n
o
f

a
m
at
u
re

li
th
o
sp
h
er
e
th
at

th
ic
k
en
s
(M

q
+
M

c
>
0
)
u
n
ti
l
it

st
ar
ts
d
es
ta
b
il
iz
in
g
(M

q
+
M

c
<
0
).
T
h
e
te
ct
o
n
ic

w
av
e
h
av
e

v
el
o
ci
ti
es

g
iv
en

b
y

(1
4
).

T
h
es
e
v
el
o
ci
ti
es

ar
e
in
cr
ea
si
n
g

w
it
h
th
e
av
er
ag
e
cr
u
st
al
th
ic
k
n
es
s,
S
an
d
d
ec
re
as
in
g
w
it
h
th
e

ro
o
t
m
ea
n
sq
u
ar
e
re
si
st
an
ce

o
f
th
e
li
th
o
sp
h
er
e,

ffi
ffi
ffi
ffi
ffi
ffi
ffiffi

L
0
h

p
.
T
h
is

tr
av
el
in
g
m
o
d
e
o
f
te
ct
o
n
ic
s
sh
o
u
ld

at
an
y
ra
te
b
e
p
re
se
n
t
o
n

E
ar
th

o
r
o
n
o
th
er

p
la
n
et
s
ta
k
in
g
in
to

ac
co
u
n
t
th
e
la
rg
e
ra
n
g
e

o
f
cr
u
st
an
d
li
th
o
sp
h
er
e
th
ic
k
n
es
se
s
th
at

ca
n
b
e
fo
u
n
d
.

[2
1
]

In
o
ro
g
en
ic

p
la
ce
s
li
k
e
A
n
d
es

an
d
T
ib
et
,
th
e
cr
u
st
is

v
er
y
th
ic
k
an
d
th
e
li
th
o
sp
h
er
e
ra
th
er

w
ea
k
,
w
h
ic
h
sh
o
u
ld

si
g
n
if
ic
an
tl
y
in
cr
ea
se

th
e
p
ro
p
ag
at
io
n
v
el
o
ci
ty

o
f
o
u
r
te
c-

to
n
ic

w
av
es
.
T
h
e
ea
st
w
ar
d
m
ig
ra
ti
o
n
o
f
th
e
co
m
p
re
ss
iv
e

fr
o
n
t
o
f
th
e
C
en
tr
al

A
n
d
es

[L
a
m
b
et

a
l.
,
1
9
9
7
]
an
d
th
e

o
n
g
o
in
g

ac
ce
le
ra
ti
o
n

o
f
th
e
d
ef
o
rm

at
io
n

in
th
e
E
as
te
rn

C
o
rd
il
le
ra

[K
en
n
a
n
,
2
0
0
0
]
re
la
te

to
th
e
em

p
la
ce
m
en
t
o
f

th
e

co
ld

an
d

d
en
se

m
an
tl
e

ro
o
t
ev
id
en
ce
d

in
se
is
m
ic

to
m
o
g
ra
p
h
y
[B
a
u
m
o
n
t
et
a
l.
,
2
0
0
2
].
In

T
ib
et
,
th
e
n
o
rt
h
ea
st
-

w
ar
d
d
ev
el
o
p
m
en
t
o
f
th
e
p
la
te
au

d
u
ri
n
g
T
er
ti
ar
y
an
d
th
e

ac
co

m
p
an

y
in
g

th
ic
k
en

in
g

o
f
th
e

li
th
o
sp
h
er
e

m
an

tl
e

Ta
p
p
o
n
n
ie
r
et

a
l.

[2
0
0
1
]
ca
n

b
e
el
eg
an
tl
y

ex
p
la
in
ed

b
y

th
e
si
tu
at
io
n
d
es
cr
ib
ed

in
F
ig
u
re

3
b
.

[2
2
]

T
h
e
m
o
d
el

is
b
as
ed

o
n
a
lo
n
g
w
av
el
en
g
th

an
al
y
ti
ca
l

m
o
d
el
th
at
co
u
ld

b
e
im

p
ro
v
ed

to
in
cl
u
d
e
h
ig
h
er

o
rd
er

te
rm

s
[M

ed
ve
d
ev

a
n
d
P
o
d
la
d
ch
ik
o
v,
1
9
9
9
].
It
se
em

s
h
o
w
ev
er

th
at

a
n
at
u
ra
l
d
ev
el
o
p
m
en
t
o
f
th
is

st
u
d
y

sh
o
u
ld

n
o
w

u
se

a
co
m
p
le
te

n
u
m
er
ic
al

m
o
d
el

to
ta
k
e
in
to

ac
co
u
n
t
th
e
sh
o
rt

w
av
el
en
g
th

d
ef
o
rm

at
io
n
s
an
d

to
co
u
p
le

th
e
m
ec
h
an
ic
al

li
th
o
sp
h
er
e
(h
er
e
o
f
u
n
if
o
rm

th
ic
k
n
es
s
L
0
)
to

th
e
v
ar
ia
b
le

th
er
m
al

li
th
o
sp
h
er
e.

[2
3
]

A
ck
n
o
w
le
d
g
m
en
ts
.

T
h
e
fi
rs
t
au
th
o
r
th
an
k
s
th
e
Y
al
e
u
n
iv
er
si
ty

w
h
er
e
h
e
sp
en
d
s
a
sa
b
b
at
ic
al
y
ea
r.
T
h
e
m
an
u
sc
ri
p
t
b
en
ef
it
s
fr
o
m

d
is
cu
ss
io
n

w
it
h
M
.
B
ra
n
d
o
n
an
d
D
.
B
er
co
v
ic
i
an
d
a
re
v
ie
w

b
y
J.
B
ra
u
n
.
S
u
p
p
o
rt
w
as

o
b
ta
in
ed

fr
o
m

th
e
C
N
R
S
an
d
th
e
G
ar
o
n
F
o
u
n
d
at
io
n
fo
r
S
u
p
in
e
G
eo
p
h
y
si
cs
.

T
h
e
se
co
n
d
au
th
o
r
th
an
k
s
th
e
M
.I
.T
.
fo
r
te
ch
n
ic
al

su
p
p
o
rt
.

R
ef
er
en
ce
s

A
rg
an
d
,
E
.
(1
9
2
4
),
C
o
m
p
te
s-
R
en
d
u
s
d
u
1
3
e
m
e
C
o
n
g
rè
s
G
éo
lo
g
iq
u
e
In
te
r-

n
a
ti
o
n
a
l,
5
9
6
p
p
.,
B
ru
ss
el
s.

A
rt
y
u
sh
k
o
v,

E
.
V
.
(1
9
7
3
),

S
tr
es
se
s
in

th
e
li
th
o
sp
h
er
e
ca
u
se
d
b
y
cr
u
st
al

th
ic
k
n
es
s
in
h
o
m
o
g
en
ei
ti
es
,
J.

G
eo
p
h
ys
.
R
es
.,
7
8
,
7
6
7
5
–
7
7
0
8
.

B
au
m
o
n
t,
D
.,
A
.
P
au
l,
G
.
Z
an
d
t,
S
.
L
.
B
ec
k
,
an
d
H
.
P
ed
er
se
n
(2
0
0
2
),

L
it
h
o
sp
h
er
ic

st
ru
ct
u
re

o
f
th
e
ce
n
tr
al

A
n
d
es

b
as
ed

o
n
su
rf
ac
e
w
av
e
d
is
-

p
er
si
o
n
,
J.

G
eo
p
h
ys
.
R
es
.,
1
0
7
(B
1
2
),
2
3
7
1
,
d
o
i:
1
0
.1
0
2
9
/2
0
0
1
JB

0
0
0
3
45
.

C
o
n
ra
d
,
C
.
P.

(2
0
0
0
),

C
o
n
v
ec
ti
v
e
in
st
ab
il
it
y
o
f
th
ic
k
en
in
g
m
an
tl
e
li
th
o
-

sp
h
er
e,

G
eo
p
h
ys
.
J.

In
t.
,
1
4
3
,
5
2
–
7
0
.

E
n
g
la
n
d
,
P.
,
an
d
D
.
M
cK

en
zi
e
(1
9
8
2
),

A
th
in

v
is
co
u
s
sh
ee
t
m
o
d
el

fo
r

co
n
ti
n
en
ta
l
d
ef
o
rm

at
io
n
,
G
eo
p
h
ys
.
J.

R
.
A
st
ro
n
.
S
o
c.
,
7
0
,
2
9
5
–
3
2
1
.

E
n
g
la
n
d
,
P.
,
an
d
D
.
M
cK

en
zi
e
(1
9
8
3
),
C
o
rr
ec
ti
o
n
to
:
A

th
in

v
is
co
u
s
sh
ee
t

m
o
d
el
fo
r
co
n
ti
n
en
ta
l
d
ef
o
rm

at
io
n
,G

eo
p
h
ys
.
J.
R
.
A
st
ro
n
.
S
o
c.
,
7
3
,
5
2
3
–

5
3
2
.

E
n
g
la
n
d
,P
.
(1
9
8
6
),
C
o
m
m
en
t
o
n
‘‘
B
ri
tt
le
fa
il
u
re

in
th
e
u
p
p
er

m
an
tl
e
d
u
ri
n
g

ex
te
n
si
o
n
o
f
co
n
ti
n
en
ta
l
li
th
o
sp
h
er
e’
’
b
y
D
.S

aw
y
er
,
J.
G
eo
p
h
ys
.
R
es
.,
9
1
,

1
0
,4
8
7
–
1
0
,4
9
0
.

F
le
it
o
u
t,
L
.,
an
d
C
.
F
ro
id
ev
au
x
(1
9
8
2
),
T
ec
to
n
ic
s
an
d
to
p
o
g
ra
p
h
y
fo
r
li
th
o
-

sp
h
er
e
co
n
ta
in
in
g
d
en
si
ty

h
et
er
o
g
en
ei
ti
es
,
Te
ct
o
n
ic
s,
1
,
2
1
–
5
7
.

H
o
u
se
m
an
,
G
.,
an
d
P.

E
n
g
la
n
d
(1
9
9
3
),

C
ru
st
al

th
ic
k
en
in
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té
d
e

L
y
o
n
1
,
B
at

G
éo
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1.3.3 Généralisation : l’exemple du rifting

De manière générale, le comportement dynamique de la lithosphère est piloté par

les trois sources de contraintes qui se résument aux hétérogénéités de densité liées

à la minéralogie (essentiellement dans la croûte), aux hétérogénéités de densité

liées au champ thermique, et aux contraintes aux limites, ou lointaines, ou encore

”tectoniques”. Les applications précédentes suggèrent que dans un contexte de

collision, il est possible d’être prédictif sur l’évolution des châınes de montagnes

en prenant en compte ces sources de manière simple. De la même manière, la dy-

namique de la lithosphère dans un contexte extensif répond aux mêmes processus.

En collaboration avec les géologues de Paris 6 -N. Bellahsen en particulier- nous

avons choisi d’examiner la dynamique du rifting par une approche similaire. Le

cas d’étude est le rift d’Aden (fig. 1.5). Dans l’état actuel, l’épaisseur crustale

décroit depuis les plaques Arabe au nord et Somalie au sud pour atteindre une

épaisseur nulle au centre du rift. Les contraintes de flottabilité liées à ces varia-

tions d’épaisseur crustale (fig. 1.5) sont calculées sur la base d’un modèle isosta-

tique et atteignent sur les marges passives ±30 MPa (fig. 1.6). Intégrées depuis

le centre du rift, ce sont des forces de l’ordre de 2.5 1012N m−1 qui tendent à

restaurer une épaisseur uniforme au système. Celles-ci doivent être équilibrées

soit par les forces aux limites de la lithosphère, soit par les forces de flottabilité

thermique de la lithosphère amincie. En fait, nous pouvons montrer que, pour

une rhéologie visqueuse linéraire de la lithosphère, l’amincissement initial de la

lithosphère par le manteau sous-jacent suffit à conduire à l’amincissement de la

croûte et à l’ouverture du rift, sans nécessité de forces tectoniques aux limites.

L’expérience peut être réalisée en utilisant le formalisme des plaques minces décrit

précédement. Une croûte de faible densité relative et d’épaisseur uniforme est as-

sociée à une lithosphère dont le moment thermique est plus faible au centre (fig.

1.7). Cette hétérogénéité initiale suffit à initier une dynamique extensive globale

au centre du rift et compressive sur les épaules du rift, conformément aux obser-

vations géologiques [Bellahsen et al., 2006, Fournier et al., 2004]. Les variations

latérales du moment thermique croissent dans le temps à mesure que le système

se déstabilise et entrâıne la croûte en la comprimant. Des résultats comparables

ont été obtenus par Huismans et al. [2001]. Ce modèle entièrement actif suffit à

expliquer les traits principaux de l’ouverture d’un rift. Dans ce modèle, les forces

aux limites qui conduisent non pas à l’amincissement, mais à la séparation des
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Fig. 1.4: Evolution de la topographie des Andes Centrales, lorsque une ano-
malie de densité liée à la racine lithosphérique sous la Cordillière Orientale est
introduite dans le modèle. La topographie actuelle est donnée en vert. 27 Myrs
correspond au temps de croissance andine déduit de l’enregistrement géologique
(la courbe rouge donne la situation actuelle, prédite par le modèle). Predicted
time evolution of the Andean elevation when a negative buoyancy anomaly that
mimicks the lithospheric root is introduced in the model. Current topography
is given at 27 Myrs, approximately the characteristic time of orogenic growth

inferred from the geological record.

plaques, ne sont pas prises en compte.

Les études tectoniques et structurales dans le Golfe d’Aden, à terre et en mer

[Bellahsen et al., 2006, d’Acremont et al., 2005, Fournier et al., 2004] permettent

d’examiner plus en détail l’évolution du champ de contraintes dans le temps. En

effet, une particularité du Golfe d’Aden est l’obliquité forte (∼ 50◦) de la direction

axiale du Golfe (∼ N75◦) par rapport à la direction d’ouverture du système (∼
N25◦). Il ressort que les déformations liées aux variations latérales du moment

thermique ou crustal devraient avoir pour direction structurale ∼ N75◦, reflétant

l’amincissement de la lithosphère et de la croûte, et les déformations liées aux
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Fig. 1.5: Topographie du Golfe d’Aden et valeur absolue des contraintes de
flottabilité calculées sur la base d’un modèle isostatique crustal. Le tracé noir
correspond au profil de la figure 1.6. Gulf of Aden, topography (left) and absolute
value of the crustal buoyancy stresses (right) calculated assuming local isostasy.

Black line is the profile of fig. 1.6.
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Fig. 1.6: Topographie (noir), contraintes de flottabilité (rouge), et force
résultante (vert) calculées sur un profil orthogonal au Golfe d’Aden (localisa-
tion fig. 1.5). Gulf of Aden, toopography (black), crustal buoyancy stresses and

resulting force, calculated along a NNW-SSW profile (loc. fig. 1.5).
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nulles, seules les forces de flottabilité thermique et crustale sont actives. Time
evolution model of an active rift. Lateral boundaries are stress free, only the

thermal negative buoyancy of the lithospheric mantle is driving the model.

forces aux limites, ∼ N115◦, orthogonalement à la direction d’ouverture observée,

et parallèlement à la direction des segments de rift dans le Golfe. Les études struc-

turales révèlent l’existence des deux directions principales d’extension attendues,

N20◦ et N160◦ pour les failles normales synchrones du rifting. La chronologie des

évènements est débattue par les mêmes auteurs [Bellahsen et al., 2006, Fournier

et al., 2004]. Il demeure que l’existence des deux systèmes de failles est cohérent

avec les prédictions des modèles présentés ci-dessus.

Afin d’examiner la généalogie des systèmes faillés, nous avons mis au point des

expériences analogiques au laboratoire de Rome-3, en collaboration avec F. Fu-

niciello et C. Faccenna. Ces modèles permettent en particulier d’examiner de

façon plus réaliste que les modèles en plaques minces le rôle de la rhéologie sur

le développement des failles. Les résultats sont présentés dans leur application au

Golfe d’Aden dans l’article suivant.
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Abstract 
New lithospheric analogue models of oblique rifting provide insights into the fault 

evolution, basin segmentation, and mantle exhumation during rift localization and capture 

main characteristics of natural oblique rifts. We present two models of oblique rifting: an 

oblique rift (obliquity about 50°) with a pre-existing lithospheric weakness (heterogeneous 

model) and one homogeneous. The main results are: (i) The fault populations, especially in 

early stages of deformation, are composed of faults that are, in strike, intermediate between 

the rift-parallel trend and the perpendicular to the opening direction. This fault population is 

characteristic of oblique rifts as in previous studies. (ii) In later stages, faults parallel to the 

rift become numerous in both models, even if in the homogeneous model displacement-

normal faults also play a major role. Local stresses due to variations of thickness in the crust 

during the rift localization are certainly important during the rift localization and control the 

formation of rift-parallel faults. (iii) During final stages of extension, in the heterogeneous 

model, the crust is deformed by rift-parallel faults, and in the basins, displacement-normal 

faults compose the small scale deformation pattern. In the homogeneous model though, 

displacement-normal faults tend to accommodate most of the extension and control the final 

stages of extension. They would probably control the formation of the ocean-continent 

transition, mantle exhumation if any, and the geometry of oceanic accretion centres. Those 

results may provide insights into the possible evolution of the Gulf of Aden conjugate 

margins. 

1. Introduction 
Oblique rifting are usually seen to requires a pre-existing lithospheric weakness, which 

localizes the rift obliquely relatively to the displacement/opening direction. Thus, it is the 
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0
7

; 
H

u
ch

o
n

 

et
 a

l.
, 

1
9

9
1

; 
H

u
ch

o
n

 a
n

d
 K

h
a

n
b

a
ri

, 
2

0
0

3
; 

L
ep

vr
ie

r 
et

 a
l.

, 
2

0
0

2
].

 M
o

re
o

v
er

, 
m

ic
ro

st
ru

ct
u

ra
l 

st
u

d
ie

s 
sh

o
w

 s
ev

er
al

 e
x

te
n

si
o

n
 d

ir
ec

ti
o

n
s 

an
d

 t
h

ei
r 

re
la

ti
v

e 
ch

ro
n

o
lo

g
y

. 
A

cc
o

rd
in

g
ly

, 
b

o
th

 

co
u

n
te

r 
cl

o
ck

w
is

e 
ro

ta
ti

o
n

s 
(N

0
2

0
°E

 
ex

te
n

si
o

n
 

to
w

ar
d

 
N

1
6

0
°E

 
ex

te
n

si
o

n
, 

[A
u

ti
n
, 

2
0

0
8

; 

B
el

la
h

se
n

 
et

 
a

l.
, 

2
0

0
6
; 

H
u

ch
o

n
 
a

n
d

 
K

h
a

n
b

a
ri

, 
2

0
0

3
; 

L
ep

vr
ie

r 
et

 
a

l.
, 

2
0

0
2

] 
o
r 

cl
o

ck
w

is
e
 

ro
ta

ti
o

n
s 

(N
1

6
0

°E
 e

x
te

n
si

o
n

 t
o

w
ar

d
 N

0
2

0
°E

 e
x

te
n

si
o

n
, 

[A
u

ti
n

, 
2

0
0

8
; 

F
o

u
rn

ie
r 

et
 a

l.
, 

2
0

0
4

] 

o
cc

u
r 

d
u

ri
n

g
 t

h
e 

ri
ft

in
g

. 

T
h

e 
G

u
lf

 o
f 

A
d

en
 i

s 
h

ig
h

ly
 s

eg
m

en
te

d
 
w

it
h

 f
ir

st
 o

rd
er

 a
n

d
 s

ec
o

n
d

 o
rd

er
 s

eg
m

en
ta

ti
o

n
s 

[d
'A

cr
em

o
n

t 
et

 a
l.

, 
2

0
0

5
].

 O
ff

sh
o

re
, 

n
ea

r 
th

e 
o

ce
an

-c
o

n
ti

n
en

t 
tr

an
si

ti
o

n
, 

th
e 

st
ru

ct
u

re
s 

ex
h

ib
it

 

m
o

re
 

d
is

p
la

ce
m

en
t-

n
o

rm
al

 
d

ir
ec

ti
o

n
s 

[d
'A

cr
em

o
n

t 
et

 
a

l.
, 

2
0

0
5

].
 

O
n

 
th

e 
o
ri

en
ta

l 
n

o
rt

h
er

n
 

m
ar

g
in

, 
o

ff
sh

o
re

 g
ra

b
en

s 
p

re
se

n
t 

sc
is

so
r-

li
k

e 
m

o
rp

h
o

lo
g

y
 w

it
h

 a
n

 o
p

en
in

g
 a

n
d

 d
ee

p
en

in
g

 

to
w

ar
d

 
th

e 
E

as
t 

[A
u

ti
n

, 
2

0
0

8
].

 
T

h
e 

o
ce

an
-c

o
n

ti
n

en
t 

tr
an

si
ti

o
n

 
se

em
s 

to
 

ex
h

ib
it

 
ex

h
u

m
ed

 

se
rp

en
ti

n
is

ed
 m

an
tl

e 
in

 s
o

m
e 

lo
ca

l 
ar

ea
 [

L
er

o
y 

et
 a

l.
, 

su
b

m
.]

. 
 

T
h

e 
m

o
d

el
s 

p
re

se
n

te
d

 i
n

 t
h

is
 s

tu
d

y
 w

er
e
 e

la
b

o
ra

te
d

 t
o

 b
e
 c

o
n

si
st

en
t 

w
it

h
 t

h
e
 o

b
li

q
u

it
y

 o
f 

th
e
 

G
u

lf
 o

f 
A

d
en

, 
w

h
ic

h
 r

es
u

lt
s 

in
 a

 5
0

° 
o

b
li

q
u

e 
ri

ft
. 

T
h

e 
fo

u
r-

la
y

er
 r

h
eo

lo
g

y
 c

o
rr

es
p

o
n

d
s 

to
 a

 

co
ld

 l
it

h
o

sp
h

er
e,

 d
ef

o
rm

ed
 d

u
ri

n
g

 t
h

e 
T

er
ti

ar
y

 r
if

ti
n

g
 o

f 
th

e 
G

u
lf

 o
f 

A
d

en
. 

H
o

w
ev

er
, 

th
is

 

rh
eo

lo
g

y
 i

s 
o

n
ly

 a
p

p
li

ca
b

le
 i

n
 t

h
e 

o
ri

en
ta

l 
G

u
lf

 o
f 

A
d

en
, 

si
n

ce
 t

h
e 

w
es

te
rn

 p
ar

t 
d

ef
o

rm
ed

 

u
n

d
er

 
th

e 
in

fl
u

en
ce

 
o

f 
th

e 
A

fa
r 

h
o

t 
sp

o
t.

 
L

at
er

al
 

v
el

o
ci

ty
 

d
is

co
n

ti
n

u
it

ie
s 

ar
e 

ra
th

er
 

ex
p

er
im

en
ta

l 
tr

ic
k

s,
 a

n
d
 h

av
e 

n
o

 r
ea

l 
g

eo
lo

g
ic

al
 a

n
al

o
g

u
e,

 b
u

t 
it

 i
s 

a 
w

ay
 t

o
 i

n
d

u
ce

 o
b

li
q

u
e 

(o
r 

o
rt

h
o

g
o

n
al

) 
ri

ft
s 

in
 h

o
m

o
g

en
eo

u
s 

li
th

o
sp

h
er

e 
sc

a
le

 m
o

d
el

s 
w

it
h

o
u

t 
p

re
ex

is
ti

n
g

 w
ea

k
n

es
se

s.
 

A
s 

su
g

g
e
st

ed
 b

y
 t

h
e 

m
o

d
el

 o
f 

B
el

la
h

se
n

 e
t 

al
. 

(2
0

0
3

),
 t

h
e 

o
b

li
q

u
it

y
 o

f 
th

e 
G

u
lf

 o
f 

A
d

en
 d

o
es

 

n
o

t 
se

em
 t

o
 d

ep
en

d
 o

f 
in

h
er

it
ed

 l
it

h
o

sp
h

er
ic

 h
et

er
o
g

en
ei

ty
. 

T
h

e 
fa

u
lt

 p
at

te
rn

 i
n

 t
h

e 
h

o
m

o
g

en
eo

u
s 

m
o

d
el

 i
s 

co
m

p
ar

ab
le

 t
o

 t
h

e 
fa

u
lt

 p
at

te
rn

 d
es

cr
ib

ed
 o

n
 

th
e 

G
u

lf
 
o

f 
A

d
en

 
m

ar
g

in
s 

(f
ig

. 
1

7
-3

 
an

d
 
fi

g
. 

1
8

).
 T

h
re

e 
fa

u
lt

 
p

o
p

u
la

ti
o

n
s 

in
it

ia
te

 
in

 
th

is
 



1
8

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 m
o

d
el

: 
ri

ft
-p

ar
al

le
l 

fa
u

lt
s 

ra
th

er
 o

n
 t

h
e 

ri
ft

 b
o
rd

er
s 

an
d

 d
is

p
la

ce
m

en
t-

n
o

rm
al

 f
au

lt
s 

in
 t

h
e 

ri
ft

 

ce
n

tr
e.

 T
h

e 
m

o
d

el
s 

m
ay

 t
h

u
s 

p
ro

v
id

e 
k

ey
s 

fo
r 

th
e 

in
te

rp
re

ta
ti

o
n

 o
f 

th
e 

G
u

lf
 o

f 
A

d
en

 f
au

lt
s 

in
te

rp
re

ta
ti

o
n

. 

(i
) 

T
h

e 
o

b
se

rv
ed

 a
n

ti
cl

o
ck

w
is

e
 r

o
ta

ti
o

n
 o

f 
th

e 
d

ir
ec

ti
o

n
 o

f 
ex

te
n

si
o

n
 m

ay
 r

es
u

lt
s 

fr
o

m
 l

o
ca

l 

st
re

ss
e
s 

d
u

e 
to

 c
ru

st
al

 t
h

ic
k

n
es

s 
v

ar
ia

ti
o

n
 o

n
 t

h
e 

ri
ft

 b
o

rd
er

 a
s 

su
g

g
es

te
d

 b
y

 B
el

la
h

se
n

 e
t 

a
l.

 

[2
0

0
6

].
 I

n
 s

u
ch

 a
 s

ta
te

 o
f 

st
re

ss
 (

ex
te

n
si

o
n

 N
1

6
0

°E
, 

p
er

p
en

d
ic

u
la

r 
to

 t
h

e 
ri

ft
 a

x
is

) 
ri

ft
-p

ar
al

le
l 

fa
u

lt
s 

m
ay

 a
ct

iv
at

e 
an

d
 d

is
p

la
ce

m
en

t-
n

o
rm

al
 m

ay
 b

e 
re

ac
ti

v
at

ed
 o

b
li

q
u

el
y

 a
s 

o
b

se
rv

ed
 i

n
 

so
m

e 
p

la
ce

s 
in

 t
h

e 
fi

el
d

 [
B

el
la

h
se

n
 e

t 
a

l.
, 

2
0

0
6

; 
H

u
ch

o
n

 a
n

d
 K

h
a

n
b

a
ri

, 
2

0
0

3
].

 

(i
i)

 
T

h
e 

o
b

se
rv

ed
 
cl

o
ck

w
is

e
 
ro

ta
ti

o
n

 
o

f 
th

e 
ex

te
n

si
o

n
 
d

ir
ec

ti
o

n
 
ca

n
 
b

e 
re

la
te

d
 
to

 
a
 
la

te
 

ro
ta

ti
o

n
 o

f 
st

re
ss

es
 i

n
 t

h
e 

ri
ft

 c
en

tr
e.

 I
n

 s
u

ch
 z

o
n

e,
 t

h
e 

cr
u

st
 i

s 
h

ig
h

ly
 t

h
in

n
ed

 a
n

d
 t

h
ic

k
n

e
ss

 

v
ar

ia
ti

o
n

s 
b

ec
o

m
e 

sm
al

le
r,

 i
n

d
u

ci
n

g
 a

 s
u

b
se

q
u

en
t 

d
ec

re
as

e 
in

 l
o

ca
l 

st
re

ss
es

. 
T

h
u

s,
 t

h
e 

st
re

ss
 

re
g

im
e 

is
 a

g
ai

n
 d

o
m

in
at

ed
 b

y
 f

ar
 f

ie
ld

 b
o

u
n

d
ar

y
 c

o
n

d
it

io
n

s,
 i

.e
. 

N
-S

 t
o

 N
0

2
0

°E
 a

s 
su

g
g

es
te

d
 

in
 d

’A
cr

em
o

n
t 

et
 a

l.
 (

2
0

0
6
).

 

(i
ii

) 
T

h
e 

h
ig

h
 s

eg
m

en
ta

ti
o

n
 o

f 
th

e 
G

u
lf

 o
f 

A
d

en
 (

fi
g

. 
1

8
) 

m
ay

 b
e 

d
u

e 
to

 t
h

e 
ri

ft
 o

b
li

q
u

it
y

 t
h

at
 

in
d

u
ce

s 
st

re
ss

 r
o

ta
ti

o
n

s 
as

 d
is

cu
ss

ed
 a

b
o

v
e 

an
d

 t
o

 b
lo

ck
 r

o
ta

ti
o

n
s 

th
at

 h
av

e 
tw

o
 c

o
n

se
q

u
en

ce
s:

 

(1
) 

th
e 

in
it

ia
ti

o
n

 o
f 

st
ee

p
 s

h
ea

r 
o

r 
tr

an
sf

er
 z

o
n

es
 i

n
it

ia
te

d
 i

n
 t

h
e 

ri
ft

 c
en

tr
e 

an
d

 (
2
) 

ro
ta

te
d
 

b
lo

ck
s 

ar
e 

fa
u

lt
ed

 b
y

 o
n

g
o

in
g

 d
ef

o
rm

at
io

n
 r

es
u

lt
in

g
 i

n
 s

h
o

rt
 h

o
rs

ts
 (

sh
o

rt
er

 t
h

an
 i

n
 o

rt
h

o
g

o
n

al
 

ri
ft

s)
. 

O
n

e 
ca

n
 h

y
p

o
th

es
iz

e 
th

at
 t

h
o

se
 t

ra
n

sf
er

 f
au

lt
s 

ca
n

 l
o

c
al

iz
e 

th
e 

tr
an

sf
er

 z
o

n
es

 t
h

at
 s

e
em

 

to
 i

n
it

ia
te

 d
u

ri
n

g
 t

h
e 

o
ce

an
-c

o
n

ti
n

en
t 

tr
an

si
ti

o
n

 f
o

rm
at

io
n

 a
n

d
 d

ef
o

rm
at

io
n

 a
n

d
/o

r 
d

u
ri

n
g

 t
h

e 

fi
n

al
 
st

ag
es

 
o

f 
ri

ft
in

g
 
[A

u
ti

n
 
et

 
a

l.
, 

su
b

m
.]

. 
T

h
o

se
 
st

ee
p

 
fa

u
lt

s 
ar

e 
in

d
ee

d
 
p

ar
al

le
l 

to
 
th

e 

o
p

en
in

g
 d

ir
ec

ti
o

n
 a

n
d

 w
el

l 
o

ri
en

te
d

 t
o

 b
ec

o
m

e 
tr

an
sf

er
 f

au
lt

s 
an

d
 m

ay
b

e 
tr

an
sf

o
rm

 f
au

lt
s.

 T
h

e 

se
co

n
d

 s
tr

u
ct

u
ra

l 
ch

ar
ac

te
ri

st
ic

 i
s 

th
e 

sh
o

rt
 l

en
g

th
 o

f 
h

o
rs

ts
 i

n
 t

h
e 

d
is

ta
l 

m
ar

g
in

 (
fi

g
. 

1
8
),

 

w
h

ic
h

 m
ay

 b
e 

a
 c

o
n

se
q

u
en

ce
, 

as
 i

n
 t

h
e 

m
o

d
el

s,
 o

f 
b

lo
ck

 r
o

ta
ti

o
n

s.
 T

h
u

s,
 w

e 
co

u
ld

 s
u

g
g

e
st

 

th
at

 t
h

e 
h

ig
h

ly
 n

o
n

-c
y

li
n

d
ri

ca
l 

st
ru

ct
u

re
s 

im
ag

ed
 b

y
 r

ef
le

ct
io

n
 s

ei
sm

ic
 d

at
a 

(f
ig

. 
1

8
) 

ar
e 

d
u

e 
to

 

b
lo

ck
 r

o
ta

ti
o

n
s 

an
d

 h
o
rs

ts
 r

e-
fa

u
lt

in
g
. 

(i
ii

i)
 F

in
al

ly
, 

th
e 

m
o

d
el

 d
is

p
la

y
s 

g
ra

b
en

s 
w

it
h

 s
c
is

so
r-

li
k

e 
m

o
rp

h
o

lo
g

y
. 

S
u

ch
 g

ra
b

en
s 

ar
e 

o
b

se
rv

ed
 o

n
 t

h
e 

n
o

rt
h

er
n

 m
ar

g
in

 [
A

u
ti

n
 e

t 
a

l.
, 

su
b

m
.]

 (
fi

g
. 

1
8

) 
an

d
 c

o
u

ld
 r

es
u

lt
 f

ro
m

 b
lo

ck
s 

ro
ta

ti
o

n
s.

 
In

 
p

ar
ti

cu
la

r,
 

in
 

th
e 

o
ce

an
-c

o
n

ti
n

en
t 

tr
an

si
ti

o
n

, 
a 

sc
is

so
r-

li
k

e 
m

o
rp

h
o

lo
g

y
 

is
 

o
b

se
rv

ed
. 

In
 s

u
ch

 l
o

ca
ti

o
n

, 
m

an
tl

e 
ex

h
u

m
at

io
n

, 
if

 a
n

y
, 

m
ig

h
t 

o
cc

u
r 

o
n

 s
h

o
rt

 l
en

g
th

 i
n
 t

h
e 

en
-

éc
h

el
o

n
 s

tr
u

ct
u

re
d

 m
ar

g
in

. 
F

in
al

 s
ta

g
es

 o
f 

ri
ft

in
g

 a
n

d
 p

o
ss

ib
le

 m
an

tl
e
 e

x
h

u
m

at
io

n
 a

re
 t

h
u

s 
in

 

en
-é

ch
el

o
n

 
zo

n
es

, 
co

n
tr

o
ll

ed
 

b
y

 
d

is
p

la
ce

m
en

t 
n

o
rm

al
 

fa
u

lt
s 

as
 

m
en

ti
o

n
ed

 
ea

rl
ie

r.
 

T
h

is
 

m
o

rp
h

o
lo

g
y

 
co

n
tr

o
ls

 
th

e 
b

eg
in

n
in

g
 

o
f 

o
ce

an
ic

 
ac

cr
et

io
n

 
th

at
 

o
cc

u
rs

 
in

 
n

o
n

-o
b

li
q

u
e 

b
u

t 

o
p

en
in

g
 p

er
p

en
d

ic
u

la
r 

se
g

m
en

ts
 o

f 
a 

fe
w

 t
en

s 
o
f 

k
il

o
m

et
re

s 
ea

ch
 [

d
’A

cr
em

o
n

t 
et

 a
l.

, 
su

b
m

.]
. 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
1

9
 

 

C
o
n

c
lu

si
o

n
s 

W
e 

h
av

e 
p

re
se

n
te

d
 t

w
o

 a
n

al
o

g
u

e 
m

o
d

el
s 

w
h

er
e 

an
 o

b
li

q
u

e 
ri

ft
in

g
 i

s 
si

m
u

la
te

d
 i

n
 t

w
o
 w

ay
s.

 

In
 o

n
e 

ex
p

er
im

en
t,

 t
h

e 
li

th
o

sp
h

er
e 

is
 h

et
er

o
g

en
eo

u
s,

 t
h

an
k

s 
to

 a
 z

o
n

e 
o
f 

w
ea

k
n

es
s 

in
 t

h
e 

li
th

o
sp

h
er

ic
 m

an
tl

e.
 I

n
 t

h
is

 m
o

d
el

, 
th

e 
o

b
li

q
u

it
y

 o
f 

th
e 

ri
ft

 i
s 

fo
rc

ed
 b

y
 t

h
e 

o
b

li
q

u
it

y
 o

f 
th

e
 

w
ea

k
n

es
s 

an
d

 l
at

er
al

 v
el

o
ci

ty
 d

is
co

n
ti

n
u

it
ie

s 
(o

ff
se

t 
in

 p
la

n
e 

v
ie

w
).

 I
n

 t
h

e 
se

co
n

d
 m

o
d

el
, 

th
e 

li
th

o
sp

h
er

e 
is

 h
o

m
o

g
en

eo
u

s.
 I

n
 t

h
is

 m
o

d
el

, 
th

e 
ri

ft
 i

s 
o

b
li

q
u

e 
o

n
ly

 b
ec

au
se

 t
h

e 
la

te
ra

l 
v

el
o

ci
ty

 

d
is

co
n

ti
n

u
it

ie
s 

ar
e 

o
ff

se
t.

 

In
 b

o
th

 m
o

d
el

s,
 t

h
e 

ev
o

lu
ti

o
n

 o
f 

th
e 

fa
u

lt
 p

at
te

rn
 i

n
d

ic
at

es
 h

o
w

 t
h

e 
ri

ft
 l

o
ca

li
ze

s.
 I

n
 a

 f
ir

st
 

st
ag

e,
 i

n
te

rm
ed

ia
te

 f
au

lt
s 

ar
e
 t

h
e 

m
ai

n
 o

n
es

, 
e
sp

e
ci

al
ly

 i
n

 t
h

e 
h

et
er

o
g

en
eo

u
s 

m
o

d
el

. 
T

h
is

 i
s 

d
u

e 
to

 t
h

e 
o

v
er

al
l 

k
in

em
at

ic
s 

o
f 

th
e 

o
b

li
q

u
e 

ri
ft

. 
T

h
o

se
 w

er
e 

p
re

d
ic

te
d

 b
y

 p
re

v
io

u
s 

an
al

o
g

u
e
 

m
o

d
el

s.
 

In
 a

 s
ec

o
n

d
 s

ta
g

e,
 t

h
e 

ri
ft

 l
o

ca
li

ze
s 

al
o

n
g

 t
h

e 
o

b
li

q
u

e 
zo

n
e 

es
p

ec
ia

ll
y

 t
h

o
u

g
h

 t
h

e 
in

it
ia

ti
o

n
 o

f 

ri
ft

-p
ar

al
le

l 
fa

u
lt

s,
 p

ro
b

ab
ly

 d
u

e 
to

 l
o

ca
l 

st
re

ss
e
s 

(e
x

te
n

si
o

n
 p

er
p

en
d

ic
u

la
r 

to
 t

h
e
 r

if
t 

ax
is

) 
d

u
e
 

to
 c

ru
st

al
 t

h
ic

k
n

es
s 

v
ar

ia
ti

o
n

s.
 

O
n

ce
 
th

e 
ri

ft
 
h

as
 
th

in
n

ed
 
en

o
u

g
h

, 
th

e 
d

ef
o

rm
at

io
n

 
lo

ca
li

ze
s 

in
 
th

e 
ri

ft
 
ce

n
tr

e 
w

h
er

e 
n

o
 

cr
u

st
al

 
th

ic
k

n
es

s 
v

ar
ia

ti
o

n
 

ar
e 

si
g

n
if

ic
an

t.
 
In

 
th

e 
h

o
m

o
g

en
eo

u
s 

m
o

d
el

s,
 

n
o

 
lo

ca
l 

st
re

ss
es

 

p
er

tu
rb

 t
h

e 
fa

r 
fi

el
d

 o
n

e.
 F

au
lt

s 
p

er
p

en
d

ic
u

la
r 

to
 t

h
e 

fa
r 

fi
el

d
 e

x
te

n
si

o
n

 i
n

it
ia

te
. 

T
h

e 
re

su
lt

 i
s 

th
at

 t
h

e 
zo

n
es

 o
f 

ex
tr

em
e 

th
in

n
in

g
 a

re
 s

ti
ll

 d
is

p
o

se
d

 e
n

-e
ch

el
o

n
. 

T
h

o
se

 a
re

 b
el

ie
v

ed
 t

o
 b

e 
th

e
 

o
n

e 
th

at
 w

il
l 

co
n

tr
o

l 
th

e 
o

ce
an

-c
o

n
ti

n
en

t 
tr

an
si

ti
o

n
 s

tr
u

ct
u

re
 (

n
o

t 
se

en
 i

n
 o

u
r 

m
o

d
el

s)
 a

n
d

 t
h

e 

g
eo

m
et

ry
 o

f 
th

e 
ac

cr
et

io
n

 c
en

tr
es

. 
In

 t
h

e 
h

et
er

o
g

en
eo

u
s 

m
o

d
el

, 
fa

u
lt

s 
p

er
p

en
d

ic
u

la
r 

to
 t

h
e 

fa
r 

fi
el

d
 e

x
te

n
si

o
n

 a
s 

w
el

l 
a
s 

ri
ft

-p
ar

al
le

l 
o

n
es

 c
o

n
tr

o
l 

th
e 

la
te

 s
ta

g
e
s 

o
f 

d
ef

o
rm

at
io

n
. 

T
h

u
s,

 i
n

 t
h

is
 

ca
se

 t
h

e 
zo

n
e 

o
f 

ex
tr

em
e 

th
in

n
in

g
 i

s 
al

ig
n

ed
 w

it
h

 t
h

e 
ri

ft
 a

x
is

. 

T
h

es
e 

ch
ar

ac
te

ri
st

ic
s 

al
lo

w
 t

o
 e

x
p

la
in

 t
h

e 
st

ru
ct

u
re

s 
o

b
se

rv
ed

 i
n

 t
h

e
 G

u
lf

 o
f 

A
d

en
 a

n
d

 t
h

ei
r 

ev
o

lu
ti

o
n

 
an

d
, 

in
 
p

ar
ti

cu
la

r,
 
ar

g
u

e 
th

at
 
th

e 
o

b
li

q
u

it
y

 
o

f 
th

e 
ri

ft
in

g
 
in

 
th

is
 
ar

ea
 
w

as
 
m

o
st

 

p
ro

b
ab

ly
 n

o
t 

d
u

e 
to

 a
 p

re
-e

x
is

ti
n

g
 l

it
h

o
sp

h
er

ic
 w

ea
k

n
es

s.
 

A
c
k

n
o
w

le
d

g
e
m

e
n

ts
 

W
e 

th
an

k
 

F
. 

F
u

n
ic

ie
ll

o
 

an
d

 
C

. 
F

ac
c
en

n
a 

fo
r 

th
ei

r 
ad

v
ic

es
, 

co
m

m
en

ts
 

an
d

 
h

el
p

 
in

 
th

e
 

L
ab

o
ra

to
ry

 o
f 

ex
p

er
im

en
ta

l 
g

eo
lo

g
y
 o

f 
th

e 
U

n
iv

er
si

ty
 o

f 
R

o
m

e 
II

I.
 W

e 
al

so
 t

h
an

k
 J

.P
. 

B
ru

n
 

fo
r 

st
im

u
la

ti
n

g
 

d
is

cu
ss

io
n

s.
 

W
e
 

w
o

u
ld

 
li

k
e 

to
 

th
an

k
 

D
. 

R
o

ss
i 

fo
r 

u
se

fu
l 

p
er

so
n

a
l 

co
m

m
u

n
ic

at
io

n
. 

F
ig

u
re

s 
5

, 
6

, 
1

0
, 

1
1

, 
1

2
 
an

d
 
1

3
 
w

er
e 

p
ro

d
u

ce
d

 
w

it
h

 
th

e 
G

M
T

 
so

ft
w

ar
e
 

p
ac

k
ag

e 
(W

es
se

l 
&

 S
m

it
h

 1
9

9
5
).

 T
h

is
 s

tu
d

y
 i

s 
p
ar

t 
o

f 
th

e 
G

D
R

 "
M

ar
g

es
" 

an
d

 t
h

e 
"A

ct
io

n
 

M
ar

g
es

" 
p

ro
je

ct
s.

 



2
0

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

 
 

 
N

at
u

re
 

M
o

d
e
l 

T
h

ic
k

n
e
ss

 
2

0
 k

m
 

1
.5

 c
m

 

U
p

p
er

 c
ru

st
 

D
en

si
ty

 
2

.8
 g

.c
m

-3
 

1
.2

 g
.c

m
-3

 

T
h

ic
k

n
e
ss

 
1

0
 k

m
 

0
.7

 c
m

 

D
en

si
ty

 
2

.9
 g

.c
m

-3
 

1
.2

5
 g

.c
m

-3
 

C
ru

st
 

L
o

w
er

 c
ru

st
 

V
is

co
si

ty
 

1
0

2
1
 P

a.
s  

4
.1

0
4
 P

a.
s  

T
h

ic
k

n
e
ss

 
~

 1
2

 k
m

 
0

.8
 c

m
 

L
it

h
o

sp
h

er
ic

 b
ri

tt
le

 m
an

tl
e 

D
en

si
ty

 
3

.3
 g

.c
m

-3
 

1
.2

 g
.c

m
-3

 

T
h

ic
k

n
e
ss

 
~

 5
0

 k
m

 
2

 c
m

 

D
en

si
ty

 
3

.3
 g

.c
m

-3
 

1
.3

3
 g

.c
m

-3
 

L
it

h
o

sp
h

er
ic

 d
u

c
ti

le
 m

an
tl

e 

V
is

co
si

ty
 

1
0

2
3
 P

a.
s 

7
.1

0
4
 P

a.
s 

M
an

tl
e 

D
en

si
ty

 
3

.2
 g

.c
m

-3
 

1
.4

1
 g

.c
m

-3
 

 

A
st

h
en

o
sp

h
er

e 

V
is

co
si

ty
 

1
0

1
9
 P

a.
s 

1
0

 P
a.

s 

 

T
ab

le
 1

: 
M

ai
n

 p
h

y
si

c
al

 p
ro

p
er

ti
es

 o
f 

n
a
tu

ra
l 

an
d

 a
n

a
lo

g
u

e 
m

at
er

ia
ls

. 

   

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
2

1
 

 

 

F
ig

u
re

 1
: 

S
tr

en
g

th
 p

ro
fi

le
s 

o
f 

th
e
 l

it
h

o
sp

h
er

e 
an

d
 h

et
er

o
g
en

ei
ty

 i
n

 e
x

p
er

im
en

ts
. 

 

 

 

F
ig

u
re

 2
: 

S
tr

en
g

th
 p

ro
fi

le
s 

fo
r 

th
e
 e

x
p
er

im
en

ta
l 

li
th

o
sp

h
er

e 
an

d
 t

h
e
 h

e
te

ro
g
en

ei
ty

. 

  



2
2

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 3
: 

T
o

p
 v

ie
w

s 
o

f 
th

e
 h

o
m

o
g

en
eo

u
s 

m
o

d
e
l 

d
u

ri
n

g
 e

x
te

n
si

o
n

. 
C

ir
c
le

d
 n

u
m

b
er

s 
co

rr
es

p
o

n
d

 t
o

 t
h

e
 s

ta
g

e
s 

o
f 

fi
g

u
re

 7
. 

 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
2

3
 

 

 

F
ig

u
re

 4
: 

T
o

p
 v

ie
w

s 
o

f 
th

e
 h

et
er

o
g

en
eo

u
s 

m
o

d
e
l 

d
u

ri
n

g
 e

x
te

n
si

o
n

. 
C

ir
cl

ed
 n

u
m

b
er

s 
co

rr
es

p
o

n
d

 t
o

 t
h

e
 s

ta
g

es
 o

f 

fi
g

u
re

 7
. 

 



2
4

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 5
: 

L
in

e-
d

ra
w

in
g

 o
f 

th
e
 f

ir
st

 s
ta

g
es

 o
f 

th
e
 m

o
d

e
l 

h
o

m
o

g
en

eo
u

s 
an

d
 a

z
im

u
th

a
l 

d
is

tr
ib

u
ti

o
n

 o
f 

th
e 

p
er

ce
n

ta
g

e
 o

f 
to

ta
l 

le
n

g
th

 f
o

r 
e
ac

h
 s

eg
m

en
t 

p
o

p
u

la
ti

o
n

. 
B

lu
e:

 r
if

t-
p

ar
al

le
l 

se
g

m
en

ts
. 
G

re
en

: 
in

te
rm

ed
ia

te
 

se
g

m
en

ts
. 

R
ed

: 
d

is
p

la
ce

m
en

t-
n

o
rm

a
l 

se
g

m
en

ts
. 

C
ir

cl
ed

 n
u

m
b

er
s 

co
rr

e
sp

o
n

d
 t

o
 t

h
e 

st
ag

es
 o

f 
fi

g
u

re
 7

. 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
2

5
 

 

 

F
ig

u
re

 
6

: 
L

in
e-

d
ra

w
in

g
 
o

f 
th

e 
fi

rs
t 

st
ag

es
 
o

f 
th

e 
m

o
d

el
 

h
et

er
o

g
en

eo
u

s 
an

d
 

az
im

u
th

a
l 

d
is

tr
ib

u
ti

o
n

 
o

f 
th

e
 

p
er

ce
n

ta
g

e 
o

f 
to

ta
l 

le
n

g
th

 
fo

r 
ea

ch
 

se
g

m
en

t 
p

o
p

u
la

ti
o

n
. 

B
lu

e:
 

ri
ft

-p
ar

al
le

l 
se

g
m

en
ts

. 
G

re
en

: 
in

te
rm

ed
ia

te
 

se
g

m
en

ts
. 

R
ed

: 
d

is
p

la
ce

m
en

t-
n

o
rm

a
l 

se
g

m
en

ts
. 

C
ir

cl
ed

 n
u

m
b

er
s 

co
rr

e
sp

o
n

d
 t

o
 t

h
e 

st
ag

es
 o

f 
fi

g
u

re
 7

. 



2
6

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

 

F
ig

u
re

 7
: 

T
im

e-
ev

o
lu

ti
o

n
 o

f 
th

e 
fa

u
lt

 p
o

p
u

la
ti

o
n

 d
u

ri
n

g
 t

h
e
 f

ir
st

 s
ta

g
es

 o
f 

d
ev

e
lo

p
m

en
t 

o
f 

th
e 

h
o

m
o

g
en

eo
u

s 
(l

ef
t)

 

an
d

 h
et

er
o

g
en

eo
u

s 
(r

ig
h

t)
 m

o
d

e
ls

 w
it

h
 i

n
cr

ea
si

n
g

 e
x

te
n

si
o

n
. 

B
lu

e:
 r

if
t-

p
ar

a
ll

el
 s

eg
m

en
ts

. 
G

re
en

: 
in

te
rm

ed
ia

te
 

se
g

m
en

ts
. 

R
ed

: 
d

is
p

la
ce

m
en

t-
n

o
rm

a
l 

se
g

m
en

ts
. 
A

-D
: 

n
u

m
b

e
r 

o
f 

se
g

m
en

ts
 e

v
o

lu
ti

o
n

. 
B

-E
: 

to
ta

l 
cu

m
u

la
te

d
 l

en
g

th
 

p
er

ce
n

ta
g

e
. 

C
-F

: 
to

ta
l 

cu
m

u
la

te
d

 l
en

g
th

. 

  

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
2

7
 

 

 

 

F
ig

u
re

 8
: 

T
im

e 
ev

o
lu

ti
o

n
 o

f 
th

e
 c

en
tr

e
 o

f 
th

e 
h

o
m

o
g

en
eo

u
s 

m
o

d
el

. 
C

ir
cl

ed
 n

u
m

b
er

s 
co

rr
e
sp

o
n

d
 t

o
 t

h
e
 s

ta
g

es
 o

f 

fi
g

u
re

 7
. 

 



2
8

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

 

F
ig

u
re

 9
: 

T
im

e 
ev

o
lu

ti
o

n
 o

f 
th

e
 c

en
tr

e
 o

f 
th

e 
h

e
te

ro
g

en
eo

u
s 

m
o

d
el

. 
C

ir
cl

ed
 n

u
m

b
er

s 
co

rr
e
sp

o
n

d
 t

o
 t

h
e
 s

ta
g

es
 o

f 

fi
g

u
re

 7
. 

 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
2

9
 

 

 

F
ig

u
re

 1
0

: 
D

if
fe

re
n

ti
al

 t
o

p
o

g
ra

p
h

y
 (

2
 m

in
 s

p
ac

ed
) 

o
f 

th
e 

h
o

m
o

g
en

eo
u

s 
m

o
d

el
 f

o
r 

in
cr

ea
si

n
g

 e
x

te
n

si
o

n
 a

m
o

u
n

t.
 

C
ir

cl
ed

 n
u

m
b

er
s 

co
rr

e
sp

o
n

d
 t

o
 t

h
e
 s

ta
g

es
 o

f 
fi

g
u

re
 7

. 



3
0

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 
1

1
: 

D
if

fe
re

n
ti

a
l 

to
p

o
g

ra
p

h
y

 
(2

 
m

in
 

sp
a
ce

d
) 

o
f 

th
e 

h
e
te

ro
g

en
eo

u
s 

m
o

d
e
l 

fo
r 

in
cr

e
as

in
g

 
ex

te
n

si
o

n
 

am
o

u
n

t.
 C

ir
cl

ed
 n

u
m

b
er

s 
co

rr
es

p
o

n
d

 t
o

 t
h

e 
st

ag
es

 o
f 

fi
g

u
re

 7
. 

 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
3

1
 

 

 

F
ig

u
re

 1
2

: 
E

v
o

lu
ti

o
n

 o
f 

th
e 

to
p

o
g

ra
p

h
y

 (
fr

o
m

 l
as

er
 s

c
an

 d
at

a)
 f

o
r 

th
e 

h
o

m
o

g
en

eo
u

s 
an

d
 h

et
er

o
g

en
eo

u
s 

m
o

d
el

s 

al
o

n
g

 
tw

o
 

p
ro

fi
le

s:
 

ex
te

n
si

o
n

-p
ar

a
ll

el
 

an
d

 
ri

ft
-p

er
p

en
d

ic
u

la
r 

cr
o

ss
-s

e
ct

io
n

s.
 

S
e
e 

p
ro

fi
le

s 
lo

c
al

is
at

io
n

 
o

n
 

th
e
 

to
p

o
g

ra
p

h
ic

 m
ap

s.
 



3
2

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 1
3

: 
M

o
d

e
l 

cr
o

ss
-s

e
ct

io
n

s 
an

d
 c

o
m

p
ar

is
o

n
 w

it
h

 t
h

e 
m

o
d

el
 o

f 
B

ru
n

 a
n

d
 B

es
li

er
 (

1
9

9
6

),
 w

h
er

e 
th

e
 r

if
t 

is
 

p
er

p
en

d
ic

u
la

r 
to

 t
h

e
 o

p
en

in
g

 d
ir

ec
ti

o
n

. 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
3

3
 

 

 

F
ig

u
re

 1
4

: 
P

h
o

to
g

ra
p

h
s 

o
f 

th
e 

to
p

 o
f 

th
e 

b
ri

tt
le

 m
an

tl
e
 f

o
r 

h
o

m
o

g
en

eo
u

s 
m

o
d

el
 5

 a
n

d
 h

et
er

o
g

en
eo

u
s 

m
o

d
e
l 

4
, 

ta
k

en
 a

ft
er

 t
h

e
 r

em
o

v
al

 o
f 

th
e 

b
ri

tt
le

 a
n

d
 d

u
ct

il
e 

cr
u

st
 l

ay
er

s.
 N

o
te

 t
h

e
 e

x
h

u
m

at
io

n
 o

f 
th

e 
re

d
d

is
h

 d
u

c
ti

le
 m

an
tl

e
 

in
 t

h
e 

ce
n

te
r 

o
f 

th
e
 r

if
t 

in
 m

o
d

e
l 

4
. 



3
4

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 1
5

: 
F

au
lt

 d
is

tr
ib

u
ti

o
n

 (
p

er
ce

n
ta

g
e 

o
f 

to
ta

l 
le

n
g

th
 v

s.
 f

a
u

lt
 a

z
im

u
th

) 
fo

r 
d

if
fe

re
n

t 
an

al
o

g
u

e
 m

o
d

e
ls

 o
f 

o
b

li
q

u
e 

ri
ft

in
g

 a
n

d
 c

o
m

p
ar

is
o

n
 t

o
 t

h
e 

G
u

lf
 o

f 
A

d
en

 (
m

ea
su

re
d

 f
au

lt
s 

o
n

la
n

d
).

 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
3

5
 

 

 

 

F
ig

u
re

 1
6

: 
L

in
e
 d

ra
w

in
g

 o
f 

th
e 

h
o

m
o

g
en

eo
u

s 
(A

) 
an

d
 h

e
te

ro
g

en
eo

u
s 

(B
) 

m
o

d
e
ls

 a
ft

er
 2

0
%

 e
x

te
n

si
o

n
. 

O
n

ly
 

m
aj

o
r 

fa
u

lt
s 

ar
e
 r

ep
o

rt
ed

. 



3
6

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 

 

F
ig

u
re

 1
7

: 
L

in
e-

d
ra

w
in

g
 o

f 
th

e 
th

re
e 

m
a
in

 s
te

p
s 

in
 t

h
e
 e

v
o

lu
ti

o
n

 o
f 

th
e 

h
o

m
o

g
en

eo
u

s 
m

o
d

e
l.

 D
ra

w
in

g
s 

ar
e
 

ro
ta

te
d

 i
n

 o
rd

er
 t

o
 f

it
 t

h
e
 o

p
en

in
g

 d
ir

e
ct

io
n

 o
f 

th
e 

G
u

lf
 o

f 
A

d
en

 (
N

0
2

0
°E

, 
w

h
it

e 
ar

ro
w

s)
. 

B
la

ck
 a

rr
o

w
s 

re
p

re
se

n
t 

th
e 

lo
c
al

 s
tr

es
se

s 
in

d
u

ce
d

 b
y

 t
h

ic
k

n
e
ss

 v
ar

ia
ti

o
n

. 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
3

7
 

 

 

F
ig

u
re

 1
8

: 
S

tr
u

ct
u

ra
l 

m
ap

 o
f 

th
e 

co
n

ju
g

a
te

 m
ar

g
in

s 
o

f 
th

e
 o

ri
en

ta
l 

G
u

lf
 o

f 
A

d
en

. 
S

y
n

th
es

is
 f

ro
m

 f
ie

ld
 w

o
rk

 a
n

d
 

se
is

m
ic

 r
ef

le
c
ti

o
n

 d
at

a 
([

A
u

ti
n

 e
t 

a
l.

, 
su

b
m

.;
 B

e
ll

a
h

se
n

 e
t 

a
l.

, 
2

0
0

6
; 

B
e
yd

o
u

n
 a

n
d

 B
ic

h
a

n
, 
1

9
6

9
; 

B
ir

se
 e

t 
a

l.
, 

1
9

9
7

; 
B

ra
n

n
a

n
 e

t 
a

l.
, 

1
9

9
7

; 
d

'A
cr

em
o

n
t 

et
 a

l.
, 
2

0
0

5
; 

F
a

n
to

zz
i,

 1
9

9
6

; 
K

h
a

n
b

a
ri

, 
2

0
0

0
; 

L
ep

vr
ie

r 
e
t 

a
l.

, 
2

0
0

2
; 

M
en

zi
e
s 

a
n

d
 a

l.
, 
1

9
9

4
; 

M
o

rr
is

o
n

 e
t 

a
l.

, 
1

9
9

7
; 

P
la

te
l 

a
n

d
 R

o
g

er
, 

1
9

8
9

; 
R

o
g

e
r 

et
 a

l.
, 
1

9
8

9
; 

R
o

g
er

 e
t 

a
l.

, 
1

9
9

2
; 

S
a

m
u

el
 e

t 
a

l.
, 
1

9
9

7
; 

W
a

tc
h

o
rn

 e
t 

a
l.

, 
1

9
9

8
].

 

  



3
8

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 R
e
fe

r
e
n

c
e
s 

 A
rt

y
u

sh
k

o
v

, 
E

. 
V

. 
(1

9
7

3
),

 
S

tr
es

se
s 

in
 

th
e 

li
th

o
sp

h
er

e 
ca

u
se

d
 

b
y

 
cr

u
st

al
 

th
ic

k
n

es
s 

in
h

o
m

o
g

en
ei

ti
es

, 
J.

 G
eo

p
h

ys
. 

R
es

.,
 7

8
. 

A
u

ti
n

, 
J.

 (
2

0
0

8
),

 D
éc

h
ir

u
re

 c
o

n
ti

n
en

ta
le

 e
t 

se
g

m
en

ta
ti

o
n

 d
u

 g
o

lf
e 

d
'A

d
en

 o
ri

en
ta

l 
en

 c
o

n
te

x
te

 

d
e 

ri
ft

in
g
 o

b
li

q
u

e,
 P

h
D

 t
h

es
is

, 
U

n
iv

er
si

té
 P

ar
is

 V
I,

 F
ra

n
ce

. 

A
u

ti
n

, 
J.

, 
et

 a
l.

 (
su

b
m

.)
, 

C
o

n
ti

n
en

ta
l 

b
re

ak
-u

p
 h

is
to

ry
 o

f 
a 

d
ee

p
 m

ag
m

a-
p

o
o

r 
m

ar
g

in
 f

ro
m

 

se
is

m
ic

 
re

fl
ec

ti
o

n
 
d

at
a 

(n
o

rt
h

ea
st

er
n

 
G

u
lf

 
o

f 
A

d
en

 
m

ar
g

in
, 

o
ff

sh
o

re
 
O

m
an

),
 
su

b
m

it
te

d
 
to

 

G
eo

p
h

ys
ic

a
l 

Jo
u

rn
a

l 
In

te
rn

a
ti

o
n

a
l.

 

B
el

la
h

se
n

, 
N

.,
 

et
 

al
. 

(2
0

0
3
),

 
W

h
y

 
d
id

 
A

ra
b

ia
 

se
p

ar
at

e 
fr

o
m

 
A

fr
ic

a?
 

In
si

g
h

ts
 

fr
o

m
 

3
-D

 

la
b

o
ra

to
ry

 e
x

p
er

im
en

ts
.,

 E
a

rt
h

 a
n

d
 P

la
n

et
a

ry
 S

ci
en

ce
 L

et
te

rs
, 

2
1

6
, 

3
6

5
-3

8
1

. 

B
el

la
h

se
n

, 
N

.,
 e

t 
al

. 
(2

0
0

6
),

 F
au

lt
 r

ea
ct

iv
at

io
n

 a
n
d

 r
if

t 
lo

ca
li

za
ti

o
n

: 
th

e 
n

o
rt

h
ea

st
er

n
 G

u
lf

 o
f 

A
d

en
 m

ar
g

in
, 

T
ec

to
n

ic
s,

 2
5
, 

1
4
 p

. 

B
en

es
, 

V
.,

 a
n

d
 P

. 
D

av
y

 (
1

9
9

6
),

 M
o

d
es

 o
f 

co
n

ti
n

en
ta

l 
li

th
o

sp
h

er
ic

 e
x

te
n

si
o

n
: 

ex
p

er
im

en
ta

l 

v
er

if
ic

at
io

n
 o

f 
st

ra
in

 l
o

ca
li

za
ti

o
n
 p

ro
ce

ss
es

, 
T

ec
to

n
o

p
h

ys
ic

s,
 2

5
4

, 
6

9
-8

7
. 

B
ey

d
o

u
n

, 
Z

. 
R

.,
 a

n
d

 H
. 

R
. 

B
ic

h
an

 (
1

9
6

9
),

 T
h

e 
g

eo
lo

g
y

 o
f 

S
o

co
tr

a 
Is

la
n

d
, 

G
u

lf
 o

f 
A

d
en

, 

Q
.J

.g
eo

l.
 S

o
c.

 L
o

n
d

.,
 1

2
5
, 

4
1

3
-4

4
6

. 

B
ir

se
, 

A
. 

C
. 

R
.,

 
et

 
al

. 
(1

9
9

7
),

 
T

h
e 

M
es

o
zo

ic
 
a
n

d
 
ea

rl
y

 
te

rt
ia

ry
 
te

ct
o

n
ic

 
ev

o
lu

ti
o

n
 
o

f 
th

e
 

S
o

co
tr

a 
ar

ea
, 

ea
st

er
n

 G
u

lf
 o

f 
A

d
en

, 
Y

em
en

, 
M

a
ri

n
e 

a
n

d
 P

et
ro

le
u

m
 G

eo
lo

g
y,

 1
4

(6
),

 6
7

5
-6

8
4

. 

B
ra

n
n

an
, 

J.
, 

et
 a

l.
 (

1
9

9
7

),
 T

ec
to

n
o

-s
tr

at
ig

ra
p

h
ic

 d
ev

el
o

p
m

en
t 

o
f 

th
e 

Q
am

ar
 b

as
in

, 
ea

st
er

n
 

Y
em

en
, 

M
a

ri
n

e 
a

n
d

 P
et

ro
le

u
m

 G
eo

lo
g

y,
 1

4
(6

),
 7

0
1

-7
3

0
, 

IN
7

0
7

-I
N

7
1

2
. 

B
ru

n
, 

J.
-P

.,
 
an

d
 
M

.-
O

. 
B

es
li

er
 
(1

9
9

6
),

 
M

an
tl

e 
ex

h
u

m
at

io
n

 
at

 
p

as
si

v
e 

m
ar

g
in

s,
 E

a
rt

h
 
a

n
d

 

P
la

n
et

a
ry

 S
ci

en
ce

 L
et

te
rs

, 
1

4
2

, 
1

6
1
-1

7
3

. 

B
ru

n
, 

J.
 P

.,
 a

n
d

 V
. 

T
ro

n
 (

1
9

9
3
),

 D
ev

el
o

p
m

en
t 

o
f 

th
e 

N
o

rt
h

 V
ik

in
g

 G
ra

b
en

: 
in

fe
re

n
ce

s 
fr

o
m

 

la
b

o
ra

to
ry

 m
o

d
el

li
n

g
, 

S
ed

im
en

ta
ry

 G
eo

lo
g

y,
 8

6
(1

-2
),

 3
1
-5

1
. 

C
al

lo
t,

 
J.

 
P

.,
 

et
 

al
. 

(2
0

0
2

),
 

D
ev

el
o

p
m

en
t 

o
f 

v
o

lc
an

ic
 

p
as

si
v

e 
m

ar
g

in
s:

 
th

re
e-

d
im

en
si

o
n

al
 

la
b

o
ra

to
ry

 m
o

d
el

s,
 T

ec
to

n
ic

s,
 2

1
(6

),
 1

0
5

2
. 

C
li

ft
o

n
, 

A
. 

E
.,

 e
t 

al
. 

(2
0

0
0

),
 I

n
fl

u
en

ce
 o

f 
ri

ft
 o

b
li

q
u

it
y

 o
n

 f
au

lt
-p

o
p

u
la

ti
o

n
 s

y
st

em
at

ic
s:

 r
es

u
lt

s 

o
f 

ex
p

er
im

en
ta

l 
cl

ay
 m

o
d

el
s,

 J
o

u
rn

a
l 

o
f 

S
tr

u
ct

u
ra

l 
G

eo
lo

g
y,

 2
2
, 

1
4

9
1
-1

5
0

9
. 

C
li

ft
o

n
, 

A
. 

E
.,

 
an

d
 

S
. 

A
. 

K
at

te
n

h
o

rn
 

(2
0

0
6
),

 
S

tr
u

ct
u

ra
l 

ar
ch

it
ec

tu
re

 
o

f 
a 

h
ig

h
ly

 
o

b
li

q
u

e 

d
iv

er
g

en
t 

p
la

te
 b

o
u

n
d

ar
y
 s

eg
m

en
t,

 T
ec

to
n

o
p

h
ys

ic
s,

 4
1

9
(1

-4
).

 

d
'A

cr
em

o
n

t,
 E

.,
 e

t 
al

. 
(2

0
0

5
),

 S
tr

u
ct

u
re

 a
n

d
 e

v
o

lu
ti

o
n

 o
f 

th
e 

ea
st

er
n

 G
u

lf
 o

f 
A

d
en

 c
o

n
ju

g
at

e 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
3

9
 

 

m
ar

g
in

s 
fr

o
m

 s
ei

sm
ic

 r
ef

le
ct

io
n

 d
at

a,
 G

eo
p

h
ys

. 
J.

 I
n

t.
, 

1
6

0
, 

8
6

9
-8

9
0
. 

d
’A

cr
em

o
n

t,
 E

.,
 e

t 
al

. 
(s

u
b

m
.)

, 
A

n
o

m
al

o
u

s 
ri

d
g

e 
S

tr
u

ct
u

re
 b

et
w

ee
n

 A
lu

la
-F

ar
ta

k
 a

n
d

 S
o

co
tr

a 

F
Z

 
(e

as
te

rn
 

G
u

lf
 

o
f 

A
d

en
) 

fr
o

m
 

b
at

h
y

m
et

ry
, 

g
ra

v
it

y
 

an
d

 
m

ag
n

et
ic

 
d

at
a:

 
S

eg
m

en
ta

ti
o

n
 

ev
o

lu
ti

o
n

 
an

d
 

im
p

li
ca

ti
o

n
s 

fo
r 

ac
cr

et
io

n
 

p
ro

ce
ss

e
s,

 
su

b
m

it
te

d
 

to
 

G
eo

p
h

ys
ic

a
l 

Jo
u

rn
a

l 

In
te

rn
a

ti
o

n
a

l.
 

D
au

te
u

il
, 

O
.,

 e
t 

al
. 

(2
0

0
1

),
 P

ro
p

ag
at

io
n

 o
f 

an
 o

b
li

q
u

e 
sp

re
ad

in
g

 c
en

te
r:

 t
h

e 
w

es
te

rn
 G

u
lf

 o
f 

A
d

en
, 

T
ec

to
n

o
p

h
ys

ic
s,

 3
3

2
, 

4
2

3
- 

4
4

2
. 

D
av

y
, 

P
.,

 
an

d
 

P
. 

R
. 

C
o

b
b

o
ld

 
(1

9
8

8
),

 
In

d
en

ta
ti

o
n

 
te

ct
o

n
ic

s 
in

 
n

at
u

re
 

an
d

 
ex

p
er

im
en

t.
 

I:
 

E
x

p
er

im
en

ts
 s

ca
le

d
 f

o
r 

g
ra

v
it

y
, 

B
u

ll
et

in
 o

f 
th

e 
G

eo
lo

g
ic

a
l 

In
st

it
u

ti
o

n
 o

f 
th

e 
U

n
iv

er
si

ty
 o

f 

U
p

sa
la

, 
1

4
, 

1
2

9
-1

4
1

. 

D
av

y
, 

P
.,

 a
n

d
 P

. 
R

. 
C

o
b

b
o

ld
 (

1
9

9
1

),
 E

x
p

er
im

en
ts

 o
n

 s
h

o
rt

en
in

g
 o

f 
a 

4
-l

ay
er

 m
o

d
el

 o
f 

th
e 

co
n

ti
n

en
ta

l 
li

th
o

sp
h

er
e,

 T
ec

to
n

o
p

h
ys

ic
s,

 1
8

8
(1

-2
),

 1
-2

5
. 

F
ae

rs
et

h
, 

R
. 

B
.,

 
et

 
al

. 
(1

9
9

7
),

 
O

b
li

q
u

e 
ri

ft
in

g
 

an
d

 
se

q
u

en
ti

al
 

fa
u

lt
in

g
 

in
 

th
e 

Ju
ra

ss
ic

 

d
ev

el
o

p
m

en
t 

o
f 

th
e 

n
o

rt
h

er
n
 N

o
rt

h
 S

ea
, 

Jo
u

rn
a

l 
o

f 
S

tr
u

ct
u

ra
l 

G
eo

lo
g

y,
 1

9
(1

0
),

 1
2

8
5

-1
3

0
2
. 

F
an

to
zz

i,
 P

. 
L

. 
(1

9
9

6
),

 T
ra

n
si

ti
o

n
 f

ro
m

 c
o

n
ti

n
en

ta
l 

to
 o

ce
an

ic
 r

if
ti

n
g

 i
n

 t
h

e 
G

u
lf

 o
f 

A
d

en
: 

st
ru

ct
u

ra
l 

ev
id

en
ce

 f
ro

m
 f

ie
ld

 m
ap

p
in

g
 i

n
 S

o
m

al
ia

 a
n

d
 Y

em
en

, 
T

ec
to

n
o

p
h

ys
ic

s,
 2

5
9

(4
),

 2
8

5
-

3
1

1
. 

F
le

it
o

u
t,

 L
.,

 a
n

d
 C

. 
F

ro
id

ev
au

x
 (

1
9

8
2

),
 T

ec
to

n
ic

s 
an

d
 t

o
p

o
g

ra
p

h
y

 f
o

r 
a 

li
th

o
sp

h
er

e 
co

n
ta

in
in

g
 

d
en

si
ty

 h
et

er
o

g
en

ei
ti

es
, 

T
ec

to
n

ic
s,

 1
(1

),
 2

1
-5

6
. 

F
o

u
rn

ie
r,

 M
.,

 e
t 

al
. 

(2
0

0
4
),

 O
b

li
q

u
e 

ri
ft

in
g

 a
n

d
 s

eg
m

en
ta

ti
o

n
 o

f 
th

e 
N

E
 G

u
lf

 o
f 

A
d

en
 p

as
si

v
e
 

m
ar

g
in

, 
G

eo
ch

em
is

tr
y,

 G
eo

p
h

ys
ic

s,
 G

eo
sy

st
em

s,
 5

(1
1

),
 2

4
 p

. 

F
o

u
rn

ie
r 

, 
M

.,
 e

t 
al

. 
(2

0
0

7
),

 S
eg

m
en

ta
ti

o
n

 a
n

d
 a

lo
n

g
-s

tr
ik

e 
as

y
m

m
et

ry
 o

f 
th

e 
p

as
si

v
e 

m
ar

g
in

 

in
 S

o
co

tr
a,

 e
as

te
rn

 G
u

lf
 o

f 
A

d
en

: 
A

re
 t

h
ey

 c
o

n
tr

o
ll

ed
 b

y
 d

et
ac

h
m

en
t 

fa
u

lt
s?

, 
G

eo
ch

em
is

tr
y
 

G
eo

p
h

ys
ic

s 
G

eo
sy

st
e
m

s,
 8

(3
).

 

H
u

b
b

er
t,

 M
. 

K
. 

(1
9

3
7

),
 T

h
eo

ry
 o

f 
sc

al
e 

m
o

d
el

s 
a
s 

ap
p

li
ed

 t
o

 t
h

e 
st

u
d

y
 o

f 
g

eo
lo

g
ic

 s
tr

u
ct

u
re

s,
 

B
u

ll
et

in
 o

f 
th

e 
G

eo
lo

g
ic

a
l 

S
o

ci
et

y 
o

f 
A

m
er

ic
a

, 
4

8
(1

0
),

 1
4

5
9
-1

5
1

9
. 

H
u

ch
o

n
, 

P
.,

 e
t 

al
. 

(1
9

9
1

),
 E

x
te

n
si

o
n

al
 d

ef
o

rm
at

io
n
 i

n
 Y

em
en

 s
in

ce
 O

li
g

o
ce

n
e 

an
d

 t
h

e 
A

fr
ic

a-

A
ra

b
ia

-S
o

m
al

ia
 t

ri
p

le
 j

u
n

ct
io

n
, 

A
n

n
a

le
s 

T
ec

to
n

ic
a

e,
 V

, 
p
.1

4
1

-1
6

3
. 

H
u

ch
o

n
, 

P
.,

 a
n

d
 K

. 
K

h
an

b
ar

i 
(2

0
0

3
),

 R
o

ta
ti

o
n

 o
f 

th
e 

sy
n

-r
if

t 
st

re
ss

 f
ie

ld
 o

f 
th

e 
n

o
rt

h
er

n
 G

u
lf

 

o
f 

A
d

en
 m

ar
g

in
, 

Y
em

en
, 

T
ec

to
n

o
p

h
ys

ic
s,

 3
6

4
(3

-4
),

 1
4

7
-1

6
6
. 

K
h

an
b

ar
i,

 K
. 

(2
0

0
0
),

 P
ro

p
ag

at
io

n
 d

'u
n

 r
if

t 
o

cé
an

iq
u

e:
 L

e 
G

o
lf

e 
d

'A
d

en
 

S
es

 e
ff

et
s 

st
ru

ct
u

ra
u

x
 s

u
r 

la
 m

ar
g

e 
y

ém
én

it
e,

 2
0

4
 p

p
, 

L
ab

o
ra

to
ir

e 
d

e 
G

éo
lo

g
ie

, 
E

co
le

 N
o

rm
al

e 

S
u

p
ér

ie
u

re
, 

P
ar

is
, 

P
ar

is
. 

L
ep

v
ri

er
, 

C
.,

 
et

 
al

. 
(2

0
0

2
),

 
C

en
o

zo
ic

 
ex

te
n

si
o

n
 

in
 

co
as

ta
l 

D
h

o
fa

r 
(s

o
u

th
er

n
 

O
m

an
) 

: 



4
0

 
J.

 A
u

ti
n

 e
t 

a
l.

 

 im
p

li
ca

ti
o

n
s 

o
n

 t
h

e 
o

b
li

q
u

e 
ri

ft
in

g
 o

f 
th

e 
G

u
lf

 o
f 

A
d

en
, 

T
ec

to
n

o
p

h
ys

ic
s,

 3
5

7
, 

2
7

9
–

 2
9

3
. 

L
er

o
y

, 
S

.,
 e

t 
al

. 
(s

u
b

m
.)

, 
C

o
n

st
ra

st
ed

 s
ty

le
s 

o
f 

ri
ft

in
g

 i
n

 t
h

e 
ea

st
er

n
 G

u
lf

 o
f 

A
d

en
, 

su
b

m
it

te
d

 t
o

 

N
a

tu
re

. 

M
ar

t,
 
Y

.,
 
an

d
 
O

. 
D

au
te

u
il

 (
2

0
0

0
),

 
A

n
al

o
g

u
e 

ex
p

er
im

en
ts

 
o

f 
p

ro
p

ag
at

io
n

 
o

f 
o

b
li

q
u

e 
ri

ft
s,

 

T
ec

to
n

o
p

h
ys

ic
s,

 3
1

6
, 

1
2

1
–

1
3

2
. 

M
cC

la
y

, 
K

. 
R

.,
 
an

d
 
M

. 
J.

 
W

h
it

e
 
(1

9
9

5
),

 
A

n
al

o
g

u
e 

m
o

d
el

li
n

g
 
o

f 
o

rt
h

o
g

o
n

al
 
an

d
 
o

b
li

q
u

e
 

ri
ft

in
g
, 

M
a

ri
n

e 
a

n
d
 P

et
ro

le
u

m
 G

eo
lo

g
y,

 1
2

(2
),

 1
3

7
-1

5
1

. 

M
en

zi
es

, 
M

.,
 a

n
d

 a
l.

 (
1

9
9

4
),

 G
eo

lo
g

y
 o

f 
th

e 
R

ep
u

b
li

c 
o

f 
Y

em
en

, 
in

 T
h

e 
G

eo
lo

g
y 

a
n

d
 M

in
er

a
l 

R
es

o
u

rc
es

 o
f 

Y
em

en
, 

ed
it

ed
, 

p
p
. 

2
1
-4

8
, 

ed
s 

M
cC

o
m

b
e,

 D
.A

. 
F

er
n

et
te

, 
G

.L
 &

 A
la

w
i.

 A
.J

. 

M
o

rr
is

o
n

, 
J.

, 
et

 a
l.

 (
1

9
9

7
),

 T
h

e 
C

re
ta

ce
o

u
s 

se
q

u
en

c
e 

st
ra

ti
g

ra
p

h
y

 o
f 

th
e 

S
o

co
tr

an
 P

la
tf

o
rm

, 
th

e 

R
ep

u
b

li
c 

o
f 

Y
em

en
, 

M
a

ri
n

e 
a

n
d

 P
et

ro
le

u
m

 G
eo

lo
g

y,
 1

4
(6

),
 6

8
5

-6
9

9
. 

P
la

te
l,

 J
. 

P
.,

 a
n

d
 J

. 
R

o
g

er
 (

1
9

8
9

),
 E

v
o

lu
ti

o
n

 d
y

n
am

iq
u

e 
d

u
 D

h
o

fa
r 

(S
u

lt
an

at
 d

'O
m

an
) 

p
en

d
an

t 

le
 C

ré
ta

cé
 e

t 
le

 T
er

ti
ai

re
 e

n
 r

el
at

io
n
 a

v
ec

 l
'o

u
v

er
tu

re
 d

u
 G

o
lf

e 
d

'A
d

en
, 

B
u

ll
. 

S
o

c.
 G

eo
l.

 F
r.

, 

8
(2

),
 2

5
3

-2
6

3
. 

R
am

b
er

g
, 

H
. 

(1
9

8
1

),
 G

ra
vi

ty
, 

D
ef

o
rm

a
ti

o
n

 a
n

d
 t

h
e 

E
a

rt
h

's
 C

ru
st

, 
A

ca
d

em
ic

 P
re

ss
 N

ew
 Y

o
rk

. 

R
o

g
er

, 
J.

, 
et

 a
l.

 (
1

9
8

9
),

 D
o

n
n

ée
s 

n
o

u
v

el
le

s 
su

r 
la

 s
tr

at
ig

ra
p

h
ie

 e
t 

l'
h

is
to

ir
e 

g
éo

lo
g

iq
u

e 
d

u
 

D
h

o
fa

r 
(S

u
lt

an
at

 d
'O

m
an

),
 B

u
ll

. 
S

o
c.

 G
éo

l.
 F

ra
n

ce
, 

2
, 

2
6

5
-2

7
7
. 

R
o

g
er

, 
J.

, 
et

 a
l.

 (
1

9
9

2
),

 G
eo

lo
g

ic
al

 M
ap

 o
f 

H
aw

f 
w

it
h

 E
x

p
la

n
at

o
ry

 N
o

te
s;

 s
h

ee
t 

N
E

 3
9

-1
6

, 

M
in

is
tr

y 
o

f 
P

et
ro

le
u

m
 a

n
d

 M
in

er
a

ls
, 

D
ir

ec
to

ra
te

 G
en

er
a

l 
o

f 
M

in
er

a
ls

, 
O

m
a

n
. 

R
o

ss
i,

 
D

.,
 
an

d
 
F

. 
S

to
rt

i 
(2

0
0

3
),

 
N

ew
 
ar

ti
fi

ci
al

 g
ra

n
u

la
r 

m
at

er
ia

ls
 
fo

r 
an

al
o

g
u

e 
la

b
o

ra
to

ry
 

ex
p

er
im

en
ts

: 
al

u
m

in
iu

m
 a

n
d

 s
il

ic
eo

u
s 

m
ic

ro
sp

h
er

es
, 

Jo
u

rn
a

l 
o

f 
S

tr
u

ct
u

ra
l 

G
eo

lo
g

y,
 2

5
(1

1
),

 

1
8

9
3

-1
8

9
9

. 

S
am

u
el

, 
M

. 
A

.,
 

et
 

al
. 

(1
9

9
7

),
 

F
ie

ld
 

o
b

se
rv

at
io

n
s 

fr
o

m
 

th
e 

S
o

co
tr

an
 

p
la

tf
o

rm
: 

th
ei

r 

in
te

rp
re

ta
ti

o
n

 a
n

d
 c

o
rr

el
at

io
n

 t
o
 S

o
u

th
er

n
 O

m
an

, 
M

a
ri

n
e 

a
n

d
 P

et
ro

le
u

m
 G

eo
lo

g
y,

 1
4

(6
),

 6
6

1
-

6
7

3
. 

S
o

k
o

u
ti

s,
 

D
.,

 
et

 
al

. 
(2

0
0

7
),

 
M

o
d

el
li

n
g

 
th

e 
ex

te
n

si
o

n
 

o
f 

h
et

er
o

g
en

eo
u

s 
h

o
t 

li
th

o
sp

h
er

e,
 

T
ec

to
n

o
p

h
ys

ic
s,

 4
4

4
(1

-4
),

 6
3

-7
9
. 

T
ro

n
, 

V
.,

 a
n

d
 J

. 
P

. 
B

ru
n

 (
1

9
9

1
),

 E
x

p
er

im
en

ts
 o

n
 o

b
li

q
u

e 
ri

ft
in

g
 i

n
 b

ri
tt

le
–

d
u

ct
il

e 
sy

st
em

s,
 

T
ec

to
n

o
p

h
ys

ic
s,

 1
8

8
, 

7
1

–
8

4
. 

W
at

ch
o

rn
, 

F
.,

 e
t 

al
. 

(1
9

9
8
),

 R
if

t-
re

la
te

d
 s

ed
im

en
ta

ti
o

n
 a

n
d

 s
tr

at
ig

ra
p

h
y
, 

so
u

th
er

n
 Y

em
en

 (
G

u
lf

 

o
f 

A
d

en
).

 i
n

 S
ed

im
en

ta
ti

o
n

 a
n

d
 T

ec
to

n
ic

s 
in

 t
h

e 
R

if
t 

B
a

si
n

s 
R

ed
 S

ea
- 

G
u

lf
 o

f 
A

d
en

.,
 e

d
it

ed
 b

y
 

B
. 

P
u

rs
er

 a
n

d
 D

. 
B

o
se

n
ce

, 
p

p
. 

1
6

5
- 

1
8

9
, 

C
h

ap
m

an
 &

 H
al

l,
 L

o
n

d
o

n
. 

W
it

h
ja

ck
, 

M
. 

O
.,

 
an

d
 

W
. 

R
. 

Ja
m

is
o

n
 

(1
9

8
6

),
 

D
ef

o
rm

at
io

n
 

p
ro

d
u

ce
d

 
b

y
 

o
b

li
q

u
e 

ri
ft

in
g
, 

T
ec

to
n

o
p

h
ys

ic
s,

 1
2

6
(2

-4
),

 9
9

-1
2

4
. 

A
n

al
o

g
u

e 
m

o
d

e
ls

 o
f 

o
b

li
q

u
e
 r

if
ti

n
g

 i
n

 a
 c

o
ld

 l
it

h
o

sp
h

er
e
 

 
4

1
 

 

  



Chapitre 2

Subductions

Le concept de subduction est intimement associé d’une part à celui de tectonique

des plaques et d’autre part à celui de convection mantellique. Cette situation est

source d’ambiguités et de mécompréhension, puisque d’aucuns isolent implicte-

ment la tectonique des plaques de la convection mantellique. On trouve fréquement

un paradigme d’étude des subductions vues depuis la surface vers l’intérieur, où

la convergence entre les plaques et la disparition de ces plaques dans le manteau

sont considérées en isolement de l’écoulement mantellique sous-jacent. Un para-

digme réciproque (de l’intérieur vers la surface) est aussi fréquent, dans lequel la

subduction est perçue comme le courant descendant d’une cellule de convection.

La lithosphère en subduction y est décrite comme une couche limite thermique

instable qui ne saurait être empêchée par la tectonique de surface. Il s’agit respec-

tivement du point de vue du géologue et du point de vue du physicien.

Cette dualité est héritée de la période d’avènement de la tectonique des plaques [Le

Pichon, 1968, McKenzie & Parker, 1967, Morgan, 1968] qui a vu l’entrée de la phy-

sique dans la conceptualisation des sciences de la Terre. Elle a été très fructueuse

dans les décennies qui ont suivi puisqu’elle a permis de documenter la tectonique

des plaques et la subduction en particulier par les observations géologiques tout en

développant parallèlement une comprénsion physique des processus. Elle a atteint

ses limites dès lors que d’une part les principes physiques élémentaires qui pilotent

la subduction ont été compris, et que que les observables de surface en termes

de tectoniques ont été bien décrits. Les divergence entre prédictions et observa-

tions, d’un point de vue comme de l’autre, ne sauraient être expliquée sans une
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approche conjointe. C’est dans ce cadre que je base mes travaux sur la subduction.

De manière générale, les études portant sur les zones de subduction portent sur

des tentatives de corrélations -peu satisfaisantes- entre observables cinématiques et

propriétés mécaniques intrinsèques de la zone de subduction [Heuret & Lallemand,

2005, Jarrard, 1986, Lallemand et al., 2005], et sur la modélisation de la dynamique

des zones de subduction prises comme systèmes indépendants.

2.1 Subductions de lithosphères hétérogènes

La subduction des plaques lithosphériques est dans son acception générale en-

tendue comme celle de plaques homogènes qui descendent dans le manteau moins

dense en régime permanent. Cette idée a été largement véhiculée par les travaux es-

sentiels en modélisation analogique, en particulier de Faccenna et Funiciello [e.g.,

Bellahsen et al., 2005, Funiciello et al., 2003, Schellart, 2004] (fig. 2.1), accom-

pagné par pléthore de modèles numériques [e.g., Capitanio et al., 2007, Christen-

sen & YuenN, 1984, Di Giuseppe et al., 2008, Stegman et al., 2006]. Ces modèles,

qui explorent les propriétés intrinsèques des subductions ont permis d’avoir une

compréhension claire des mécanismes qui opèrent pour une subduction isolée, mais

prédisent des comportements qui ne sont que partiellement comparables aux ob-

servations. Cette divergence s’explique par le traitement des zones des subductions

en tant que systèmes isolés. Les zones de subductions prises dans un contexte glo-

bal sont traitées dans la section 4.

En réalité, il semble peu probable que le régime permanent s’applique systéma-

tiquement à la Terre, puisque les structures en densité et en rhéologie des panneaux

plongeants sont très souvent hétérogènes. Dans les expériences et applications

présentées dans les articles suivants, nous proposons un modèle semi-analytique

pour examiner le comportement dynamique des subductions faisant intervenir des

panneaux plongeants hétérogènes (J. Martinod et co-auteurs [Martinod et al.,

2005] avaient envisagés cette possibilité, fig. 2.1) et explorons la possibilité que

cette hétérogénéité soit responsable de la divergence presque systématique entre
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Fig. 2.1: Modélisation analogique de la migration de type rollback du panneau
plongeant, vers un régime permanent (à gauche, expérience F. Funiciello et
C. Faccenna) et en régime transitoire lors de l’introduction d’une lithosphère
hétérogène (à droite, évolution schématique [Martinod et al., 2005]). Analogue
modeling of a rollback type subduction, towards a steady state (left, experiment
by F. Funiciello and C. Faccenna) and in transient state (right, sketch evolution

[Martinod et al., 2005]).

théories et observations. Les subductions y apparaissent alors comme une suc-

cessions de régimes transitoires. Les cinématiques variées qui en résultent corres-

pondent mieux aux observations que les modèles en régime stationnaire.

La vaste majorité des modèles de subductions sont soit analogiques, soit numé-

riques. Dans le premier cas, les processus physiques qui opèrent sont supposés

compris et l’expérience permet de les tester, mais sans pouvoir isoler facilement

les différentes contributions à la dynamique du système. Les modèles numériques

discrétisent le système, permettant d’introduire une complexité et une résolution
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parfois supérieure aux modèles analogiques. Là encore, l’impact des processus phy-

siques n’est pas toujours identifiable. Alternativement , il est possible de simplifier

les problèmes afin d’avoir accès à une expression analytique, dont la résolution est

limitée par le nombre d’itérations. Cette approche semi-analytique permet d’exa-

miner indépendament chaque contribution.
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S U M M A R Y
A semi-analytic, 3-D model for subduction within a Newtonian viscous upper mantle provides
a dynamically consistent means of computing viscous stress, trench motion and slab geometry
in subduction systems. Although negative slab buoyancy provides the basic driving force for
subduction, slabs that extend from the surface to the base of the upper mantle are oversupported
by viscous stresses in the shallow (<100–150 km) mantle and undersupported by viscous
stresses at greater depth in the upper mantle. These deeper parts of the subduction system
act as an ‘engine’ for subduction while shallower parts act as a ‘brake’ on trench motion;
trench migration rates and slab geometry reflect a competition between these two effects.
During steady-state subduction, trench migration rates vary approximately linearly with slab
buoyancy and model rates of trench motion are in good agreement with the range of observed
rates for a two layer upper mantle viscosity of ∼2 × 1020 Pa s above 300 km and ∼5 ×
1020 Pa s below. Steady-state slab dip increases as slab density decreases, especially for very
low-density slabs, which dip significantly more steeply than high-density slabs. The horizontal
velocity at the top of the lower mantle, measured relative to the foreland, has a very large
effect on trench migration rates, rivalling or even exceeding that of slab buoyancy. Slab width,
parallel to the trench, also has a significant effect on trench migration rates due to the viscous
pressure of toroidal flow around the slab. The stiffness of the subducting lithosphere does not
exert a significant effect on trench migration rates or slab geometries for rigidities compatible
with oceanic lithosphere. Very stiff slabs, with elastic plate thicknesses more that ∼40 km
or viscosities in the range of 1025–1026 Pa s, subduct significantly more slowly than weak
slabs, with trench migration rates in the range of half to a third that of weak slabs. Large,
unexpected effects on trench migration rates and slab geometry are exerted by the structure
and density of the frontal prism and overriding plate, indicating that local geology can exert
important constraints on slab dynamics. During non-steady-state subduction, rates of trench
migration respond rapidly as variably buoyant lithosphere penetrates into the asthenosphere.
In the absence of other driving forces for convergence, trench migration rates can change by
a factor of two or more in as little as 2–3 Myr, for example, from 35 to 70 mm yr−1 when
an oceanic piece of slab follows a continental one into the subduction system. Subduction of
variable-buoyancy lithosphere is accompanied by changes in slab dip with depth and through
time.

Key words: asthenosphere, geodynamics, lithosphere, subduction zone, trench migration.

I N T RO D U C T I O N

Subduction systems embody the local interplay between slab buoy-
ancy and mantle viscosity, embedded within the global convective
system (e.g. McKenzie 1969; Forsyth & Uyeda 1975; Chapple
& Tullis 1977; Richter & McKenzie 1978; Hager 1984). On a
global scale there exist important feedbacks among slab buoyancy,
plate geometry, plate motions and convective flow in the upper and
lower mantle (Turcotte & Oxburgh 1967; Richter 1977; Hager &
O’Connell 1981; Davies 1989; Ricard et al. 1993; King & Hager

1990; Becker & O’Connell 2001; Bercovici 2003). For example, the
rapid subduction of the Pacific plate and its convergence with Eura-
sia is largely attributable to the great length of subduction bound-
ary along its northern and western margins, where high-density
lithosphere sinks rapidly into the less dense upper mantle (Forsyth
& Uyeda 1975; Solomon & Sleep 1974; Richards & Lithgow-
Bertelloni 1996; Lithgow-Bertelloni & Richards 1998; Conrad &
Lithgow-Bertelloni 2002, 2004).

Within this interactive dynamic system, the factors that determine
the motion of the trenches are poorly understood. Only a handful of

C© 2006 The Authors 1
Journal compilation C© 2006 RAS
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at
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re
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ra
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∫
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re
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os
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P s
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at
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at
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pr
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e
st

re
ss

it
ap

pl
ie

s
to
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at
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w
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pr
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=
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=
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w
e

us
ed

to
de

ri
ve

vi
sc

ou
s

st
re

ss
br

ea
k

do
w

n
fo

rn
ar

ro
w

sl
ab

s,
w
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e
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d
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e
na

rr
ow

po
rt

io
ns

of
th

e
w

ed
ge

ne
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[
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=
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+
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−
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Abstract Temporal variations in the buoyancy of subducting lithosphere exert a 
fi rst-order control on subduction rate, slab dip and the position of the associated vol-
canic arc. We use a semi-analytic, three-dimensional subduction model to simulate 
“unforced” subduction, in which trench motion is driven solely by slab buoyancy. 
Model rates of subduction and model slab dip respond almost immediately to changes 
in the buoyancy of the subducting lithosphere entering the trench; as more buoyant 
slab segments correlate with slower subduction rates and steeper slab dip. The results 
are largely consistent with observations from the Banda and southern Apennine sub-
duction systems, where subduction slowed and ended shortly after the entry of conti-
nental lithosphere into the trench. Over a 2 m.y. period, model subduction rates 
decrease from ~70 mm/year to ~30 mm/year for the Banda Arc, and from ~40 mm/
year to ~20 mm/year for the Apennine Arc. Increases in model slab dip and decreases 
in arc-trench distance are likewise consistent with hypocenter locations and volcanic 
arc position along the Banda and Sunda arcs. In contrast, a time period of ~10 m.y. is 
needed for model subduction rates to slow to near zero, much longer than the ~3 m.y. 
upper bound on the observed slowing and cessation of trench motion in the Apennine 
and Banda systems. One possible explanation is that slab break-off, or the formation 
of large slab windows, occurred during the last stages of subduction, eliminating 
toroidal fl ow around the slab and allowing the slab to steepen rapidly into its fi nal 
position.

Subduction with Variations in Slab 
Buoyancy: Models and Application 
to the Banda and Apennine Systems

Leigh H. Royden and Laurent Husson

L.H. Royden
Department of Earth, Atmospheric and Planetary Sciences, 
M.I.T., Cambridge, MA 02139, USA, lhroyden@mit.edu

1 Introduction

Slab buoyancy provides the primary driving force for 
subduction (e.g., Forsyth and Uyeda, 1975; Chapple 
and Tullis 1977; Conrad and Lithgow-Bertelloni, 
2004). However, several studies have revealed a 
poor correlation between observed slab buoyancy 

and subduction kinematics (Jarrard, 1986; Doglioni 
et al., 1999; Lallemand et al., 2005). This may refl ect 
the importance of other factors that affect subduction 
rate and has led to a number of studies that explore a 
wide range of factors that might affect subduction 
(e.g., Kincaid and Olson, 1987; Funiciello et al., 2003; 
Schellart, 2004, Bellahsen et al., 2005; Royden and 
Husson, 2006; Capitanio et al., 2007; Billen and Hirth, 
2007, Stegman et al., 2006). Alternatively, it may be 
that temporal variations in slab buoyancy exert a short-
term effect on subduction that is as important as the 
mean buoyancy.
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2.2 Le rollback est-il une vue de l’esprit ?

Les modèles de subduction ont souvent été appréhendé avec l’idée sous-jacente

de rollback, c’est-à-dire de la migration de la fosse vers l’avant-pays de la plaque

en subduction dans un référentiel absolu. Un tel régime semble compatible avec

les subductions de taille modeste, comme les nombreuses subductions méditerra-

néennes (fig. 2.2). De fait, la notion de rollback a été largement porpagée par les

géologues interessés par les subductions méditerranéenes, et hellénique en parti-

culier [Faccenna et al., 1996, 2001, Jolivet & Faccenna, 2000, Royden, 1993]. C’est

autour de l’exemple hellénique qu’a été tentée la généralisation du concept, étayée

par des arguments indirects, comme la courbure des panneaux plongeants (fig.

2.3), la chimie des laves d’arrière-arc qui indiquent une contamination du reservoir

mantellique localisé devant le panneau plongeant par le reservoir situé en arrière

du slab [Pearce et al., 2001] ou l’anisotropie sismique dans le prisme mantellique

dont la magnitude augmente avec la vitesse de migration de la fosse [Long & Sil-

ver, 2008].

Les tentatives de généralisation du concept de rollback passent par la confronta-

tion aux données cinématiques, en particulier les vitesses de migration des fosses

de subduction [Heuret & Lallemand, 2005, Schellart et al., 2007, Sdrolias & Müller,

2006]. Les fosses ont des vitesses de migration distribuées de façon presque uni-

forme entre un recul (jusqu’à 130 mm/an pour la subduction Tonga) et une avancée

(jusqu’à 50 mm/an) (fig. 2.4). Ce constat remet en cause l’acception générale du

rollback, qui ne prévoit pas la possibilité d’avancée de la fosse. (Ces vitesses ne sont

pas indépendantes du référentiel absolu choisi pour le mouvement des plaques ; le

référentiel choisi ici, basé sur la fixité des points chauds du Pacifique [Gripp &

Gordon, 2002], est le plus dramatique. Les autres référentiels minimisent les vi-

tesses d’avancée des fosses mais conservent la même dispersion des valeurs).

En prenant du recul sur les subductions, en dé-zoomant, le point de vue de la

convection mantellique pourrait fournir des éléments de réponse. Malheureuse-

ment, les modèles les plus aboutis de convection [e.g., Foley & Becker, 2009] ne

permettent pas encore de représenter de manière réaliste la tectonique des plaques

et ne sont à présent d’aucun secours. Une alternative est la description analytique

de la convection. La lithosphère océanique y est décrite comme une couche limite
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Fig. 2.2: Carte de la Méditerranée illustrant les subductions dont le compor-
tement est en rollback. Map of the Mediterranean domain showing rollback typ

subduction zones (in red).

Fig. 2.3: Géométrie du panneau plongeants hellénique (isocontours 50 km
[Gudmundsson & Sambridge, 1998]) et modèles de déformation d’un slab en
retrait (le trait rouge indique la courbure du slab, voir section 2.4 [Loiselet
et al., 2009]). Interpolated geometry of the hellenic slab (isocontours every 50
km [Gudmundsson & Sambridge, 1998]), and models of slab deformation during
rollback (red curve outlines slab curvature, see section 2.4 [Loiselet et al., 2009].
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Fig. 2.4: Vitesses de migration des fosses de subduction dans le référentiel
NUVEL1-HS3 (fixité des points chauds Pacifique [Gripp & Gordon, 2002])
[Schellart et al., 2007]. Trench migration rates in the Pacific hotspots based
reference frame NUVEL1-HS3 [Gripp & Gordon, 2002], [Schellart et al., 2007].

thermique dont la subduction ne saurait se produire avant un âge critique et ne

saurait subsister à la surface de la Terre au delà de cet âge, en contradiction avec

les observations de distribution ”triangulaire” des âges de la lithosphère océanique

[Parsons, 1982, Rowley, 2002], c’est-à-dire que la probabilité de subduction est

en apparence indépendante de l’âge de la lithosphère (fig. 2.5). La flottabilité

de la lithosphère module efficacement les vitesses de rollback et pourrait expli-

quer ces divergences : une lithosphère dont la flottabilité est fortement négative

devrait subducter plus efficacement. Les observations contrarient de nouveau la

théorie, puisque c’est l’inverse qui est enregistré, dans l’acceptation de l’âge de la

lithosphère océanique comme proxy pour sa flottabilité (fig. 2.6).

Au regard des divergences entre théorie et observations, il parâıt nécéssaire d’élargir

le champ d’investigation de la dynamique des subductions. La modélisation des

subductions prises comme systèmes fermés reproduit de manière insatisfaisante la

majorité des observations cinématiques. Dans le chapitre 4, je discute de l’impact

de la circulation des plaques et du manteau à l’échelle globale sur la dynamique

de subduction. Les plaques adajcentes á la plaque en subduction semblent jouer

un rôle primordial dans la circulation globale de la lithosphère et du manteau. En

particulier, elles affectent la dynamique du système Pacifique dans son ensemble,

qui de par sa dimension porte l’essentiel des signaux cinématiques observés. Les
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Fig. 2.5: Distribution des âges de la lithosphère océanique [Müller et al., 2008].
Seafloor age map [Müller et al., 2008].

Fig. 2.6: Vitesses de migration des fosses en fonction de l’âge de la lithosphère
pris comme proxy pour sa flottabilité [Heuret & Lallemand, 2005], dans le
référentiel NUVEL1-HS3 [Gripp & Gordon, 2002]. Trench migration rates as
a function of lithosphere age, taken as a proxy for lithospheric buoyancy [Heu-
ret & Lallemand, 2005], in the NUVEL1-HS3 reference frame [Gripp & Gordon,

2002].
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conséquences de la dynamique propre des plaques adjacentes, excitées par des l’ou-

verture des océans, l’entrâınement par le manteau en convection, et les subductions

adjacentes, sont multiples. Dans la section 2.3, deux exemples de cette incidence

sont proposés à l’échelle de la subduction, puis à l’échelle de l’orogénèse.

A l’échelle de la Terre, le processus de rollback existe et il reste raisonnable de

le considérer comme le comportement naturel, spontanné, des subductions. Ce-

pendant, la finitude de la Terre fait qu’il ne s’applique convenablement que à des

systèmes privilégiés. Les conditions requises sont essentiellement (i) un isolement

spatial de la zone de subduction des autres subductions et des forts courants man-

telliques et (ii) un contrôle suffisament faible de la dynamique des plaques adja-

centes sur la zone de subduction. Ceci s’applique à certaines subductions ayant un

bassins d’arrière-arc suffisament développé pour que la cinématique de la plaque

supérieure n’interagisse pas avec la subduction (Scotia par exemple) ou lorsque

la plaque supérieure accompagne naturellement le retrait de la fosse à une vitesse

comparable. C’est le cas unique de la subduction hellénique, où la plaque anato-

lienne poussée partiellement par la plaque arabe et coulissant le long de la faille

nord-anatolienne, migre vers la fosse hellénique de manière à n’exercer que des

contraintes faibles sur le contact entre les plaques (ceci se vérifie par le faible taux

de déformation actuel de la mer Egée). Ainsi, la mer Egée, qui est le cas d’étude

privilégié du mécanisme de rollback, est aussi l’exemple unique qui a conduit à la

formalisation du concept. Ce raisonnement partiellement circulaire qui s’est établi

sur les deux dernières décennies, est responsable des errements et mécompréhension

entre modélisations et observations.

2.3 Interactions de la subduction avec les plaques

supérieures

La discussion précédente (section 2.2) suggère que les plaques supérieures inter-

agissent significativement avec les zones de subductions. Les sections qui suivent

montrent un exemple où la cinématique de subduction est modulée par les plaques

adjacentes et un exemple ou la subduction elle même rétroagit sur les mécanismes

de déformation de la plaque supérieure, en permettant l’exhumation de roches de

hautes pression et leur insertion dans le prisme orogénique.



Subductions 137

2.3.1 Modulation de la subduction par les plaques adja-

centes

En collaboration avec P. Yamato et co-auteurs, nous avons construits un modèle

tridimensionnel de subduction en portant une attention particulière au rôle des

plaques adjacentes. En effet, l’essentiel des modélisations -numériques et analo-

giques- réalisées à l’échelle de la zone de subduction sont composées d’une plaque

isolée en subduction dans le manteau. Nous optons ici pour la démarche inverse,

où la zone de subduction est simplifiée au maximum, mais où l’existence seule des

plaques adjacentes (supérieure et latérales) suffit à moduler les vitesses de sub-

duction. Ce choix simpliste se justifie par la nécessité d’un contexte géodynamique

simplifié permettant (i) une mise en place technique et (ii) d’examiner en détail

la complexité (rhéologique essentiellement) du panneau plongeant et du prisme

mantellique.
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[1] Our 3D modelling study shows that the presence of
lithospheric plates around a subducting plate has a
significant influence on subduction dynamics, in particular
on trench retreat rate, slab dip, and lateral shortening of the
subducting plate. Neighbouring plates prevent unrealistic
plate behaviour with no need for complex rheologies.
Because, at the Earth’s surface, plates form a continuous
shell, they should not be neglected. Citation: Yamato, P.,

L. Husson, J. Braun, C. Loiselet, and C. Thieulot (2009), Influence

of surrounding plates on 3D subduction dynamics, Geophys. Res.

Lett., 36, L07303, doi:10.1029/2008GL036942.

1. Introduction

[2] At the Earth’s surface, tectonic plates form a complete
shell and, therefore, no plate can be considered in isolation.
A ‘‘complete’’ subduction system is thus made of four
plates: the subducting, overriding and lateral plates.
[3] A variety of models have been proposed, using

physical [e.g., Bellahsen et al., 2005; Funiciello et al.,
2003a, 2006, 2008; Schellart, 2008], semi-analytical
[Royden and Husson, 2006] and numerical methods [e.g.,
Stegman et al., 2006; Clark et al., 2008] to study the
dynamics of subduction zones in 3D. However most stud-
ies, with the exception of a few [e.g., Zhong and Gurnis,
1995; Royden and Husson, 2006; Espurt et al., 2008;
Regard et al., 2008; Clark et al., 2008; Bonnardot et al.,
2008], considered the subducting plate in isolation, by
focusing on its interactions with the surrounding mantle.
In cases where the overriding plate is not included, one
commonly assumes that it has no effect on mantle flow
since it passively accompanies the retreating trench
[Bellahsen et al., 2005; Funiciello et al., 2003b].
[4] However, because plates are stiffer and denser than

the upper mantle, the presence or absence of lithospheric
material in the upper mantle influences the velocity field in
and around a subducting plate, and the dynamics of sub-
duction will depart from the ‘‘intrinsic’’ dynamics of an
isolated subduction system. Both the poloidal (downdip, in
a vertical plane) and toroidal (at the slab edges, in a plane
parallel to the surface) components of the return flow
induced by the motion of the slab in the viscous upper
mantle is not limited to the deepest parts of the subduction
system but also reaches the surface; this flow may affect the
motion of other plates and conversely, be influenced by
them.
[5] In most models where the subducting plate is con-

sidered in isolation, the plate is not prevented from flowing

laterally by the presence of neighbouring plates, as it is in
natural systems. The deformation of the edges of the plate
naturally occurs in purely viscous models, a phenomena that
seems to be fortuitously limited in physical models by the
possible action of surface tension or by the elastic properties
of the material used [e.g., Schellart, 2008]. To prevent this
artificial lateral flow, several ad hoc parameterizations have
been used, including using a very high viscosity contrast
between the plate and surrounding mantle, incorporating
plasticity through a yield strength that is sufficiently high to
prevent the horizontal deformation but small enough to
permit slab bending [e.g., Moresi and Solomatov, 1998;
Stegman et al., 2006], imposing an arbitrary cut-off for
stress transmission [Husson, 2006], or adding elasticity
[e.g., Bonnardot et al., 2008].
[6] Herein we quantify the impact of surrounding plates

on subduction dynamics through a series of simple experi-
ments carried out using a 3D numerical model of linear
viscous fluid flow. It is not our purpose here to explore the
many parameters of the system (e.g., geometry of the
lithosphere, boundary conditions, viscosity, or density ra-
tios): we choose a given setup in all our experiments and
focus on the influence of surrounding plates.

2. Model Setup

[7] We have used the 3D code DOUAR described in
details by Braun et al. [2008], originally designed for
thermo-mechanical modelling. In this study, we are inter-
ested in understanding the basic interactions of a subducting
plate with the surrounding mantle and adjacent plates; we
have thus used a linear viscous rheology for all components
of the system, neglecting non-linear effects arising from the
thermal and stress-dependence of rheology.
[8] The initial model and the material parameters (effec-

tive viscosity and density) are presented in Figure 1a. Since
the YZ plan at X = 0 in our model is a plane of symmetry,
we only model one half of the slab along the left-hand side
(X = 0) of the 3D box, leaving enough space to its right (i.e.,
between X = 0.5 and X = 1.0) to prevent most boundary
effects. In all experiments, the initial geometry corresponds
to an ongoing, though immature, subduction zone. The size
of the square unit model box corresponds to 3000 km. The
upper/lower mantle boundary is characterized by a viscosity
jump at 660 km. The crust and mantle lithosphere are
respectively 30 and 120 km thick. We chose thick litho-
sphere and crust in order to preserve a high resolution
(additional tests are performed with thicknesses that are
twice thinner). The resolution of the model is �25 km
between the top of the model and the upper-lower mantle
boundary, where most of the deformation occurs, and 50 km
elsewhere. The resolution is further improved by the
divFEM algorithm used in DOUAR that can be tailored to
represent density variations at an even smaller scale (�6 km)
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li
th
o
sp
h
er
e
an
d
0
.8
6
1
5
ev
er
y
w
h
er
e
el
se

(c
o
n
ti
n
en
ta
l
cr
u
st
).

A
ll
li
th
o
sp
h
er
ic
m
an
tl
e
u
n
it
s
ar
e
al
so

co
n
ti
g
u
o
u
s,
ex
ce
p
t
fo
r

a
re
ct
an
g
u
la
r
g
ap

b
et
w
ee
n
th
e
su
b
d
u
ct
in
g
an
d
th
e
o
v
er
ri
d
in
g

li
th
o
sp
h
er
e,
w
h
er
e
lo
w
v
is
co
si
ty

m
at
er
ia
l
w
it
h
u
p
p
er

m
an
tl
e

rh
eo
lo
g
y
fa
ci
li
ta
te
s
th
e
su
b
d
u
ct
io
n
p
ro
ce
ss

(F
ig
u
re

1
b
).
T
h
e

cr
u
st
al

la
y
er

co
n
tr
o
ls

th
e
k
in
em

at
ic
s
[e
.g
.,

R
o
yd
en

a
n
d

H
u
ss
o
n
,
2
0
0
6
]
b
u
t
th
e
n
at
u
re

o
f
th
is
co
n
tr
o
l
is
b
ey
o
n
d
o
u
r

sc
o
p
e
an
d

w
e
as
si
g
n

d
en
si
ty

an
d

v
is
co
si
ty

v
al
u
es

th
at

p
re
d
ic
t
su
b
d
u
ct
io
n
v
el
o
ci
ti
es

o
f
a
fe
w

m
m
.y
r!

1
(v
-v
el
o
ci
ty

co
m
p
o
n
en
t
o
n
F
ig
u
re

2
).
F
re
e-
sl
ip

b
o
u
n
d
ar
y
co
n
d
it
io
n
s
ar
e

im
p
o
se
d

o
n

al
l
si
d
es

o
f
th
e
m
o
d
el

an
d

p
la
te

m
o
ti
o
n

is
re
si
st
ed

b
y
th
e
n
o
-v
el
o
ci
ty

co
n
d
it
io
n
s
im

p
o
se
d
at

th
e
p
la
te

b
o
u
n
d
ar
ie
s
(f
ix
ed

p
la
te
s,
F
ig
u
re

1
a)
.

[1
0
]

T
h
is

is
an

en
d
-m

em
b
er

si
tu
at
io
n
in

o
rd
er

to
ch
ar
ac
-

te
ri
se

th
e
la
rg
es
t
p
o
ss
ib
le
ef
fe
ct
.T

h
re
e-
d
im

en
si
o
n
al
d
y
n
am

ic
m
o
d
el
li
n
g
o
f
su
b
d
u
ct
io
n
zo
n
es

is
m
o
st

re
le
v
an
t
fo
r
sm

al
l

su
b
d
u
ct
io
n
zo
n
es
.
T
h
e
b
eh
av
io
u
r
o
f
m
an
y
sm

al
l-
si
ze
d
su
b
-

d
u
ct
io
n
zo
n
es

ca
n
th
u
s
b
e
b
es
t
ap
p
ro
x
im

at
ed

b
y
th
e
‘‘
fi
x
ed

p
la
te
’’
se
tu
p
w
e
h
av
e
u
se
d
h
er
e,
b
ec
au
se

th
ei
r
su
b
d
u
ct
io
n
ra
te

is
m
u
ch

fa
st
er

th
an

th
e
p
la
te

co
n
v
er
g
en
ce

ra
te

(e
.g
.,
S
co
ti
a,

H
el
le
n
ic
,
T
y
rr
h
en
ia
n
,
C
al
ab
ri
a.
..
).

W
e
p
er
fo
rm

ed
a
fe
w

ex
p
er
im

en
ts

w
it
h
a
fr
ee

u
p
p
er

su
rf
ac
e
(n
o
st
re
ss
),
b
u
t
th
is

re
q
u
ir
ed

a
m
u
ch

la
rg
er
n
u
m
b
er
o
f
sm

al
lt
im

e
st
ep
s
an
d
d
id
n
o
t

le
ad

to
si
g
n
if
ic
an
tl
y
d
if
fe
re
n
t
co
n
cl
u
si
o
n
s.

3
.

G
en
er
a
l
E
v
o
lu
ti
o
n
o
f
th
e
M
o
d
el
s

[1
1
]

In
al
l
ex
p
er
im

en
ts
th
e
su
b
d
u
ct
io
n
p
ro
ce
ss

ev
o
lv
es

in
th
re
e
st
ag
es

(F
ig
u
re

1
c)

[s
ee

al
so

B
el
la
h
se
n
et

a
l.
,
2
0
0
5
;

S
te
g
m
a
n
et
a
l.
,
2
0
0
6
]:
(1
)
th
e
sl
ab

si
n
k
s
in

th
e
u
p
p
er

m
an
tl
e,

(2
)
ap
p
ro
ac
h
es

th
e
u
p
p
er
-l
o
w
er

m
an
tl
e
d
is
co
n
ti
n
u
it
y
an
d

b
en
d
s,
(3
)
th
e
sl
ab

ta
il
(i
.e
.,
th
e
b
o
tt
o
m

en
d
o
f
th
e
sl
ab
)
re
st
s

o
n

th
e
u
p
p
er
/l
o
w
er

m
an
tl
e
d
is
co
n
ti
n
u
it
y

an
d

th
e
sy
st
em

re
ac
h
es

a
st
ea
d
y
-s
ta
te

w
h
er
e
fu
rt
h
er

su
b
d
u
ct
io
n
is

ac
co
m
-

p
an
ie
d

b
y

tr
en
ch

re
tr
ea
t.

T
h
e
fi
rs
t
si
n
k
in
g

st
ag
e
ca
n

b
e

p
o
ll
u
te
d
b
y
th
e
in
it
ia
l
g
eo
m
et
ry

b
u
t
ca
n
b
e
as
si
m
il
at
ed

to
th
e

tr
an
si
en
t
st
ag
e
ex
is
ti
n
g
b
et
w
ee
n
su
b
d
u
ct
io
n
in
it
ia
ti
o
n
an
d

F
ig
u
re

1
.

(a
)
3
D
v
ie
w
o
f
th
e
m
o
d
el
b
o
x
at
th
e
b
eg
in
n
in
g
o
f
th
e
ex
p
er
im

en
t.
(b
)
C
ro
ss
-s
ec
ti
o
n
s
sh
o
w
in
g
p
la
te
st
ra
ti
fi
ca
ti
o
n

(c
ru
st
an
d
m
an
tl
e)

an
d
m
at
er
ia
l
p
ro
p
er
ti
es
.
o
c
an
d
cc
,
o
ce
an
ic

an
d
co
n
ti
n
en
ta
l
cr
u
st
,
li
,
u
m

an
d
lm
:
li
th
o
sp
h
er
ic
,
u
p
p
er

an
d

lo
w
er

m
an
tl
e.

B
la
ck
,
d
ar
k
g
re
y
an
d
li
g
h
t
g
re
y
in
d
ic
at
e
o
v
er
ri
d
in
g
,
la
te
ra
l
an
d
su
b
d
u
ct
in
g
m
an
tl
e
li
th
o
sp
h
er
e,

re
sp
ec
ti
v
el
y.

(c
)
S
u
b
d
u
ct
io
n
ev
o
lu
ti
o
n
d
u
ri
n
g
2
5
M
y
fo
r
th
e
tw
o
m
o
d
el
s
S
an
d
S
O
L
.(
Y
Z
C
ro
ss
-s
ec
ti
o
n
ta
k
en

at
X
=
0
.1
co
rr
es
p
o
n
d
in
g
to

3
0
0
k
m
,
se
e
F
ig
u
re

1
a)
.

L
0
7
3
0
3

Y
A
M
A
T
O

E
T
A
L
.:
S
U
R
R
O
U
N
D
IN

G
P
L
A
T
E
S
A
N
D

S
U
B
D
U
C
T
IO

N
D
Y
N
A
M
IC
S

L
0
7
3
0
3

2
o
f
5

‘s
te
ad
y
st
at
e’

su
b
d
u
ct
io
n
.
T
re
n
ch

re
tr
ea
t
ta
k
es

p
la
ce

w
h
en

th
e
sl
ab

ap
p
ro
ac
h
es

th
e
6
6
0
k
m

d
is
co
n
ti
n
u
it
y
(s
ta
g
e
2
),
af
te
r

an
in
it
ia
l
st
ag
e
o
f
ad
v
an
ce

(F
ig
u
re

3
a)
.

[1
2
]

In
o
u
r
m
o
d
el
s,
th
e
cr
u
st
is
ad
v
ec
te
d
in

d
ep
th

w
it
h
th
e

su
b
d
u
ct
in
g

li
th
o
sp
h
er
e
fo
ll
o
w
in
g

th
e
v
el
o
ci
ty

fi
el
d
.
T
h
e

ch
an
n
el

b
et
w
ee
n
th
e
su
b
d
u
ct
in
g
an
d
th
e
o
v
er
ri
d
in
g
p
la
te
s

ca
n
th
u
s
ev
o
lv
e
fr
ee
ly
.
T
h
e
p
o
lo
id
al

co
m
p
o
n
en
t
o
f
m
an
tl
e

fl
o
w

is
at
te
n
u
at
ed

as
th
e
sl
ab

ap
p
ro
ac
h
es

th
e
6
6
0

k
m

d
is
co
n
ti
n
u
it
y
(F
ig
u
re

1
c)

b
ec
au
se

th
e
u
p
p
er

m
an
tl
e
ca
n
n
o

lo
n
g
er

fl
o
w

b
en
ea
th

th
e
sl
ab

ta
il
an
d
th
e
lo
w
er

m
an
tl
e.

[1
3
]

A
t
in
te
rm

ed
ia
te

d
ep
th
s
(i
.e
.,

b
et
w
ee
n

2
7
5

an
d

3
7
5
k
m
),
th
e
sl
ab

d
ip

is
b
ro
ad
ly

si
m
il
ar

in
al
l
ex
p
er
im

en
ts
.

D
u
ri
n
g
th
e
fi
rs
t
st
ag
e,
sl
ab

d
ip

in
cr
ea
se
s
fr
o
m

6
0
!
to

"
7
5
–

8
0
!.
In

st
ag
e
2
,
it
re
m
ai
n
s
st
ab
le

as
th
e
sl
ab

ap
p
ro
ac
h
es

th
e

6
6
0
k
m

d
is
co
n
ti
n
u
it
y,

b
ef
o
re

in
cr
ea
si
n
g
ag
ai
n
d
u
ri
n
g
th
e

b
en
d
in
g
o
f
th
e
sl
ab

ta
il
al
o
n
g
th
e
6
6
0
k
m

d
is
co
n
ti
n
u
it
y.

In
al
l
ex
p
er
im

en
ts
st
ea
d
y
st
at
e
is
re
ac
h
ed

af
te
r
"
2
0
M
y
r,
w
it
h

sl
ab

d
ip
s
at

in
te
rm

ed
ia
te

d
ep
th
s
ra
n
g
in
g
b
et
w
ee
n
8
3
!
an
d

9
2
!.

T
h
e
S
O
L

an
d
S
O

ex
p
er
im

en
ts

d
is
p
la
y
st
ee
p
er

sl
ab
s

th
an

in
th
e
S
an
d
S
L
ex
p
er
im

en
ts
w
h
er
e
sl
ab

d
ip

is
al
w
ay
s

lo
w
er

th
an

9
0
!.

4
.

S
la
b
R
o
ll
b
a
ck

a
n
d
T
re
n
ch

R
et
re
a
t

[1
4
]

S
u
b
d
u
ct
io
n
is
ac
co
m
p
an
ie
d
b
y
a
fa
st
er

ra
te
o
f
tr
en
ch

re
tr
ea
t
in

th
e
ex
p
er
im

en
ts

w
h
er
e
th
e
o
v
er
ri
d
in
g

p
la
te

is
ab
se
n
t
(y
-c
o
m
p
o
n
en
t
o
f
th
e
v
el
o
ci
ty

fi
el
d
(v
),
m
id
.
p
an
el
,

F
ig
u
re

2
).
T
h
is
is
il
lu
st
ra
te
d
in

d
et
ai
ls
in

F
ig
u
re
s
3
a
an
d
3
b

w
h
er
e
th
e
lo
ca
ti
o
n
(F
ig
u
re

3
a)

an
d
v
el
o
ci
ty

(v
-c
o
m
p
o
n
en
t,

F
ig
u
re

3
b
)
o
f
th
e
tr
en
ch

ar
e
g
iv
en

as
a
fu
n
ct
io
n
o
f
ti
m
e.

H
o
ri
zo
n
ta
l
v
el
o
ci
ti
es
,
st
ra
in

ra
te
s
an
d

d
ev
ia
to
ri
c
st
re
ss
es

al
o
n
g
cr
o
ss
-s
ec
ti
o
n
s
fr
o
m

th
e
m
o
d
el
s
S
an
d
S
O
L
ar
e
al
so

g
iv
en

in
th
e
au
x
il
ia
ry

m
at
er
ia
l
w
it
h
d
es
cr
ip
ti
o
n
.1

[1
5
]

T
h
e
p
o
lo
id
al

fl
o
w

in
d
u
ce
d
b
y
th
e
si
n
k
in
g
sl
ab

is
m
ad
e
o
f
tw
o
cy
li
n
d
ri
ca
l
ce
ll
s,

o
n
ei
th
er

si
d
e
o
f
th
e
sl
ab
.

W
h
en

th
e
o
v
er
ri
d
in
g
p
la
te

is
ab
se
n
t
(F
ig
u
re

1
c)
,
th
e
ce
ll
in

fr
o
n
t
o
f
th
e
sl
ab

ex
te
n
d
s
fr
o
m

th
e
sl
ab

ta
il
to

th
e
su
rf
ac
e.

W
h
en

th
e
m
o
re

v
is
co
u
s
o
v
er
ri
d
in
g
p
la
te

is
p
re
se
n
t,
it
d
o
es

n
o
t
ex
te
n
d
to

th
e
su
rf
ac
e
b
u
t
is

li
m
it
ed

to
th
e
b
as
e
o
f
th
e

o
v
er
ri
d
in
g

p
la
te
.
T
h
is

d
if
fe
re
n
ce

in
fl
u
en
ce
s
su
b
d
u
ct
io
n

d
y
n
am

ic
s
in

tw
o
im

p
o
rt
an
t
w
ay
s.

F
ir
st
,
in

th
e
ab
se
n
ce

o
f

o
v
er
ri
d
in
g
p
la
te

(S
an
d
S
L

ex
p
er
im

en
ts
),

th
e
re
tu
rn

fl
o
w

am
p
li
fi
es

tr
en
ch

re
tr
ea
t
ra
te
s
(F
ig
u
re

2
)
b
y
a
fa
ct
o
r
o
f
2
to

5
(F
ig
u
re

3
b
),
as

o
p
p
o
se
d
to

ex
p
er
im

en
ts

w
it
h
an

o
v
er
ri
d
in
g

p
la
te

(S
O

an
d
S
O
L
ex
p
er
im

en
ts
).
C
o
n
se
q
u
en
tl
y,
sl
ab

re
tr
ea
t

ra
te

w
il
l
al
w
ay
s
b
e
o
v
er
es
ti
m
at
ed

in
ex
p
er
im

en
ts
w
h
er
e
th
e

o
v
er
ri
d
in
g
p
la
te

is
n
o
t
ac
co
u
n
te
d
fo
r.
S
ec
o
n
d
ly
,
th
e
m
ax
i-

m
u
m

v
el
o
ci
ty

g
en
er
at
ed

b
y
th
e
p
o
lo
id
al

fl
o
w

fo
u
n
d
at

th
e

to
p
o
f
th
e
u
p
p
er

m
an
tl
e,
i.
e.
d
ee
p
er

w
it
h
an

o
v
er
ri
d
in
g
p
la
te
,

ex
p
la
in
s
th
e
sl
ig
h
tl
y
h
ig
h
er

sl
ab

d
ip

v
al
u
es

in
S
O

an
d
S
O
L

th
an

in
S
an
d
S
L
(F
ig
u
re

2
).

5
.

L
a
te
ra
l
B
eh
a
v
io
u
r
o
f
th
e
S
u
b
d
u
ct
in
g
P
la
te

[1
6
]

L
et
’s

n
o
w

co
n
si
d
er

th
e
ev
o
lu
ti
o
n
o
f
th
e
sl
ab

in
th
e

th
ir
d
d
im

en
si
o
n
(a
lo
n
g
th
e
X
ax
is
,
F
ig
u
re
s
2
,
3
c,
an
d
S
1
).
In

b
o
th

th
e
S

an
d

S
O

ex
p
er
im

en
ts
,
th
e
la
te
ra
l
ed
g
e
o
f
th
e

su
b
d
u
ct
in
g
p
la
te

is
n
o
t
h
el
d
b
y
an
o
th
er

p
la
te

al
o
n
g
si
d
e
an
d

is
af
fe
ct
ed

b
y
tr
en
ch

p
ar
al
le
l
sh
o
rt
en
in
g

(F
ig
u
re

2
,
to
p
).

S
ig
n
if
ic
an
t
sh
o
rt
en
in
g

o
cc
u
rs

fo
r
m
o
d
el
s
w
it
h

n
o

la
te
ra
l

p
la
te

(F
ig
u
re

3
d
)
an
d
is
p
ar
tl
y
ca
u
se
d
b
y
su
b
d
u
ct
io
n
al
o
n
g

th
e
si
d
e
o
f
th
e
su
b
d
u
ct
in
g
p
la
te
,
d
ri
v
en

b
y
th
e
n
eg
at
iv
e

b
u
o
y
an
cy

o
f
th
e
p
la
te
.
T
h
e
fa
ct

th
at

th
e
p
la
te

is
fi
x
ed

at
th
e

b
o
u
n
d
ar
y
in
d
u
ce
s
ad
d
it
io
n
al

ex
te
n
si
o
n
o
n
th
e
p
la
te
,
w
h
ic
h

st
re
tc
h
es

ac
co
rd
in
g
ly

al
o
n
g
th
e
y
-d
ir
ec
ti
o
n
;
th
is

st
re
tc
h
in
g

h
as

to
b
e
co
m
p
en
sa
te
d
b
y
sh
o
rt
en
in
g
al
o
n
g
th
e
x
-
an
d
z-

d
ir
ec
ti
o
n
s.

S
h
o
rt
en
in
g
is

fa
ci
li
ta
te
d
w
h
en

th
e
p
la
te

is
n
o
t

m
ai
n
ta
in
ed

la
te
ra
ll
y
(S

an
d
S
O

ex
p
er
im

en
ts
).
A
ft
er

2
0
M
y
r,

to
ta
l
sh
o
rt
en
in
g
v
al
u
es

o
b
ta
in
ed

ar
e
3
ti
m
es

g
re
at
er

fo
r
th
e
S

an
d
S
O

ex
p
er
im

en
ts
("

1
5
%
)
th
an

fo
r
S
L
an
d
S
O
L
("

5
%
).

A
s
il
lu
st
ra
te
d
in

F
ig
u
re

3
e
w
h
er
e
th
e
m
ax
im

u
m

d
ep
th

o
f
th
e

su
b
d
u
ct
in
g
p
la
te

m
ea
su
re
d
al
o
n
g
it
s
ed
g
e
is

sh
o
w
n
as

a
fu
n
ct
io
n

o
f
ti
m
e
fo
r
ea
ch

o
f
th
e
fo
u
r
ex
p
er
im

en
ts
,
th
e

p
re
se
n
ce

o
f
th
e
n
ei
g
h
b
o
u
ri
n
g

p
la
te

p
re
v
en
ts

sh
o
rt
en
in
g

an
d

th
u
s
th
e
la
te
ra
l
su
b
d
u
ct
io
n

o
f
th
e
su
b
d
u
ct
in
g

p
la
te
.

F
ig
u
re

2
.

V
el
o
ci
ty

fi
el
d
co
m
p
o
n
en
ts
fo
r
th
e
su
b
d
u
ct
in
g
p
la
te

fo
r
ea
ch

ex
p
er
im

en
t
af
te
r
1
5
M
y
r.
T
h
e
sh
ap
es

o
f
th
e
la
te
ra
l

an
d
o
v
er
ri
d
in
g
li
th
o
sp
h
er
es

ar
e
p
re
se
n
te
d
as

g
h
o
st
s
(t
h
e
cr
u
st
o
n
th
e
o
v
er
ri
d
in
g
an
d
la
te
ra
l
p
la
te

is
n
o
t
sh
o
w
n
).

1
A
u
x
il
ia
ry

m
at
er
ia
ls

ar
e

av
ai
la
b
le

in
th
e

H
T
M
L
.
d
o
i:
1
0
.1
0
2
9
/

2
0
0
8
G
L
0
3
69
4
2
.

L
0
7
3
0
3

Y
A
M
A
T
O

E
T
A
L
.:
S
U
R
R
O
U
N
D
IN

G
P
L
A
T
E
S
A
N
D

S
U
B
D
U
C
T
IO

N
D
Y
N
A
M
IC
S

L
0
7
3
0
3

3
o
f
5



In
d
ee
d
,
af
te
r
2
0
M
y
r,
th
e
p
la
te

ed
g
e
h
as

p
en
et
ra
te
d
in
to

th
e

u
p
p
er

m
an
tl
e

to
a

d
ep
th

o
f
"
1
5
0

k
m

fo
r
S

an
d

S
O

(F
ig
u
re

3
e)
,
w
h
er
ea
s
it

h
as

re
m
ai
n
ed

at
it
s
in
it
ia
l
d
ep
th

w
h
en

a
la
te
ra
l
p
la
te

is
in
cl
u
d
ed

(S
L
an
d
S
O
L
,
F
ig
u
re

3
c)
.

A
lt
h
o
u
g
h
th
e
su
b
d
u
ct
in
g
li
th
o
sp
h
er
e
is
eq
u
al
ly

g
ra
v
it
at
io
n
-

al
ly

u
n
st
ab
le

in
al
l
fo
u
r
ex
p
er
im

en
ts
an
d
h
as

th
u
s
th
e
sa
m
e

te
n
d
en
cy

to
su
b
d
u
ct

o
n
al
l
si
d
es
,
th
e
p
re
se
n
ce

o
f
a
la
te
ra
l

p
la
te

re
d
u
ce
s
th
e
n
eg
at
iv
e
b
u
o
y
an
cy

an
d

th
u
s
p
re
v
en
ts

la
te
ra
l
su
b
d
u
ct
io
n
.

6
.

C
o
n
cl
u
si
o
n
a
n
d
D
is
cu
ss
io
n

[1
7
]

S
u
rr
o
u
n
d
in
g
p
la
te
s
in

su
b
d
u
ct
io
n
sy
st
em

s
af
fe
ct

th
e

g
lo
b
al
d
y
n
am

ic
o
f
th
e
su
b
d
u
ct
io
n
p
ro
ce
ss

in
m
u
lt
ip
le
w
ay
s.

(1
)
T
h
e

p
re
se
n
ce

o
f
an

o
v
er
ri
d
in
g

p
la
te

m
o
d
if
ie
s
th
e

p
o
lo
id
al
fl
o
w
g
en
er
at
ed

b
y
a
su
b
d
u
ct
in
g
sl
ab
.C

o
n
se
q
u
en
tl
y,

n
eg
le
ct
in
g
o
v
er
ri
d
in
g
p
la
te

le
ad
s
to

o
v
er
es
ti
m
at
in
g
tr
en
ch

re
tr
ea
t
v
el
o
ci
ti
es

b
y
a
fa
ct
o
r
2
to

5
an
d
u
n
d
er
es
ti
m
at
in
g
sl
ab

d
ip
s
at

d
ep
th
.
(2
)
T
h
e
p
re
se
n
ce

o
f
a
la
te
ra
l
p
la
te

p
re
v
en
ts

la
te
ra
l
sh
o
rt
en
in
g
o
b
se
rv
ed

in
m
an
y
ex
p
er
im

en
ts
w
h
er
e
th
e

su
b
d
u
ct
in
g
p
la
te

is
co
n
si
d
er
ed

in
is
o
la
ti
o
n
;
a
p
h
en
o
m
en
o
n

th
at

le
ad
s
to

m
o
d
el
s
in
cl
u
d
in
g

co
m
p
le
x

rh
eo
lo
g
ie
s
th
at

p
re
v
en

t
su
ch

u
n
d
es
ir
ab

le
ef
fe
ct
s

[e
.g
.,

M
o
re
si

a
n
d

S
o
lo
m
a
to
v,

1
9
9
8
;
S
te
g
m
a
n

et
a
l.
,
2
0
0
6
].

A
s
p
re
v
io
u
sl
y

sh
o
w
n
[e
.g
.,
K
in
g
a
n
d
H
a
g
er
,
1
9
9
0
;
C
o
n
ra
d
a
n
d
H
a
g
er
,

1
9
9
9
],

3
D

m
o
d
el
s
co
m
p
o
se
d

o
f
a
si
n
g
le

p
la
te

p
re
d
ic
t

su
b
d
u
ct
io
n
v
el
o
ci
ti
es

th
at

h
av
e
to

b
e
co
n
si
d
er
ed

as
u
p
p
er

b
o
u
n
d
v
al
u
es
.
H
o
w
ev
er
,
in

a
p
u
re
ly

v
is
co
u
s
sy
st
em

,
o
u
r

ex
p
er
im

en
ts
sh
o
w

th
at

th
e
ab
se
n
ce

o
f
la
te
ra
l
p
la
te
s
le
ad
s
to

u
n
re
al
is
ti
c
la
te
ra
l
sh
o
rt
en
in
g
an
d
to

th
e
la
te
ra
l
su
b
d
u
ct
io
n
o
f

th
e
p
la
te
,w

h
ic
h
is
n
o
t
o
b
se
rv
ed

in
n
at
u
ra
l
su
b
d
u
ct
io
n
zo
n
es
.

S
tu
d
ie
s
th
at
d
o
n
o
t
ac
co
u
n
t
fo
r
th
e
p
re
se
n
ce

o
f
su
rf
ac
e
p
la
te
s

m
ay

p
ro
v
id
e
q
u
al
it
at
iv
e
in
fo
rm

at
io
n
th
at
is
o
n
ly

v
al
id

u
n
d
er

th
e
as
su
m
p
ti
o
n
th
at

su
rr
o
u
n
d
in
g
p
la
te
s
ar
e
w
ea
k
(o
ce
an
ic

su
b
d
u
ct
io
n
in

th
e
p
re
se
n
ce

o
f
a
w
el
l
d
ev
el
o
p
ed

b
ac
k
-a
rc

sy
st
em

,
fo
r
in
st
an
ce
).
O
u
r
se
tu
p
as
su
m
es

th
at

th
e
p
la
te
s
ar
e

p
in
n
ed

to
th
e
si
d
ew

al
ls
.
W
h
en

p
la
te
s
ar
e
‘‘
fr
ee
’’
,
th
es
e

ef
fe
ct
s
ar
e
si
g
n
if
ic
an
tl
y
re
d
u
ce
d
b
u
t
st
il
l
im

p
o
rt
an
t.
In

re
al

E
ar
th
,
m
o
st

sm
al
l-
sc
al
e
su
b
d
u
ct
io
n
zo
n
es
,
fo
r
w
h
ic
h
o
u
r

se
tu
p
is
re
le
v
an
t,
ar
e
ch
ar
ac
te
ri
ze
d
b
y
su
b
d
u
ct
io
n
ra
te
s
th
at

ar
e
m
u
ch

fa
st
er

th
an

th
e
p
la
te

co
n
v
er
g
en
ce

ra
te

(i
.e
.,
th
ey

ar
e
‘‘
fi
x
ed
’’
).
In

ad
d
it
io
n
,
th
e
la
rg
e
m
o
d
el
cr
u
st
al
an
d
m
an
tl
e

li
th
o
sp
h
er
e

th
ic
k
n
es
se
s
se
em

in
g
ly

en
h
an
ce

o
u
r
re
su
lt
s.

H
o
w
ev
er
,
b
ec
au
se

th
e
m
o
d
el

is
N
ew

to
n
ia
n
,
as
si
g
n
in
g
th
in
-

n
er

li
th
o
sp
h
er
e
an
d
cr
u
st

le
ad
s
to

co
m
p
ar
ab
le

re
su
lt
s
fo
r
a

g
iv
en

am
o
u
n
t
o
f
su
b
d
u
ct
io
n

(n
o
t
fo
r
a
g
iv
en

ti
m
e)
,
as

co
n
fi
rm

ed
b
y
ad
d
it
io
n
al

te
st
s.

[1
8
]

O
u
r
re
su
lt
s
su
g
g
es
t
th
at

al
l
p
la
te
s
m
u
st

b
e
in
cl
u
d
ed

in
m
o
d
el
li
n
g
-b
as
ed

st
u
d
ie
s,

w
h
er
e

th
e

ef
fe
ct
s
o
f
m
an
y

p
ar
am

et
er
s
ch
ar
ac
te
ri
zi
n
g
a
su
b
d
u
ct
io
n
sy
st
em

(e
.g
.,
li
th
o
-

sp
h
er
e

th
ic
k
n
es
s,

v
is
co
si
ty

an
d

d
en
si
ty

ra
ti
o
s,

fr
ic
ti
o
n

b
et
w
ee
n

p
la
te
s,

v
el
o
ci
ty
/s
tr
es
se
s
b
o
u
n
d
ar
y

co
n
d
it
io
n
s.
..
)

ar
e
ex
p
lo
re
d
.

[1
9
]

A
ck
n
o
w
le
d
g
m
en
ts
.

T
h
is

w
o
rk

w
as

su
p
p
o
rt
ed

b
y

th
e
‘‘
C
h
ai
r

d
’E
x
ce
ll
en
ce

S
en
io
r
d
e
l’
A
N
R
’’
(J
.B
.)
.
C
o
n
st
ru
ct
iv
e
re
v
ie
w
s
b
y
L
.
F
le
it
o
u
t,

D
.
S
te
g
m
an

an
d
an

an
o
n
y
m
o
u
s
re
v
ie
w
er

ar
e
g
ra
te
fu
ll
y
ac
k
n
o
w
le
d
ge
d
.

F
ig
u
re

3
.

(a
)
T
re
n
ch

lo
ca
ti
o
n
an
d
(b
)
v
el
o
ci
ty

th
ro
u
g
h
ti
m
e.

S
o
li
d
an
d
d
as
h
ed

li
n
es

co
rr
es
p
o
n
d
to

v
al
u
es

ca
lc
u
la
te
d

re
sp
ec
ti
v
el
y
at

X
=
0
an
d
X

=
0
.3
5
(1
0
5
0
k
m
)
fr
o
m

th
e
ri
g
h
t
si
d
e
o
f
th
e
m
o
d
el

b
o
x
(s
ee

in
se
t)
.
(c
)
L
at
er
al

b
eh
av
io
r
o
f
th
e

su
b
d
u
ct
in
g
li
th
o
sp
h
er
e
fo
r
th
e
tw
o
m
o
d
el
s
S
an
d
S
O
L
af
te
r
2
0
M
y
r
(X

Z
cr
o
ss
-s
ec
ti
o
n
at

Y
=
0
.1
).
D
as
h
ed

an
d
co
lo
r
li
n
es

co
rr
es
p
o
n
d
to

th
e
lo
ca
ti
o
n
o
f
th
e
su
b
d
u
ct
in
g
p
la
te

at
t
=
0
M
y
r
an
d
t
=
2
0
M
y
r.
(d
)
L
at
er
al

sh
o
rt
en
in
g
o
f
th
e
su
b
d
u
ct
in
g

p
la
te
.
(e
)
M
ax
im

u
m

d
ep
th

o
f
la
te
ra
l
su
b
d
u
ct
io
n
(l
at
.
su
b
.)
re
ac
h
ed

b
y
th
e
la
te
ra
l
ed
g
e
o
f
th
e
su
b
d
u
ct
in
g
p
la
te
.
S
o
li
d
an
d

d
as
h
ed

li
n
es

co
rr
es
p
o
n
d
to

th
e
v
al
u
es

at
Y

=
0
an
d
Y

=
0
.4

(1
2
0
0
k
m
)
fr
o
m

th
e
b
ac
k
si
d
e
o
f
th
e
m
o
d
el

b
o
x
(s
ee

in
se
t)
.
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Y
A
M
A
T
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E
T
A
L
.:
S
U
R
R
O
U
N
D
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G
P
L
A
T
E
S
A
N
D

S
U
B
D
U
C
T
IO

N
D
Y
N
A
M
IC
S

L
0
7
3
0
3

4
o
f
5

R
ef
er
en
ce
s

B
el
la
h
se
n
,
N
.,
C
.
F
ac
ce
n
na
,
an
d
F.

F
u
n
ic
ie
ll
o
(2
0
0
5
),
D
y
n
am

ic
s
o
f
su
b
d
u
c-

ti
o
n
an
d
p
la
te

m
o
ti
o
n
in

la
b
o
ra
to
ry

ex
p
er
im

en
ts
:
In
si
g
h
ts
in
to

th
e
‘‘
p
la
te

te
ct
o
n
ic
s’
’
b
eh
av
io
r
o
f
th
e
E
ar
th
,
J.

G
eo
p
h
ys
.
R
es
.,

11
0
,
B
0
1
4
0
1
,

d
o
i:
1
0
.1
02
9
/2
0
0
4
JB

00
2
9
9
9
.

B
o
n
n
ar
d
o
t,
M
.
A
.,
R
.
H
as
sa
n
i,
E
.
T
ri
c,
E
.
R
u
el
la
n
,
an
d
M
.
R
ég
n
ie
r
(2
0
0
8
),

E
ff
ec
t
o
f
m
ar
g
in

cu
rv
at
u
re

o
n
p
la
te

d
ef
o
rm

at
io
n
in

a
3
-D

n
u
m
er
ic
al

m
o
d
el

o
f
su
b
d
u
ct
io
n

zo
n
es
,
G
eo

p
h
ys
.
J.

In
t.
,
1
7
3
,
1
0
8
4
–
1
0
9
4
,

d
o
i:
1
0
.1
11
1
/j
.1
3
6
5
-2
4
6X

.
2
0
0
8
.0
3
75
2
.x
.

B
ra
u
n
,
J.
,
C
.
T
h
ie
u
lo
t,

P.
F
u
ll
sa
ck

,
M
.
D
eK

o
o
l,

C
.
B
ea
u
m
o
n
t,

an
d

R
.
H
u
is
m
an
s
(2
0
0
8
),
D
O
U
A
R
:
A

n
ew

th
re
e-
d
im

en
si
o
n
al

cr
ee
p
in
g
fl
o
w

n
u
m
er
ic
al

m
o
d
el

fo
r
th
e
so
lu
ti
o
n
o
f
g
eo
lo
g
ic
al

p
ro
b
le
m
s,

P
h
ys
.
E
a
rt
h

P
la
n
et
.
In
te
r.
,
1
7
1
,
7
6
–
9
1
,
d
o
i:
1
0
.1
0
1
6
/j
.p
ep
i.
2
0
0
8
.0
5
.0
0
3
.

C
la
rk
,
S
.
R
.,
D
.
S
te
g
m
an
,
an
d
R
.
D
.
M
ül
le
r
(2
0
0
8
),
E
p
is
o
d
ic
it
y
in

b
ac
k
-a
rc

te
ct
o
n
ic
re
g
im

es
,
P
h
ys
.
E
a
rt
h
P
la
n
et
.
In
te
r.
,
1
7
1
,
2
6
5
–
2
7
9
,
d
o
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1
0
.1
0
1
6
/

j.
p
ep
i.
2
00
8
.0
4
.0
1
2
.

C
o
n
ra
d
,
C
.
P.
,
an
d
B
.
H
.
H
ag
er

(1
9
9
9
),
E
ff
ec
ts
o
f
p
la
te

b
en
d
in
g
an
d
fa
u
lt

st
re
n
g
th

at
su
b
d
u
ct
io
n
zo
n
es

o
n
p
la
te

d
y
n
am

ic
s,
J.

G
eo
p
h
ys
.
R
es
.,
1
0
4
,

1
7
,5
5
1
–
1
7
,5
7
1
.

D
av
ie
s,
G
.
F.
,
an
d
G
.
F.

R
ic
h
ar
d
s
(1
9
9
2
),
M
an
tl
e
co
n
v
ec
ti
o
n
,
J.
G
eo
l.
,
1
0
0
,

1
5
1
–
2
0
6
.

E
sp
u
rt
,
N
.,

F
.
F
u
n
ic
ie
ll
o
,
J.

M
ar
ti
n
o
d
,
B
.
G
u
il
la
u
m
e,

V
.
R
eg

ar
d
,

C
.
F
ac
ce
n
na
,
an
d
S
.
B
ru
ss
et

(2
0
0
8
),
F
la
t
su
b
d
u
ct
io
n
d
y
n
am

ic
s
an
d
d
e-

fo
rm

at
io
n
o
f
th
e
S
o
u
th

A
m
er
ic
an

p
la
te
:
In
si
g
h
ts

fr
o
m

an
al
o
g
m
o
d
el
in
g
,

Te
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o
n
ic
s,
2
7
,
T
C
3
0
11
,
d
o
i:
1
0
.1
02
9
/2
0
0
7
T
C
0
02
1
7
5
.

F
u
n
ic
ie
ll
o
,
F.
,
C
.
F
ac
ce
n
na
,
D
.
G
ia
rd
in
i,
an
d
K
.
R
eg
en
au
er
-L
ie
b
(2
0
0
3
a)
,

D
y
n
am

ic
s
o
f
re
tr
ea
ti
n
g
sl
ab
s:
2
.
In
si
g
h
ts
fr
o
m

th
re
e-
d
im

en
si
on
al

la
b
o
ra
-

to
ry

ex
p
er
im

en
ts
,
J.

G
eo

p
h
ys
.
R
es
.,

1
0
8
(B

4
),

2
2
0
7
,
d
o
i:
1
0
.1
0
2
9
/

2
0
0
1
JB

0
0
0
89
6
.

F
u
n
ic
ie
ll
o
,
F.
,
G
.
M
o
rr
a,

K
.
R
eg
en
au
er
-L
ie
b
,
an
d
D
.
G
ia
rd
in
i
(2
0
0
3
b
),

D
y
n
am

ic
s
o
f
re
tr
ea
ti
n
g
sl
ab
s:
1
.I
n
si
g
h
ts
fr
o
m

tw
o
-d
im

en
si
o
na
l
n
u
m
er
ic
al

e
x
p
e
ri
m
e
n
ts
,
J
.
G
e
o
p
h
y
s.

R
e
s.
,
1
0
8
(B

4
),

2
2
0
6
,
d
o
i:
1
0
.1
0
2
9
/

2
0
0
1
JB

0
0
0
89
8
.

F
u
n
ic
ie
ll
o
,
F.
,
M
.
M
o
ro
n
i,
C
.
P
ir
o
m
al
lo
,
C
.
F
ac
ce
n
na
,
A
.
C
en
ed
es
e,

an
d

H
.
A
.
B
u
i
(2
0
0
6
),
M
ap
p
in
g
m
an
tl
e
fl
o
w

d
u
ri
n
g
re
tr
ea
ti
n
g
su
b
d
u
ct
io
n
:

L
ab
o
ra
to
ry

m
o
d
el
s
an
al
y
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2.3.2 Exhumation des roches de hautes pressions

La dynamique propre des plaques supérieures affecte le régime de subduction.

Cette interaction est bivalente. Un exemple probant est celui de la subduction

indienne qui a ralentit lorsque la convergence a été empêchée par la collision conti-

nentale [Allègre et al., 1984, Patriat & Achache, 1984]. Cet évènement participe de

la construction de l’édifice orogénique. En collaboration avec J-P. Brun, P. Yamato

et C. Faccenna, nous explorons la possibilité que les comportements transitoires

des zones de subduction puisse interagir avec la dynamique orogénique. Sur la base

d’une chronologie des évènements géologiques en Méditerranée, les travaux récents

des co-auteurs suggérent que l’entrée en subduction de lithosphères hétérogènes

dans les fosses hellénique ou thyrrénienne créent un contexte favorable à l’exhu-

mation des roches de hautes pressions (fig. 2.7).

L’oscillation géométrique du panneau plongeant et un régime cinématique transi-

toire associé [Royden & Husson, 2006] parâıt propice à la remontée des roches de

hautes pressions. L’article présenté ci-dessous quantifie la capacité de l’écoulement

associé dans le prisme mantellique à faire remonter les roches de haute pression.

Il ressort qu’un régime de subduction épisodique en rollback induit un flux as-

cendant, suffisant pour faire remonter les roches de haute pression, sans qu’il soit

nécessaire d’invoquer d’autres mécanismes tels que l’érosion. Ce modèle respecte la

cinématique en rollback du panneau plongeant, par opposition à la quasi-totalité

des modèles existants (”channel flow” par exemple). Ce particularisme permet

d’expliquer simplement l’exhumation des roches de haute pression.
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Fig. 2.7: Exhumation des roches de haute pression stimulée par l’évolution
polyphasée de la subuction hellénique [Brun & Faccenna, 2008]. Exhumation of
HP rocks fostered by the polyphased evolution of the hellenic subduction [Brun

& Faccenna, 2008].
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S U M M A R Y
The burial–exhumation cycle of crustal material in subduction zones can either be driven by
the buoyancy of the material, by the surrounding flow, or by both. High pressure and ultrahigh
pressure rocks are chiefly exhumed where subduction zones display transient behaviours,
which lead to contrasted flow regimes in the subduction mantle wedge. Subduction zones with
stationary trenches (mode I) favour the burial of rock units, whereas slab rollback (mode II)
moderately induces an upward flow that contributes to the exhumation, a regime that is
reinforced when slab dip decreases (mode III). Episodic regimes of subduction that involve
different lithospheric units successively activate all three modes and thus greatly favour the
exhumation of rock units from mantle depth to the surface without need for fast and sustained
erosion.

Key words: Subduction zone processes; Continental margins: convergent; Dynamics of
lithosphere and mantle; High strain deformation zones.

1 I N T RO D U C T I O N

The burial and exhumation cycle of rocks that underwent high pres-
sure and low temperatures with respect to a mean crustal geotherm
(HP metamorphism) is related to the subduction process. Metamor-
phosed stacks of blueschists or eclogites are widely found in moun-
tain belts (e.g. Maruyama et al. 1996; Ring et al. 1999; Chopin
2003). But the fact that not all orogenic systems display high pres-
sure (HP) or ultra high pressure (UHP) rocks at the surface is
remarkable: blueschists and eclogites are essentially found in con-
vergence zones in which the lower subducting plate was anything
but a uniform oceanic lithosphere during the burial cycle: the Alps
(e.g. Handy et al. 1999; Rosenbaum & Lister 2005), Zagros (e.g.
Agard et al. 2006), and the Himalayas (e.g. Allègre et al. 1984), but
also smaller systems of the Mediterranean domain (e.g. Stampfli
2000; Jolivet et al. 2008), like the Hellenides and Tyrrhenian sys-
tems (e.g. Brun & Faccenna 2008) encompass most of Cenozoic HP
rocks occurrences, as opposed for instance to the Andes that barely
show HP rocks at surface level.

Downgoing lithospheric plates convey stacks of crustal rocks at
depth. These rocks are either the crustal cover of the downgoing
plate or scrapped off the upper plate crust. Their downward journey
into subduction zones straightforwardly follows that of the subduct-
ing slab. Conversely, the exhumation of HP rocks that follows the
burial episode is less intuitive. A plethora of models, both analogue
(e.g. Chemenda et al. 1995, 1996; Boutelier et al. 2004) and numer-
ical (e.g. Pfiffner et al. 2000; Burov et al. 2001; Gerya et al. 2002;
Gerya & Stöckhert 2002; Yamato et al. 2007, 2008; Warren et al.
2008) have been proposed to explain the second part of the cycle,
in which the rock aggregate goes towards the surface, paradoxically

seemingly against the overall downward flow. In all models, HP
rocks are either driven upward by their own buoyancy or advected
by the surrounding flow. The following severe conditions are to be
met to validate the models: comprehensive analysis of HP rocks
(e.g. Ring et al. 1999; Agard et al. 2009) show that HP rock slices
were assembled at depth and exhumed together. The residence time
at depth lasts for ∼5–10 Myr; exhumation occurs within ∼10 Myr
or less, that is, at rates that are in the same range as rates of plate
boundary displacement (e.g. Rubatto & Hermann 2001). Such rates
(up to 40–50 mm/yr) are therefore significantly higher than the
highest sustained erosion rates that could be expected on the long
term (much less than 10 mm/yr). In fact, two-stage exhumation
is often identified, with a fast exhumation at depth, up to 10 kbar
(109 Pa), followed by a slower event that can be attributed to erosion
(e.g. de Sigoyer et al. 2000; Ernst 2001; Rubatto & Herman 2001;
Parra et al. 2002; Walsh & Hacker 2004; Yamato et al. 2008), up to
surface level.

Most previous models arbitrarily consider a stationary trench lo-
cation (e.g. Chemenda et al. 1995; Ernst et al. 1997; Beaumont
et al. 1999; Pfiffner et al. 2000; Gerya et al. 2002); such choice is
very unfortunate; first, because it prevents any substantial extension
in the upper plate that could favour the exhumation of rocks and,
second, because the associated downward flow in the wedge tends
to counter an upward motion of rocks at depth. Because these mod-
els ignore the dynamics of the mantle wedge itself that may vary
depending on the subduction regime, and the potential advection
of the rock within the wedge, they most often invoke more com-
plex mechanisms like for instance the so-called subduction channel
(e.g. England & Holland 1979; Cloos 1982; Shreve & Cloos 1986).
In fact, stationary trenches are seldom observed, regardless of the

C© 2009 The Authors 1
Journal compilation C© 2009 RAS
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fé

,B
.,

19
94

.E
xh

um
at

io
n

of
de

ep
cr

us
ta

l
m

et
am

or
ph

ic
ro

ck
s

an
d

cr
us

ta
l

ex
te

ns
io

n
in

ba
ck

-a
rc

re
gi

on
s.

Li
th

os
,3

3,
3–

30
.

Jo
liv

et
,J

.,
Fa

cc
en

na
,C

.,
G

of
fé
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2.4 Rhéologie et déformation des panneaux plon-

geants

2.4.1 Rhéologie

Les techniques de modélisation permettent à présent de décrire la dynamique des

interactions entre la lithosphère et le manteau de manière satisfaisante. Plus, la

résolution qu’elles offrent est supérieure aux contraintes disponibles pour calibrer

les modèles. Un des obstacles majeurs est en particulier la rhéologie. Le contraste

de viscosité est un paramètre fondamental dans l’évolution des subductions. Or,

les estimations disponibles sont basées sur des méthodes globales et l’incertitude

atteint plusieurs ordres de grandeurs. Dans le cadre de la thèse de C. Loiselet, nous

nous sommes proposés de quantifier la rhéologie de la lithosphère en subduction

en examinant les géométries des panneaux plongeants vus par la tomographie

sismique. Leur déformation longitudinale, c’est-à-dire le long du panneau, dans un

plan situé à une profondeur uniforme, résulte de l’écoulement du manteau autour

du panneau. Un modèle quantitatif semi-analytique, confronté aux observations,

nous permet d’établir que le rapport de viscosité entre la lithosphère en subduction

et le manteau supérieur est faible, de l’ordre de 50 et ne saurait excéder 100.
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INTRODUCTION
Much effort has been recently devoted to 

improve our understanding of the dynamics of 
subduction zones; surprisingly, the viscosity 
of the subducting lithosphere remains a poorly 
known yet fundamental parameter. Modeling 
subduction dynamics (e.g., Billen and Hirth, 
2007; Capitanio et al., 2007; Wu et al., 2008) 
or the geoid (e.g., Zhong and Davies, 1999) has 
led to a wide range of values. We take advan-
tage of the dependence of slab curvature on the 
viscosity ratio between the slab and the mantle 
to determine this ratio by studying the response 
of a retreating slab in a longitudinal plane (i.e., 
perpendicular to the slab plane at a given depth) 
exciting a toroidal mantle fl ow. By means of 
a semi-analytical method, we quantify the 
mechanical behavior of the slab and compare 
our model results with observations from geo-
physical data on a selection of subduction zones.

GEOMETRY AND RHEOLOGY OF 
SLABS

The interaction between a subducting litho-
sphere and the surrounding mantle is strongly 
affected by their relative strengths. For example, 
whether slabs penetrate the lower mantle is 
controlled by the strength of the lithosphere in 
comparison with the viscosity structure of the 
mantle at the 660 km discontinuity (Goes et 
al., 2008). Commonly used values for the vis-
cosity ratio between a slab and the surrounding 
mantle range between 102 and 105 (Christensen 
and Yuen, 1984; Zhong and Gurnis, 1994; Con-
rad and Hager, 1999; Funiciello et al., 2003; 
Schellart, 2004; Morra et al., 2006; Royden and 
Husson, 2006; Stegman et al., 2006; Billen and 
Hirth, 2007; Capitanio et al., 2007; Clark et al., 
2008), but Kincaid and Griffi ths (2004) mod-
eled the fl ow around a rigid slab, while Husson 
(2006) reproduced observations of dynamic 
topography with an isoviscous rheology.

Most oceanic trenches have a convex arc 
shape, a feature that is not limited to surface 
level. Seismic tomography studies as well as 

earthquake occurrences provide information 
on the geometry of subducted slabs (Isacks 
and Molnar, 1971; Van der Hilst and Karason, 
1999; Wortel and Spakman, 2000; Fukao et 
al., 2001). The shape of ocean trenches was 
fi rst explained by the ping-pong ball analogy 
(Frank, 1968; Tovish and Schubert, 1978), 
which suggested that the curvature of the 
trenches is naturally imposed by the intersec-
tion of a slab and a spherical Earth. Alterna-
tively, numerical and analogue simulations 
have shown that this curvature is more likely 
the response of the slab in a toroidal fl ow. This 
curvature seems to decrease when slab width 
increases (Dvorkin et al., 1993; Morra et al., 
2006, 2009; Stegman et al., 2006; Schellart et 
al., 2007), as a response to the balance between 
the forces driving slab motion and the viscous 
resistance of the mantle (Schellart, 2004; 
Funiciello et al., 2006), although internal het-
erogeneities may have a strong impact (Morra 
et al., 2006).

Because the fl ow associated with a migrat-
ing slab is predominantly toroidal (e.g., Schel-
lart, 2004; Funiciello et al., 2006; Piromallo et 
al., 2006), we assume that the time evolution 
of the shape of a vertical slab that retreats at 
a given rate can be directly compared to the 
depth evolution of the longitudinal shape of a 
slab; this operation can be performed via the 
conversion of depth along slab into a residence 
time into the mantle, calculated as the depth 
divided by the sinking velocity (assuming that 
retreat velocity, and therefore slab dip, is con-
stant with depth).

MODELING APPROACH
The retreating slab is approximated by a uni-

form infi nite vertical viscous layer of variable 
width L and thickness h moving in a square 
domain of constant dimensions throughout (Fig. 
1A). Our approach is based on a two-dimen-
sional (2-D) numerical solution of the Stokes 
equation that requires the computation of (1) 
a stream function to describe the toroidal fl ow 
of a Newtonian, isoviscous, and incompressible 
mantle around a rigid retreating plate, infi nite in 

the direction perpendicular to the model (2-D), 
and (2) from the resulting stress fi eld, the defl ec-
tion of a viscous slab of uniform yet different 
viscosity. The velocity of the fl uid is obtained by 
solving the biharmonic equation for the stream 

function Ψ, ∇4Ψ = 0, with u
y

= − ∂
∂
Ψ

 and v
x

= ∂
∂
Ψ

, 

u and v being the x and y velocities, respectively. 
To simulate the presence of the retreating slab, 
we prescribe a velocity V

t
 (slab retreat rate) in 
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ABSTRACT
The curvature of a subducting lithosphere is chiefl y controlled by the viscosity ratio between 

the slab and the surrounding mantle. On the basis of a semi-analytical fl ow model, we explore 
the rheological dependence of the geometrical response of a viscous slab subjected to toroi-
dal mantle fl ow. Mantle fl ow is excited by slab retreat at a prescribed mean velocity and is 
iteratively solved for by using a stream function approach, in turn providing the stresses that 
bend the slab. Comparison between model predictions and geophysical observations of slab 
curvature gives an average slab-to-mantle viscosity ratio of 45.
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Figure 1. Map view of model. A: Normal-
ized streamlines (gray curves), velocity fi eld 
(arrows), and v, velocity fi eld, parallel to y 
axis (background). Vt is translation velocity 
of slab. L and h are slab width and thick-
ness. B: Normalized deviatoric stress, iso-
curves every 0.05. C: Deviatoric stress pro-
fi le along line parallel to x axis and running 
on upstream (bold) and downstream (thin) 
side of 1000 km (black) and 3000 km (gray) 
plate across model. Dashed sections denote 
stresses along slab.
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2.4.2 Déformation des plaques en subduction

Il ressort de l’étude précédente que les plaques en subduction ont une visco-

sité effective faible aux regard des estimations précédentes (voir l’article). Les

conséquences de ce résultat ne sont pas triviales pour l’interprétation des obser-

vations des panneaux plongeants en subduction. Leurs géométries, vues par la

tomographie sismique, montrent des variations d’épaisseurs importantes [Fukao

et al., 2001, Kárason & van der Hilst, 2001]. Dans l’hypothèse d’un rapport de vis-

cosité fort entre la lithosphère et le manteau matriciel, une possible interpétation

est celle de Ribe [Ribe et al., 2007] dans laquelle l’épaissisement perçu au niveau

de la zone de transition correspond à un empilement du panneau plongeant replié

sur lui-même entre le manteau supérieur et le manteau inférieur, plus visqueux

et plus dense. Dans l’hypothèse que nous défendons ici, où la viscosité du pan-

neau plongeant est moins de deux ordres de grandeur plus visqueuse que celle du

manteau, cette possibilité ne tient plus. Alternativement, nous montrons avec C.

Loiselet et co-auteurs, que le comportement naturel d’un panneau visqueux en

subduction est de former une sorte de panache inversé, une méduse composé d’une

tête épaissie dont la forme s’optimise pour former une boule et minimiser le travail

à mesure que le panneau plongeant pénètre dans le manteau. Cette tête est suivie

d’une queue en extension qui connecte le panneau plongeant à la lithosphère non

subductée en surface. Les observations géométriques et sismologiques soutiennent

notre interprétation.
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Abstract 13 

The constantly improving resolution of geophysical data show that the lithosphere does not 14 

subduct as a slab of uniform thickness but is rather thinned in the upper mantle and thickened 15 

around the transition zone between the upper and lower mantle. This observation has been 16 

interpreted as an evidence for the buckling and piling of slabs having a viscosity many orders of 17 

magnitude higher than the surrounding mantle. Seismicity also revealed that slabs undergo 18 

vertical extension in the upper mantle and compression near the transition zone. In this paper, we 19 

show that during the subduction process, the shape of low viscosity slabs (1 to 100 times more 20 

viscous than the surrounding mantle) evolves toward a shape which minimizes viscous 21 

dissipation, i.e., that of an inverted plume that we coin jellyfish. Our 3D numerical models show 22 

that the leading tip of slabs deform toward a rounded head wrapped by lateral tentacles that 23 
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Chapitre 3

Topographie dynamique

La notion de topographie dynamique appliquée à la Terre a été essentiellement

développée lors des efforts déployés dans les années 80 pour comprendre les rela-

tions entre forme de la Terre, mesures gravimétriques et convection mantellique

[e.g., Ricard et al., 1984]. Bien comprise sur le plan théorique, son existence réelle

est restée élusive [Ricard et al., 1993, Čadek & Fleitout, 2003] à l’échelle globale.

3.1 Evidences régionales de la topographie dy-

namique

Une démarche inverse à celle des géodynamiciens globaux est d’aller explorer les

observations locales dans les zones où la géodynamique est bien comprise. En par-

ticulier, les zones de subductions sont irrévoquablement les zones où les anomalies

de densité en profondeur sont les plus fortes, du fait de la présence des panneaux

plongeants, comme la gravimétrie l’atteste. Dans les articles qui suivent, j’examine

des cas particuliers en les comparant avec un modèle théorique simple. Dans le pre-

mier travail, je me base sur un modèle où la rhéologie est isovisqueuse et j’utilse

les observables géophysiques (tomographie sismique, gravimétrie et topographie)

pour quantifier la topographie dynamique à l’aplomb des zones de subductions.

Le deuxième volet, effectué dans le cadre de la thèse de B. Guillaume, utilise

les variations temporelles de la topographie, mesurée sur le terrain à l’aide de

la géomorphologie quaternaire, pour les comparer avec les résultats de modèles

prédictifs comparables. Il ressort que sur les objets de petite dimension étudiés
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(des subductions de taille bien inférieure au premier ordre spatial de la circulation

mantellique), les déflections verticales dynamiques de la topographie atteignent

plus de 1000 m. Il est probable que ce soit partiellement la dimension restreinte

de ces objets isolés quipermette une représentation plus complète de la topogra-

phie dynamique en surface : pour des raisons géométriques, les ordres harmoniques

supérieurs qui prennent naissance à faible profondeur dans la sphère terrestre, sont

mieux représentés.

Ces résultats sont à rapprocher des conclusions contrastées obtenues à partir de la

subsidence mesurée à l’aplomb des zones de subductions. Si les travaux de Gurnis

en particulier expliquent les transgressions continentales qui sont à l’origine des

bassins intracratoniques Permien en Eurasie et Crétacé en Amérique du Nord par

l’effet de la topographie dynamique renforcé durant ces périodes de subduction très

active [Gurnis, 1992, 1993, Mitrovica et al., 1989], des investigations sur des objets

mieux détaillés conlcluent à un rôle mineur de la topographie dynamique [Wheeler

& White, 2000] (notons que dans ce dernier travail, les auteurs établissent cepen-

dant des hypothèse fortes relatives au comportement mécanique de la lithosphère

-subsidence thermique en particulier).
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Dynamic topography above retreating subduction zones
Laurent Husson*

Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, Massachusetts
02139, USA

ABSTRACT
Dynamic topography provides a measure of stresses within the Earth’s interior. Dense

slabs induce an upper mantle flow that deflects the surface of the Earth downward above
them. By combining a simple theoretical (Stokeslet) model of subduction, gravity model-
ing, and seismic tomography, I show that a significant fraction (as much as 2000 m) of
the topographic variations observed above the Scotia, Mariana, and Hellenic subduction
systems appears to be dynamically induced by stresses related to the underlying
subduction.

Keywords: subduction, backarc basins, dynamic topography, Stokes flow.

Figure 1. Topography of East Scotia (A), Mariana (B), and Aegean
(C) seas (wavelengths <50 km are discarded). Deflection of topog-
raphy toward center of basins can be pointed out by circumscribing
(dashed lines) areas deeper than arbitrary reference depth in over-
riding plates (A, 2500 m; B, 3000 m; C, 350 m). Isocontours are every
250 m. S. Am.—South American Plate; S.Scot—South Scotia.

INTRODUCTION
Dynamic topography provides fundamental information about the

Earth for at least three reasons. First, it is a direct measurement of the
stresses beneath the surface; above subducting slabs, it is critical in
many respects, such as understanding seismic anisotropy. Second, as
an observable, it informs us about the structure of the mantle. Third,
it informs us about the nature of topography. Therefore, researchers
have attempted to identify dynamic topography at a global scale (e.g.,
Hager, 1984; Cazenave et al., 1989; Colin and Fleitout, 1990; Ricard
et al., 1993; Panasyuk and Hager, 2000), and have arrived at the con-
troversial conclusion that the calculated magnitude of dynamic topog-
raphy overestimates the magnitude that can be observed at the surface.

There are, however, some areas associated with retreating sub-
duction systems where the bathymetry developed on the overriding
plate near the subduction boundary is deeper than in adjacent regions.
A retreating subduction system indicates subduction boundaries where
the trench is retreating above the asthenosphere, moving away from
the extending overriding plate. Because these systems are of limited
lateral extent, the dynamic stresses and the associated dynamic topog-
raphy should vary across the system in a systematic and predictable
fashion. Most attempts to quantify the dynamic topography compare
the mean topographies above deep density heterogeneities (e.g., Conrad
et al., 2004; Wheeler and White, 2000); I examine the lateral variations
in dynamic topography above a given structure. An analysis of the
bathymetry developed above several retreating subduction boundaries
(East Scotia, Mariana, and Aegean Seas; Fig. 1) allows me to quantify
the extent to which the dynamic stresses related to subduction influence
the shape of the Earth.

MODELING DYNAMIC TOPOGRAPHY
Stokeslets Approximation

Viscous flow associated with bodies of heterogeneous density and
random shape embedded within a Newtonian viscous fluid can be con-
veniently assessed using a Stokeslet approximation (Morgan, 1965;
Batchelor, 1967; Harper, 1984). In this approximation, the density field
is discretized into point masses. Each point mass i induces a elementary
spherical flow (Stokeslet) for which the Stokes stream function is
known and can be written:

��v gi 2� � r sin � , (1)i ij ij8��

*E-mail: lhusson@mit.edu.

where ��vi is the mass anomaly associated with each point mass, g is
gravitational acceleration, � is viscosity, rij is the distance from each
point mass to the observation point j, and �ij is the angle between the
vector ij and the direction of g. The normal stress on the upper free
surface of a half-space can be calculated using the image technique
(Morgan, 1965):

33��v gzi iFzz � , (2)ij 5�rij

where zi is the depth of the point mass body beneath the surface. Be-
cause inertial terms are negligible, stress does not depend on viscosity.
If the surface is stress free, then there will be a deflection of the surface
by a distance hij, such that (�m – �*) ghij is equal to Fzzij. The total
Stokes flow is given by the sum of the Stokeslets; the total surface
deflection Hj will be the sum of the deflections resulting from each
point mass, hence
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Un effort particulier a été porté à la Patagonie. La migration vers le nord du

point triple chilien du Miocène à l’actuel constitue un changement drastique du

contexte géodynamique : la subduction rapide de la plaque Nazca sous la Pa-

tagonie est remplacée par la subduction très lente de la plaque Antarctique. La

topographie dynamique devrait varier fortement en réponse et c’est ce qu’avec B.

Guillaume et co-auteurs nous avons voulu tester par l’observations géologique.



Neogene uplift of central eastern Patagonia: Dynamic response
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[1] The Chile Triple Junction (CTJ) episodically
migrated northward during the past 14 Ma from 54�S
to its present-day position at 46�300S, as different
almost trench-parallel spreading segments entered in
subduction. This migration resulted in the opening of
an asthenospheric window below Patagonia, inducing
a disturbance in the regional mantle convection. On the
overriding plate, the middle Miocene time corresponds
to a major change in the central Patagonian basin
dynamics, with a transition from subsidence to
generalized uplift. The detailed mapping and the
morphological study of post-middle Miocene terraces
evidence regional-scale trench-parallel tilt histories that
differ depending on latitude. South of 46�300S, the
slopes of the fluvial terraces indicate a change from
northward to southward tilt during late Miocene.
Terraces younger than the early Pliocene do not show
any trench-parallel tilt. North of 46�300S, in contrast,
only northward tilt, active until the Pleistocene, is
recorded. We use a semianalytical model of dynamic
topography which suggests that the northward
migration of the Chile Triple Junction should be
accompanied by a dynamic uplift of the central
Patagonian basin. Uplift would cause both north
directed and south directed tilt, north and south of the
triple junction, respectively, with values of�0.1–0.2%
500 km east of the trench. Tilt measured in the
southeastern part of the central Patagonian basin
(�0.1%) is comparable to values predicted using the
semianalytical model. The dynamic topography
associated to the Chile ridge subduction may have
exerted a major control on the Neogene dynamics of
Patagonia. Citation: Guillaume, B., J. Martinod, L. Husson,

M. Roddaz, and R. Riquelme (2009), Neogene uplift of central

eastern Patagonia: Dynamic response to active spreading ridge

subduct ion? , Tec ton ics , 28 , TC2009 , doi :10 .1029/

2008TC002324.

1. Introduction

[2] Geologists often consider that the topography of the
Earth essentially results from isostasy, topographic highs
being balanced by crustal roots and/or hot lithospheric mantle
[Airy, 1855; Pratt, 1859; Froidevaux and Isacks, 1984;
Molnar et al., 1993;Garzione et al., 2006]. Mantle dynamics,
however, also induce forces that deflect the Earth topography.
Global numerical models predict associated vertical displace-
ments of several hundreds of meters [Hager and Clayton,
1989; Ricard et al., 1993; Le Stunff and Ricard, 1997; Čadek
and Fleitout, 2003] and, therefore, that the direct contribution
of mantle dynamics in the topography of the Earth is far from
being negligible. Dynamic topography reaches its maximum
amplitude above subduction zones, where mass anomalies
are large at depth [e.g., Mitrovica et al., 1989; Gurnis, 1993;
Zhong and Gurnis, 1994; Husson, 2006].
[3] In continental domains, the dynamic component of

topography is difficult to discriminate because the altitude is
largely controlled by lithospheric loads and composition,
which are highly variable. Active continental margins are
nevertheless affected by long-wavelength surface deflec-
tions, and changes in the dynamics of subduction should be
accompanied by vertical movements that can be recorded by
the geological imprint [Mitrovica et al., 1989; Mitrovica
et al., 1996;Catuneanu et al., 1997; Pysklywec andMitrovica,
2000; Lock et al., 2006]. For instance,Mitrovica et al. [1989]
showed that the process of subduction beneath western North
America during the Cretaceous resulted in large-scale vertical
deflection and tilting of the continental lithosphere that was
followed by a Tertiary uplift of the area.
[4] In this paper, we study the Neogene evolution of

central Patagonian, which was uplifted following the sub-
duction of the Chile Ridge below the Andes since the
middle Miocene. We focus our study on the mild deformed
central Patagonian basin (Figure 1), which extends in the
W-E direction from the eastern foothills of the Patagonian
Andes to the Atlantic coast and in the N-S direction from
the Sierra San Bernardo to the Deseado massif because this
area is poorly affected by post-middle Miocene tectonics.
Moreover, this region remained ice-free during glaciations.
It shows a pristine morphology preserved from the erasure
of glaciers that will be used to evidence its long-term
Neogene uplift. The central Patagonian basin, which almost
overlays the inland part of the San Jorge Gulf basin

TECTONICS, VOL. 28, TC2009, doi:10.1029/2008TC002324, 2009
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Antofagasta, Chile.

Copyright 2009 by the American Geophysical Union.
0278-7407/09/2008TC002324$12.00

TC2009 1 of 19



[B
ia
n
ch
i,
1
9
8
1
],
is
lo
ca
te
d
at

th
e
la
ti
tu
d
e
o
f
th
e
p
re
se
n
t-
d
ay

C
h
il
e
T
ri
p
le

Ju
n
ct
io
n
(C
T
J)
,
w
h
er
e
th
e
C
h
il
e
ac
ti
v
e
sp
re
ad
-

in
g
ri
d
g
e
su
b
d
u
ct
s
b
en
ea
th

S
o
u
th

A
m
er
ic
a.

[5
]

D
u
ri
n
g
th
e
p
as
t
1
4
M
a,

th
e
C
T
J
m
ig
ra
te
d
n
o
rt
h
w
ar
d
,

fr
o
m

th
e
la
ti
tu
d
e
o
f
5
4
!S

to
it
s
p
re
se
n
t-
d
ay

p
o
si
ti
o
n
at
ab
o
u
t

4
6
!3
0
0 S
,
w
es
t
o
f
th
e
T
ai
ta
o
P
en
in
su
la
,
as

d
if
fe
re
n
t
se
g
m
en
ts

o
f
th
e
C
h
il
e
sp
re
ad
in
g
ri
d
g
e
su
cc
es
si
v
el
y
en
te
re
d
th
e
su
b
-

d
u
ct
io
n
zo
n
e
[C
a
n
d
e
a
n
d
L
es
li
e,

1
9
8
6
].
N
o
rt
h
o
f
th
e
C
T
J,

th
e
co
n
v
er
g
en
ce

ra
te

b
et
w
ee
n
N
az
ca

an
d
S
o
u
th

A
m
er
ic
an

p
la
te
s
is

7
.8

cm
a"

1
,
w
h
er
ea
s
so
u
th

o
f
th
e
C
T
J,

th
e
co
n
-

v
er
g
en
ce

ra
te

b
et
w
ee
n

S
o
u
th

A
m
er
ic
a
an
d

th
e
A
n
ta
rc
ti
c

o
ce
an
ic

p
la
te

d
ec
re
as
es

to
2
cm

a"
1
[D

e
M
et
s
et

a
l.
,
1
9
9
4
],

le
ad
in
g
to

th
e
o
p
en
in
g
o
f
an

as
th
en
o
sp
h
er
ic
w
in
d
o
w
[R
a
m
o
s

a
n
d
K
a
y,
1
9
9
2
;
K
a
y
et
a
l.
,1
9
9
3
;
G
o
rr
in
g
et
a
l.
,1
9
9
7
,
2
0
0
3
;

D
’O

ra
zi
o
et
a
l.
,
2
0
0
0
,
2
0
0
1
,
2
0
0
3
,
2
0
0
5
;
G
o
rr
in
g
a
n
d
K
a
y,

2
00
1;
G
ui
ve
le
ta
l.
,2
00
3,
20
06
;L
ag
a
br
ie
ll
e
et
al
.,
2
00
4,
2
00
7;

E
sp
in
o
za

et
a
l.
,
2
0
0
5
;
B
re
it
sp
re
ch
er

a
n
d
T
h
o
rk
el
so
n
,
2
0
0
8
]

th
at
d
is
tu
rb
s
m
an
tl
e
d
y
n
am

ic
s
b
en
ea
th

th
e
co
n
ti
n
en
t
(F
ig
u
re

1
).
In

o
rd
er
to
in
v
es
ti
g
at
e
th
e
im

p
ac
to
f
th
e
as
so
ci
at
ed

m
an
tl
e

fl
o
w
o
n
th
e
v
er
ti
ca
l
su
rf
ac
e
m
o
ti
o
n
,w

e
sy
n
th
es
iz
e
p
u
b
li
sh
ed

d
at
a
an
d
an
al
y
ze

th
e
ev
o
lu
ti
o
n
o
f
se
d
im

en
ta
ti
o
n
,e
ro
si
o
n
,a
n
d

te
ct
o
n
ic

fe
at
u
re
s
as

w
el
l
as

ev
id
en
ce

o
f
d
ef
o
rm

at
io
n
d
u
ri
n
g

th
e
N
eo
g
en
e.
W
e
p
ro
d
u
ce

a
re
g
io
n
al
-s
ca
le

m
ap

o
f
th
e
p
o
st
-

m
id
d
le

M
io
ce
n
e
sy
st
em

o
f
te
rr
ac
es
,
an
d
m
ea
su
re

th
e
ti
lt
in
g

af
fe
ct
in
g
ea
ch

o
f
th
e
te
rr
ac
es

to
ch
ar
ac
te
ri
ze

th
e
u
p
li
ft
o
f
th
e

ce
n
tr
al

P
at
ag
o
n
ia
n
b
as
in
.
T
h
en
,
w
e
co
m
p
ar
e
it
s
ev
o
lu
ti
o
n

w
it
h
a
se
m
ia
n
al
y
ti
ca
l
m
o
d
el

o
f
d
y
n
am

ic
to
p
o
g
ra
p
h
y
si
m
u
-

la
ti
n
g
th
e
g
eo
d
y
n
am

ic
co
n
te
x
t
o
f
P
at
ag
o
n
ia
.

2
.
G
eo
lo
g
ic
a
l
S
et
ti
n
g
o
f
C
en
tr
a
l
P
a
ta
g
o
n
ia

2
.1
.

L
a
te

O
li
g
o
ce
n
e
to

E
a
rl
y
M
id
d
le

M
io
ce
n
e:

M
a
ri
n
e

T
ra
n
sg
re
ss
io
n
a
n
d
S
y
n
o
ro
g
en
ic

C
o
n
ti
n
en
ta
l
M
o
la
ss
e

[6
]

F
ro
m

la
te

O
li
g
o
ce
n
e
to

ea
rl
y
M
io
ce
n
e,

a
w
id
es
p
re
ad

tr
an
sg
re
ss
io
n
o
cc
u
rr
ed

in
th
e
P
at
ag
o
n
ia
n
b
as
in
.
T
h
is

tr
an
s-

g
re
ss
io
n
is

m
ar
k
ed

b
y
th
e
d
ep
o
si
ti
o
n
o
f
n
ea
rs
h
o
re

m
ar
in
e

C
en
ti
n
el
a
F
o
rm

at
io
n
an
d
la
te
ra
l
eq
u
iv
al
en
ts
(F
ig
u
re

2
).
T
h
e

‘‘
P
at
ag
o
n
ia
n
tr
an
sg
re
ss
io
n
’’
co
v
er
ed

m
o
st
o
f
so
u
th
er
n
P
at
a-

g
o
n
ia

[M
a
lu
m
iá
n
,
1
9
9
9
].

T
h
e
ep
ic
o
n
ti
n
en
ta
l
se
aw

ay
w
as

la
rg
el
y
o
p
en

to
th
e
so
u
th
,
so
u
th

o
f
th
e
D
es
ea
d
o
m
as
si
f,
an
d

to
th
e
ea
st
,
n
o
rt
h
o
f
th
e
D
es
ea
d
o
m
as
si
f
[M

a
lu
m
iá
n
,
1
9
9
9
].

C
lo
se

to
th
e
p
re
se
n
t-
d
ay

A
tl
an
ti
c
co
as
t,
th
e
co
rr
es
p
o
n
d
in
g

m
ar
in
e
se
ri
es

ar
e
th
e
C
h
en
q
u
e
(S
an

Jo
rg
e
G
u
lf
)
an
d
M
o
n
te

L
eó
n
fo
rm

at
io
n
s.

In
C
h
il
e,

m
ar
in
e
se
ri
es

co
rr
es
p
o
n
d
in
g
to

th
e
C
en
ti
n
el
a
F
o
rm

at
io
n
ar
e
as
si
g
n
ed

to
th
e
G
u
ad
al

F
o
rm

a-
ti
o
n
[S
u
á
re
z
et
a
l.
,
2
0
0
0
;
D
e
la

C
ru
z
a
n
d
S
u
á
re
z,
2
0
0
6
].
T
h
e

m
ar
in
e
tr
an
sg
re
ss
io
n
ex
te
n
d
ed

to
th
e
w
es
t
ab
o
v
e
p
ar
t
o
f
th
e

p
re
se
n
t-
d
ay

C
o
rd
il
le
ra
,a
n
d
O
li
g
o
-M

io
ce
n
e
m
ar
in
e
se
d
im

en
ts

ar
e
p
re
se
rv
ed

in
th
e
C
o
sm

el
li
sy
n
cl
in
e
[F
li
n
t
et
a
l.
,1
9
9
4
;
D
e

la
C
ru
z
a
n
d
S
u
á
re
z,

2
0
0
6
],

so
u
th

o
f
th
e
B
u
en
o
s
A
ir
es
–

G
en
er
al
C
ar
re
ra

L
ak
e.
A
lt
h
o
u
g
h
th
is
lo
ca
li
ty

is
o
n
ly

1
0
0
k
m

ea
st
o
f
th
e
M
io
ce
n
e
o
u
tc
ro
p
s
o
f
th
e
P
en
as

G
u
lf
ar
ea

o
n
th
e

P
ac
if
ic
co
as
t(
F
ig
u
re
1
),
th
e
d
if
fe
re
n
tm

ac
ro
in
v
er
te
b
ra
te
fa
u
n
a

su
g
g
es
t
th
at
th
e
m
ar
in
e
tr
an
sg
re
ss
io
n
th
at
in
v
ad
ed

P
at
ag
o
n
ia

fr
o
m

th
e
A
tl
an
ti
c
to

th
e
G
u
ad
al
ar
ea

w
as

se
p
ar
at
ed

fr
o
m

th
e

P
ac
if
ic

O
ce
an

b
y
th
e
co
n
ti
n
u
o
u
s
g
eo
g
ra
p
h
ic

b
ar
ri
er

o
f
th
e

A
n
d
ea
n
C
o
rd
il
le
ra
[F
ra
ss
in
et
ti
a
n
d
C
o
va
ce
vi
ch
,1
9
9
9
;F

ly
n
n

et
a
l.
,
2
0
0
2
].

M
ar
in
e
se
ri
es

fo
rm

an
O
li
g
o
ce
n
e
to

ea
rl
y

M
io
ce
n
e
ea
st
w
ar
d
p
ro
g
ra
d
in
g
se
q
u
en
ce

o
f
co
ar
se

co
n
g
lo
m
-

er
at
es
,
sa
n
d
st
o
n
es
,
an
d
sh
al
es

co
n
ta
in
in
g
sh
el
ls

an
d
m
ic
ro
-

fo
ss
il
s
[R
a
m
o
s,
1
9
8
9
;
B
a
rr
ed
a
a
n
d
C
a
cc
a
va
ri
,1
9
9
2
;
B
el
lo
si

a
n
d

B
a
rr
ed
a
,
1
9
9
3
;
F
ra
ss
in
et
ti

a
n
d

C
o
va
ce
vi
ch
,
1
9
9
9
;

M
a
lu
m
iá
n
,
1
9
9
9
].

T
h
e
th
ic
k
n
es
s
o
f
th
e
d
ep
o
si
ts

re
ac
h
es

5
0
0
m

o
n
th
e
A
tl
an
ti
c
co
as
t
[B
el
lo
si
a
n
d
B
a
rr
ed
a
,
1
9
9
3
].
It

g
en
er
al
ly

v
ar
ie
s
b
et
w
ee
n
2
2
5
an
d
3
7
5
m

in
th
e
C
o
rd
il
le
ra

fo
o
th
il
ls

[R
a
m
o
s,

1
9
8
9
],

an
d

in
th
e
C
o
sm

el
li

sy
n
cl
in
e,

m
ea
su
re
d
th
ic
k
n
es
se
s
ra
n
g
e
b
et
w
ee
n
11
0
m

[D
e
la

C
ru
z

a
n
d
S
u
á
re
z,
2
0
0
6
]
an
d
6
5
0
m

[F
ly
n
n
et
a
l.
,
2
0
0
2
].

[7
]

S
o
u
th

o
f
th
e
C
T
J,

m
ar
in
e
se
ri
es

ar
e
fo
ll
o
w
ed

b
y

fl
u
v
ia
l
d
ep
o
si
ts
o
f
th
e
S
an
ta

C
ru
z
F
o
rm

at
io
n
an
d
it
s
la
te
ra
l

eq
u
iv
al
en
t(
R
ı́o
Z
eb
al
lo
s
G
ro
u
p
)
[R
a
m
o
s,
1
9
8
9
;S
u
á
re
z
et
a
l.
,

2
0
0
0
;
D
e
la

C
ru
z
a
n
d

S
u
á
re
z,

2
0
0
6
]
(F
ig
u
re

2
).

T
h
is

sy
n
o
ro
g
en
ic

fo
rm

at
io
n
co
n
si
st
s
o
f
sa
n
d
st
o
n
es

an
d

si
lt
s,

in
te
rb
ed
d
ed

w
it
h
co
n
g
lo
m
er
at
e
le
n
se
s
th
at

d
ep
o
si
te
d
in

a
h
ig
h
-e
n
er
g
y
fl
u
v
ia
l
en
v
ir
o
n
m
en
t
[R
a
m
o
s,
1
9
8
9
;
D
e
la

C
ru
z

a
n
d
S
u
á
re
z,

2
0
0
6
].

T
h
e
S
an
ta

C
ru
z
F
o
rm

at
io
n
th
ic
k
n
es
s

lo
ca
ll
y
re
ac
h
es
u
p
to
1
5
0
0
m
,s
o
u
th
o
f
B
u
en
o
s
A
ir
es
–
G
en
er
al

C
ar
re
ra

L
ak
e
[R
a
m
o
s,

1
9
8
9
]
an
d
ex
h
ib
it
s
m
in
im

u
m

th
ic
k
-

n
es
se
s
o
f
9
0
0
–
1
0
0
0
m
in
th
e
C
o
sm

el
li
b
as
in
[D

e
la
C
ru
z
a
n
d

S
u
á
re
z,
2
0
0
6
].
T
h
es
e
d
ep
o
si
ts
h
av
e
b
ee
n
d
at
ed

u
si
n
g
in
te
r-

ca
la
te
d
tu
ff
s
le
v
el
s
b
et
w
ee
n
2
2
an
d
1
4
M
a
[B
li
sn
iu
k
et

a
l.
,

2
0
0
5
].
N
o
rt
h
o
f
th
e
C
T
J,
th
e
R
ı́o

F
ri
as

F
o
rm

at
io
n
an
d
la
te
ra
l

F
ig
u
re

1
.

G
eo
d
y
n
am

ic
se
tt
in
g
o
f
so
u
th
er
n
S
o
u
th

A
m
er
ic
a

d
is
p
la
y
in
g
th
e
d
if
fe
re
n
t
ac
ti
v
e
se
g
m
en
ts
an
d
tr
an
sf
o
rm

fa
u
lt

zo
n
es

(F
Z
)
o
f
th
e
C
h
il
e
R
id
g
e
(m

o
d
if
ie
d
fr
o
m

C
a
n
d
e
a
n
d

L
es
li
e
[1
9
8
6
])
.
T
im

in
g
o
f
ri
d
g
e
su
b
d
u
ct
io
n
is

in
d
ic
at
ed

b
y

b
o
ld

b
la
ck

n
u
m
b
er
s
[f
ro
m

G
o
rr
in
g
et
a
l.
,
1
9
9
7
]
an
d
re
la
ti
v
e

p
re
se
n
t-
d
ay

co
n
v
er
g
en
ce

v
el
o
ci
ti
es

[f
ro
m

D
e
M
et
s
et

a
l.
,

1
9
9
4
].
T
h
e
C
h
il
e
T
ri
p
le

Ju
n
ct
io
n
(C
T
J)

is
cu
rr
en
tl
y
lo
ca
te
d

w
es
t
o
f
th
e
T
ai
ta
o
P
en
in
su
la
.
N
eo
g
en
e
p
la
te
au

b
as
al
ts
,
in
-

cl
u
d
in
g
th
e
M
es
et
a
d
el

L
ag
o
B
u
en
o
s
A
ir
es

(M
L
B
A
),

ar
e

d
is
p
la
y
ed

in
b
la
ck

[f
ro
m
P
a
n
za

et
a
l.
,2
0
0
3
]
an
d
sl
ab

w
in
d
o
w

cu
rr
en
t
p
ro
je
ct
io
n
at
th
e
su
rf
ac
e
in

g
ra
y
[f
ro
m

B
re
it
sp
re
ch
er

a
n
d
T
h
o
rk
el
so
n
,
2
0
0
8
].
T
h
e
ce
n
tr
al
P
at
ag
o
n
ia
n
b
as
in

(C
P
B
)

an
d
th
e
C
o
sm

el
li
b
as
in

(C
o
),
so
u
th

o
f
th
e
B
u
en
o
s
A
ir
es
–

G
en
er
al

C
ar
re
ra

L
ak
e
(B
A
G
C
),
ar
e
d
is
p
la
y
ed

in
w
h
it
e.
T
h
e

lo
ca
ti
o
n
o
f
F
ig
u
re

3
is
in
d
ic
at
ed

b
y
th
e
b
la
ck

b
o
x
.

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

2
o
f
1
9

T
C
2
0
0
9

eq
u
iv
al
en
ts

(R
ı́o

M
ay
o
an
d
P
ed
re
g
o
so

fo
rm

at
io
n
s)

al
so

co
rr
es
p
o
n
d
to

fl
u
v
ia
l
se
ri
es

th
at

w
er
e
d
ep
o
si
te
d
d
u
ri
n
g
th
e

m
id
d
le

M
io
ce
n
e
[M

a
rs
h
a
ll
a
n
d
S
a
li
n
a
s,

1
9
9
0
].
T
h
e
m
ax
i-

m
u
m

o
u
tc
ro
p
p
in
g
th
ic
k
n
es
s
o
f
th
e
R
ı́o

F
ri
as

fo
rm

at
io
n
is

ab
o
u
t2
5
0
m
.C

o
n
tr
ac
ti
o
n
al
te
ct
o
n
ic
s
d
u
ri
n
g
d
ep
o
si
ti
o
n
o
f
th
e

co
n
ti
n
en
ta
l
se
ri
es

ar
e
ev
id
en
ce
d
b
y
sy
n
se
d
im

en
ta
ry

st
ru
c-

tu
re
s.
G
ro
w
th

fo
ld
s
an
d
in
tr
af
o
rm

at
io
n
al

th
ru
st
s
h
av
e
b
ee
n

re
p
o
rt
ed

in
C
h
il
e
in

th
e
C
o
sm

el
li
sy
n
cl
in
e
an
d
so
u
th

o
f
th
e

re
g
io
n
o
f
R
ı́o
L
as

H
o
rq
u
et
as

an
d
M
es
et
a
d
el
G
u
en
g
u
el
[F
li
n
t

et
a
l.
,1
9
9
4
;S
u
á
re
z
a
n
d
D
e
la
C
ru
z,
2
0
0
0
;
L
a
g
a
b
ri
el
le
et
a
l.
,

2
0
0
4
].

[8
]

T
h
e
P
at
ag
o
n
ia
n
tr
an
sg
re
ss
io
n
an
d
th
e
d
ep
o
si
ti
o
n
o
f

th
e
o
v
er
ly
in
g
co
n
ti
n
en
ta
l
se
ri
es

ar
e
th
e
re
su
lt
o
f
a
m
aj
o
r

ch
an
g
e
in
th
e
A
n
d
ea
n
g
eo
d
y
n
am

ic
co
n
te
x
t.
A
ta
ro
u
n
d
2
6
M
a,

th
e
F
ar
al
lo
n
p
la
te
b
ro
k
e
u
p
[L
o
n
sd
a
le
,
2
0
0
5
].
T
h
is
p
er
io
d
is

al
so

m
ar
k
ed

b
y
a
ch
an
g
e
to

a
m
o
re

tr
en
ch
-p
er
pe
n
d
ic
u
la
r
an
d

fa
st
er
co
n
v
er
g
en
ce

b
et
w
ee
n
th
e
o
ce
an
ic
an
d
S
o
u
th
A
m
er
ic
an

p
la
te
s
[P
a
rd
o
-C

a
sa
s
a
n
d
M
o
ln
a
r,

1
9
8
7
;
S
o
m
o
za
,
1
9
9
8
;

L
o
n
sd
a
le
,2
0
0
5
].
F
is
si
o
n
tr
ac
k
an
al
y
se
s
ev
id
en
ce

an
ac
ce
le
r-

at
io
n
o
ft
h
e
d
en
u
d
at
io
n
at
th
e
w
es
te
rn
m
ar
g
in
o
ft
h
e
C
o
rd
il
le
ra

d
u
ri
n
g
th
e
la
te
O
li
g
o
ce
n
e
[T
h
o
m
so
n
et
a
l.
,2
0
0
1
],
co
ev
al
w
it
h

th
e
d
ep
o
si
ti
o
n
o
f
th
e
O
li
g
o
-M

io
ce
n
e
se
ri
es
.T

h
en
,O

li
g
o
ce
n
e

an
d
M
io
ce
n
e
se
ri
es

w
er
e
d
ep
o
si
te
d
d
u
ri
n
g
a
m
aj
o
r
co
n
tr
ac
-

ti
o
n
al

p
er
io
d
o
f
th
e
A
n
d
es

at
th
e
la
ti
tu
d
e
o
f
th
e
ce
n
tr
al

P
at
ag
o
n
ia
n
b
as
in

[R
a
m
o
s,

1
9
8
9
;
L
a
g
a
b
ri
el
le

et
a
l.
,
2
0
0
4
].

B
et
w
ee
n
4
7
!3
0
0 S

an
d
4
9
!S
,
th
is

sh
o
rt
en
in
g
re
su
lt
ed

in
th
e

fo
rm

at
io
n
o
f
a
co
m
p
le
x
fo
ld
-a
n
d
-t
h
ru
st

b
el
t
in

w
h
ic
h
th
e

T
er
ti
ar
y
m
o
la
ss
e
se
q
u
en
ce

(m
ar
in
e
an
d
co
n
ti
n
en
ta
l)

is
in
-

v
o
lv
ed

[R
a
m
o
s,

1
9
8
9
].
S
h
o
rt
en
in
g
v
ar
ie
s
b
et
w
ee
n
4
5
an
d

2
2
k
m

fr
o
m

th
e
n
o
rt
h
(4
7
!4
0
0 S
)
to

th
e
so
u
th

(4
9
!S
)
o
f
th
e

fo
ld
-a
n
d
-t
h
ru
st
b
el
t
[R
a
m
o
s,
1
9
8
9
]
an
d
is
at
le
as
t
o
f
3
5
k
m

d
u
ri
n
g
th
e
la
te

M
io
ce
n
e
in

th
e
fo
ld

b
el
t
at

5
0
!S

[K
ra
em

er
,

1
9
9
8
].
T
h
e
se
g
m
en
t
o
f
th
e
P
at
ag
o
n
ia
n
A
n
d
es

lo
ca
te
d
n
o
rt
h

o
f
th
e
p
re
se
n
t-
d
ay

tr
ip
le
ju
n
ct
io
n
is
ch
ar
ac
te
ri
ze
d
b
y
a
w
ea
k
er

O
li
g
o
-M

io
ce
n
e
sh
o
rt
en
in
g
,
re
su
lt
in
g
in

re
st
ri
ct
ed

ar
ea
s
o
f

fo
re
la
n
d
se
d
im

en
ta
ti
o
n
th
at
o
n
ly
ac
cu
m
u
la
te
d
ab
o
u
t1
0
0
m
o
f

sy
n
o
ro
g
en
ic
d
ep
o
si
ts
[R
a
m
o
s
a
n
d
K
a
y,
1
9
9
2
].

2
.2
.
L
a
te

M
io
ce
n
e
to

H
o
lo
ce
n
e:

B
a
ck
-A

rc
P
la
te
a
u

B
a
sa
lt
s
a
n
d
W

id
es
p
re
a
d
D
et
ri
ta
l
C
o
v
er

[9
]

T
h
e
P
at
ag
o
n
ia
n
b
ac
k
-a
rc

re
g
io
n
h
as

b
ee
n
th
e
lo
cu
s
o
f

w
id
es
p
re
ad

v
o
lc
an
ic

ac
ti
v
it
y

d
u
ri
n
g

th
e
en
ti
re

C
en
o
zo
ic
.

S
o
u
th

o
f
4
6
!S
,a

m
ag
m
at
ic
p
u
ls
e
st
ar
te
d
!
1
3
M
a
ag
o
d
u
ri
n
g

m
id
d
le

M
io
ce
n
e
[R
a
m
o
s
a
n
d
K
a
y,

1
9
9
2
;
G
o
rr
in
g
et

a
l.
,

1
9
9
7
;
G
u
iv
el

et
a
l.
,
2
0
0
6
].
T
h
e
la
te

M
io
ce
n
e
to

P
le
is
to
ce
n
e

m
ag
m
at
is
m

m
ai
n
ly

co
n
si
st
s
o
f
m
as
si
v
e
th
o
le
ii
ti
c
p
la
te
au

la
v
as

co
v
er
ed

b
y
le
ss

v
o
lu
m
in
o
u
s
al
k
al
ic

p
o
st
p
la
te
au

la
v
as

[G
o
rr
in
g
et

a
l.
,
1
9
9
7
].
T
h
e
em

p
la
ce
m
en
t
o
f
m
ai
n
p
la
te
au

la
v
as

h
as

b
ee
n
d
at
ed

b
et
w
ee
n
1
2
.4
an
d
3
.3
M
a
at
th
e
M
es
et
a

d
el

L
ag
o
B
u
en
o
s
A
ir
es

an
d
b
et
w
ee
n
8
.2

an
d
4
.4

M
a
at

th
e

M
es
et
a
C
h
il
e
C
h
ic
o
[G

u
iv
el
et
a
l.
,
2
0
0
6
].
S
o
u
th

o
f
4
6
!3
0
0 S
,

th
e
m
ai
n
p
la
te
au

la
v
as

ra
n
g
e
b
et
w
ee
n
1
2
an
d
7
M
a
in

th
e

w
es
te
rn

p
ar
t
o
f
th
e
b
ac
k
-a
rc

re
g
io
n
an
d
b
et
w
ee
n
5
to

2
M
a

in
th
e
ea
st
er
n
p
ar
t
o
f
th
e
D
es
ea
d
o
m
as
si
f
[G

o
rr
in
g
et

a
l.
,

1
9
9
7
].
T
h
e
P
li
o
-P
le
is
to
ce
n
e
p
o
st
p
la
te
au

b
as
al
ts

h
av
e
ag
es

fr
o
m

3
.4

to
0
.1
2
5
M
a
[G

o
rr
in
g
et

a
l.
,
2
0
0
3
]
at

th
e
M
es
et
a

d
el

L
ag
o
B
u
en
o
s
A
ir
es
.
T
h
er
ef
o
re
,
m
o
st
o
f
th
e
p
la
te
au

an
d

p
o
st
p
la
te
au

b
as
al
ts

p
o
st
d
at
e
th
e
d
ep
o
si
ti
o
n
o
f
th
e
ea
rl
y
to

m
id
d
le

M
io
ce
n
e
co
n
ti
n
en
ta
l
m
o
la
ss
es
,
an
d
th
ei
r
em

p
la
ce
-

m
en
t
h
el
p
s
in

d
at
in
g
th
e
su
b
se
q
u
en
t
ev
o
lu
ti
o
n
o
f
th
e
re
g
io
n
.

In
th
e
re
g
io
n
o
f
B
u
en
o
s
A
ir
es
–
G
en
er
al

C
ar
re
ra

L
ak
e,

p
la
-

te
au

b
as
al
ts

ar
e
em

p
la
ce
d
o
n
a
p
la
n
ar

su
rf
ac
e
g
en
tl
y
ti
lt
ed

to
w
ar
d
th
e
ea
st
,
an
d
se
al

th
e
ea
st
er
n
th
ru
st
fr
o
n
t
o
f
th
e
P
a-

ta
g
o
n
ia
n
A
n
d
es

[R
a
m
o
s,
1
9
8
9
;L
a
g
a
b
ri
el
le
et
a
l.
,2
0
0
4
].
T
h
is

im
p
li
es

th
at

th
e
co
m
p
re
ss
iv
e
te
ct
o
n
ic

ac
ti
v
it
y
in

th
is

p
ar
t

o
f
th
e
o
ro
g
en

es
se
n
ti
al
ly
ce
as
ed

b
ef
o
re
1
3
M
a
[L
a
g
a
b
ri
el
le
et

F
ig
u
re

2
.

C
h
ro
n
o
lo
g
ic
al

ta
b
le

d
is
p
la
y
in
g
th
e
st
ra
ti
g
ra
p
h
y
o
f
(1
)
th
e
so
u
th
w
es
te
rn
,
n
o
rt
h
w
es
te
rn

an
d

ea
st
er
n
se
ct
o
rs
o
f
th
e
S
an
ta
C
ru
z
p
ro
v
in
ce

[P
a
rr
a
s
et
a
l.
,2
0
0
8
],
(2
)
th
e
S
an

Jo
rg
e
G
u
lf
[M

a
lu
m
iá
n
,1
9
9
9
],

(3
)
th
e
so
u
th

o
f
th
e
B
u
en
o
s
A
ir
es
–
G
en
er
al

C
ar
re
ra

(B
A
G
C
)
L
ak
e
[D

e
la

C
ru
z
a
n
d
S
u
á
re
z,
2
0
0
6
],
an
d

(4
)
th
e
M
es
et
a
d
el

L
ag
o
B
u
en
o
s
A
ir
es

[L
a
g
a
b
ri
el
le

et
a
l.
,
2
0
0
7
].
C
o
n
ti
n
en
ta
l
fo
rm

at
io
n
s
ar
e
g
ra
y,

an
d

m
ar
in
e
fo
rm

at
io
n
s
ar
e
w
h
it
e.
T
h
e
m
ai
n
m
ag
m
at
ic
an
d
te
ct
o
n
ic
ev
en
ts
al
o
n
g
w
it
h
th
e
g
lo
b
al
eu
st
at
ic
cu
rv
e

[H
a
q
et

a
l.
,
1
9
8
7
]
ar
e
al
so

in
d
ic
at
ed
.

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

3
o
f
1
9

T
C
2
0
0
9



a
l.
,
2
0
0
7
].
T
h
e
sa
m
e
o
b
se
rv
at
io
n
h
as

b
ee
n
d
o
n
e
b
y
C
o
u
ta
n
d

et
a
l.
[1
9
9
9
]
at

th
e
la
ti
tu
d
e
o
f
V
ie
d
m
a
la
k
e
(4
9
!S
),
w
h
er
e

g
en
tl
y
ti
lt
ed

ea
rl
y
P
li
o
ce
n
e
b
as
al
ts

[M
er
ce
r
et

a
l.
,
1
97
5]

u
nc
on
fo
rm

ab
ly

ov
er
li
e
de
fo
rm

ed
P
al
eo
ge
ne

se
d
im

en
ts
.

[1
0
]

In
n
o
rt
h
er
n
P
at
ag
o
n
ia
,i
n
co
n
tr
as
t,
tr
an
sp
re
ss
io
n
is
st
il
l

ac
ti
v
e.
O
b
li
q
u
e
th
ru
st
in
g
p
re
d
o
m
in
at
es

o
u
ts
id
e
th
e
m
ag
m
at
ic

ar
c,
an
d
d
ex
tr
al
st
ri
k
e-
sl
ip
sh
ea
r
zo
n
es

d
ev
el
o
p
w
it
h
in
it
[e
.g
.,

L
a
ve
n
u
a
n
d
C
em

b
ra
n
o
,
1
9
9
9
;
C
em

b
ra
n
o
et

a
l.
,
2
0
0
2
].
T
h
e

tr
an
sp
re
ss
io
n
al

d
ex
tr
al

L
iq
u
iñ
e-
O
fq
u
i
fa
u
lt
,
w
h
o
se

p
re
se
n
t-

d
ay

ac
ti
v
it
y
is
d
em

o
n
st
ra
te
d
b
y
se
is
m
ic
re
co
rd
s
[L
a
n
g
e
et
a
l.
,

2
0
0
8
],
is

a
m
o
re

th
an

9
0
0
-k
m
-l
o
n
g
st
ru
ct
u
re

th
at

in
it
ia
te
s

cl
o
se

to
th
e
cu
rr
en
t
C
h
il
e
T
ri
p
le
Ju
n
ct
io
n
.

[1
1]

In
ce
n
tr
al

P
at
ag
o
n
ia
,
fo
ll
o
w
in
g
th
e
d
ep
o
si
ti
o
n
o
f
th
e

S
an
ta

C
ru
z
F
o
rm

at
io
n
,
th
e
d
ep
o
si
ti
o
n
al

en
v
ir
o
n
m
en
t
d
ra
s-

ti
ca
ll
y
ch
an
g
es
.
T
h
e
S
an
ta

C
ru
z
F
o
rm

at
io
n
is

o
v
er
la
in

b
y

la
te

C
en
o
zo
ic

co
n
ti
n
en
ta
l
d
ep
o
si
ts
,
as

th
e
so
-c
al
le
d
‘‘
R
o
d
a-

d
o
s
P
at
ag
o
n
ic
o
s,
’’
w
h
ic
h
h
av
e
fo
rm

er
ly

b
ee
n
ac
cu
ra
te
ly

d
e-

sc
ri
b
ed

b
y
F
er
u
g
li
o
[1
9
5
0
].

T
h
es
e
se
ri
es

co
rr
es
p
o
n
d
to

p
o
o
rl
y
co
n
so
li
d
at
ed

co
n
g
lo
m
er
at
es

th
at
ar
e
w
id
es
p
re
ad

fr
o
m

th
e
A
n
d
ea
n
fo
o
th
il
ls
to
th
e
A
tl
an
ti
c
co
as
ta
n
d
w
h
ic
h
th
ic
k
n
es
s

o
ft
en

d
o
es

n
o
t
ex
ce
ed

1
0
m
.
T
h
e
p
eb
b
le
s
g
en
er
al
ly

h
av
e
a

ro
u
g
h
ly

co
n
st
an
t
si
ze

fr
o
m

th
e
A
n
d
es

to
th
e
A
tl
an
ti
c
O
ce
an
.

T
h
ey

fo
rm

a
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er

in
w
h
ic
h
th
e
ac
ti
v
it
y
o
f

fl
u
v
ia
l
sy
st
em

s
el
ab
o
ra
te
d
a
su
cc
es
si
o
n
o
f
fl
u
v
ia
l
te
rr
ac
es

(R
ı́o

S
en
g
u
er
r,
R
ı́o

D
es
ea
d
o
,
C
añ
ad
o
n
S
al
ad
o
,
C
añ
ad
o
n
d
el

C
ar
ri
l,
R
ı́o

M
ay
o
)
(s
ee

P
a
n
za

[2
0
0
2
]
fo
r
a
re
v
ie
w
).

3
.
P
o
st
-M

id
d
le

M
io
ce
n
e
L
a
n
d
sc
a
p
e
E
v
o
lu
ti
o
n

[1
2
]

W
e
m
ap
p
ed

th
e
co
n
g
lo
m
er
at
ic

su
rf
ac
es
,
(p
ie
d
m
o
n
t

m
an
tl
e
co
v
er

an
d
fl
u
v
ia
l
te
rr
ac
es
),
o
n
th
e
b
as
is

o
f
th
e
sy
n
-

th
es
is

o
f
P
a
n
za

[2
0
0
2
],
co
m
p
le
m
en
te
d
b
y
1
:2
5
0
,0
0
0
sc
al
e

ge
ol
og
ic
al
m
ap
s
of

th
e
S
er
vi
ci
o
G
eo
ló
gi
co

M
in
er
o
A
rg
en
ti
no

[D
al

M
ol
in

et
al
.,
19
98
;
G
ia
co
sa
,
19
98
;
Sc
iu
tt
o
et

al
.,
20
00
;

C
ob
os

an
d
P
an
za
,2
00
1;
Se
rv
ic
io
G
eo
ló
gi
co

M
in
er
o
A
rg
en
ti
no
,

2
0
0
1
;
A
rd
o
li
n
o
et
a
l.
,
2
0
0
3
;
E
sc
o
st
eg
u
y
et
a
l.
,
2
0
0
3
;
S
ci
u
tt
o

et
a
l.
,
2
0
0
4
;
P
a
n
za

a
n
d
G
en
in
i,
2
0
0
5
]
an
d
o
b
se
rv
at
io
n
o
f

L
an
d
sa
t
im

ag
es

an
d
S
R
T
M

d
ig
it
al
el
ev
at
io
n
m
o
d
el
,a
n
al
y
se
s

b
ei
n
g
co
n
fi
rm

ed
b
y
fi
el
d
o
b
se
rv
at
io
ns

(F
ig
u
re
3
).
W
e
w
il
lu
se

th
e
d
if
fe
re
n
t
su
rf
ac
es

as
g
eo
lo
g
ic

m
ar
k
er
s
to

in
fe
r
th
e
g
eo
-

m
o
rp
h
o
lo
g
ic
an
d
te
ct
o
n
ic
ev
o
lu
ti
o
n
si
n
ce

m
id
d
le
M
io
ce
n
e.

3
.1
.
D
es
cr
ip
ti
o
n
o
f
P
ie
d
m
o
n
t
M
a
n
tl
e
C
o
v
er

a
n
d
F
lu
v
ia
l

T
er
ra
ce

S
y
st
em

s

[1
3
]

W
e
d
is
ti
n
g
u
is
h

th
re
e
se
ct
o
rs

in
w
h
ic
h

p
ie
d
m
o
n
t

m
an
tl
e
co
v
er

d
ep
o
si
ts

h
av
e
b
ee
n
p
re
se
rv
ed

(R
ı́o

G
u
en
g
u
el

an
d
A
rr
o
y
o
V
er
d
e
ar
ea
s
to

th
e
w
es
t,
an
d
P
am

p
a
d
el
C
as
ti
ll
o

ar
ea

to
th
e
ea
st
),
ex
te
n
d
in
g
fr
o
m

th
e
A
n
d
es

fo
o
th
il
ls
to

th
e

A
tl
an
ti
c
co
as
t
(F
ig
u
re

3
).
P
ie
d
m
o
n
t
m
an
tl
e
co
v
er
g
en
tl
y
d
ip
s

ea
st
w
ar
d
an
d
re
su
lt
s
fr
o
m

th
e
co
al
es
ce
n
ce

o
f
al
lu
v
ia
l
co
n
es

[P
a
n
za
,
2
0
0
2
],
th
at

g
en
er
al
ly

li
e
m
o
re

o
r
le
ss

co
n
fo
rm

ab
ly

o
n
th
e
S
an
ta

C
ru
z
co
n
ti
n
en
ta
l
fo
rm

at
io
n
(e
ar
ly

to
m
id
d
le

M
io
ce
n
e)

in
th
e
w
es
te
rn

re
g
io
n
,
an
d
o
n
th
e
m
ar
in
e
P
at
ag
o
-

n
ia

an
d
C
h
en
q
u
e
fo
rm

at
io
n
s
(l
at
e
O
li
g
o
ce
n
e
to

ea
rl
y
M
io
-

ce
n
e)

cl
o
se

to
th
e
A
tl
an
ti
c
O
ce
an
.
T
h
e
h
ig
h
er

su
rf
ac
e
is

!
8
5
0
m

ab
o
v
e
se
a
le
v
el
(a
sl
)
in

th
e
R
ı́o

G
u
en
g
u
el
ar
ea

an
d

is
st
il
l
re
m
ar
k
ab
ly

h
ig
h
cl
o
se

to
th
e
A
tl
an
ti
c
co
as
t
(!

7
5
0
m

as
l
in

P
am

p
a
d
el

C
as
ti
ll
o
,
o
n
ly

2
5
k
m

N
W

o
f
th
e
co
as
t)
.

S
ev
en

y
o
u
n
g
er

le
v
el
s
o
f
p
ie
d
m
o
n
t
su
rf
ac
es

(T
2
G
u
to

T
8
G
u
,

se
e
F
ig
u
re

3
)
ar
e
p
re
se
rv
ed

in
th
e
R
ı́o

G
u
en
g
u
el

ar
ea
.
T
h
e

d
if
fe
re
n
ce

in
el
ev
at
io
n
b
et
w
ee
n
th
e
fi
rs
t
an
d
la
st

le
v
el

is
ro
u
g
h
ly

2
0
0
m
.

[1
4
]

F
lu
v
ia
l
te
rr
ac
e
le
v
el
s
co
rr
es
p
o
n
d
to

m
o
re

re
ce
n
t
sy
s-

te
m
s
o
f
te
rr
ac
es

re
su
lt
in
g
fr
o
m

th
e
ac
ti
v
it
y
o
f
ri
v
er
s
fl
o
w
in
g

fr
o
m

th
e
A
n
d
es

in
to

th
e
A
tl
an
ti
c
O
ce
an
.
W
e
d
is
ti
n
g
u
is
h

th
re
e
m
ai
n
g
ro
u
p
s
o
f
te
rr
ac
es

co
rr
es
p
o
n
d
in
g
to

d
if
fe
re
n
t

fl
u
v
ia
l
sy
st
em

s:
(1
)
th
e
C
añ
ad
o
n
S
al
ad
o
-C
añ
ad
o
n
d
el
C
ar
ri
l,

(2
)
th
e
R
ı́o

S
en
g
u
er
r,
an
d
(3
)
th
e
R
ı́o

D
es
ea
d
o
.T

h
es
e
fl
u
v
ia
l

te
rr
ac
es

re
su
lt
fr
o
m
th
e
ac
ti
o
n
o
f
ri
v
er
s
w
h
o
se

fl
o
w
h
as

b
ee
n

in
co
m
p
ar
ab
ly

la
rg
er

th
an

th
at

o
f
th
e
p
re
se
n
t-
d
ay

ri
v
er
s

g
o
in
g
to

th
e
A
tl
an
ti
c
O
ce
an
.
T
h
e
se
m
ia
ri
d
cl
im

at
e
o
f
th
e

co
n
ti
n
en
t,

ea
st

o
f
th
e
C
o
rd
il
le
ra
,
an
d
th
e
fa
ct

th
at

th
e

p
re
se
n
t-
d
ay

d
ra
in
ag
e
d
iv
id
e
b
et
w
ee
n
ri
v
er
s
fl
o
w
in
g
to
w
ar
d

th
e
A
tl
an
ti
c
O
ce
an

v
er
su
s
ri
v
er
s
fl
o
w
in
g
to
w
ar
d
th
e
P
ac
if
ic

O
ce
an

is
es
se
n
ti
al
ly

lo
ca
te
d
o
n
th
e
ea
st
er
n
an
d
d
ri
er

si
d
e
o
f

th
e
m
o
u
n
ta
in
b
el
te
x
p
la
in
s
th
e
m
o
d
es
tf
lo
w
o
f
th
es
e
ri
v
er
s
at

p
re
se
n
t-
d
ay
.
In

fa
ct
,
th
e
d
ra
in
ag
e
d
iv
id
e
sh
if
te
d
ea
st
w
ar
d

af
te
r
N
eo
g
en
e
g
la
ci
at
io
n
s
re
m
o
d
el
ed

th
e
A
n
d
ea
n
la
n
d
-

sc
ap
e.

B
et
w
ee
n
4
5
!S

an
d
4
7
!3
0
0 S
,
se
v
er
al

m
aj
o
r
g
la
ci
al

v
al
le
y
s
cr
o
ss
cu
t
th
e
ch
ai
n
,t
h
e
m
o
st
st
ri
k
in
g
ex
am

p
le
b
ei
n
g

th
e
v
al
le
y
o
cc
u
p
ie
d
b
y
th
e
B
u
en
o
s
A
ir
es
–
G
en
er
al

C
ar
re
ra

L
ak
e
an
d
th
e
R
ı́o

B
ak
er
.
T
h
ei
r
fo
rm

at
io
n
re
su
lt
ed

in
th
e

ca
p
tu
re

o
f
A
n
d
ea
n
ri
v
er
s
fl
o
w
in
g
ea
st
w
ar
d
b
y
th
e
P
ac
if
ic

si
d
e,
su
b
se
q
u
en
tl
y
st
ar
v
in
g
ri
v
er
s
fl
o
w
in
g
in
to

th
e
A
tl
an
ti
c

O
ce
an
.D

u
ri
n
g
co
ld
p
er
io
d
s,
h
o
w
ev
er
,t
h
e
ic
e
ca
p
co
v
er
s
th
e

P
at
ag
o
n
ia
n
A
n
d
es
,
fi
ll
s
v
al
le
y
s
in

th
e
C
o
rd
il
le
ra

an
d
th
e

ea
st
w
ar
d
fl
o
w
in
g
d
ra
in
ag
e
is
re
ac
ti
v
at
ed

[F
er
u
g
li
o
,
1
9
5
0
;

M
er
ce
r,
1
9
7
6
;
T
u
rn
er

et
a
l.
,
2
0
0
5
].
T
h
is

ev
o
lu
ti
o
n
o
f
th
e

w
at
er
sh
ed

sy
st
em

ex
p
la
in
s
th
e
p
re
se
n
ce

o
f
se
v
er
al

m
aj
o
r

fl
u
v
ia
lt
er
ra
ce

sy
st
em

s
th
at
d
o
n
o
tc
o
rr
es
p
o
n
d
to

th
e
fl
o
w
o
f

th
e
p
re
se
n
t-
d
ay

ri
v
er
s.

[1
5
]

T
h
e
C
añ
ad
o
n

S
al
ad
o
–
C
añ
ad
o
n

d
el

C
ar
ri
l
fl
u
v
ia
l

sy
st
em

,
lo
ca
te
d
so
u
th
w
es
t
an
d
so
u
th

o
f
th
e
R
ı́o

S
en
g
u
er
r

sy
st
em

,
is

th
e
o
ld
es
t
p
re
se
rv
ed

fl
u
v
ia
l
sy
st
em

o
f
th
e
st
u
d
y

ar
ea
.
T
h
e
C
añ
ad
o
n
S
al
ad
o
an
d
C
añ
ad
o
n
d
el

C
ar
ri
l
ar
e
cu
r-

re
n
tl
y

te
m
p
o
ra
ry

ri
v
er
s
fl
o
w
in
g

in
to

th
e
R
ı́o

S
en
g
u
er
r

(F
ig
u
re

3
).
T
h
e
se
co
n
d
le
v
el

o
f
th
is

fl
u
v
ia
l
sy
st
em

(T
2
C
s)

co
v
er
s
th
e
R
u
ta

1
6
v
al
le
y,

in
d
ic
at
in
g

th
at

th
e
p
al
eo
ri
v
er

fl
o
w
ed

o
u
t
ea
st
o
f
it
s
p
re
se
n
t-
d
ay

co
u
rs
e
b
ef
o
re

b
ei
n
g
ca
p
-

tu
re
d
b
y
th
e
p
al
eo
-R
ı́o

S
en
g
u
er
r,
th
at

w
as

fl
o
w
in
g
at

th
at

ti
m
e
in

th
e
ar
c-
sh
ap
ed

H
er
m
o
so

v
al
le
y
(F
ig
u
re

4
).
T
h
e
ca
p
-

tu
re

o
f
th
e
C
añ
ad
o
n
S
al
ad
o
o
cc
u
rr
ed

b
ef
o
re

th
e
em

p
la
ce
-

m
en
t
o
f
th
e
T
3
C
s
d
ep
o
si
ts
si
n
ce

th
e
la
tt
er

d
is
p
la
y
s
th
e
sa
m
e

sp
at
ia
l
o
rg
an
iz
at
io
n
th
an

th
e
p
re
se
n
t-
d
ay

ri
v
er

(F
ig
u
re

4
).

[1
6
]

T
h
e
R
ı́o

S
en
g
u
er
r
is
cu
rr
en
tl
y
3
9
5
k
m

lo
n
g
,
fl
o
w
in
g

fr
o
m

F
o
n
ta
n
a
L
ak
e
at

an
el
ev
at
io
n
o
f
9
2
5
m

as
l,
in
to

th
e

M
u
st
er
s
an
d
C
o
lh
u
é-
H
u
ap
i
la
k
es

at
an

el
ev
at
io
n
o
f
2
7
0
m

as
l.
It
s
m
ai
n
tr
ib
u
ta
ri
es

ar
e
th
e
A
rr
o
y
o
V
er
d
e
an
d
th
e
R
ı́o

M
ay
o
.
It
p
ro
d
u
ce
d
a
sy
st
em

o
f
ei
g
h
t
te
rr
ac
es
,
ex
p
o
se
d
fr
o
m

N
u
ev
a
L
u
b
ec
k
a
to

th
e
n
o
rt
h
to

th
e
ab
an
d
o
n
ed

H
er
m
o
so

v
al
le
y.

T
h
e
p
re
se
n
ce

o
f
w
id
e
fl
u
v
ia
l
te
rr
ac
es

n
o
rt
h
o
f
4
5
!S

(n
o
rt
h
er
n

ex
te
n
t
o
f
th
e

p
re
se
n
t-
d
ay

co
u
rs
e

o
f
th
e

R
ı́o

S
en
g
u
er
r)
sh
o
w
s
th
at
d
u
ri
n
g
th
ei
r
fo
rm

at
io
n
,
th
e
m
aj
o
r
fl
o
w

w
as

co
m
in
g
fr
o
m

th
e
n
o
rt
h
.
In

th
e
re
g
io
n
o
f
L
o
s
M
o
n
o
s,
th
e

R
ı́o

S
en
g
u
er
r
ab
an
d
o
n
ed

th
e
H
er
m
o
so

v
al
le
y
d
u
ri
n
g
o
r
af
te
r

th
e
d
ep
o
si
ti
o
n
o
f
th
e
te
rr
ac
e
T
7
S
e
(F
ig
u
re
4
),
re
su
lt
in
g
in

th
e

p
re
se
n
t-
d
ay

ri
v
er

fl
o
w

to
w
ar
d
th
e
b
as
in

o
f
th
e
M
u
st
er
s
an
d

C
o
lh
u
é-
H
u
ap
i
la
k
es
.
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Figure3.MapoftheconglomeratesurfacescoveringcentralPatagonia.T1MaandT2Ma,Rı́oMayofluvialterraces;
T1DetoT12De,Rı́oDeseadofluvialterraces;T1SetoT8Se,Rı́oSenguerrfluvialterraces;T1CstoT3Cs,Cañadon
Saladon–CañadondelCarrilfluvialterraces;T1CaandT2Ca,piedmontalluvialsurfacesofthePampadelCastilloarea;
T1GutoT8Gu,piedmontalluvialsurfacesoftheRı́oGuenguelarea;T1Ve,piedmontalluvialsurfaceoftheArroyoVerde
area.
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[1
7
]

R
ı́o

D
es
ea
d
o
is

a
m
aj
o
r
fl
u
v
ia
l
sy
st
em

o
f
th
e
P
at
a-

g
o
n
ia
n
fo
re
la
n
d
,
lo
ca
te
d
in

th
e
S
an
ta

C
ru
z
p
ro
v
in
ce
,
in

th
e

so
u
th
er
n
p
ar
t
o
f
th
e
st
u
d
y
ar
ea
.
R
ı́o

D
es
ea
d
o
cu
rr
en
tl
y
o
ri
-

g
in
at
es

fr
o
m

th
e
re
g
io
n
o
f
P
er
it
o
M
o
re
n
o
,
ea
st
o
f
th
e
ea
st
er
n

ed
g
e
o
f
th
e
B
u
en
o
s
A
ir
es
–
G
en
er
al

C
ar
re
ra

L
ak
e,

an
d

fl
o
w
s
o
n
a
le
n
g
th

o
f
5
2
0
k
m

to
th
e
A
tl
an
ti
c
O
ce
an

at
P
u
er
to

D
es
ea
d
o
.
T
h
e
ri
v
er

p
ro
d
u
ce
d
a
sy
st
em

o
f
tw
el
v
e
te
rr
ac
es

(F
ig
u
re

3
).

T
h
e
co
u
rs
e
o
f
th
e
R
ı́o

D
es
ea
d
o
al
so

ch
an
ge
d

th
ro
ug
h
ti
m
e,
ab
an
do
ni
ng

in
th
e
M
es
et
a
E
sp
in
o
sa
,
th
e
T
1D

e
to

T
3
D
e
d
ep
os
it
s
te
ns

o
f
ki
lo
m
et
er
s
n
or
th

of
th
e
pr
es
en
t-
da
y

ri
ve
r
co
ur
se
.

[1
8
]

In
fa
ct
,
al
l
re
g
io
n
al

m
aj
o
r
ri
v
er

co
u
rs
es

ch
an
g
ed

d
u
ri
n
g
th
e
d
ep
o
si
ti
o
n
o
f
fl
u
v
ia
l
te
rr
ac
e
sy
st
em

s.
T
h
e
co
u
rs
es

o
f
th
e
n
o
rt
h
er
n
ri
v
er
s
(R
ı́o
S
en
g
u
er
r,
C
añ
ad
o
n
S
al
ad
o
)
sh
if
te
d

n
o
rt
h
w
ar
d
,w

h
il
e
th
e
R
ı́o
D
es
ea
d
o
v
al
le
y
m
o
v
ed

to
th
e
so
u
th
,

re
su
lt
in
g
in
th
e
p
re
se
n
t-
d
ay

d
iv
er
g
en
th
y
d
ro
g
ra
p
h
ic
n
et
w
o
rk
.

T
h
e
R
ı́o

D
es
ea
d
o
n
o
w

jo
in
s
th
e
A
tl
an
ti
c
O
ce
an

!
1
6
0
k
m

so
u
th

o
f
th
e
S
an

Jo
rg
e
G
u
lf
,
w
h
il
e
th
e
R
ı́o

S
en
g
u
er
r
fl
o
w
s

th
ro
u
g
h
th
e
R
ı́o
C
h
ic
o
v
al
le
y
to
th
e
n
o
rt
h
ea
st
an
d
re
ac
h
es

th
e

o
ce
an

!
3
0
0
k
m

n
o
rt
h
o
f
th
e
S
an

Jo
rg
e
G
u
lf
.

3
.2
.
A
g
e
o
f
T
er
ra
ce
s

[1
9
]

M
o
st

o
f
th
e
ag
es

p
ro
p
o
se
d
in

th
e
li
te
ra
tu
re

ar
e
re
l-

at
iv
e
ag
es

b
as
ed

o
n
st
ra
ti
g
ra
p
h
ic

re
la
ti
o
n
sh
ip
s,
w
h
ic
h
le
ad
s

to
d
is
cr
ep
an
cy

b
et
w
ee
n
au
th
o
rs
.
O
n
ly

ra
d
io
m
et
ri
c
ag
es

o
f

b
as
al
t
fl
o
w
s
o
v
er
ly
in
g
so
m
e
p
ie
d
m
o
n
t
su
rf
ac
es

an
d
fl
u
v
ia
l

te
rr
ac
es

g
iv
e
so
m
e
ab
so
lu
te

co
n
st
ra
in
ts
.

[2
0
]

A
ll

th
e
te
rr
ac
es

o
v
er
li
e
th
e
d
ep
o
si
ts

o
f
th
e
S
an
ta

C
ru
z

F
o
rm

at
io
n

an
d

ar
e

co
n
se
q
u
en

tl
y

y
o
u
n
g
er

th
an

!
1
4
M
a.

L
ev
el
s
o
f
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er

ar
e
o
ld
er

th
an

th
e
fi
rs
tl
ev
el
o
f
ea
ch

fl
u
v
ia
ls
y
st
em

(R
ı́o
S
en
g
u
er
r,
C
añ
ad
o
n

S
al
ad
o
–
C
añ
ad
o
n
d
el

C
ar
ri
l,

R
ı́o

D
es
ea
d
o
).

F
ro
m

th
ei
r

re
la
ti
v
e
to
p
o
g
ra
p
h
ic

p
o
si
ti
o
n
,
w
e
in
fe
r
th
at

T
1
C
s
an
d

T
2
C
s
ar
e
o
ld
er

th
an

T
3
S
e,

an
d
T
3
C
s
is
at

le
as
t
o
ld
er

th
an

T
4
S
e
an
d
T
1
D
e.

[2
1
]

F
iv
e
b
as
al
ts
cr
o
p
o
u
ti
n
th
e
R
ı́o
S
en
g
u
er
r
v
al
le
y.
K
/A
r

ra
d
io
m
et
ri
c
ag
es

h
av
e
b
ee
n
o
b
ta
in
ed

b
y
B
ru
n
i
[2
0
0
7
]
in

th
e
b
as
al
ts
o
f
C
er
ro

C
h
en
q
u
es

(2
.2
6
±
0
.1
1
M
a
an
d
2
.4
9
±

0
.1
8
M
a)
,C

er
ro

G
ra
n
d
e
(2
.8
7
±
0
.6
8
M
a)
an
d
M
o
n
te
P
ed
re
ro

(2
.7
1
±
0
.1
0
M
a)

(F
ig
u
re

3
).
T
3
S
e
is

co
v
er
ed

b
y
b
o
th

th
e

C
er
ro

C
h
en
q
u
es

an
d
C
er
ro

G
ra
n
d
e
b
as
al
ts
,
T
4
S
e
is
co
v
er
ed

b
y
th
e
M
o
n
te

P
ed
re
ro

b
as
al
ts
,
an
d
T
5
S
e
is

co
v
er
ed

b
y
th
e

C
er
ro

G
ra
n
d
e
b
as
al
ts
.
T
h
u
s,
T
5
S
e
an
d
o
ld
er

te
rr
ac
es

o
f
th
e

R
ı́o

S
en
g
u
er
r
v
al
le
y
ar
e
o
ld
er

th
an

2
.8
7
M
a
an
d
ar
e
at

le
as
t

m
id
d
le

P
li
o
ce
n
e
in

ag
e.

T
7
S
e
b
y
p
as
se
s
th
e
C
er
ro

G
ra
n
d
e

b
as
al
ts
,
su
g
g
es
ti
n
g
th
at

it
fo
rm

ed
fo
ll
o
w
in
g
th
ei
r
em

p
la
ce
-

m
en
t
an
d
w
o
u
ld

th
er
ef
o
re

b
e
y
o
u
n
g
er

th
an

2
.8
7
M
a.

[2
2
]

S
o
m
e
ab
so
lu
te

co
n
st
ra
in
ts

o
n

th
e
ag
e
o
f
th
e
R
ı́o

D
es
ea
d
o
te
rr
ac
e
sy
st
em

is
al
so

g
iv
en

b
y
A
r/
A
r
ra
d
io
m
et
ri
c

ag
es

o
n
b
as
al
ts

em
p
la
ce
d
ab
o
v
e
te
rr
ac
es
.
A
g
es

o
f
5
.1
3
±

0
.1
1
M
a
an
d
5
.2
8
±
0
.1
1
M
a
h
av
e
b
ee
n
o
b
ta
in
ed

b
y
G
o
rr
in
g

et
a
l.
[1
9
9
7
]
in

th
e
C
er
ro

M
o
n
jó
n
an
d
C
er
ro

N
eg
ro

b
as
al
ts
,

re
sp
ec
ti
v
el
y.
T
h
e
C
er
ro

M
o
n
jó
n
b
as
al
ts
co
v
er

T
5
D
e,
an
d
th
e

C
er
ro

N
eg
ro

b
as
al
ts

al
so

co
v
er

y
o
u
n
g
er

te
rr
ac
es

(T
6
D
e
to

T
8
D
e)
,
in
d
ic
at
in
g
th
at

th
e
ei
g
h
t
o
ld
er

te
rr
ac
es

o
f
th
e
R
ı́o

D
es
ea
d
o
fl
u
v
ia
l
sy
st
em

ar
e
o
ld
er
th
an

5
.2
8
M
a,
i.
e.
,t
h
at
th
ey

ar
e
la
te
M
io
ce
n
e.
T
9
D
e,
in
co
n
tr
as
t,
is
y
o
u
n
g
er
th
an

5
.2
8
M
a

an
d
ap
p
ea
re
d
d
u
ri
n
g
P
li
o
ce
n
e.

[2
3
]

F
ig
u
re
5
su
m
m
ar
iz
es

o
u
r
k
n
o
w
le
d
g
e
o
f
th
e
ag
e
o
f
th
e

sy
st
em

s
o
f
te
rr
ac
es
.
P
ie
d
m
o
n
t
m
an
tl
e
te
rr
ac
es

ar
e
m
id
d
le

to

F
ig
u
re

4
.

S
tr
ea
m

d
ir
ec
ti
o
n
s
d
u
ri
n
g
th
e
d
ep
o
si
ti
o
n
o
f
th
e
fl
u
v
ia
l
te
rr
ac
es

o
f
th
e
R
ı́o

S
en
g
u
er
r
an
d

C
añ
ad
o
n
S
al
ad
o
–
C
añ
ad
o
n
d
el
C
ar
ri
l
sy
st
em

s.
C
ap
tu
re
s
ar
e
m
ar
k
ed

b
y
w
h
it
e
ci
rc
le
s.
C
añ
ad
o
n
S
al
ad
o
an
d

C
añ
ad
o
n
d
el

C
ar
ri
l
h
av
e
b
ee
n
ca
p
tu
re
d
b
y
th
e
p
al
eo
-R
ı́o

S
en
g
u
er
r
b
ef
o
re

th
e
d
ep
o
si
ti
o
n
o
f
T
3
C
s,

ab
an
d
o
n
in
g
th
e
R
u
ta
1
6
v
al
le
y.
A
ft
er
w
ar
d
,R

ı́o
S
en
g
u
er
r
h
as

b
ee
n
ca
p
tu
re
d
b
y
th
e
M
u
st
er
s
L
ak
e
d
u
ri
n
g
o
r

ju
st
af
te
r
th
e
d
ep
o
si
ti
o
n
o
f
T
7
S
e,

ab
an
d
o
n
in
g
th
e
H
er
m
o
so

v
al
le
y.

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

6
o
f
1
9

T
C
2
0
0
9

la
te
M
io
ce
n
e
in

ag
e,
an
d
th
e
fl
u
v
ia
l
te
rr
ac
e
sy
st
em

b
eg
an

it
s

fo
rm

at
io
n
b
ef
o
re

P
li
o
ce
n
e.

3
.3
.
L
o
ca
l
T
ec
to
n
ic
s

[ 2
4
]

A
s
d
et
ai
le
d
ab
o
v
e,

th
e
en
d
o
f
th
e
d
ep
o
si
ti
o
n
o
f
th
e

S
an
ta

C
ru
z
F
o
rm

at
io
n
co
rr
es
p
o
n
d
s
to

th
e
en
d
o
f
th
e
m
aj
o
r

O
li
g
o
-M

io
ce
n
e
sh
o
rt
en
in
g
ep
is
o
d
e
o
f
th
e
C
o
rd
il
le
ra
.
F
ar
th
er

ea
st
,
at

ab
o
u
t
1
5
0
k
m

fr
o
m

th
e
C
o
rd
il
le
ra
n
th
ru
st

fr
o
n
t,
in

th
e
S
ie
rr
a
S
an

B
er
n
ar
d
o
an
d
fa
rt
h
er

so
u
th
,
m
il
d
d
ef
o
rm

at
io
n

is
at
te
st
ed

b
y
th
e
p
re
se
n
ce

o
f
g
en
tl
e
fo
ld
s
an
d
re
v
er
se

fa
u
lt
s

th
at

re
su
lt

fr
o
m

th
e
re
ac
ti
v
at
io
n
o
f
p
re
-C
re
ta
ce
o
u
s
ex
te
n
-

si
o
n
al

fa
u
lt
sy
st
em

s
[B
a
rc
a
t
et

a
l.
,
1
9
8
9
;
H
o
m
o
vc

et
a
l.
,

1
9
9
5
;P

er
o
n
i
et
a
l.
,1
9
9
5
;C

h
el
o
tt
i,
1
9
9
7
].
T
h
e
S
an

B
er
n
ar
d
o

fo
ld

b
el
t,
a
1
5
0
-k
m
-l
o
n
g
an
d
5
0
-k
m
-w

id
e
N
N
W
-S
S
E
tr
en
d
-

in
g
b
an
d
,c
o
rr
es
p
o
n
d
s
to
th
e
ea
st
er
n
m
o
st
ev
id
en
ce

o
f
A
n
d
ea
n

sh
o
rt
en
in
g
.
R
o
d
ri
g
u
ez

a
n
d
L
it
tk
e
[2
0
0
1
]
p
re
se
n
t
a
d
et
ai
le
d

m
ap
p
in
g
o
f
th
e
fo
ld
s
af
fe
ct
in
g
th
e
to
p
o
f
th
e
L
o
w
er

C
re
ta
-

ce
o
u
s
C
as
ti
ll
o
F
o
rm

at
io
n
(F
ig
u
re
6
).
S
tr
u
ct
u
re
s
in
v
o
lv
e
ro
ck
s

o
f
ag
es

u
p
to

ea
rl
y
m
id
d
le
M
io
ce
n
e,
b
el
o
n
g
in
g
to

th
e
S
u
p
er
-

p
at
ag
o
n
ia
n
o
su
cc
es
si
o
n
,c
o
n
te
m
p
o
ra
n
eo
u
s
o
f
th
e
S
an
ta
C
ru
z

F
o
rm

at
io
n
[P
er
o
n
ie
ta
l.
,1
9
9
5
].
T
h
e
S
an

B
er
n
ar
d
o
fo
ld
b
el
ti
s

st
il
l
to
d
ay

m
ar
k
ed

in
th
e
g
eo
m
o
rp
h
o
lo
g
y
o
f
th
at

p
ar
t
o
f

P
at
ag
o
n
ia
,
lo
ca
ll
y
re
ac
h
in
g
al
ti
tu
d
es

o
f
1
5
0
0
m

as
l.
T
h
e

R
ı́o

S
en
g
u
er
r
d
ev
ia
te
s
it
s
co
u
rs
e
to

th
e
so
u
th

to
b
y
p
as
s
th
e

S
an

B
er
n
ar
d
o
fo
ld
b
el
t,
ap
p
ro
ac
h
in
g
th
e
C
añ
ad
o
n
S
al
ad
o
an
d

R
ı́o

D
es
ea
d
o
ri
v
er
s.

[2
5
]

T
h
e
S
an

B
er
n
ar
d
o
fo
ld
s
d
o
n
o
t
d
ef
o
rm

th
e
fl
u
v
ia
l

te
rr
ac
es

o
f
th
e
R
ı́o

S
en
g
u
er
r,
sh
o
w
in
g
th
at
sh
o
rt
en
in
g
in

th
e

S
ie
rr
a
S
an

B
er
n
ar
d
o
is
n
o
w
in
ac
ti
v
e.
H
o
w
ev
er
,
o
ld
er

te
rr
ac
e

sy
st
em

s
ar
e
u
p
li
ft
ed

ab
o
v
e
th
e
S
an

B
er
n
ar
d
o
fo
ld

b
el
t.
T
h
e

el
ev
at
io
n
o
f
th
e
p
ie
d
m
o
n
t
co
v
er

te
rr
ac
e
T
4
G
u
an
d
o
f
th
e

o
ld
er

fl
u
v
ia
l
te
rr
ac
es

o
f
th
e
C
añ
ad
o
n
S
al
ad
o
sy
st
em

(T
1
C
s

an
d

T
2
C
s)

lo
ca
ll
y

in
cr
ea
se
s
ea
st
w
ar
d

ap
p
ro
ac
h
in
g

th
e

w
es
te
rn

b
o
u
n
d
ar
y
o
f
th
e
fo
ld

b
el
t
(F
ig
u
re

6
).
T
h
e
el
ev
at
io
n

o
f
T
4
G
u
in
cr
ea
se
s
b
y
!
9
0
m
,
an
d
th
at

o
f
T
1
C
s
o
f
!
5
0
m

o
v
er

a
d
is
ta
n
ce

o
f
ab
o
u
t
1
5

k
m
.
T
h
e

!
E
-W

o
ri
en
te
d

C
añ
ad
o
n
S
al
ad
o
v
al
le
y
is
st
ee
p
-s
id
ed

w
it
h
in

o
ld
er

p
ie
d
m
o
n
t

te
rr
ac
es
,
ev
id
en
ci
n
g
th
at

th
e
lo
ca
l
w
es
t
d
ir
ec
te
d
sl
o
p
e
o
f
it
s

o
ld
es
t
te
rr
ac
es

d
o
es

n
o
t
re
su
lt
n
ei
th
er

fr
o
m

la
te
ra
l
se
d
im

en
t

su
p
p
ly

n
o
r
fr
o
m

fl
o
w
s
co
m
in
g
fr
o
m

th
e
ea
st

(S
ie
rr
a
S
an

B
er
n
ar
d
o
).
T
h
er
ef
o
re
,a

m
o
d
es
t-
am

p
li
tu
d
e,
la
rg
e-
w
av
el
en
g
th

u
p
li
ft
o
f
th
e
S
an

B
er
n
ar
d
o
fo
ld
b
el
tp
o
st
er
io
r
to
th
e
fo
rm

at
io
n

o
f
th
e
C
añ
ad
o
n
S
al
ad
o
–
C
añ
ad
o
n
d
el

C
ar
ri
l
te
rr
ac
e
sy
st
em

s
m
u
st
h
av
e
o
cc
u
rr
ed
,a
n
d
th
is
u
p
li
ft
is
al
m
o
st
n
o
ta
cc
o
m
p
an
ie
d

b
y
sh
o
rt
en
in
g
.

3
.4
.
R
eg
io
n
a
l
T
il
t

[2
6
]

W
e
st
u
d
ie
d

th
e
p
re
se
n
t-
d
ay

sl
o
p
es

o
f
te
rr
ac
es

to
in
v
es
ti
g
at
e
a
p
o
ss
ib
le

lo
n
g
-w

av
el
en
g
th

re
g
io
n
al

u
p
li
ft
.
If

th
e
in
it
ia
l
d
o
w
n
st
re
am

sl
o
p
e
o
f
te
rr
ac
es

is
d
if
fi
cu
lt
to

co
n
-

st
ra
in
,
it
is

re
as
o
n
ab
le

to
co
n
si
d
er

th
at

te
rr
ac
es

d
is
p
la
y
ed

h
o
ri
zo
n
ta
l
p
ro
fi
le
s
in

th
e
d
ir
ec
ti
o
n

p
er
p
en
d
ic
u
la
r
to

th
e

p
al
eo
v
al
le
y
s.

O
n
th
e
b
as
is

o
f
th
is

as
su
m
p
ti
o
n
,
ti
lt
s
w
o
u
ld

co
rr
es
p
o
n
d
to

an
y
d
ev
ia
ti
o
n
fr
o
m

th
is

h
o
ri
zo
n
ta
li
ty
.
T
o
p
o
-

g
ra
p
h
ic

p
ro
fi
le
s
th
ro
u
g
h
te
rr
ac
es

h
av
e
b
ee
n
o
b
ta
in
ed

u
si
n
g

S
R
T
M

D
ig
it
al

E
le
v
at
io
n
M
o
d
el
s.

3
.4
.1
.
S
o
u
th

o
f
th
e
C
u
rr
en
t
C
T
J
P
o
si
ti
o
n

[2
7
]

F
ig
u
re

7
sh
o
w
s
th
at

at
le
as
t
th
e
fi
v
e
o
ld
er

le
v
el
s
o
f

th
e
R
ı́o

D
es
ea
d
o

te
rr
ac
e
sy
st
em

(s
o
u
th

o
f
4
6
!3
0
0 S
)
ar
e

in
cl
in
ed

to
w
ar
d
th
e
so
u
th
.T

h
e
fa
ct
th
at
st
ee
p
sc
ar
p
s
se
p
ar
at
e

th
e
d
if
fe
re
n
t
le
v
el
s
an
d
th
at

th
e
so
u
th
w
ar
d
sl
o
p
e
o
f
te
rr
ac
e

le
v
el
s
is

si
m
il
ar

o
n

b
o
th

si
d
es

o
f
th
e
p
re
se
n
t-
d
ay

R
ı́o

D
es
ea
d
o
v
al
le
y
sh
o
w
s
th
at

th
es
e
sl
o
p
es

d
o
n
o
t
re
su
lt
fr
o
m

la
te
ra
l
se
d
im

en
t
su
p
p
ly
.I
n
fa
ct
,s
o
u
th
w
ar
d
ti
lt
re
su
lt
in
g
fr
o
m

a
la
rg
er

re
g
io
n
al

u
p
li
ft

n
o
rt
h

o
f
th
e
te
rr
ac
es

m
u
st

h
av
e

o
cc
u
rr
ed

to
ex
p
la
in

th
e
o
b
se
rv
ed

sl
o
p
es
.
In

th
e
N
-S

d
ir
ec
-

ti
o
n
,
h
o
w
ev
er
,
T
1
D
e
ex
h
ib
it
s
a
sl
ig
h
t
sl
o
p
e
to
w
ar
d
th
e
so
u
th

(0
.0
5
±
0
.0
1
%
)
an
d
ap
p
ea
rs
lo
ca
ll
y
su
b
h
o
ri
zo
n
ta
l.
T
2
D
e
an
d

T
3
D
e,

w
h
ic
h
ca
n
b
e
fo
ll
o
w
ed

o
n
la
rg
e
d
is
ta
n
ce
s,
p
re
se
n
t
a

re
g
io
n
al
sl
o
p
e
o
f
0
.1
1
±
0
.0
1
%

an
d
0
.1
0
±
0
.0
2
%

to
w
ar
d
th
e

F
ig
u
re

5
.

A
g
e
d
is
tr
ib
u
ti
o
n
o
f
th
e
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er
,
fl
u
v
ia
l
te
rr
ac
es
,
an
d
te
ct
o
n
ic
ev
en
ts
n
o
rt
h
an
d

so
u
th

o
f
th
e
C
h
il
e
T
ri
p
le

Ju
n
ct
io
n
.
A
b
so
lu
te

ag
es

o
f
b
as
al
ts

co
v
er
in
g
te
rr
ac
es

ar
e
fr
o
m

G
o
rr
in
g
et

a
l.

[1
9
9
7
]
an
d
B
ru
n
i
[2
0
0
7
].

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

7
o
f
1
9

T
C
2
0
0
9



so
u
th
,
re
sp
ec
ti
v
el
y,

at
th
e
lo
n
g
it
u
d
e
o
f
K
o
lu
el

K
ai
k
e.

T
h
e

so
u
th
w
ar
d
sl
o
p
e
o
f
T
4
D
e
is
sm

al
le
r
(0
.0
7
±
0
.0
1
%

n
o
rt
h
o
f

th
e
C
er
ro

N
eg
ro

b
as
al
t
an
d
cl
o
se

to
th
e
m
o
u
th

o
f
th
e
R
ı́o

D
es
ea
d
o
),
an
d
th
at
o
f
T
5
D
e,
w
es
to
f
th
e
C
er
ro

N
eg
ro

b
as
al
ts
,

is
ev
en

sm
al
le
r
(0
.0
5
±
0
.0
1
%
).
F
o
r
co
m
p
ar
is
o
n
,t
h
es
e
sl
o
p
es

ar
e
co
m
p
ar
ab
le
to
th
e
lo
n
g
it
u
d
in
al
W
N
W
-E
S
E
tr
en
d
in
g
sl
o
p
e

o
f
th
es
e
te
rr
ac
es

in
th
e
sa
m
e
ar
ea

an
d
to
th
e
p
re
se
n
t-
d
ay

sl
o
p
e

o
f
th
e
R
ı́o
D
es
ea
d
o
(0
.0
8
%
).
T
er
ra
ce
s
T
6
D
e
an
d
T
7
D
e
ar
e
n
o
t

ex
te
n
d
ed

en
o
u
g
h
to

d
et
ec
t
a
p
o
te
n
ti
al
ti
lt
u
si
n
g
S
R
T
M

d
at
a.

T
h
e
y
o
u
n
g
er

le
v
el
s
o
f
th
e
R
ı́o

D
es
ea
d
o
sy
st
em

(T
8
D
e
to

T
1
2
D
e)

ar
e
n
o
t
ti
lt
ed
.
In

fa
ct
,
th
e
p
re
se
n
t-
d
ay

to
p
o
g
ra
p
h
y
o
f

th
e
R
ı́o

D
es
ea
d
o

te
rr
ac
e
sy
st
em

su
g
g
es
ts

th
at

a
g
en
tl
e

so
u
th
w
ar
d
re
g
io
n
al
ti
lt
o
cc
u
rr
ed

fo
ll
o
w
in
g
th
e
d
ep
o
si
ti
o
n
o
f

T
3
D
e
an
d
b
ef
o
re

T
6
D
e
(o
r
T
8
D
e)
.
It
w
o
u
ld

h
av
e
b
ee
n
p
re
-

ce
d
ed

b
y
a
n
o
rt
h
w
ar
d
re
g
io
n
al
ti
lt
b
et
w
ee
n
th
e
d
ep
o
si
ti
o
n
o
f

T
1
D
e
an
d
T
2
D
e,

ex
p
la
in
in
g
w
h
y
th
e
p
re
se
n
t-
d
ay

sl
o
p
e
o
f

T
1
D
e
to
w
ar
d
th
e
so
u
th

(0
.0
5
±
0
.0
1
%
)
is
sm

al
le
r
th
an

th
at

o
f
T
2
D
e
(0
.1
1
±
0
.0
1
%
).
F
ig
u
re

7
sh
o
w
s
th
at
th
e
so
u
th
w
ar
d

ti
lt
th
at

o
cc
u
rr
ed

b
et
w
ee
n
th
e
fo
rm

at
io
n
o
f
T
2
D
e
an
d
T
8
D
e

re
su
lt
ed

in
th
e
so
u
th
w
ar
d
sh
if
t
o
f
th
e
co
u
rs
e
o
f
th
e
R
ı́o

D
es
ea
d
o
,
le
av
in
g
ab
an
d
o
n
ed

th
e
v
al
le
y
th
at

re
su
lt
ed

in
th
e

fo
rm

at
io
n
o
f
T
3
D
e.

3
.4
.2
.
N
o
rt
h
o
f
th
e
C
u
rr
en
t
C
T
J
P
o
si
ti
o
n

[2
8
]

In
co
n
tr
as
t,
th
e
an
al
y
si
s
o
f
th
e
to
p
o
g
ra
p
h
y
o
f
te
rr
ac
es

lo
ca
te
d
ju
st

n
o
rt
h
o
f
4
6
!3
0
0 S

su
g
g
es
ts

th
at

th
is

re
g
io
n
h
as

es
se
n
ti
al
ly

b
ee
n
ti
lt
ed

to
w
ar
d
th
e
n
o
rt
h
.
E
as
t
o
f
th
e
S
an

B
er
n
ar
d
o
fo
ld

b
el
t,
T
1
C
a
fo
rm

s
a
w
id
e
p
la
n
ar

su
rf
ac
e
th
at

ex
te
n
d
s
o
v
er

4
0
0
k
m

fr
o
m

th
e
P
am

p
a
d
el

C
as
ti
ll
o
,
w
es
t
o
f

C
o
m
o
d
o
ro

R
iv
ad
av
ia
,
to

th
e
R
ı́o

C
h
ic
o
m
o
u
th

to
th
e
n
o
rt
h

(F
ig
u
re

8
).
T
h
e
to
p
o
g
ra
p
h
y
o
f
th
is

su
rf
ac
e
is

ti
lt
ed

to
w
ar
d

th
e
n
o
rt
h
ea
st
w
it
h
a
sl
o
p
e
o
f
0
.1
4
±
0
.0
5
%
.
C
le
ar
ly
,
p
ar
t
o
f

th
e
p
re
se
n
t-
d
ay

sl
o
p
e
o
f
T
1
C
a
re
su
lt
s
fr
o
m

it
s
g
en
es
is

an
d

d
o
es

n
o
t
re
fl
ec
t
su
b
se
q
u
en
t
ti
lt
.
H
o
w
ev
er
,
p
al
eo
cu
rr
en
ts
o
b
-

se
rv
ed

u
si
n
g
p
se
p
h
it
es

o
ri
en
ta
ti
o
n
s
[B
el
tr
a
m
o
n
e
a
n
d
M
ei
st
er
,

1
9
9
2
],

al
th
o
u
g
h
co
n
tr
o
v
er
si
al

[B
el
lo
si
,
1
9
9
6
],

in
d
ic
at
e
an

ea
st
w
ar
d
fl
o
w
d
ir
ec
ti
o
n
in
th
e
P
am

p
a
d
el
C
as
ti
ll
o
w
h
er
ea
s
th
e

co
rr
es
p
o
n
d
in
g

te
rr
ac
e
is

ti
lt
ed

to
w
ar
d

th
e
n
o
rt
h
ea
st
.
In

ad
d
it
io
n
,
th
e
p
re
se
n
t-
d
ay

sl
o
p
e
o
f
th
is
su
rf
ac
e
is
m
o
re

th
an

th
re
e
ti
m
es

la
rg
er

th
an

th
e
lo
n
g
it
u
d
in
al
p
ro
fi
le
o
f
R
ı́o

C
h
ic
o

an
d
la
rg
er

th
an

th
e
lo
n
g
it
u
d
in
al

sl
o
p
e
o
f
o
th
er

te
rr
ac
es

th
at

h
av
e
b
ee
n
p
re
se
rv
ed

in
th
e
ea
st
er
n
p
ar
t
o
f
th
e
st
u
d
y
ar
ea

(H
er
m
o
so

v
al
le
y,
d
is
ta
l
p
ar
t
o
f
th
e
R
ı́o

D
es
ea
d
o
te
rr
ac
e
sy
s-

te
m
).
T
h
u
s,
w
e
p
ro
p
o
se

th
at

th
e
p
re
se
n
t-
d
ay

o
b
se
rv
ed

sl
o
p
e

F
ig
u
re

6
.

T
o
p
o
g
ra
p
h
ic
p
ro
fi
le
s
o
f
u
p
li
ft
ed

te
rr
ac
es

(s
ee

m
ap

fo
r
lo
ca
ti
o
n
an
d
F
ig
u
re

3
fo
r
co
lo
r
le
g
en
d
).

V
er
ti
ca
l
ex
ag
g
er
at
io
n
is
1
8
0
.
T
1
C
s
an
d
T
2
C
s
ar
e
fo
r
le
v
el
1
an
d
le
v
el
2
o
f
th
e
C
añ
ad
o
n
S
al
ad
o
–
C
añ
ad
o
n

d
el
C
ar
ri
l
te
rr
ac
e
sy
st
em

,
an
d
T
4
G
u
is
fo
r
le
v
el
4
o
f
th
e
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er

o
f
th
e
R
ı́o

G
u
en
g
u
el
ar
ea
.

T
h
e
w
h
it
e
tr
ia
n
g
le
s
b
el
o
w
th
e
to
p
o
g
ra
p
h
ic
p
ro
fi
le
s
in
d
ic
at
e
th
e
p
o
si
ti
o
n
o
f
th
e
an
ti
cl
in
es

ax
is
at
th
e
to
p
o
f

th
e
L
o
w
er

C
re
ta
ce
o
u
s
C
as
ti
ll
o
F
o
rm

at
io
n
[R
o
d
ri
g
u
ez

a
n
d
L
it
tk
e,

2
0
0
1
].

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

8
o
f
1
9

T
C
2
0
0
9

o
f
T
1
C
a
w
o
u
ld

p
ar
tl
y
re
su
lt

fr
o
m

a
p
o
st
d
ep
o
si
ti
o
n
al

ti
lt

to
w
ar
d
th
e
n
o
rt
h
o
r
n
o
rt
h
ea
st
o
f
th
at
ar
ea
.

[2
9
]

T
h
e
n
o
rt
h
w
ar
d

ti
lt

o
f
th
e
re
g
io
n

lo
ca
te
d

n
o
rt
h

o
f

4
6
!3
0
0 S

is
al
so

su
g
g
es
te
d
b
y
th
e
lo
n
g
it
u
d
in
al

p
ro
fi
le

o
f
th
e

se
co
n
d
te
rr
ac
e
o
f
th
e
C
añ
ad
o
n
S
al
ad
o
sy
st
em

in
th
e
R
u
ta

1
6
v
al
le
y.

T
h
is
te
rr
ac
e
co
rr
es
p
o
n
d
s
to

an
ab
an
d
o
n
ed

v
al
le
y

in
ci
se
d
w
it
h
in

O
li
g
o
-M

io
ce
n
e
se
d
im

en
ts

(M
o
n
te

L
eó
n
an
d

S
an
ta

C
ru
z
fo
rm

at
io
n
s)
.
It
s
u
p
st
re
am

p
o
rt
io
n
is
W
N
W
-E
S
E

o
ri
en
te
d
w
h
er
ea
s
th
e
d
o
w
n
st
re
am

p
ar
t
is

d
ir
ec
te
d
to
w
ar
d

th
e
N
E
(F
ig
u
re

8
).
T
h
e
v
al
le
y
-p
ar
al
le
l
p
ro
fi
le
A
A
’
in

F
ig
u
re

8
sh
o
w
s
th
at

th
e
p
re
se
n
t-
d
ay

lo
n
g
it
u
d
in
al

sl
o
p
e
o
f
th
at

te
r-

ra
ce

is
in
v
er
te
d
to
w
ar
d
th
e
u
p
st
re
am

d
ir
ec
ti
o
n
in

th
e
u
p
p
er

W
N
W
-E
S
E
o
ri
en
te
d
p
ar
t
o
f
th
e
v
al
le
y,
w
h
er
ea
s
it
g
o
es

d
o
w
n

to
w
ar
d
th
e
N
E
in

th
e
lo
w
er

p
ar
t
o
f
th
e
v
al
le
y.
In

fa
ct
,
ag
ai
n
,

th
is
ch
an
g
e
in

th
e
sl
o
p
e
o
f
th
e
te
rr
ac
e
su
g
g
es
ts
th
at

th
e
ar
ea

h
as

b
ee
n
ti
lt
ed

n
o
rt
h
w
ar
d
.
T
il
ti
n
g
w
o
u
ld

h
av
e
in
v
er
te
d
th
e

lo
n
g
it
u
d
in
al
sl
o
p
e
o
f
th
e
p
ar
to
f
th
e
v
al
le
y
fl
o
w
in
g
to
w
ar
d
th
e

E
S
E
an
d
in
cr
ea
se
d
th
e
sl
o
p
e
o
f
th
e
lo
w
er

p
ar
t
o
f
th
e
v
al
le
y.

A
n
o
th
er
p
o
ss
ib
il
it
y
co
u
ld
b
e
th
at
th
e
ac
ti
v
it
y
o
f
th
e
S
ie
rr
a
S
an

B
er
n
ar
d
o
fo
ld
-a
n
d
-t
h
ru
st
b
el
t
w
o
u
ld

h
av
e
su
b
se
q
u
en
tl
y
p
ro
-

d
u
ce
d
th
e
u
p
li
ft
o
f
th
e
u
p
p
er

p
ar
t
o
f
th
e
v
al
le
y
an
d
th
e
o
b
-

se
rv
ed

co
u
n
te
rs
lo
p
e
fo
r
T
2
C
s.
H
o
w
ev
er
,
th
e
n
ea
re
st
k
n
o
w
n

te
ct
o
n
ic

st
ru
ct
u
re

al
o
n
g
th
e
co
u
rs
e
o
f
T
2
C
s
is

th
e
P
er
al
es

an
ti
cl
in
e
[H

o
m
o
vc

et
a
l.
,
1
9
9
5
;
R
o
d
ri
g
u
ez

a
n
d
L
it
tk
e,
2
0
0
1
]

an
d
it
s
lo
ca
ti
o
n
at

d
ep
th

d
o
es

n
o
t
fi
t
th
e
ch
an
g
e
o
f
sl
o
p
e

o
b
se
rv
ed

in
th
e
R
u
ta
1
6
v
al
le
y
(F
ig
u
re

8
).
S
in
ce

T
2
C
s
is
n
o
t

in
v
o
lv
ed

in
an
y
te
ct
o
n
ic
st
ru
ct
u
re

an
d
si
n
ce

th
e
ch
an
g
e
in

it
s

p
re
se
n
t-
d
ay

sl
o
p
e
co
in
ci
d
es

w
it
h
th
e
ch
an
g
in
g
o
ri
en
ta
ti
o
n
o
f

th
e
v
al
le
y,
w
e
su
g
g
es
tt
h
at
a
re
g
io
n
al
n
o
rt
h
w
ar
d
ti
lt
m
ay

h
av
e

ca
u
se
d
th
is
ab
n
o
rm

al
lo
n
g
it
u
d
in
al
p
ro
fi
le
.

[3
0
]

T
h
e
lo
n
g
it
u
d
in
al

p
ro
fi
le
s
o
f
th
e
se
v
en

te
rr
ac
es

o
f
th
e

R
ı́o

S
en
g
u
er
r
sy
st
em

su
g
g
es
t
th
at

th
e
n
o
rt
h
w
ar
d
ti
lt
o
f
th
e

n
o
rt
h
er
n
p
ar
t
o
f
th
e
st
u
d
y
ar
ea

p
u
rs
u
ed

d
u
ri
n
g
th
ei
r
fo
rm

a-
ti
o
n
(F
ig
u
re

9
).
T
h
e
sl
o
p
e
o
f
ea
ch

te
rr
ac
e
is
m
ea
su
re
d
in

th
e

d
ir
ec
ti
o
n
p
ar
al
le
l
to

th
e
cu
rr
en
t
v
al
le
y
an
d
o
b
ta
in
ed

v
al
u
es

ar
e
sy
st
em

at
ic
al
ly
sm

al
le
r
fo
r
th
e
o
ld
er
te
rr
ac
es
.F

o
r
in
st
an
ce
,

T
6
S
e
li
es

8
5
m

ab
o
v
e
th
e
p
re
se
n
t-
d
ay

R
ı́o

S
en
g
u
er
r
b
ed

ju
st

ab
o
v
e
th
e
el
b
o
w

o
f
ca
p
tu
re
.
U
p
st
re
am

,
th
e
d
if
fe
re
n
ce

in
el
ev
at
io
n
d
ec
re
as
es

to
3
5
m
,s
o
u
th
o
f
C
er
ro

C
h
en
q
u
es
.C

lo
se

to
th
e
ca
p
tu
re
,T

2
S
e
is
7
0
m
ab
o
v
e
T
6
S
e,
w
h
il
e
th
e
tw
o
le
v
el
s

ar
e
cl
o
se

to
g
et
h
er

3
5
k
m

N
E
o
f
C
er
ro

C
h
en
q
u
es

(F
ig
u
re

9
).

[3
1
]

C
le
ar
ly
,
th
e
h
ig
h
er

lo
n
g
it
u
d
in
al

sl
o
p
e
o
f
th
e
p
re
se
n
t-

d
ay

R
ı́o

S
en
g
u
er
r
v
al
le
y
m
ay

al
so

re
su
lt
fr
o
m

it
s
ca
p
tu
re

b
y

th
e
M
u
st
er
s
L
ak
e
b
as
in
.
B
u
t
in

fa
ct

th
is

ca
p
tu
re

m
ay

al
so

F
ig
u
re

7
.

T
o
p
o
g
ra
p
h
ic

p
ro
fi
le
s
o
f
R
ı́o

D
es
ea
d
o
te
rr
ac
es

(s
ee

m
ap

fo
r
lo
ca
ti
o
n
an
d
F
ig
u
re

3
fo
r
co
lo
r

le
g
en
d
)
an
d
v
al
u
es

o
f
N
-S

sl
o
p
e
fo
r
ea
ch

te
rr
ac
e.

N
u
m
er
ic
al

ag
e
o
f
th
e
C
er
ro

N
eg
ro

b
as
al
ts
is
5
.2
8
M
a

[G
o
rr
in
g
et

a
l.
,
1
9
9
7
].

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

9
o
f
1
9

T
C
2
0
0
9



F
ig
u
re

8

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

1
0
o
f
1
9

T
C
2
0
0
9

h
av
e
b
ee
n
tr
ig
g
er
ed

b
y
th
e
n
o
rt
h
w
ar
d
ti
lt
o
f
th
is
re
g
io
n
,
as

it
h
as

d
o
n
e
fo
r
th
e
ca
p
tu
re

o
f
th
e
C
añ
ad
o
n
S
al
ad
o
b
y
th
e

H
er
m
o
so

v
al
le
y
(F
ig
u
re

4
).
M
o
re
o
v
er
,
th
is

ca
p
tu
re

h
av
in
g

o
cc
u
rr
ed

fo
ll
o
w
in
g
th
e
fo
rm

at
io
n
o
f
T
7
S
e,
it
ca
n
n
o
t
ex
p
la
in

th
e
sm

al
le
r
lo
n
g
it
u
d
in
al
sl
o
p
es

o
f
o
ld
er

te
rr
ac
es

co
m
p
ar
ed

to
th
at
o
f
T
7
S
e.
T
h
es
e
ca
p
tu
re
s
w
o
u
ld

ar
g
u
e
fo
r
a
co
n
ti
n
u
at
io
n

o
f
th
e
n
o
rt
h
w
ar
d
ti
lt
u
n
ti
l
re
ce
n
t
ti
m
es

si
n
ce

th
e
ca
p
tu
re

o
f

th
e
R
ı́o

S
en
g
u
er
r
p
o
st
d
at
es

th
e
d
ep
o
si
ti
o
n
o
f
th
e
n
ex
t
to

la
st

te
rr
ac
e
o
f
th
e
R
ı́o

S
en
g
u
er
r
fl
u
v
ia
l
sy
st
em

.

3
.5
.
S
y
n
th
es
is
o
f
N
-S

T
il
ts

D
ed
u
ce
d
F
ro
m

th
e
A
n
a
ly
si
s

o
f
th
e
P
re
se
n
t-
D
a
y
S
lo
p
es

o
f
T
er
ra
ce
s

[3
2
]

R
eg
io
n
s
lo
ca
te
d
n
o
rt
h
an
d
so
u
th

o
f
th
e
cu
rr
en
t
C
T
J

p
o
si
ti
o
n
h
ad

d
if
fe
re
n
t
ti
lt
in
g
h
is
to
ri
es

fr
o
m

th
e
la
te
M
io
ce
n
e.

In
th
e
n
o
rt
h
er
n
ar
ea
,t
h
e
tr
en
ch
-p
ar
al
le
lt
il
ti
n
g
is
p
er
m
an
en
tl
y

n
o
rt
h
w
ar
d
d
ir
ec
te
d
an
d
m
ay

h
av
e
p
u
rs
u
ed

u
n
ti
l
re
ce
n
t
ti
m
es
.

A
b
so
lu
te

v
al
u
es

o
f
ti
lt
in
g
ar
e
d
if
fi
cu
lt
to

co
n
st
ra
in

si
n
ce

th
e

co
u
rs
e
o
f
th
e
m
ai
n
v
al
le
y
s
is
al
m
o
st
p
ar
al
le
lt
o
th
e
d
ir
ec
ti
o
n
o
f

ti
lt
in
g
,
th
e
p
re
se
n
t-
d
ay

sl
o
p
e
o
f
th
es
e
te
rr
ac
es

re
su
lt
in
g
b
o
th

fr
o
m

ti
lt
in
g
an
d
fr
o
m

th
e
p
ro
ce
ss

o
f
te
rr
ac
e
fo
rm

at
io
n
.

N
ev
er
th
el
es
s,

in
th
e
R
ı́o

S
en
g
u
er
r
fl
u
v
ia
l
sy
st
em

,
if

w
e

co
n
si
d
er
th
at
al
lt
er
ra
ce
s
sh
ar
e
a
co
m
m
o
n
u
p
st
re
am

el
ev
at
io
n

at
a
la
ti
tu
d
e
o
f
4
4
!2
0
0 S
(s
ee

F
ig
u
re
9
),
th
e
v
al
u
es

o
f
ti
lt
ca
n
b
e

ap
p
ro
x
im

at
ed

m
ea
su
ri
n
g
th
e
d
if
fe
re
n
ce

in
el
ev
at
io
n
b
et
w
ee
n

th
e
te
rr
ac
es

at
th
e
la
ti
tu
d
e
o
f
th
e
el
b
o
w
o
f
ca
p
tu
re
(4
6
!S
).
W
e

o
b
ta
in

v
al
u
es

ra
n
g
in
g
b
et
w
ee
n
!
0
.0
1
an
d
0
.0
2
%

b
et
w
ee
n

su
cc
es
si
v
e
te
rr
ac
es

an
d
th
e
cu
m
u
la
ti
v
e
n
o
rt
h
w
ar
d
ti
lt

b
e-

tw
ee
n
T
2
S
e
an
d
T
7
S
e
w
o
u
ld

b
e
!
0
.0
6
%
.
P
re
se
n
t-
d
ay

d
if
-

fe
re
n
t
sl
o
p
es

o
f
th
e
u
p
st
re
am

an
d
d
o
w
n
st
re
am

se
g
m
en
ts
o
f

th
e
o
ld
er

te
rr
ac
e
T
2
C
s
su
g
g
es
t
a
cu
m
u
la
ti
v
e
ti
lt
o
f
0
.1
2
±

0
.0
4
%

si
n
ce

it
s
fo
rm

at
io
n
.

[3
3
]

In
co
n
tr
as
t,
so
u
th

o
f
th
e
C
T
J,

b
ef
o
re

5
.2
8
M
a,

th
e

ar
ea

re
co
rd
ed

a
m
in
im

u
m

n
o
rt
h
w
ar
d
ti
lt
o
f
0
.0
6
±
0
.0
2
%

(d
if
fe
re
n
ce

o
f
N
-S

sl
o
p
e
b
et
w
ee
n
T
1
D
e
an
d
T
2
D
e)
,
th
at
h
as

b
ee
n
fo
ll
o
w
ed

b
y
a
cu
m
u
la
ti
v
e
so
u
th
w
ar
d
ti
lt

o
f
0
.1
1
±

0
.0
1
%

b
et
w
ee
n

T
2
D
e

an
d

T
8
D
e.

S
in
ce

th
e

tr
an
si
ti
o
n

b
et
w
ee
n
th
e
la
te

M
io
ce
n
e
an
d
th
e
P
li
o
ce
n
e
(T
8
D
e)
,
so
u
th
-

w
ar
d
ti
lt
in
g
is
n
o
t
an
y
m
o
re

re
co
rd
ed

b
y
th
e
te
rr
ac
es

o
f
th
e

R
ı́o

D
es
ea
d
o
.

[3
4
]

B
o
th

n
o
rt
h
w
ar
d
an
d
so
u
th
w
ar
d
ti
lt
s,
n
o
rt
h
an
d
so
u
th

o
f
th
e
C
T
J,
re
su
lt
ed

in
ca
p
tu
re
s
th
at
ex
p
la
in

th
e
p
re
se
n
t-
d
ay

d
iv
er
g
in
g
p
at
te
rn

o
f
th
e
h
y
d
ro
g
ra
p
h
ic

n
et
w
o
rk

ea
st

o
f
th
e

S
ie
rr
a
S
an

B
er
n
ar
d
o
an
d
D
es
ea
d
o
m
as
si
f.

4
.
P
o
ss
ib
le

C
a
u
se
s
fo
r
th
e
P
o
st
-M

id
d
le

M
io
ce
n
e
U
p
li
ft
o
f
C
en
tr
a
l
E
a
st
er
n
P
a
ta
g
o
n
ia

[3
5
]

T
h
e
an
al
y
si
s
o
f
th
e
g
eo
lo
g
ic
al

an
d
m
o
rp
h
o
lo
g
ic
al

ev
o
lu
ti
o
n
o
f
ce
n
tr
al

P
at
ag
o
n
ia
,
ea
st

o
f
th
e
A
n
d
ea
n
fr
o
n
t

d
u
ri
n
g
th
e
N
eo
g
en
e,

sh
o
w
s
a
m
aj
o
r
sh
if
t
fr
o
m

su
b
si
d
en
ce

m
ar
k
ed

b
y
th
e
ac
cu
m
u
la
ti
o
n
o
f
th
e
S
an
ta

C
ru
z
F
o
rm

at
io
n
,

fo
ll
o
w
ed

b
y

a
re
g
io
n
al

u
p
li
ft

co
n
te
m
p
o
ra
n
eo
u
s
w
it
h

th
e

d
ep
o
si
ti
o
n
o
f
th
e
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er

an
d
fl
u
v
ia
l
te
rr
a-

ce
s.

T
h
e

O
li
g
o
-M

io
ce
n
e

tr
an
sg
re
ss
io
n

st
ar
ts

w
h
en

th
e

co
n
v
er
g
en
ce

b
et
w
ee
n
th
e
N
az
ca

an
d
S
o
u
th

A
m
er
ic
an

p
la
te
s

b
ec
o
m
es

m
o
re

o
rt
h
o
g
o
n
al
to

th
e
m
ar
g
in
,a
n
d
is
co
ev
al
to

th
e

m
aj
o
r
ep
is
o
d
e
o
f
sh
o
rt
en
in
g
in

ce
n
tr
al

P
at
ag
o
n
ia
n
A
n
d
es
.

[3
6
]

S
ed
im

en
ta
ti
o
n
o
f
th
e
O
li
g
o
-M

io
ce
n
e
m
ar
in
e
st
ra
ta
,

fo
ll
o
w
ed

b
y
th
e
d
ep
o
si
ti
o
n
o
f
th
e
ea
rl
y
to

m
id
d
le

M
io
ce
n
e

m
o
la
ss
e
ea
st

o
f
th
e
A
n
d
ea
n
fr
o
n
t,
co
u
ld

p
ar
tl
y
re
su
lt
fr
o
m

th
e
fl
ex
u
ra
ls
u
b
si
d
en
ce

o
f
th
e
fo
re
la
n
d
in
d
u
ce
d
b
y
th
e
g
ro
w
th

o
f
th
e
ch
ai
n
at
th
at
ti
m
e.
F
is
si
o
n
tr
ac
k
s
d
at
a
[T
h
o
m
so
n
et
a
l.
,

2
0
0
1
],
in
d
ee
d
sh
o
w

th
at
d
en
u
d
at
io
n
ac
ce
le
ra
te
s
in

th
e
w
es
t-

er
n
p
ar
t
o
f
th
e
m
o
u
n
ta
in

ch
ai
n
at

th
at

la
ti
tu
d
e
in

th
e
O
li
g
o
-

ce
n
e,
w
h
ic
h
su
g
g
es
ts
th
at
th
e
A
n
d
es

w
h
er
e
u
p
li
ft
in
g
cl
o
se

to
th
e
P
ac
if
ic
co
as
t.
W
e
in
te
rp
re
t
th
e
se
d
im

en
ta
ry

re
co
rd

o
f
th
e

b
as
in

an
d
es
p
ec
ia
ll
y
th
e
d
ep
o
si
ti
o
n
o
f
th
e
S
an
ta

C
ru
z
F
o
r-

m
at
io
n
an
d
it
s
eq
u
iv
al
en
ts
,
w
it
h
a
m
ax
im

u
m

d
ep
o
ce
n
te
r

F
ig
u
re

9
.

T
o
p
o
g
ra
p
h
ic

lo
n
g
it
u
d
in
al

p
ro
fi
le
s
o
f
th
e
fl
u
v
ia
l
te
rr
ac
es

o
f
th
e
R
ı́o

S
en
g
u
er
r
sy
st
em

.

F
ig
u
re

8
.

T
o
p
o
g
ra
p
h
ic

lo
n
g
it
u
d
in
al

p
ro
fi
le
s
o
f
C
añ
ad
o
n
S
al
ad
o
–
C
añ
ad
o
n
d
el

C
ar
ri
l
te
rr
ac
e
T
2
C
s
(A

A
0 )
an
d
P
am

p
a
d
el

C
as
ti
ll
o
p
ie
d
m
o
n
t
m
an
tl
e
co
v
er

le
v
el

T
1
C
a
(B
B
0 )
.
S
ee

m
ap

fo
r
lo
ca
ti
o
n
an
d
F
ig
u
re

3
fo
r
co
lo
r
le
g
en
d
.
T
h
e
p
re
se
n
t-
d
ay

lo
n
g
it
u
d
in
al

sl
o
p
e
o
f
T
2
C
s
d
ep
en
d
s
o
n
th
e
o
ri
en
ta
ti
o
n
o
f
th
e
v
al
le
y,

su
g
g
es
ti
n
g
th
at

re
g
io
n
al

ti
lt
o
cc
u
rr
ed

fo
ll
o
w
in
g
th
e

fo
rm

at
io
n
o
f
T
2
C
s.
T
h
e
p
o
si
ti
o
n
o
f
th
e
P
er
al
es

an
ti
cl
in
e
ax
is
is
in
d
ic
at
ed

b
y
a
w
h
it
e
tr
ia
n
g
le

o
n
th
e
p
ro
fi
le

A
A
0 .

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

11
o
f
1
9

T
C
2
0
0
9



lo
ca
te
d
cl
o
se

to
th
e
C
o
rd
il
le
ra

fo
o
th
il
ls
,
as

a
re
su
lt
o
f
th
e

o
v
er
fi
ll
in
g
o
f
a
su
b
si
d
in
g
b
as
in
.
A
lt
h
o
u
g
h
th
e
su
b
si
d
en
ce

o
f

th
is
b
as
in

m
ay

re
su
lt
fr
o
m

th
e
fl
ex
u
ra
l
re
sp
o
n
se

o
f
th
e
co
n
-

ti
n
en
ta
l
li
th
o
sp
h
er
e
to

th
e
g
ro
w
th

o
f
th
e
C
o
rd
il
le
ra
,
it
m
ay

al
so

ha
ve

be
en

en
ha
nc
ed

by
th
e
dy
na
m
ic
de
fl
ec
ti
on

of
th
e
li
th
-

o
sp
h
er
e
g
en
er
at
ed

b
y
th
e
in
cr
ea
si
n
g
v
el
o
ci
ty

o
f
th
e
su
b
d
u
c-

ti
o
n
o
f
th
e
N
az
ca

sl
ab

[G
u
rn
is
,1
9
9
3
]
(s
ee

d
is
cu
ss
io
n
b
el
o
w
).

[3
7
]

T
h
e
en
d
o
f
th
e
d
ep
o
si
ti
o
n
o
f
th
e
S
an
ta

C
ru
z
co
n
ti
-

n
en
ta
l
se
ri
es

co
rr
es
p
o
n
d
s
to

d
ra
st
ic

ch
an
g
es

in
th
e
p
al
eo
g
e-

o
g
ra
p
h
y
o
f
P
at
ag
o
n
ia
.
T
h
e
en
d
o
f
ea
rl
y
M
io
ce
n
e
is
m
ar
k
ed

b
y
an

in
cr
ea
se
d
ar
id
it
y
o
f
th
e
ea
st
er
n
si
d
e
o
f
so
u
th
er
n
A
n
d
es

[B
el
lo
si
,
1
9
9
9
;
B
li
sn
iu
k
et

a
l.
,
2
0
0
5
].
T
h
is

cl
im

at
ic

ch
an
g
e

es
se
n
ti
al
ly

re
su
lt
s
fr
o
m

ra
in

sh
ad
o
w

p
h
en
o
m
en
o
n
,
th
e

C
o
rd
il
le
ra

b
ei
n
g
h
ig
h
en
o
u
g
h
to

b
ec
o
m
e
a
b
ar
ri
er

to
at
m
o
-

sp
h
er
ic

ci
rc
u
la
ti
o
n
[B
li
sn
iu
k
et

a
l.
,
2
0
0
5
].
B
li
sn
iu
k
et

al
.,
in

tu
rn
,s
u
g
g
es
t
th
at
th
e
en
d
o
f
th
e
d
ep
o
si
ti
o
n
o
f
th
e
S
an
ta
C
ru
z

F
o
rm

at
io
n
1
4
M
a
ag
o
w
o
u
ld

al
so

re
su
lt
fr
o
m

th
e
in
cr
ea
se
d

ar
id
it
y
o
f
th
e
P
at
ag
o
n
ia
n
fo
re
la
n
d
.
O
u
r
d
at
a
su
g
g
es
t
th
at

th
e
m
ai
n
ca
u
se

fo
r
th
e
en
d
o
f
se
d
im

en
ta
ti
o
n
is
th
e
u
p
li
ft
o
f

th
e
fo
re
la
n
d
.
A
s
a
m
at
te
r
o
f
fa
ct
,
al
th
o
u
g
h
P
at
ag
o
n
ia

ea
st

o
f
th
e
A
n
d
es

h
as

b
ee
n
ar
id

en
o
u
g
h
to

p
re
se
rv
e
th
e
fl
u
v
ia
l

te
rr
ac
e
sy
st
em

s
d
es
cr
ib
ed

in
th
is
p
ap
er
si
n
ce

th
e
la
te
M
io
ce
n
e,

th
e
w
id
es
p
re
ad

o
cc
u
rr
en
ce

o
f
v
as
t
te
rr
ac
es

co
v
er
ed

b
y
d
ec
i-

m
et
er
-s
ca
le
p
eb
b
le
s
co
v
er
in
g
th
e
en
ti
re
zo
n
e
fr
o
m

th
e
A
n
d
es

to
th
e
A
tl
an
ti
c
O
ce
an

in
d
ic
at
es

th
at
p
o
w
er
fu
ls
tr
ea
m
s
ep
is
o
d
-

ic
al
ly

fl
o
w
ed

fr
o
m

th
e
C
o
rd
il
le
ra
.
T
h
es
e
st
re
am

s
w
o
u
ld

ce
rt
ai
n
ly

h
av
e
b
ro
u
g
h
t
se
d
im

en
ts

to
th
e
b
as
in

in
ca
se

it
s

su
b
si
d
en
ce

w
o
u
ld

h
av
e
p
u
rs
u
ed

m
o
re

re
ce
n
tl
y
th
an

m
id
d
le

M
io
ce
n
e.

[3
8
]

T
h
en
,
th
e
q
u
es
ti
o
n
is
to

u
n
d
er
st
an
d
w
h
y
th
e
u
p
li
ft
o
f

th
e
A
n
d
es
,
co
n
tr
o
ll
in
g
fr
o
m

th
e
m
id
d
le

M
io
ce
n
e
th
e
se
m
i-

ar
id

cl
im

at
e
o
f
ea
st
er
n
P
at
ag
o
n
ia
,
h
as

b
ee
n
ra
p
id
ly

fo
ll
o
w
ed

b
y
th
e
sl
o
w

u
p
li
ft
o
f
it
s
fo
re
la
n
d
.
U
p
li
ft
o
f
ce
n
tr
al

ea
st
er
n

P
at
ag
o
n
ia

co
rr
el
at
es

w
it
h
a
p
er
io
d
o
f
co
ld
er

cl
im

at
e,
cu
lm

i-
n
at
in
g
w
it
h
th
e
fo
rm

at
io
n
o
f
an

ic
e
ca
p
ab
o
v
e
th
e
A
n
d
es
.

T
h
e
lo
n
g
-t
er
m

in
cr
ea
si
n
g
ic
e
lo
ad

fr
o
m

th
e
u
p
p
er

M
io
ce
n
e

sh
o
u
ld

h
av
e
tr
ig
g
er
ed

su
b
si
d
en
ce

o
f
th
e
A
n
d
ea
n
fo
re
la
n
d
,

co
n
tr
ar
y
to

th
e
o
b
se
rv
ed

u
p
li
ft
.
In

co
n
tr
as
t,
fo
re
la
n
d
u
p
li
ft

m
ay

h
av
e
re
su
lt
ed

fr
o
m

a
d
ec
re
as
in
g
lo
ad

o
f
th
e
C
o
rd
il
le
ra
,

p
o
ss
ib
ly

en
h
an
ce
d
b
y
g
la
ci
al

er
o
si
o
n
.
W
e
sh
o
w

b
el
o
w

th
at

fl
ex
u
ra
l
fo
re
la
n
d
re
b
o
u
n
d
ca
n
n
o
t
ex
p
la
in

th
e
la
rg
e
d
im

en
-

si
o
n
o
f
th
e
u
p
li
ft
ed

ar
ea
.
In

co
n
tr
as
t,
d
y
n
am

ic
to
p
o
g
ra
p
h
y

re
su
lt
in
g
fr
o
m

th
e
o
p
en
in
g
o
f
th
e
as
th
en
o
sp
h
er
ic

w
in
d
o
w

m
ay

ex
p
la
in

th
e
co
n
ti
n
en
ta
l-
sc
al
e
o
b
se
rv
ed

u
p
li
ft
.

4
.1
.
F
le
x
u
ra
l
R
es
p
o
n
se

o
f
th
e
L
it
h
o
sp
h
er
ic

P
la
te

[3
9
]

T
h
e
g
ro
w
th

o
f
so
u
th
er
n
A
n
d
es

in
th
e
O
li
g
o
-M

io
ce
n
e

re
su
lt
ed

fr
o
m

cr
u
st
al

sh
o
rt
en
in
g
,
w
h
ic
h
,
in

tu
rn
,
tr
ig
g
er
ed

su
b
si
d
en
ce

in
th
e
fo
re
la
n
d
an
d
d
ep
o
si
ti
o
n
o
f
th
e
S
an
ta
C
ru
z

m
o
la
ss
e
[e
.g
.,
R
a
m
o
s,

1
9
8
9
;
A
lv
a
re
z-
M
a
rr
ó
n
et

a
l.
,
1
9
9
3
;

T
h
o
m
so
n
et

a
l.
,
2
0
0
1
;
K
ra
em

er
et

a
l.
,
2
0
0
2
;
L
a
g
a
b
ri
el
le

et
a
l.
,
2
0
0
4
;
R
a
m
o
s,
2
0
0
5
].
T
h
en
,
th
e
su
b
se
q
u
en
t
u
p
li
ft
o
f

th
e
fo
re
la
n
d
m
ay

h
av
e
re
su
lt
ed

fr
o
m

th
e
d
im

in
u
ti
o
n
o
f
th
e

A
n
d
ea
n
lo
ad

ab
o
v
e
th
e
co
n
ti
n
en
ta
l
p
la
te
.A

s
a
m
at
te
r
o
f
fa
ct
,

cr
u
st
al

sh
o
rt
en
in
g
h
as

b
ee
n
v
er
y
sm

al
l
in

th
e
P
at
ag
o
n
ia
n

A
n
d
es

si
n
ce

m
id
d
le
M
io
ce
n
e
[R
a
m
o
s,
1
9
8
9
;
C
o
u
ta
n
d
et
a
l.
,

1
9
9
9
;
L
a
g
a
b
ri
el
le

et
a
l.
,
2
0
0
4
,
2
0
0
7
].
M
o
re
o
v
er
,
th
e
v
er
y

h
u
m
id

cl
im

at
ic

co
n
d
it
io
n
s
o
n
th
e
w
es
te
rn

si
d
e
o
f
th
e
ch
ai
n

th
at
h
as

b
ee
n
en
h
an
ce
d
b
y
it
s
u
p
li
ft
,
an
d
th
e
d
ev
el
o
p
m
en
t
o
f

N
eo
g
en
e
g
la
ci
at
io
n
s
m
ay

h
av
e
in
cr
ea
se
d
th
e
ra
p
id

er
o
si
o
n

o
f
th
e
P
ac
if
ic

si
d
e
o
f
th
e
co
n
ti
n
en
t
an
d
ce
n
tr
al

p
ar
t
o
f
th
e

C
o
rd
il
le
ra
.
T
h
e
fl
ex
u
ra
l
re
sp
o
n
se

o
f
th
es
e
ac
ce
le
ra
te
d
er
o
-

si
o
n
p
ro
ce
ss
es

w
o
u
ld

fa
v
o
r
u
p
li
ft
o
f
th
e
ea
st
er
n
fo
re
la
n
d
.

[4
0
]

T
h
e
el
as
ti
c
th
ic
k
n
es
s
o
f
th
e
P
at
ag
o
n
ia
n
co
n
ti
n
en
ta
l

li
th
o
sp
h
er
e
h
as

b
ee
n
es
ti
m
at
ed

b
et
w
ee
n
ab
o
u
t
2
0
k
m

an
d

3
0
k
m

b
y
Ta
ss
a
ra

et
a
l.
[2
0
0
7
]
at

th
e
C
T
J
la
ti
tu
d
e
u
si
n
g

g
ra
v
it
y
d
at
a.
U
si
n
g
st
an
d
ar
d
el
as
ti
c
p
ar
am

et
er
s
[e
.g
.,
T
u
rc
o
tt
e

a
n
d
S
ch
u
b
er
t,
1
9
8
2
],
th
e
d
is
ta
n
ce

b
et
w
ee
n
th
e
ch
ai
n
an
d
th
e

fo
re
b
u
lg
e
w
o
u
ld

ra
n
g
e
b
et
w
ee
n
1
5
0
an
d
2
1
0
k
m
.
F
le
x
u
ra
l

p
ar
am

et
er
s
o
f
th
e
co
n
ti
n
en
ta
l
p
la
te
ar
e
al
so

ev
id
en
ce
d
b
y
th
e

d
is
tr
ib
u
ti
o
n
o
f
th
e
S
an
ta
C
ru
z
co
n
ti
n
en
ta
ld
ep
o
si
ts
,w

h
ic
h
ar
e

re
st
ri
ct
ed

to
th
e
w
es
te
rn

p
ar
t
o
f
th
e
P
at
ag
o
n
ia
n
fo
re
la
n
d
,
le
ss

th
an

2
5
0
k
m
fr
o
m
th
e
A
n
d
es
.I
n
tu
rn
,t
h
e
fl
ex
u
ra
lu
p
li
ft
o
f
th
e

fo
re
la
n
d
re
su
lt
in
g
fr
o
m

th
e
d
im

in
u
ti
o
n
o
f
th
e
A
n
d
ea
n
lo
ad

sh
o
u
ld

b
e
re
st
ri
ct
ed

to
a
n
ar
ro
w

ar
ea

cl
o
se

to
th
e
ch
ai
n
,
an
d

sh
o
u
ld

n
o
t
af
fe
ct
th
e
d
is
ta
l
zo
n
es

cl
o
se

to
th
e
A
tl
an
ti
c
co
as
t,

!
5
0
0
k
m

aw
ay

fr
o
m

th
e
p
re
se
n
t-
d
ay

C
o
rd
il
le
ra
.

4
.2
.
D
y
n
a
m
ic

T
o
p
o
g
ra
p
h
y

[4
1
]

D
y
n
am

ic
to
p
o
g
ra
p
h
y
o
n
E
ar
th

is
th
e
d
ef
le
ct
io
n
o
f
th
e

su
rf
ac
e
in

re
sp
o
n
se

to
th
e
v
is
co
u
s
fl
o
w

th
at

o
cc
u
rs

in
th
e

co
n
v
ec
ti
n
g
u
n
d
er
ly
in
g
m
an
tl
e.

O
v
er

su
b
d
u
ct
io
n
zo
n
es
,
it

m
ay

re
su
lt
in

lo
n
g
-w

av
el
en
g
th

d
o
w
n
w
ar
d
d
ef
le
ct
io
n
s
o
f
th
e

o
v
er
ri
d
in
g
to
p
o
g
ra
p
h
ic
su
rf
ac
e
ex
ce
ed
in
g
1
0
0
0
m
[M

it
ro
vi
ca

et
a
l.
,1
9
8
9
;G

u
rn
is
,1
9
9
3
;Z

h
o
n
g
a
n
d
G
u
rn
is
,1
9
9
4
;H

u
ss
o
n
,

2
0
0
6
].

T
h
e
n
o
rt
h
w
ar
d
m
ig
ra
ti
o
n
o
f
th
e
C
T
J
fr
o
m

m
id
d
le

M
io
ce
n
e
le
ad

to
th
e
o
p
en
in
g
o
f
an

as
th
en
o
sp
h
er
ic

w
in
d
o
w

b
el
o
w

so
u
th
er
n
P
at
ag
o
n
ia
.
S
o
u
th

o
f
4
6
!3
0
0 S
,
th
e
A
n
ta
rc
ti
c

o
ce
an
ic
p
la
te
is
n
o
w
sl
o
w
ly

su
b
d
u
ct
in
g
b
el
o
w
th
e
co
n
ti
n
en
t.

T
h
e
co
rr
es
p
o
n
d
in
g
sl
ab

is
sh
o
rt
.
A

re
ce
n
t
sl
ab

w
in
d
o
w

re
co
n
st
ru
ct
io
n
sh
o
w
s
th
at

th
e
A
n
ta
rc
ti
c
sl
ab

sh
o
u
ld

n
o
t

h
av
e
re
ac
h
ed

d
ep
th
s
g
re
at
er

th
an

4
5
k
m

[B
re
it
sp
re
ch
er

a
n
d

T
h
o
rk
el
so
n
,
2
0
0
8
].
T
h
u
s,
th
e
d
y
n
am

ic
ef
fe
ct
o
f
th
at
su
b
d
u
c-

ti
o
n
o
n
th
e
o
v
er
ri
d
in
g
co
n
ti
n
en
t
is
v
ir
tu
al
ly

ab
se
n
t.
N
o
rt
h
o
f

th
e
C
T
J,
in

co
n
tr
as
t,
th
e
N
az
ca

p
la
te
su
b
d
u
ct
s
ra
p
id
ly
,w

h
ic
h

in
tu
rn

d
ef
le
ct
s
th
e
co
n
ti
n
en
ta
l
p
la
te
d
o
w
n
w
ar
d
.
W
e
p
ro
p
o
se

th
at

th
is

d
o
w
n
w
ar
d
d
ef
le
ct
io
n
h
as

b
ee
n
p
ro
g
re
ss
iv
el
y
ca
n
-

ce
le
d

in
so
u
th
er
n

P
at
ag
o
n
ia

as
th
e
C
T
J
w
as

m
ig
ra
ti
n
g

n
o
rt
h
w
ar
d
,r
es
u
lt
in
g
in
th
e
u
p
li
ft
o
f
th
at
p
ar
t
o
f
th
e
co
n
ti
n
en
t.

T
h
e
fr
ee

ai
r
an
o
m
al
y
is
p
o
si
ti
v
e
n
o
rt
h
o
f
th
e
C
T
J
(4
0
m
G
al
)

w
h
il
e
it
is

n
eu
tr
al

to
sl
ig
h
tl
y
n
eg
at
iv
e
so
u
th

o
f
it
;
th
is

o
b
-

se
rv
at
io
n
o
u
tl
in
es

th
e
d
ep
ar
tu
re

o
f
to
p
o
g
ra
p
h
y
fr
o
m

an
is
o
st
at
ic

si
tu
at
io
n
n
o
rt
h
o
f
th
e
C
T
J
an
d
th
e
fa
ct

th
at

th
e
d
y
-

n
am

ic
d
ef
le
ct
io
n
v
an
is
h
es

so
u
th

o
f
it
.

[4
2
]

W
e
co
m
p
u
te
d
th
e
d
y
n
am

ic
d
ef
le
ct
io
n
in
d
u
ce
d
b
y
a

sl
ab

su
b
d
u
ct
in
g
w
it
h
in

th
e
u
p
p
er

m
an
tl
e
w
it
h
a
d
ip

an
g
le

o
f
3
7
!,
u
si
n
g
a
si
m
p
le

3
-D

N
ew

to
n
ia
n
m
o
d
el

b
as
ed

o
n
th
e

S
to
k
es
le
t
ap
p
ro
x
im

at
io
n
[M

o
rg
a
n
,
1
9
6
5
;
B
a
tc
h
el
o
r,

1
9
6
7
;

H
a
rp
er
,
1
9
8
4
;
H
u
ss
o
n
,
2
0
0
6
].
A

su
b
d
u
ct
in
g
sl
ab

o
f
fi
n
it
e

w
id
th

is
d
is
cr
et
iz
ed

in
to

el
em

en
ta
ry

sp
h
er
es
,o
r
‘‘
S
to
k
es
le
t,
’’

fo
r
w
h
ic
h

an
an
al
y
ti
ca
l
fl
o
w

so
lu
ti
o
n

ex
is
ts
.
E
ac
h

p
o
in
t

m
as
s
i
in
d
u
ce
s
an

el
em

en
ta
ry

sp
h
er
ic
al

fl
o
w

(S
to
k
es
le
t)
fo
r

w
h
ic
h

th
e
S
to
k
es

st
re
am

fu
n
ct
io
n

is
k
n
o
w
n

an
d

ca
n

b
e

w
ri
tt
en

Y
i
=
(D

rn
ig
/8
ph

)r
ij
si
n
2
q i
j,
w
h
er
e
D
rv

i
is
th
e
m
as
s

an
o
m
al
y
as
so
ci
at
ed

w
it
h
ea
ch

p
o
in
t
m
as
s,
g
is

th
e
g
ra
v
it
a-

ti
o
n
al
ac
ce
le
ra
ti
o
n
,
h
is
th
e
v
is
co
si
ty
,
r i
j
is
th
e
d
is
ta
n
ce

fr
o
m

ea
ch

p
o
in
tm

as
s
to
th
e
o
b
se
rv
at
io
n
p
o
in
tj
,a
n
d
q i
j
is
th
e
an
g
le

b
et
w
ee
n
th
e
v
ec
to
r
ij
an
d
th
e
d
ir
ec
ti
o
n
o
f
g
.
T
h
e
n
o
rm

al

T
C
2
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G
U
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L
A
U
M
E
E
T
A
L
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D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

1
2
o
f
1
9

T
C
2
0
0
9

st
re
ss

o
n

th
e
u
p
p
er

fr
ee

su
rf
ac
e
o
f
a
h
al
f-
sp
ac
e
ca
n

b
e

ca
lc
u
la
te
d
u
si
n
g
th
e
im

ag
e
te
ch
n
iq
u
e
[M

o
rg
a
n
,
1
9
6
5
].

It
w
ri
te
s
F
zz

ij
=
3
D
rn

ig
z i3
/p
r i
j5
,
w
h
er
e
z i

is
th
e
d
ep
th

o
f
th
e

p
o
in
t
m
as
s
b
o
d
y
b
en
ea
th

th
e
su
rf
ac
e.
B
ec
au
se

in
er
ti
al
te
rm

s
ar
e
n
eg
li
g
ib
le
,
st
re
ss

d
o
es

n
o
t
d
ep
en
d
o
n
v
is
co
si
ty
.
If

th
e

su
rf
ac
e
is
st
re
ss

fr
ee
,
th
en

th
er
e
w
il
l
in
st
ea
d
b
e
a
d
ef
le
ct
io
n

o
f
th
e
su
rf
ac
e
b
y
a
d
is
ta
n
ce

h
ij
,
su
ch

th
at

h
ij
=
F
zz

ij
/r

m
g
.

T
h
e
to
ta
l
S
to
k
es

fl
o
w
is
g
iv
en

b
y
th
e
su
m

o
f
th
e
S
to
k
es
le
ts
;

in
ae
ri
al

d
o
m
ai
n
s
th
e
to
ta
l
su
rf
ac
e
d
ef
le
ct
io
n
H
j
w
il
l
b
e
th
e

su
m

o
f
th
e
d
ef
le
ct
io
n
s
re
su
lt
in
g

fr
o
m

ea
ch

p
o
in
t
m
as
s;

h
en
ce
,

H
j
¼

X i

3
D
rv

iz
3 i

pr
5 ij
r m

;
ð1
Þ

w
h
er
e
r m

d
en
o
te
s
th
e
d
en
si
ty

o
f
th
e
m
an
tl
e.

F
ig
u
re

1
0
.

(a
)
T
o
p
o
g
ra
p
h
ic

d
ef
le
ct
io
n
s
in
d
u
ce
d
b
y
th
e
su
b
d
u
ct
io
n
o
f
a
se
m
i-
in
fi
n
it
e,

5
0
-k
m
-t
h
ic
k

n
eg
at
iv
el
y
b
u
o
y
an
t
sl
ab

(D
r
=
"
8
0
k
g
m

"
3
,
st
ea
d
y
st
at
e
sl
ab

d
ip

o
f
3
7
!)
.
B
la
ck

so
li
d
li
n
es

ar
e
is
o
d
ep
th

co
n
to
u
rs

o
f
to
p
o
g
ra
p
h
ic

d
ef
le
ct
io
n
an
d
g
ra
y
so
li
d
li
n
es

sh
o
w

th
e
d
ep
th

o
f
th
e
su
b
d
u
ct
in
g
sl
ab

(i
n
k
m
).

T
h
e
g
ra
y
so
li
d
li
n
e
w
it
h
tr
ia
n
g
le
s
in
d
ic
at
es

th
e
p
o
si
ti
o
n
o
f
th
e
tr
en
ch
.
(b
)
T
o
p
o
g
ra
p
h
ic

p
ro
fi
le
s
o
f
th
e

d
y
n
am

ic
to
p
o
g
ra
p
h
y,

in
th
e
d
ir
ec
ti
o
n
p
ar
al
le
l
to

th
e
tr
en
ch
,
at

a
d
is
ta
n
ce

o
f
3
0
0
k
m

(b
la
ck

d
o
tt
ed

li
n
e)
,

5
0
0
k
m

(d
ar
k
g
ra
y
d
o
tt
ed

li
n
e)
,
an
d
7
0
0
k
m

(l
ig
h
t
g
ra
y
d
o
tt
ed

li
n
e)

fr
o
m

th
e
tr
en
ch
,
an
d
in

th
e
d
ir
ec
ti
o
n

p
er
p
en
d
ic
u
la
r
to

th
e
tr
en
ch

(d
as
h
ed

li
n
e)
,
w
it
h
th
e
co
rr
es
p
o
n
d
in
g
tr
en
ch
-p
ar
al
le
l
sl
o
p
es

in
d
ic
at
ed

o
n
th
e

ri
g
h
t.
P
ro
fi
le
s
ar
e
p
o
si
ti
o
n
ed

o
n
F
ig
u
re

1
0
a,

an
d
th
e
lo
ca
ti
o
n
o
f
th
e
tr
en
ch

is
in
d
ic
at
ed

b
y
a
tr
ia
n
g
le
.
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[4
3
]

D
ef
le
ct
io
n
s
h
av
e
b
ee
n
ca
lc
u
la
te
d
fo
r
a
5
0
-k
m
-t
h
ic
k

sl
ab

w
it
h
a
n
eg
at
iv
e
b
u
o
y
an
cy

o
f
"
8
0
k
g
m

"
3
.
W
e
as
su
m
e

th
at

th
e
d
ef
le
ct
io
n
,
so
u
th

o
f
th
e
tr
ip
le

ju
n
ct
io
n
,
is
n
u
ll
.
T
h
is

is
su
p
p
o
rt
ed

b
y
th
e
fa
ct

th
at

th
e
A
n
ta
rc
ti
c
sl
ab

cu
rr
en
tl
y

re
ac
h
es

d
ep
th
s
sm

al
le
r
th
an

4
5

k
m

[B
re
it
sp
re
ch
er

a
n
d

T
h
o
rk
el
so
n
,
2
0
0
8
].

C
o
n
v
er
se
ly
,
th
e
d
y
n
am

ic
ef
fe
ct

o
f
th
e

tr
ai
li
n
g
ed
g
e
o
f
th
e
N
az
ca

sl
ab

so
u
th

o
f
th
e
C
T
J
sh
o
u
ld

n
o
t

b
e
n
eg
li
g
ib
le

b
u
t
is
d
if
fi
cu
lt
to

q
u
an
ti
fy

si
n
ce

it
d
ep
en
d
s
o
n

m
an
y
p
o
o
rl
y
co
n
st
ra
in
ed

p
ar
am

et
er
s
li
k
e
th
e
sl
ab

g
eo
m
et
ry
,

th
e
co
n
v
er
g
en
ce

v
el
o
ci
ty
,t
h
e
rh
eo
lo
g
ic
al
st
ra
ti
fi
ca
ti
o
n
o
f
th
e

F
ig
u
re

11
.

(a
)
M
ap

o
f
th
e
u
p
li
ft
o
f
th
e
o
v
er
ri
d
in
g
p
la
te
re
su
lt
in
g
fr
o
m

th
e
ep
is
o
d
ic
su
b
d
u
ct
io
n
o
f
4
ri
d
g
e

se
g
m
en
ts
b
el
o
w
S
o
u
th

A
m
er
ic
a
ac
co
m
p
an
y
in
g
th
e
n
o
rt
h
w
ar
d
m
ig
ra
ti
o
n
o
f
th
e
C
T
J.
W
h
it
e
an
d
g
ra
y
d
o
ts

m
ar
k
th
e
p
o
si
ti
o
n
o
f
th
e
C
T
J
b
ef
o
re

an
d
af
te
r
th
e
su
b
d
u
ct
io
n
o
f
ea
ch

ri
d
g
e
se
g
m
en
t,

re
sp
ec
ti
v
el
y.

(b
)
T
o
p
o
g
ra
p
h
ic

p
ro
fi
le
s
p
ar
al
le
l
to

th
e
tr
en
ch

d
ir
ec
ti
o
n
at
3
0
0
k
m
,
5
0
0
k
m
,
an
d
7
0
0
k
m

fr
o
m

th
e
tr
en
ch

fo
r
ea
ch

tr
ip
le
ju
n
ct
io
n
m
ig
ra
ti
o
n
in
cr
em

en
t.
T
h
e
b
o
u
n
d
ar
y
b
et
w
ee
n
re
g
io
n
s
o
f
n
o
rt
h
w
ar
d
an
d
so
u
th
w
ar
d

ti
lt
fo
r
ea
ch

lo
n
g
it
u
d
in
al
p
ro
fi
le
(d
o
tt
ed

li
n
es
)
sh
if
ts
to
w
ar
d
th
e
n
o
rt
h
,d
el
in
ea
ti
n
g
se
ct
o
rs
w
it
h
d
if
fe
re
n
t
ti
lt

h
is
to
ry
.
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1
4
o
f
1
9

T
C
2
0
0
9

u
p
p
er

m
an
tl
e,
th
er
m
al
er
o
si
o
n
o
f
th
e
sl
ab

ed
g
e.
A
n
y
w
ay
,
it
s

ef
fe
ct

w
o
u
ld

o
n
ly

in
tr
o
d
u
ce

a
d
el
ay

b
et
w
ee
n
ri
d
g
e
su
b
d
u
c-

ti
o
n
at

tr
en
ch
,
an
d
d
y
n
am

ic
u
p
li
ft
.
A

fi
rs
t-
o
rd
er

ap
p
ro
x
im

a-
ti
o
n
o
f
th
is

d
el
ay

ca
n
b
e
ev
al
u
at
ed

ca
lc
u
la
ti
n
g
th
e
ti
m
e

n
ec
es
sa
ry

fo
r
th
e
h
o
ri
zo
n
ta
l
p
ro
je
ct
io
n
o
f
th
e
tr
ai
li
n
g
ed
g
e

o
f
th
e
sl
ab

to
re
ac
h
an

h
o
ri
zo
n
ta
ld
is
ta
n
ce

g
re
at
er
th
an

th
at
o
f

th
e
ce
n
tr
al
P
at
ag
o
n
ia
n
b
as
in

(!
5
M
a)
.

[4
4
]

A
n
al
y
ti
ca
l
ca
lc
u
la
ti
o
n
s
p
re
d
ic
t
th
at

v
er
ti
ca
l
d
ef
le
c-

ti
o
n
s
ap
p
ea
r
as

fa
r
as

1
6
0
0
k
m

fr
o
m

th
e
tr
en
ch

an
d
re
ac
h
a

m
ax
im

u
m

v
al
u
e
cl
o
se

to
1
0
0
0
m

at
a
d
is
ta
n
ce

o
f
!
3
2
5
k
m

fr
o
m

th
e
tr
en
ch
.
T
h
e
m
ax
im

u
m

N
-S

tr
en
d
in
g
su
rf
ac
e
sl
o
p
e

at
a
d
is
ta
n
ce

o
f
3
0
0
,
5
0
0
,
an
d
7
0
0
k
m

fr
o
m

th
e
tr
en
ch

is
!
0
.3
3
%
,
0
.2
%
,
an
d
0
.1
3
%
,
re
sp
ec
ti
v
el
y
(F
ig
u
re

1
0
).
T
h
e

am
p
li
tu
d
e
o
f
th
e
d
ef
le
ct
io
n
v
ar
ie
s
w
h
en

p
ar
am

et
er
s
(t
h
ic
k
-

n
es
s,

b
u
o
y
an
cy
,
an
d
d
ip

o
f
th
e
sl
ab
)
ar
e
ch
an
g
ed

b
u
t
th
e

g
en
er
al

o
b
se
rv
ed

p
at
te
rn

is
m
ai
n
ta
in
ed
.

[4
5
]

T
h
e
C
T
J
ab
ru
p
tl
y
m
ig
ra
te
s
n
o
rt
h
w
ar
d
w
h
en

ri
d
g
e

se
g
m
en
ts
en
te
r
th
e
su
b
d
u
ct
io
n
zo
n
e.
F
ro
m

m
id
d
le
M
io
ce
n
e,

se
v
er
al
ri
d
g
e
se
g
m
en
ts
su
b
d
u
ct
ed

b
el
o
w
th
e
so
u
th
er
n
A
n
d
es

(F
ig
u
re

1
).
W
e
m
o
d
el

th
e
d
y
n
am

ic
re
sp
o
n
se

o
f
th
e
su
b
d
u
c-

ti
o
n
o
f
fo
u
r
ri
d
g
e
se
g
m
en
ts

w
it
h
le
n
g
th
s
o
f
4
0
0
,
2
0
0
,
2
0
0
,

an
d
5
0
k
m

th
at
co
rr
es
p
o
n
d
to

th
e
le
n
g
th
s
o
f
S
C
R
-3
,
S
C
R
-2
,

S
C
R
-1
,
an
d
S
C
R
0
(S
o
u
th

C
h
il
e
R
id
g
e
se
g
m
en
ts
),
re
sp
ec
-

ti
v
el
y.

T
h
es
e
se
g
m
en
ts

su
b
d
u
ct
ed

b
en
ea
th

S
o
u
th

A
m
er
ic
a

1
3
.5
,
1
2
,
6
,
an
d
3
M
a
ag
o
,
re
sp
ec
ti
v
el
y
[C
a
n
d
e
a
n
d
L
es
li
e,

1
9
8
6
;
G
o
rr
in
g
et

a
l.
,
1
9
9
7
].
F
ig
u
re

11
a
is

a
m
ap

v
ie
w

o
f

su
rf
ac
e
u
p
li
ft

re
su
lt
in
g
fr
o
m

th
e
su
b
d
u
ct
io
n
o
f
ea
ch

ri
d
g
e

se
g
m
en
t,
su
b
se
q
u
en
t
q
u
as
i
ce
ss
at
io
n
o
f
th
e
su
b
d
u
ct
io
n
an
d

in
d
u
ce
d

d
y
n
am

ic
d
ef
le
ct
io
n
.
F
ig
u
re

1
1
b

p
re
se
n
ts

th
e

co
rr
es
p
o
n
d
in
g
u
p
li
ft
al
o
n
g
th
re
e
tr
en
ch
-p
ar
al
le
l
p
ro
fi
le
s
lo
-

ca
te
d
3
0
0
,
5
0
0
,
an
d
7
0
0
k
m

fr
o
m

th
e
tr
en
ch
.
U
p
li
ft

is
m
ax
im

u
m
in
fr
o
n
to
f
ea
ch

su
b
d
u
ct
ed

ri
d
g
e
se
g
m
en
t,
re
su
lt
in
g

in
n
o
rt
h
w
ar
d
ti
lt
n
o
rt
h
o
f
th
e
se
g
m
en
ta
n
d
so
u
th
w
ar
d
ti
lt
so
u
th

o
f
it
.
S
o
u
th
er
n
P
at
ag
o
n
ia

ca
n
b
e
d
iv
id
ed

in
to

fo
u
r
d
o
m
ai
n
s.

T
h
e
fi
rs
td
o
m
ai
n
,l
o
ca
te
d
to
th
e
n
o
rt
h
,e
x
p
er
ie
n
ce
d
a
co
n
st
an
t

n
o
rt
h
w
ar
d

ti
lt

d
u
ri
n
g

th
e
w
h
o
le

m
ig
ra
ti
o
n
o
f
th
e
tr
ip
le

ju
n
ct
io
n
.
T
h
e
th
re
e
o
th
er

d
o
m
ai
n
s
fi
rs
t
ti
lt
ed

n
o
rt
h
w
ar
d
an
d

th
en

so
u
th
w
ar
d
as

th
e
C
T
J
w
as

m
ig
ra
ti
n
g
to

th
e
n
o
rt
h
.

4
.3
.
D
is
cu
ss
io
n

[4
6
]

T
h
e
ca
lc
u
la
ti
o
n
s
p
re
se
n
te
d
ab
o
v
e
sh
o
w
th
at
d
y
n
am

ic
to
p
o
g
ra
p
h
y
re
su
lt
in
g
fr
o
m

su
b
d
u
ct
io
n
m
ay

re
su
lt
in

si
g
n
if
-

ic
an
t
lo
n
g
-w

av
el
en
g
th

d
ef
le
ct
io
n
s
o
f
th
e
li
th
o
sp
h
er
ic

p
la
te
,

fa
r
en
o
u
g
h
fr
o
m

th
e
tr
en
ch

to
af
fe
ct

th
e
en
ti
re

w
id
th

o
f

P
at
ag
o
n
ia
.
A
t
th
e
en
d
o
f
O
li
g
o
ce
n
e,

th
e
in
cr
ea
se

o
f
tr
en
ch
-

p
er
p
en
d
ic
u
la
r
co
n
v
er
g
en
ce

v
el
o
ci
ty

b
et
w
ee
n
th
e
F
ar
al
lo
n
-

N
az
ca

p
la
te
an
d
S
o
u
th
A
m
er
ic
a
m
ay

h
av
e
re
su
lt
ed

in
a
la
rg
er

d
o
w
n
w
ar
d
d
ef
le
ct
io
n
o
f
th
e
co
n
ti
n
en
ta
l
p
la
te
,
w
h
ic
h
w
o
u
ld

ex
p
la
in

p
ar
t
o
f
th
e
O
li
g
o
-M

io
ce
n
e
P
at
ag
o
n
ia
n
tr
an
sg
re
ss
io
n
.

[4
7
]

F
o
ll
o
w
in
g
th
e
d
ep
o
si
ti
o
n
o
f
th
e
M
io
ce
n
e
co
n
ti
n
en
ta
l

m
o
la
ss
e,
th
e
en
ti
re

co
n
ti
n
en
ta
l
p
la
te
u
p
li
ft
ed
,r
es
u
lt
in
g
in

th
e

ap
p
ea
ra
n
ce

o
f
co
n
ti
n
en
ta
l-
sc
al
e
te
rr
ac
es
.
A
v
ai
la
b
le

ag
es

o
n

b
as
al
ts
co
v
er
in
g
te
rr
ac
es

[G
o
rr
in
g
et
a
l.
,
1
9
9
7
;
B
ru
n
i,
2
0
0
7
]

sh
o
w

th
at

th
e
o
ld
er

te
rr
ac
es

ar
e
m
id
d
le
-l
at
e
M
io
ce
n
e,

an
d

th
at

o
n
ly

th
e
lo
w
er

te
rr
ac
es

o
f
th
e
R
ı́o

S
en
g
u
er
r
an
d
R
ı́o

D
es
ea
d
o
fl
u
v
ia
l
sy
st
em

s
ar
e
P
li
o
ce
n
e
to

P
le
is
to
ce
n
e.

T
h
e

p
re
se
n
t-
d
ay

to
p
o
g
ra
p
h
y
o
f
th
es
e
an
ci
en
t
te
rr
ac
es

u
n
d
er
li
n
es

p
er
io
d
s
o
f
n
o
rt
h
w
ar
d
an
d
so
u
th
w
ar
d
ti
lt
in

th
e
fo
re
la
n
d
o
f

th
e
P
at
ag
o
n
ia
n
A
n
d
es
.
S
o
u
th

o
f
4
6
!3
0
0 S
,
te
rr
ac
es

o
f
th
e
R
ı́o

D
es
ea
d
o
sy
st
em

ev
id
en
ce

a
fo
rm

er
0
.0
6
%

n
o
rt
h
w
ar
d
ti
lt

ev
en
t
(0
.1
1
%

m
in
u
s
0
.0
5
%
)
th
at
o
cc
u
rr
ed

b
ef
o
re

th
e
d
ep
o
si
-

ti
o
n
o
f
T
2
D
e,
an
d
p
ar
tl
y
fo
ll
o
w
in
g
th
e
d
ep
o
si
ti
o
n
o
f
T
1
D
e,

fo
ll
o
w
ed

b
y
a
0
.1
1
%

so
u
th
w
ar
d
ti
lt
th
at

fo
ll
o
w
ed

th
e
d
e-

p
o
si
ti
o
n
o
f
T
2
D
e
an
d
en
d
ed

b
ef
o
re

th
e
d
ep
o
si
ti
o
n
o
f
T
8
D
e,

i.
e.
,
b
ef
o
re

5
.2
8
M
a.

Ju
st
to

th
e
n
o
rt
h
o
f
4
6
!3
0
0 S

(C
añ
ad
o
n

S
al
ad
o
an
d
R
ı́o

S
en
g
u
er
r
te
rr
ac
e
sy
st
em

s)
,
th
e
o
ld
es
t
su
rf
a-

ce
s
ar
e
ti
lt
ed

to
w
ar
d
th
e
n
o
rt
h
,
an
d
th
e
n
o
rt
h
w
ar
d
ti
lt
re
-

co
rd
ed

b
y
th
e
y
o
u
n
g
es
t
te
rr
ac
es

o
f
th
e
R
ı́o

S
en
g
u
er
r
fl
u
v
ia
l

F
ig
u
re

1
2
.

M
o
d
el
ed

v
er
su
s
o
b
se
rv
ed

ti
lt
s
in

th
e
ce
n
tr
al
ea
st
er
n
P
at
ag
o
n
ia
d
u
ri
n
g
th
e
la
st
1
4
M
a.
D
as
h
-

d
o
tt
ed

li
n
es

in
d
ic
at
e
th
e
p
re
d
ic
te
d
cu
m
u
la
ti
v
e
ti
lt
at

4
6
!S

–
6
8
!W

(b
la
ck
),
4
8
!S

–
6
8
!W

(d
ar
k
g
ra
y
),
an
d

5
0
!S

–
6
8
!W

(l
ig
h
t
g
ra
y
).
T
h
e
co
rr
es
p
o
n
d
in
g
o
b
se
rv
ed

cu
m
u
la
ti
v
e
ti
lt
s
o
b
se
rv
ed

in
te
rr
ac
es

so
u
th

(R
ı́o

D
es
ea
d
o
),
an
d
n
o
rt
h
o
f
th
e
C
T
J
(R
ı́o

S
en
g
u
er
r
an
d
C
añ
ad
o
n
S
al
ad
o
)
ar
e
in
d
ic
at
ed

b
y
li
g
h
t
g
ra
y
an
d
b
la
ck

so
li
d
li
n
es
,
re
sp
ec
ti
v
el
y.

N
o
te

th
at

th
e
ag
es

o
f
te
rr
ac
es

ar
e
n
o
t
k
n
o
w
n
.
W
e
o
n
ly

k
n
o
w

th
ei
r
st
ra
ti
g
ra
p
h
ic

p
o
si
ti
o
n
w
it
h
re
sp
ec
t
to

5
.2
8
M
a
o
ld

b
as
al
ts
in

th
e
R
ı́o

D
es
ea
d
o
fl
u
v
ia
l
sy
st
em

[G
o
rr
in
g
et
a
l.
,
1
9
9
7
],
an
d

2
.8
7
M
a
o
ld

b
as
al
ts
in

th
e
R
ı́o

S
en
g
u
er
r
fl
u
v
ia
l
sy
st
em

[B
ru
n
i,
2
0
0
7
].

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

1
5
o
f
1
9

T
C
2
0
0
9



sy
st
em

in
d
ic
at
es

th
at

th
e
ti
lt
co
n
ti
n
u
ed

af
te
r
th
e
d
ep
o
si
ti
o
n

o
f
th
e
C
er
ro

G
ra
n
d
e
b
as
al
ts
,
2
.8
7
M
a
ag
o
.

[4
8
]

T
h
is

g
en
er
al

p
at
te
rn

o
f
ti
lt
b
as
ic
al
ly

re
p
ro
d
u
ce
s
th
e

p
re
d
ic
te
d
v
er
ti
ca
l
m
o
v
em

en
ts

fr
o
m

d
y
n
am

ic
to
p
o
g
ra
p
h
y

m
o
d
el
in
g
(F
ig
u
re

1
2
)
th
at

ac
co
m
m
o
d
at
e
th
e
n
o
rt
h
w
ar
d
m
i-

g
ra
ti
o
n
o
f
th
e
C
T
J:
so
u
th

o
f
th
e
C
T
J,
o
u
r
m
o
d
el
p
re
d
ic
ts
th
at

th
e
u
p
li
ft
is

ac
co
m
m
o
d
at
ed

b
y
n
o
rt
h
w
ar
d
ti
lt
fo
ll
o
w
ed

b
y

so
u
th
w
ar
d
ti
lt
,
an
d
n
o
rt
h
o
f
th
e
C
T
J,

o
n
ly

n
o
rt
h
w
ar
d
ti
lt

sh
o
u
ld

o
cc
u
r.
M
o
re
o
v
er
,
o
b
se
rv
ed

ti
lt
v
al
u
es

ar
e
ap
p
ro
x
i-

m
at
el
y
0
.1
%

at
th
e
lo
n
g
it
u
d
e
o
f
th
e
A
tl
an
ti
c
co
as
t,
w
h
ic
h

co
rr
es
p
o
n
d
s
to

th
e
ra
n
g
e
o
f
v
al
u
es

p
re
d
ic
te
d
b
y
th
e
se
m
i-

an
al
y
ti
ca
l
m
o
d
el
s.

[4
9
]

H
o
w
ev
er
,m

o
d
el
re
su
lt
s
su
g
g
es
t
th
at
so
u
th
w
ar
d
ti
lt
o
f

th
e
re
g
io
n
lo
ca
te
d
b
et
w
ee
n
4
6
!3
0
0 S

an
d
4
8
!S

w
o
u
ld

o
cc
u
r

fo
ll
o
w
in
g
th
e
fi
n
al
st
ep

o
f
m
ig
ra
ti
o
n
o
f
th
e
C
T
J
th
at
re
su
lt
ed

fr
o
m

th
e
su
b
d
u
ct
io
n
o
f
th
e
S
C
R
0
ri
d
g
e
se
g
m
en
t,
3
M
a
ag
o
.

M
o
re
o
v
er
,
as

d
is
cu
ss
ed

ab
o
v
e,

o
u
r
si
m
p
le

an
al
y
ti
ca
l
m
o
d
el

d
o
es

n
o
t
in
te
g
ra
te
th
e
ef
fe
ct
o
f
th
e
tr
ai
li
n
g
ed
g
e
o
f
th
e
N
az
ca

sl
ab

at
d
ep
th
,
so
u
th

o
f
th
e
tr
ip
le

ju
n
ct
io
n
,
w
h
ic
h
sh
o
u
ld

in
tr
o
d
u
ce

a
d
el
ay

b
et
w
ee
n
ri
d
g
e
su
b
d
u
ct
io
n
an
d
th
e
co
rr
e-

sp
o
n
d
in
g
d
y
n
am

ic
re
sp
o
n
se
.
A
g
es

o
f
th
e
R
ı́o

D
es
ea
d
o

fl
u
v
ia
l
sy
st
em

,
in

co
n
tr
as
t,

su
g
g
es
t
th
at

th
e
so
u
th
w
ar
d

ti
lt
o
cc
u
rr
ed

in
th
e
M
io
ce
n
e,

b
ef
o
re

th
e
d
ep
o
si
ti
o
n
o
f
th
e

5
.2
8
M
a
o
ld
C
er
ro

N
eg
ro

b
as
al
ts
.T

h
is
d
is
cr
ep
an
cy

o
u
tl
in
es

th
e
li
m
it
at
io
n
o
f
o
u
r
si
m
p
le

an
al
y
ti
ca
l
an
al
y
si
s
in

ex
p
la
in
-

in
g

th
e
ti
m
in
g
an
d
/o
r
lo
ca
ti
o
n

o
f
o
b
se
rv
ed

ti
lt
.
In

th
e

se
m
ia
n
al
y
ti
ca
l
m
o
d
el

p
re
se
n
te
d
ab
o
v
e,

d
y
n
am

ic
d
ef
le
ct
io
n
s

ar
e
co
m
p
u
te
d
fo
r
a
sl
ab

h
av
in
g
an

u
n
if
o
rm

b
u
o
y
an
cy

w
h
il
e

th
e
N
az
ca

sl
ab

is
in
fa
ct
y
o
u
n
g
er
an
d
th
er
ef
o
re
le
ss
n
eg
at
iv
el
y

b
u
o
y
an
t
n
ex
t
to

th
e
C
T
J.
T
h
u
s,
ta
k
in
g
p
re
ci
se
ly

in
to

ac
co
u
n
t

th
e
ag
e
st
ru
ct
u
re

o
f
th
e
su
b
d
u
ct
in
g
sl
ab

w
o
u
ld

su
b
se
q
u
en
tl
y

sh
if
t
th
e
m
ax
im

u
m

d
ef
le
ct
io
n
n
o
rt
h
w
ar
d
w
it
h
re
sp
ec
t
to

F
ig
u
re

1
3
.

C
ar
to
o
n
s
il
lu
st
ra
ti
n
g
th
e
g
eo
d
y
n
am

ic
se
tt
in
g
so
u
th

o
f
th
e
C
h
il
e
T
ri
p
le

Ju
n
ct
io
n
.
(a
)
B
ef
o
re

th
e
su
b
d
u
ct
io
n
o
f
th
e
C
h
il
e
ri
d
g
e,
th
e
N
az
ca

sl
ab

su
b
d
u
ct
io
n
in
d
u
ce
s
m
an
tl
e
fl
o
w
th
at
ca
u
se
s
a
d
o
w
n
w
ar
d

d
ef
le
ct
io
n
o
f
th
e
o
v
er
ly
in
g
P
at
ag
o
n
ia
n
li
th
o
sp
h
er
e.

T
h
e
ra
p
id

co
n
v
er
g
en
ce

ra
te

is
re
sp
o
n
si
b
le

fo
r
th
e

em
p
la
ce
m
en
t
o
f
th
e
ea
st
er
n
P
at
ag
o
n
ia
n
fo
ld

an
d
th
ru
st

b
el
t
an
d
as
so
ci
at
ed

su
b
si
d
in
g
fl
ex
u
ra
l
b
as
in
.

(b
)
A
ft
er
th
e
su
b
d
u
ct
io
n
o
ft
h
e
C
h
il
e
ri
d
g
e,
th
e
o
p
en
in
g
o
ft
h
e
as
th
en
o
sp
h
er
ic
w
in
d
o
w
ca
n
ce
ls
th
e
d
o
w
n
w
ar
d

m
an
tl
e
m
o
ti
o
n
th
at
d
ef
le
ct
ed

th
e
S
o
u
th

A
m
er
ic
an

p
la
te
,r
es
u
lt
in
g
in

th
e
u
p
li
ft
o
f
th
e
co
n
ti
n
en
t
at
th
at
ti
m
e.

T
C
2
0
0
9

G
U
IL
L
A
U
M
E
E
T
A
L
.:
D
Y
N
A
M
IC

N
E
O
G
E
N
E
U
P
L
IF
T
O
F
PA

T
A
G
O
N
IA

1
6
o
f
1
9

T
C
2
0
0
9

m
o
d
el

re
su
lt
s
(F
ig
u
re

11
)
an
d
so
u
th
w
ar
d
ti
lt
w
o
u
ld

o
cc
u
r

ea
rl
ie
r.

[5
0
]

A
n
o
th
er

p
o
ss
ib
il
it
y

is
th
at

th
e

m
ig
ra
ti
o
n

o
f
th
e

C
T
J
h
as

b
ee
n
p
re
ce
d
ed

b
y
a
sl
ab

b
re
ak
-o
ff
,
re
su
lt
in
g
in

th
e
o
p
en
in
g
o
f
an

as
th
en
o
sp
h
er
ic

w
in
d
o
w

b
ef
o
re

th
e
su
b
-

d
u
ct
io
n
o
f
th
e
la
st

ri
d
g
e
se
g
m
en
ts
,
as

al
re
ad
y
p
ro
p
o
se
d
b
y

G
u
iv
el

et
a
l.
[2
0
0
6
]
to

ex
p
la
in

th
e
o
cc
u
rr
en
ce

o
f
b
ac
k
-a
rc

b
as
al
ts

o
ld
er

th
an

th
e
su
b
d
u
ct
io
n
o
f
th
e
ri
d
g
e
se
g
m
en
ts

lo
-

ca
te
d
at

th
ei
r
la
ti
tu
d
e.

A
lt
h
o
u
g
h
th
e
m
o
d
el

co
u
ld

ea
si
ly

b
e

ad
ap
te
d
ac
co
rd
in
g
ly
,
su
ch

im
p
ro
v
em

en
ts
w
o
u
ld

re
m
ai
n
b
e-

y
o
n
d
th
e
re
so
lu
ti
o
n
o
f
th
e
m
o
d
el

it
se
lf
.

[5
1
]

R
a
m
o
s
[1
9
8
9
,
2
0
0
5
],

R
a
m
o
s
a
n
d
K
a
y
[1
9
9
2
],

an
d

L
a
g
a
b
ri
el
le

et
a
l.
[2
0
0
7
]
p
o
in
t
o
u
t
a
st
ri
k
in
g
d
if
fe
re
n
ce

in
th
e
el
ev
at
io
n
o
f
th
e
h
ig
h
es
tp
ea
k
s
o
f
th
e
C
o
rd
il
le
ra
,t
h
ey

re
la
te

w
it
h
th
e
o
p
en
in
g
o
f
th
e
sl
ab

w
in
d
o
w

b
en
ea
th

th
e
co
n
ti
n
en
t.

N
o
rt
h
o
f
th
e
C
T
J,

h
ig
h
es
t
C
o
rd
il
le
ra

p
ea
k
s
d
o
n
o
t
ex
ce
ed

2
5
0
0
m
,
w
h
er
ea
s
so
u
th

o
f
th
e
C
T
J,
n
u
m
er
o
u
s
p
ea
k
s
ex
ce
ed

3
0
0
0
m
.
A
lt
h
o
u
g
h
la
rg
er

am
o
u
n
ts

o
f
u
p
li
ft

(>
1
0
0
0
m
)
ar
e

in
d
ee
d
ex
p
ec
te
d
cl
o
se

to
th
e
A
n
d
es

ac
co
rd
in
g
to

th
e
an
al
y
t-

ic
al
m
o
d
el
,t
h
e
si
g
n
al
is
m
o
re
d
if
fi
cu
lt
to
d
ec
ip
h
er
b
ec
au
se

o
f

th
e
te
ct
o
n
ic

ac
ti
v
it
y,
la
rg
e
er
o
si
o
n
ra
te
s
an
d
th
e
is
o
st
at
ic

re
-

b
o
u
n
d
re
la
te
d
to

ep
is
o
d
ic
m
el
ti
n
g
o
f
la
te
M
io
ce
n
e
to

Q
u
at
er
-

n
ar
y
g
la
ci
er
s
th
at

m
ak
e
an
y
at
te
m
p
t
to

ex
tr
ac
t
a
re
fe
re
n
ce

le
v
el
d
u
b
io
u
s.

5
.
C
o
n
cl
u
si
o
n
s

[5
2
]

T
h
e
m
aj
o
r
O
li
g
o
-M

io
ce
n
e
tr
an
sg
re
ss
io
n
th
at
o
cc
u
rr
ed

in
th
e
so
u
th
er
n
P
at
ag
o
n
ia
re
su
lt
s
b
o
th

fr
o
m

sh
o
rt
en
in
g
o
f
th
e

C
o
rd
il
le
ra

an
d
la
rg
er

d
o
w
n
w
ar
d
d
y
n
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ó
n
ic
a
d
e
la

C
u
en
ca

d
el

G
o
lf
o
S
an

Jo
rg
e
en

el
C
re
tá
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sú

A
ik
e
V
o
l-

ca
n
ic

F
ie
ld

(!
5
0
!S
,
A
rg
en

ti
n
a)
:
E
v
id
en

ce
s
fo
r

g
eo
ch
em

ic
al
v
ar
ia
b
il
it
y
in

sl
ab

w
in
d
o
w
m
ag
m
at
is
m
,

J.
S
o
u
th

A
m
.
E
a
rt
h
S
ci
.,
1
8
,
1
0
7
–
1
2
4
,
d
o
i:
1
0
.1
0
1
6
/

j.
js
am

es
.2
00
4
.1
0
.0
0
1
.

E
sc
o
st
eg
u
y,

L
.,
C
.
D
al

M
o
li
n
,
M
.
F
ra
n
ch
i,
S
.
G
eu
n
a,

an
d
O
.L

ap
id
o
(2
0
0
3
),
H
o
ja
G
eo
ló
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La morphologie Quaternaire, sur les terrasses fluviales permet d’enregistrer les

variations subtiles de la topographie à grande longueur d’onde. Cependant, en

mesurant des pentes locales, elle ne permet pas de déterminer les variations ab-

solues de la topographie, idéalement les variations de la distance d’un point de la

surface au centre de masse de la Terre. Une possibilité est d’examiner les variations

par rapport au niveau marin. La longueur d’onde caractéristique d’une dépression

topographique dynamique à l’aplomb d’une subduction est de plusieurs centaines

de kilomètres. Si l’évolution morphologique de la côte atlantique patagone est

conforme à cette hypothèse, le changement de régime de subduction devrait être

enregistré par les terrasses marines, abondament répertoriées depuis Darwin [1846]

(fig. 3.1 a). Pilotés par K. Pedoja, nous sommes allés évaluer sur le terrain les va-

riations relatives du niveau marin à l’aide de l’aide de la géomorphologie cotière

quaternaire, qui fait l’objet d’un article en préparation, résumé ci-après :
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Quaternary uplift of Eastern Patagonia shorelines : Darwin revisited

Kevin Pedoja a, Vincent Regard b,c,d, Laurent Husson e, Joseph Martinod b,c,d,

Maximiliano Iglesias f , Nicolas Robin a

a Laboratoire de Morphodynamique Continentale et Côtière, CNRS, Université de Caen, 14000 Caen, France ;
b Université de Toulouse ; UPS (OMP) ; LMTG ; 14 Av Edouard Belin, F-31400 Toulouse, France ;

c IRD ; LMTG ; F-31400 Toulouse, France ;
d CNRS ; LMTG ; F-31400 Toulouse, France) ;

e CNRS, Géosciences Rennes, 35042 Rennes, France.

La description des morphologies côtière en Patagonie remonte à Darwin [1846],

qui fut étonné de trouver des fossiles marins récents au dessus du niveau actuel

de la mer. De nombreux sites ont été documentés, auquel nous ajoutons notre

investigation (fig. 3.1a), en relevant systématiquement les profils topographiques

moyens locaux (fig. 3.1 b). Les affleurements de bonne qualité ont pu être re-

censés auparavant à l’aide de photographies aériennes (fig. 3.2 a) et de modèles

numériques de terrain locaux (SRTM). Les séquences sur le terrain apparaissent

par une succession de paliers (fig. 3.2).

Fig. 3.1: Patagonie, zones principales d’échantillonnage (a) et profils topogra-
phiques moyens (b). Patagonia, main sampling zones (a) and elevation profiles

(b).

Les données relevées sur le terrain sont venus compléter les travaux antérieurs, per-

mettant d’obtenir une vue globale de la surrection le long de la côte atlantique (fig.

3.3). Au premier ordre, c’est l’ensemble de la côte qui est en surrection moyenne
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Fig. 3.2: Séquences de terrasses, vue aérienne à Bahia Camarones (a) et in
situ à Puerto Mazerado (b). Sequence of marine terraces, aerial view of Bahia

Camarones (a) and field view in Puerto Mazerado (b).

de ∼0.08 mm/an qui peut s’expliquer par une modification globale du contexte

tectonique (voir chapitre 4). Dans le détail, la Patagonie se soulève plus fortement,

à raison de ∼0.13 mm/an, et de très faibles surrections sont obtenus dans la zone

de transition entre la Patagonie et le craton brésilien. Nous interprétons ce signal

comme la signature de la cessation progressive dans le temps de la déflection dy-

namique de la Patagonie en réponse au changement de contexte géodynamique sur

la marge Pacifique, conformémement aux résultats obtenus par la géomorphologie

fluviatile obtenus par Guillaume et al. [2009].
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Fig. 3.3: Synthèse des taux de surrection relatifs mesurés sur la côte atlantique
sud-américaine (comprenant les données de cet article complétés des travaux
antérieurs). Relative surrection rates along the coast of East Coast of South

America (synthesis completed by data from previous studies).
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3.2 Topographie dynamique et niveau marin

Au premier ordre, les variations de l’âge moyen du plancher océanique sont iden-

tifiées de longue date [Cogné et al., 2006, Heller & Angevine, 1985] comme proxy

pour les variations du niveau marin sur le temps caractéristique du cycle de Wil-

son. Cependant, cette assertion est à modérer. D’une part, les chartes eustatiques

apparâıssent bien plus irrésolues qu’anticipé : les données qui servent de base aux

synthèses classiques, comme celles de Haq et al. [1987] ou de Miller et al. [2005]

sont échantillonées dans des endroits particuliers, considérés jusqu’à récemment

comme stables. Or, comme le soulignent Moucha et al. [2008], la notion même de

plate-forme stable est un non sens sur une Terre solide dont la figure évolue en

permanence en réponse à la convection interne du manteau. En collaboration avec

C. Conrad, nous avons construit un modèle de Terre sphérique afin de simuler

l’écoulement du manteau et son impact sur les déflections dynamiques de la sur-

face terrestre. D’une part, les variations temporelles de cet écoulement modifient

la figure de la Terre et ainsi le niveau marin. D’autre part, les continents occultent

une part du géoide. Leur circulation à la surface de la Terre rend cette occultation

variable, et affecte en retour le niveau marin.



110 For permission to copy, contact editing@geosociety.org | © 2009 Geological Society of America

INTRODUCTION

During the mid-Cretaceous, several continents experienced oceanic 
transgressions that produced inland seas; the Western Interior Seaway 
of North America is a good example (e.g., Bond, 1976). These trans-
gressions have been generally attributed to elevated eustatic sea level 
during the Cretaceous, which must have dropped by ~200 m to explain 
the observed continental inundations (e.g., Haq et al., 1987). Sea-level 
drops of this amplitude can be attributed to a major decrease in ridge 
volume, caused by a sustained shortening of the mid-ocean-ridge system 
or a slowdown in seafl oor spreading rates (e.g., Pitman, 1978; Kominz, 
1984; Xu et al., 2006; Cogné et al., 2006; Müller et al., 2008). However, 
recent sequence stratigraphy performed on the Atlantic seaboard of North 
America has cast doubt on the eustasy paradigm by suggesting a much 
smaller Cretaceous sea-level drop of only ~70 m or less (Miller et al., 
2005), which could have been accomplished by climatic changes alone.

Recently, the discrepancy between these various observations of sea-
level change has been attributed to vertical motion of continental mar-
gins caused by the dynamics of convection in Earth’s mantle (Moucha 
et al., 2008; Müller et al., 2008). In particular, the east coast of North 
America lies above the subducted Farallon slab, which subducted 
beneath the U.S. west coast prior to 30 Ma, and it is observed today 
as a seismically fast anomaly in the lower mantle beneath the U.S. east 
coast (Bunge and Grand, 2000). The descent of this cold, dense feature 
is thought to be driving downwelling viscous fl ow that pulls the western 
half of the North Atlantic seafl oor downward by ~0.5 km with respect to 
the eastern half (Conrad et al., 2004). In fact, nonisostatic topographic 
relief up to ~2 km or more has been attributed to dynamic support from 
viscous mantle fl ow in modeling studies (e.g., Hager et al., 1985), and 

numerous topographic features such as backarc basins (Husson, 2006), 
the Western Interior Seaway (e.g., Mitrovica et al., 1989), or the pla-
teaus of southern Africa (Lithgow-Bertelloni and Silver, 1998; Gurnis 
et al., 2000) have been shown to be dynamically supported. On the U.S. 
east coast, the westward motion of North America over the Farallon slab 
should have produced dynamic subsidence since at least the Eocene (Liu 
et al., 2008; Spasojeviç et al., 2008). Combined with a global fall in sea 
level, this downward motion of the coastline may explain the anoma-
lously small sea-level change that Miller et al. (2005) observed for the 
U.S. east coast. In fact, coastlines around the world are likely in constant 
motion as a result of the dynamics of the mantle interior, which signifi -
cantly complicates the interpretation of relative sea-level measurements 
worldwide (Moucha et al., 2008).

While dynamic topography may dramatically affect observations of 
sea level made on coastlines, it is also possible that dynamically sup-
ported defl ections of ocean basin seafl oor can lead to a net change in 
global eustatic sea level. For example, Gurnis (1990) suggested, using 
a simple two-dimensional (2-D) model, that faster plate motions and 
fatter ridges should also produce growing slab anomalies that increase 
the negative dynamic topography near convergent margins, leading to 
continental inundation (Gurnis, 1993). The effect of this dynamic topog-
raphy is to diminish the sea-level rise associated with the ridge volume 
change. Husson and Conrad (2006), however, used simple boundary 
layer theory to show that if plate acceleration is facilitated by a change 
in mantle viscosity, the effect of dynamic topography on basin volume, 
and thus sea level, is diminished. Furthermore, they showed that a sus-
tained increase in plate motions leads to thinner mantle slabs, a positive 
change in dynamic topography, and elevated sea level. Thus, changes 
in plate motion should lead to a net change in eustatic sea level, but the 
amplitude, and even the sign, of the response depends on the time scales 
and causes of the plate motion change.

Infl uence of dynamic topography on sea level and its 
rate of change
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ABSTRACT

Mantle fl ow likely supports up to 2 km of long-wavelength topographic relief over Earth’s surface. Although the average of this dynamic 
support must be zero, a net defl ection of the ocean basins can change their volume and induce sea-level change. By calculating dynamic 
topography using a global mantle fl ow model, we fi nd that continents preferentially conceal depressed topography associated with mantle 
downwelling, leading to net seafl oor uplift and ~90 ± 20 m of positive sea-level offset. Upwelling mantle fl ow is currently amplifying posi-
tive dynamic topography and causing up to 1.0 m/Ma of sea-level rise, depending on mantle viscosity. Continental motions across dynamic 
topography gradients also affect sea level, but uncertainty over the plate motion reference frame permits sea-level rise or fall by ±0.3 m/Ma, 
depending on net lithosphere rotation. During a complete Wilson cycle, sea level should fall during supercontinent stability and rise dur-
ing periods of dispersal as mantle fl ow pushes continents down dynamic topography gradients toward areas of mantle downwelling. We 
estimate that a maximum of ~1 m/Ma of sea-level rise may have occurred during the most recent continental dispersal. Because this rate is 
comparable in magnitude to other primary sea-level change mechanisms, dynamic offset of sea level by mantle fl ow should be considered 
a potentially signifi cant contributor to long-term sea-level change.
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Sur des temps caractéristiques plus courts, les variations du niveau marin ont été

corrélées à des périodes d’intensification de la productivité des dorsales, conduisant

à un rajeunissement moyen du plancher océanique et une augmentation du niveau

marin [Hays & Pitman, 1973]. Un pulse de production aux dorsales océaniques s’ac-

compagne, par conservation de la surface de la Terre, d’un pulse de subduction,

ce qui a conduit Gurnis à proposer que l’impact sur le niveau marin soit amplifié

puisqu’une subduction plus dynamique s’accompagne d’une déflection dynamique

également plus forte. Il s’agit alors d’une variation relative du niveau marin, qui

est proposée comme mécanisme conduisant à une augmentation apparente du ni-

veau marin pendant les transgressions, au Crétacé en particulier [Gurnis, 1992].

En créant un réservoir d’eau de mer local ou en augmentant sa dimension, un pulse

tectonique affecte également le niveau marin absolu : les effets de la topographie

dynamique sur le niveau marin pourraient alors compenser ceux de la dorsale.

Dans l’article suivant, toujours en collaboration avec C. Conrad, nous ré-évaluons

l’impact sur le niveau marin moyen sur la base de modèles analytiques couplés,

isostatiques pour la bathymétrie océanique, et dynamique à l’aplomb des subduc-

tions. Nous montrons que c’est en général l’effet inverse qui se produit puisque

le champ de densité dans le manteau se retrouve également modifié : de fortes

vitesses tectoniques s’accompagnent d’une topographie dynamique plus faible à

l’aplomb de panneaux plongeants plus jeunes et moins denses, conduisant à une

diminution du niveau absolu des mers.
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[1] A simple dynamic model based on boundary layer
theory shows that dynamic topography is unlikely to vary
significantly in response to short term (�20 Myr)
variations in the mean tectonic velocity. Tectonic
velocities essentially mirror variations in mantle viscosity,
but are not indicative of substantial modification of
dynamic topography, which primarily reflects mass
anomalies in the mantle. This implies that relative sea
level is unlikely to be affected by ‘‘tectonic pulses’’ and
also that observed tilting of cratonic margins cannot result
from a pulse of increased tectonic velocities. Thus, relative
sea level is primarily controlled by the seafloor age
distribution, although long term (�100 Myrs) changes in
tectonic velocity will produce dynamic topography that
reinforces sea level changes associated with changing ridge
volume. Citation: Husson, L., and C. P. Conrad (2006),

Tectonic velocities, dynamic topography, and relative sea level,

Geophys. Res. Lett., 33, L18303, doi:10.1029/2006GL026834.

1. Introduction

[2] Changes in ridge volume and the seafloor age distri-
bution were the first obvious candidates to explain relative
sea level change [e.g., Hays and Pitman, 1973; Kominz,
1984], which was seen as a eustatic process [e.g., Vail et al.,
1977]. Because sea level is observed via flooding of
continental margins, subduction-related, epeirogenic pro-
cesses have also been invoked [Mitrovica et al., 1989]:
observed transgressions could reflect the dynamic tilting of
continents above sinking slabs, and may be enhanced by
faster tectonic velocities [Gurnis, 1990, 1993]. This reason-
ing, which is valid for subduction onset or cessation, has
also been applied to eustatic sea level: increased negative
dynamic topography above more rapidly subducting slabs
may compensate, and even overcome, the effect of
increased ridge volume associated with faster spreading
rates [Hager, 1980].
[3] In order to evaluate this competition, most studies are

based on semi-dynamic models where tectonic velocity is
an input. Therefore, it has been argued that fast subduction
stuffs dense material into the upper mantle at high rates,
causing it to accumulate and generate large dynamic topog-
raphy [Gurnis, 1990]. Such interpretations, however, do not
account for the dynamic equilibrium between mantle tem-
perature and tectonic velocities. Because slabs are thought

to drive plate motions [Conrad and Lithgow-Bertelloni,
2004], tectonic velocities must be regarded as the result of
the density contrast within the mantle and not as its cause.
Thus, plate and slab velocities must be consistent with (i)
their intrinsic buoyancy and (ii) the density and viscosity of
the mantle, as they are in several dynamically-consistent
studies [e.g., Mitrovica et al., 1989; Ricard and Vigny,
1989] (we discard dynamic fluctuations in upwellings as a
control on plate dynamics below). These interactions can be
captured by a simple, yet dynamically consistent, analysis
based on steady-state boundary layer theory that evaluates
the competition between seafloor age distribution and
dynamic topography.

2. Dynamic Topography in a Convective System

[4] Dynamic topography is the vertical component of the
response of an interface, like the surface of the Earth, to the
viscous flow of the underlying fluid. In a highly viscous
system like the mantle, inertia is negligible and dynamic
topography is independent of viscosity for a uniform New-
tonian fluid [Morgan, 1965]. Therefore the dynamic volume
of the deflected Earth surface can be reduced to an integral
function of the mass heterogeneities in the Earth’s mantle.
Note that support of slabs by a high-viscosity lower mantle
may decrease dynamic topography amplitudes at the surface
[Hager, 1984]. Thus, our use of a mantle of uniform
viscosity leads to upper bounds on dynamic volumes in
the analysis below. In a chemically uniform convective
system, density heterogeneities only depend on the thermal
state of the mantle. In such a case, the key parameter
affecting dynamic topography is the temperature of the
mantle, which sets the magnitude of the density contrast
and the volume of these density heterogeneities (i.e., the
volume of the slab).

2.1. Plate Velocity and Boundary Layer Theory

[5] Boundary layer theory satisfactorily explains the
structure and kinematics of a convecting Earth (see Bercovici
et al. [2000] for a review). The buoyancy force FB that drives
the subduction is balanced by the drag forces FDh

and FDv

that act on the horizontal and vertical boundaries of the
convection cell. Following the derivation of [Turcotte and
Schubert, 2002], the forces per unit length are:

FB ¼ r0aTmgb
u

v

kl
pu

� �1=2

;

FDh
¼ 2mau;FDv

¼ 2
m
a
v:

ð1Þ

r0aTm/2 is the mean density contrast within the mantle, r0 is
the reference density for the mantle, a is the coefficient of
thermal expansion, Tm the temperature increase in the
mantle (Tm/2 is the temperature in the core of the convective
mantle assuming a symmetric temperature profile), and k is
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n
d
K
o
h
ls
te
d
t,
1
9
9
5
,
2
0
0
3
;
K
o
re
n
a
g
a

a
n
d
Jo
rd
a
n
,
2
0
0
2
],
le
ad
in
g
to

a
la
rg
e
u
n
ce
rt
ai
n
ty

in
m
d
u
e

to
it
s
p
o
si
ti
o
n

in
th
e

ex
p
o
n
en
ti
al

(F
ig
u
re

1
a)
.
B
ec
au
se

v
is
co
si
ty

d
ep
en
d
s

ex
p
o
n
en
ti
al
ly

o
n

E
a
,
it

in
fl
u
en
ce
s

v
el
o
ci
ty

si
g
n
if
ic
an
tl
y.

A
n

in
cr
ea
se

in
T
m

b
y

%
4
5

K
is

n
ee
d
ed

to
d
o
u
b
le

th
e
v
al
u
e
o
f
u
w
it
h
E
a
=
4
0
0
k
J
m
o
l&

1

w
he
re
as

as
m
uc
h
as

%
10
0K

is
ne
ed
ed

w
ith

E
a
=
20
0
kJ

m
ol
&
1

(F
ig
ur
e
1b
).

[8
]

B
ec
au
se

it
d
ep
en
d
s
ex
p
o
n
en
ti
al
ly

o
n
T
m
,v
is
co
si
ty

ca
n

v
ar
y

b
y

o
n
e
to

tw
o

o
rd
er
s
o
f
m
ag
n
it
u
d
e
fo
r
re
as
o
n
ab
le

ch
an
g
es

in
T
m

(F
ig
u
re

1
a)
,
w
h
il
e

th
e
d
en
si
ty

co
n
tr
as
t

in
cr
ea
se
s
b
y
o
n
ly

%
6
.5
%

p
er

1
0
0
K

te
m
p
er
at
u
re

in
cr
ea
se

(F
ig
u
re

1
b
).

T
h
is

im
p
li
es

th
at

an
y

ch
an
g
es

to
R
a

ar
e

d
o
m
in
at
ed

b
y
v
is
co
si
ty
,
n
o
t
d
en
si
ty
,
v
ar
ia
ti
o
n
s.

2
.3
.

D
y
n
a
m
ic

V
o
lu
m
e

[9
]

T
o

fi
rs
t
o
rd
er
,
d
y
n
am

ic
to
p
o
g
ra
p
h
y

H
is

a
li
n
ea
r

fu
n
ct
io
n
o
f
th
e
m
as
s
an
o
m
al
ie
s
at

d
ep
th
.
F
o
r
a
su
b
d
u
ct
io
n

zo
n
e,

sl
ab

m
as
s
ca
n

b
e
ex
p
re
ss
ed

as
a
fu
n
ct
io
n

o
f
sl
ab

v
o
lu
m
e
an
d
d
en
si
ty

co
n
tr
as
t
r 0
a
T
m
/2
.
B
o
th

q
u
an
ti
ti
es

m
ay

ch
an
g
e
w
it
h
ti
m
e
d
u
e
to

ch
an
g
es

in
p
la
te
v
el
o
ci
ty

(4
)
o
r
th
e

as
p
ec
t
ra
ti
o
o
f
th
e
co
n
v
ec
ti
v
e
ce
ll
(2
).
A
cc
o
rd
in
g
to

(2
)
an

in
cr
ea
se

in
as
p
ec
t
ra
ti
o
(a

>
1
)
le
ad
s
to

a
d
ec
re
as
e
in

R
a
,

an
d
th
u
s
a
d
ec
re
as
e
in

T
m

fo
r
co
n
st
an
t
u
.
H
o
w
ev
er
,
th
e

d
ec
re
as
e

in
T
m

is
a

m
ax
im

u
m

o
f
2
5
K

an
d

m
o
d
if
ie
s

d
y
n
am

ic
to
p
o
g
ra
p
h
y

b
y

o
n
ly

3
%
.
A

d
ec
re
as
e
in

as
p
ec
t

ra
ti
o
,
w
h
il
e
le
ad
in
g
to

a
la
rg
er

T
m
in
cr
ea
se
,
is

u
n
p
h
y
si
ca
l

fo
r
th
e
E
ar
th
.

F
ig
u
re

1
.

(a
)
M
an
tl
e
v
is
co
si
ty

v
ar
ia
ti
o
n
as

a
fu
n
ct
io
n
o
f

ch
an
g
es

in
m
an
tl
e
te
m
p
er
at
u
re
,
D
T
m
;
(b
)
V
ar
ia
ti
o
n
s
in

th
e

d
en
si
ty

co
n
tr
as
t
dr

th
ro
u
g
h
th
e
m
an
tl
e
(r
ig
h
t
ax
is
,
so
li
d
li
n
e)

an
d
v
is
co
si
ty

(l
ef
t
ax
is
,
b
ro
k
en

li
n
es
)
as

a
fu
n
ct
io
n
o
f
m
ea
n

te
m
p
er
at
u
re

v
ar
ia
ti
o
n

in
th
e

m
an
tl
e.

C
al
cu
la
ti
o
n
s

ar
e

p
er
fo
rm

ed
fo
r
d
if
fe
re
n
ta
ct
iv
at
io
n
en
er
g
ie
s.
R
ef
er
en
ce

v
al
u
es

ar
e
ta
k
en

fo
r
p
re
se
n
t
d
ay

(T
m
0
=
3
0
0
0
K
,
u
0
=
3
.1

cm
y
r&

1
,

b
=
2
8
0
0
k
m
,
a
=
3
'

1
0
&
5
K
&
1
,
r a

=
3
2
5
0
k
g
m

&
3
),
an
d

an
as
p
ec
t
ra
ti
o
a
=
1
.

F
ig
u
re

2
.

R
el
at
iv
e
v
ar
ia
ti
o
n
s
o
f
th
e
d
y
n
am

ic
v
o
lu
m
e
as

a
fu
n
ct
io
n
o
f
m
ea
n
p
la
te

v
el
o
ci
ty

fo
r
an

in
st
an
ta
n
eo
u
s
(s
h
o
rt
-

li
v
ed
)
d
ep
ar
tu
re

fr
o
m

th
e
3
.1

cm
y
r&

1
re
fe
re
n
ce

te
ct
o
n
ic

v
el
o
ci
ty

(d
o
tt
ed

li
n
es
)
an
d
a
ch
an
g
e
to

a
n
ew

st
ea
d
y
st
at
e

v
el
o
ci
ty

(d
as
h
ed

li
n
es
).

T
h
e
v
ar
ia
ti
o
n
in

th
e
v
o
lu
m
e
o
f
a

h
al
f-
ri
d
g
e
is

sh
o
w
n
fo
r
co
m
p
ar
is
o
n
(s
o
li
d
li
n
e)
.
N
o
te

th
at

ch
an
g
es

in
th
e
ab
so
lu
te

ri
d
g
e
v
o
lu
m
e
ar
e
g
en
er
al
ly

1
.5

to
6
ti
m
es

la
rg
er

th
an

in
st
an
ta
n
eo
u
s
ch
an
g
es

in
th
e
ab
so
lu
te

d
y
n
am

ic
v
o
lu
m
e.

E
a

is
th
e

ac
ti
v
at
io
n

en
er
g
y,

o
th
er

p
ar
am

et
er
s
ar
e
as

in
F
ig
u
re

1
.

L
1
8
3
0
3

H
U
S
S
O
N

A
N
D

C
O
N
R
A
D
:
T
E
C
T
O
N
IC

V
E
L
O
C
IT
IE
S

L
1
8
3
0
3

2
o
f
5

[1
0
]

In
st
an
ta
n
eo
u
s
v
ar
ia
ti
o
n
s
in

te
ct
o
n
ic

v
el
o
ci
ty

d
o
n
o
t

af
fe
ct

th
e
v
o
lu
m
e
o
f
su
b
d
u
ct
ed

m
at
er
ia
l,

an
d
th
u
s
ca
u
se

o
n
ly

sm
al
l
(5
–
7
%
)
ch
an
g
es

in
d
y
n
am

ic
to
p
o
g
ra
p
h
y
as
so
-

ci
at
ed

w
it
h

th
e
in
fe
rr
ed

ch
an
g
e
in

T
m

(F
ig
u
re

2
,
d
o
tt
ed

li
n
es
).

L
o
n
g
-t
er
m

v
ar
ia
ti
o
n
s
in

v
el
o
ci
ty

m
ay

ar
is
e,

fo
r

in
st
an
ce

b
ec
au
se

o
f
th
e

b
la
n
k
et
in
g

ef
fe
ct

o
f
co
n
ti
n
en
ts

[e
.g
.,
T
ru
b
it
sy
n
et

a
l.
,
2
0
0
3
],

an
d
sh
o
u
ld

le
ad

to
th
in
n
er

sl
ab
s
b
ec
au
se

p
la
te
s
ar
e
y
o
u
n
g
er

w
h
en

th
ey

su
b
d
u
ct
.
In

st
ea
d
y
st
at
e
[s
ee

T
u
rc
o
tt
e
a
n
d
S
ch
u
b
er
t,
2
0
0
2
],
th
e
th
ic
k
-

n
es
s
o
f
th
e
b
o
u
n
d
ar
y
la
y
er

d
v
ar
ie
s
as

d
¼

1
:7

b

R
a
1
=3
:

ð5
Þ

T
h
e
v
o
lu
m
e
o
f
th
e
sl
ab

is
it
s
le
n
g
th

ti
m
es

it
s
th
ic
k
n
es
s.
T
h
u
s

as
su
m
in
g
si
m
il
ar
it
y
b
et
w
ee
n
th
e
th
ic
k
n
es
s
o
f
th
e
co
n
d
u
ct
iv
e

an
d
th
e
m
ec
h
an
ic
al
la
y
er
s,
th
e
v
o
lu
m
e
al
so

v
ar
ie
s
as

R
a
&
1
/3
.

D
y
n
am

ic
to
p
o
g
ra
p
h
y
is

ex
p
ec
te
d
to

v
ar
y
li
n
ea
rl
y
w
it
h
th
e

v
o
lu
m
e
o
f
th
e
sl
ab
,
an
d
th
er
ef
o
re

w
it
h
it
s
th
ic
k
n
es
s
d.

W
e

ev
al
u
at
e
d
as

a
fu
n
ct
io
n
o
f
u
(o
r
T
m
)
fr
o
m

eq
u
at
io
n
2
an
d
5

an
d
g
et

d
¼

1
:7

2
ffi
ffi
ffi p

p
ð

Þ1
=3

b
k u

"
#

1=
2

;
ð6
Þ

w
h
ic
h
sh
o
w
s
th
at

d
v
ar
ie
s
as

u
&
1
/2
.
F
ig
u
re

2
(d
as
h
ed

li
n
es
)

sh
o
w
s

th
e

re
la
ti
v
e

v
ar
ia
ti
o
n

o
f

d
y
n
am

ic
to
p
o
g
ra
p
h
y

ac
co
u
n
ti
n
g
fo
r
b
o
th

d
en
si
ty

an
d
p
la
te

th
ic
k
n
es
s
v
ar
ia
ti
o
n
s

co
n
si
st
en
t
w
it
h
a
lo
n
g
-t
er
m

ch
an
g
e
in

av
er
ag
e
p
la
te
v
el
o
ci
ty
.

T
h
e

ef
fe
ct

o
f

p
la
te

th
ic
k
n
es
s

v
ar
ia
ti
o
n
s

o
p
p
o
se
s

an
d

o
v
er
co
m
es

th
at

o
f
d
en
si
ty

v
ar
ia
ti
o
n
s;

it
ca
n

m
o
d
if
y

th
e

d
y
n
am

ic
v
o
lu
m
e

b
y

±
2
5
%

fo
r
a

re
as
o
n
ab
le

ra
n
g
e

o
f

v
el
o
ci
ti
es
.

[1
1
]

L
o
n
g
-t
er
m

th
er
m
al

d
is
tu
rb
an
ce
s
ar
e
ex
p
ec
te
d

to
ac
co
m
p
an
y
th
e
W
il
so
n
cy
cl
e
an
d
sh
o
u
ld

o
b
ey

(6
).
U
n
fo
r-

tu
n
at
el
y,

w
e
d
o
n
o
t
h
av
e
ac
ce
ss

to
p
la
te

v
el
o
ci
ti
es

o
v
er

an
en
ti
re

cy
cl
e
to

v
er
if
y
th
is
co
rr
el
at
io
n
.
H
o
w
ev
er
,
if
th
e
ab
o
v
e

re
la
ti
o
n
sh
ip

is
co
rr
ec
t,

th
e

d
y
n
am

ic
v
o
lu
m
e

w
o
u
ld

b
e

sm
al
le
r
d
u
ri
n
g
p
er
io
d
s
o
f
a
w
ar
m
er

m
an
tl
e
ch
ar
ac
te
ri
st
ic

o
f
a
su
p
er
co
n
ti
n
en
ta
l
se
tt
in
g
co
m
p
ar
ed

to
ti
m
es

af
te
r
co
n
-

ti
n
en
ta
l
b
re
ak
u
p
,
w
h
en

te
m
p
er
at
u
re
s
(a
n
d
p
re
su
m
ab
ly

te
c-

to
n
ic

v
el
o
ci
ti
es
)
ar
e
lo
w
er
.

3
.

E
x
a
m
p
le
s

3
.1
.

T
h
e
M
o
d
el

[ 1
2
]

F
o
ll
o
w
in
g

th
e
fo
rm

u
la
ti
o
n

o
f
se
ct
io
n

2
,
w
e
co
n
-

st
ru
ct
ed

an
id
ea
li
ze
d
sy
st
em

th
at

in
co
rp
o
ra
te
s
a
sp
re
ad
in
g

ri
d
g
e
m
o
v
in
g
to
w
ar
d
a
su
b
d
u
ct
io
n
zo
n
e
(s
o
m
ew

h
at

ak
in

to
th
e

M
es
o
zo
ic
-C

en
o
zo
ic

d
is
ap
p
ea
ra
n
ce

o
f
th
e

F
ar
al
lo
n

p
la
te
).
T
h
e
m
o
d
el
ed

se
ct
io
n
is

o
n
e
p
er
io
d
o
f
an

id
ea
li
ze
d

p
er
io
d
ic

E
ar
th
-l
ik
e
sy
st
em

.
In

o
rd
er

to
k
ee
p

a
su
rf
ac
e

b
al
an
ce

fo
r
th
e
m
o
d
el
,
p
la
te

fo
rm

at
io
n
is
b
al
an
ce
d
b
y
p
la
te

d
es
tr
u
ct
io
n
.
T
h
is

im
p
li
es

th
at

su
b
d
u
ct
io
n
ra
te
s
an
d
tr
en
ch

m
ig
ra
ti
o
n
ra
te
s
ar
e
li
n
ea
r
fu
n
ct
io
n
s
o
f
sp
re
ad
in
g
ra
te
s.
T
h
e

b
as
in

v
o
lu
m
e
ab
o
v
e
th
e
ri
d
g
e
is

ca
lc
u
la
te
d
fr
o
m

th
e
ag
e-

d
ep
th

re
la
ti
o
n
sh
ip

o
f
co
o
li
n
g
se
af
lo
o
r
[a
ft
er

S
te
in

a
n
d
S
te
in
,

1
9
9
2
].
T
h
e
d
y
n
am

ic
v
o
lu
m
e
ab
o
v
e
th
e
su
b
d
u
ct
in
g
sl
ab

is
ca
lc
u
la
te
d
fo
r
a
si
n
e-
sh
ap
ed

th
in

sh
ee
t
sl
ab

si
n
k
in
g
to

a
d
ep
th

o
f
6
7
0
k
m

w
it
h
a
h
al
f-
w
av
el
en
g
th

o
f
5
0
0
k
m

(s
la
b
s
in

th
e
lo
w
er

m
an
tl
e
ar
e
n
eg
le
ct
ed
).
T
h
e
sl
ab

is
d
is
cr
et
iz
ed

in
to

h
o
ri
zo
n
ta
lm

as
s
li
n
es

(o
r
li
n
ea
r
S
to
ke
sl
et
s)
si
n
k
in
g
v
er
ti
ca
ll
y
;

th
e
to
ta
l
S
to
k
es

fl
o
w

is
g
iv
en

b
y
th
e
su
m

o
f
th
e
el
em

en
ta
ry

S
to
ke
sl
et
s
[M

o
rg
a
n
,
1
9
6
5
;
B
a
tc
h
el
o
r,
1
9
6
7
;
D
a
vi
es
,
1
9
8
1
;

H
a
rp
er
,1
9
8
4
;
H
u
ss
o
n
,2
0
0
6
].
S
tr
es
se
s
n
o
rm

al
to

th
e
su
rf
ac
e

ar
e
ca
lc
u
la
te
d
u
si
n
g
th
e
‘‘
im

ag
e’
’
te
ch
n
iq
u
e
[M

o
rg
a
n
,1
9
6
5
],

w
h
ic
h
ac
co
u
n
ts
fo
r
th
e
p
re
se
n
ce

o
f
th
e
su
rf
ac
e
in
te
rf
ac
e.
T
h
e

b
u
o
y
an
cy

o
f
th
e
su
b
d
u
ct
in
g
m
at
er
ia
l
is
co
m
p
u
te
d
fr
o
m

th
e

ag
e
o
f
th
e
o
ce
an
ic

li
th
o
sp
h
er
e
at

th
e
ti
m
e
it
su
b
d
u
ct
s,

an
d

co
m
p
ar
ed

to
th
e
d
en
si
ty

o
f
th
e
as
th
en
o
sp
h
er
e,
as

ca
lc
u
la
te
d

in
se
ct
io
n
2
.

[1
3
]

A
lt
h
o
u
g
h
n
o
t
re
ad
il
y
ap
p
li
ca
b
le

to
E
ar
th
’s

h
is
to
ry
,

th
e
fo
ll
o
w
in
g
ex
am

p
le
s
en
co
m
p
as
s
m
o
st

p
o
ss
ib
le

sc
en
ar
ii
.

T
h
e
re
fe
re
n
ce

te
ct
o
n
ic

v
el
o
ci
ty

is
se
t
to

u
=
3
.1

cm
y
r&

1

(m
ea
n
p
re
se
n
t-
d
ay

h
al
f-
sp
re
ad
in
g
ra
te
s,
C
o
g
n
é
a
n
d
H
u
m
le
r

[2
0
0
4
])
,
fr
o
m

w
h
ic
h
T
m
0
,
m 0

an
d
d
ar
e
ca
lc
u
la
te
d
.
T
h
e
in
it
ia
l

st
at
e
(F
ig
u
re

3
,
to
p
)
is

se
t
to

an
en
d
-m

em
b
er

si
tu
at
io
n
,

w
h
er
e
th
e
en
ti
re

o
ce
an

co
n
si
st
s
o
f
a
p
la
te

o
f
le
n
g
th

2
l0

su
b
d
u
ct
in
g

b
en
ea
th

a
co
n
ti
n
en
t
o
f
le
n
g
th

l0
.
T
h
e
le
n
g
th

F
ig
u
re

3
.

E
v
o
lu
ti
o
n
o
f
th
e
m
o
d
el
ed

m
o
rp
h
o
lo
g
ie
s
(h
er
e

ca
lc
u
la
te
d

fo
r

u
=

3
.1

cm
/y
r)
.
T
re
n
ch

m
o
rp
h
o
lo
g
y

is
d
y
n
am

ic
,
se
e
te
x
t
fo
r
d
et
ai
ls
.

F
ig
u
re

4
.

C
h
an
g
es

in
ri
d
g
e
v
o
lu
m
e
as
so
ci
at
ed

w
it
h
(a
)
th
e

ev
o
lv
in
g
ag
e
d
is
tr
ib
u
ti
o
n
o
f
th
e
se
af
lo
o
r
an
d
(b
)
ch
an
g
es

in
th
e
d
y
n
am

ic
v
o
lu
m
e
as
so
ci
at
ed

w
it
h
ch
an
g
es

in
su
b
d
u
ct
io
n
-

in
d
u
ce
d
d
y
n
am

ic
to
p
o
g
ra
p
h
y.

In
ea
ch

ca
se
,
th
e
v
o
lu
m
e
is

g
iv
en

as
a
fr
ac
ti
o
n
o
f
th
e
to
ta
l
v
o
lu
m
e
o
f
th
e
o
ce
an

b
as
in

re
la
ti
v
e
to

th
e
in
it
ia
l
v
o
lu
m
e
(b
as
in

v
o
lu
m
e
+

d
y
n
am

ic
v
o
lu
m
e)

o
f
th
e
re
fe
re
n
ce

ca
se

(F
ig
u
re

3
,
to
p
).
H
er
e
0
M
a

(p
re
se
n
t-
d
ay
)
is
th
e
fi
n
al

st
at
e.

L
1
8
3
0
3

H
U
S
S
O
N

A
N
D

C
O
N
R
A
D
:
T
E
C
T
O
N
IC

V
E
L
O
C
IT
IE
S

L
1
8
3
0
3

3
o
f
5



sc
al
e
l0

is
th
e
p
la
te

le
n
g
th

p
ro
d
u
ce
d
in

1
8
0
m
y
rs

at
u
0
=

3
.1

cm
y
r&

1
(5
5
8
0
k
m
).

T
h
e
ri
d
g
e
sp
re
ad
s
an
d
m
ig
ra
te
s

to
w
ar
d
th
e
su
b
d
u
ct
io
n
zo
n
e,

ca
u
si
n
g
th
e
su
b
d
u
ct
in
g
p
la
te

to
sh
ri
n
k
at

th
e
ex
p
en
se

o
f
a
p
as
si
v
e
o
ce
an
ic

p
la
te
,
w
h
ic
h

g
ro
w
s
w
it
h
ti
m
e
(F
ig
u
re

3
).

In
th
e
fi
n
al

st
at
e
(F
ig
u
re

3
,

b
o
tt
o
m
),
th
e
ri
d
g
e
m
ee
ts

th
e
tr
en
ch
,
le
av
in
g
o
n
ly

a
si
n
g
le

o
ce
an
ic

p
la
te

sp
an
n
in
g
th
e
ex
p
an
se

o
f
th
e
o
ce
an
.

3
.2
.

R
id
g
e
V
o
lu
m
e
V
er
su
s
D
y
n
a
m
ic

V
o
lu
m
e

[1
4
]

L
et

u
s
fi
rs
t
co
n
si
d
er

ch
an
g
es

in
th
e
v
o
lu
m
e
o
f
th
e

o
ce
an

b
as
in

d
u
e
to

ag
e-
re
la
te
d
ch
an
g
es

in
b
at
h
y
m
et
ry
.
F
o
r

st
ea
d
y
te
ct
o
n
ic

v
el
o
ci
ti
es

(F
ig
u
re

4
,
u
=
2
.0

cm
/y
r
(i
),

u
=

3
.1

cm
/y
r
(i
i,
re
fe
re
n
ce
)
an
d
u
=
6
.0

cm
/y
r
(i
ii
))
,
w
e
m
o
d
if
y

p
la
te

th
ic
k
n
es
s
ac
co
rd
in
g
to

(6
)
an
d
m
ea
su
re

ch
an
g
es

in
b
as
in

v
o
lu
m
e

b
y

ca
lc
u
la
ti
n
g

ch
an
g
es

in
ri
d
g
e

v
o
lu
m
e

(F
ig
u
re

4
a)
.
In

ea
ch

ca
se
,
b
as
in

v
o
lu
m
e
in
it
ia
ll
y
d
ec
re
as
es

d
u
e
to

th
e
re
p
la
ce
m
en
t
o
f
o
ld

su
b
d
u
ct
in
g
li
th
o
sp
h
er
e
w
it
h

y
o
u
n
g
se
af
lo
o
r
cr
ea
te
d
at
th
e
ri
d
g
e.
A
s
th
e
ca
lc
u
la
ti
o
n
n
ea
rs

th
e
p
re
se
n
t-
d
ay

(0
M
a)
,
b
as
in

v
o
lu
m
e
in
cr
ea
se
s
ag
ai
n
as

d
es
tr
u
ct
io
n
o
f
y
o
u
n
g
se
af
lo
o
r
in
cr
ea
se
s
th
e
av
er
ag
e
se
af
lo
o
r

ag
e.

T
h
e

to
ta
l
v
ar
ia
ti
o
n

in
b
as
in

v
o
lu
m
e

fo
r
a

g
iv
en

sp
re
ad
in
g
ra
te

ra
n
g
es

b
et
w
ee
n
6
%

an
d
1
9
%

d
ep
en
d
in
g
o
n

th
e
ra
te
(F
ig
u
re

4
a)
.
L
o
w
er

ra
te
s
sh
o
w

la
rg
er

b
as
in

v
o
lu
m
es

an
d
sm

al
le
r
v
ar
ia
ti
o
n
s
in

b
as
in

v
o
lu
m
e
b
ec
au
se

th
e
av
er
ag
e

se
af
lo
o
r
ag
e

is
o
ld
er

an
d

th
er
ef
o
re

le
ss

v
ar
ia
b
le
.
T
h
e

m
in
im

a
in

b
as
in

v
o
lu
m
e
v
ar
y
b
y
8
–
1
5
%

co
m
p
ar
ed

to
th
e

re
fe
re
n
ce

ca
se
.

[1
5
]

T
h
e
d
y
n
am

ic
v
o
lu
m
e
as
so
ci
at
ed

w
it
h
d
ef
le
ct
io
n
o
f

th
e
se
af
lo
o
r
b
y
su
b
d
u
ct
io
n
-i
n
d
u
ce
d
d
o
w
n
w
el
li
n
g
al
so

v
ar
ie
s

w
it
h
ti
m
e
as

th
e
ri
d
g
e
m
o
v
es

to
w
ar
d
th
e
tr
en
ch

(F
ig
u
re

4
b
).

H
o
w
ev
er
,
m
o
st

o
f
th
e
v
ar
ia
ti
o
n
o
cc
u
rs

o
n
ly

w
it
h
in

th
e
la
st

%
5
0
M
y
r
as

th
e
ri
d
g
e
n
ea
rs

th
e
tr
en
ch
.
T
h
is
p
ro
ce
ss

ca
u
se
s

in
cr
ea
si
n
g
ly

y
o
u
n
g
er

m
at
er
ia
l
to

b
e

su
b
d
u
ct
ed
,
w
h
ic
h

d
ec
re
as
es

m
an
tl
e
d
en
si
ti
es

as
so
ci
at
ed

w
it
h
su
b
d
u
ct
io
n
an
d

th
u
s
th
e
d
y
n
am

ic
to
p
o
g
ra
p
h
y
as

w
el
l
(a
lt
h
o
u
g
h
n
o
t
co
m
-

p
le
te
ly

to
ze
ro

b
ec
au
se

so
m
e
sl
ab

is
st
il
l
p
re
se
n
t
w
h
en

th
e

ri
d
g
e
m
ee
ts

th
e
tr
en
ch
).

T
h
e
to
ta
l
v
ar
ia
ti
o
n
in

v
o
lu
m
e
is

al
w
ay
s
le
ss

th
an

1
0
%

o
f
th
e
to
ta
l
v
o
lu
m
e,

si
g
n
if
ic
an
tl
y

sm
al
le
r
th
an

th
e
v
o
lu
m
e
ch
an
g
es

as
so
ci
at
ed

w
it
h
ch
an
g
es

in
th
e
se
af
lo
o
r
ag
e
d
is
tr
ib
u
ti
o
n
.
E
x
p
ec
te
d
v
ar
ia
ti
o
n
s
in

p
la
te

ra
te
s
p
ro
d
u
ce

at
m
o
st
o
n
ly

a
3
%

v
ar
ia
ti
o
n
in

to
ta
l
v
o
lu
m
e
at

an
y
g
iv
en

ti
m
e
(F
ig
u
re

4
b
).

3
.3
.

V
a
ri
a
b
le

P
la
te

R
a
te
s

[1
6
]

T
h
e
im

p
ac
t
o
f
a
te
ct
o
n
ic

p
u
ls
e
o
n
d
y
n
am

ic
v
o
lu
m
e

ca
n
b
e
ad
d
re
ss
ed

b
y
co
n
si
d
er
in
g
th
e
co
n
tr
o
v
er
si
al
[H

el
le
r
et

a
l.
,
1
9
9
6
;
C
o
g
n
é
a
n
d
H
u
m
le
r,
2
0
0
4
]
en
d
-m

em
b
er

si
tu
at
io
n

p
ro
p
o
se
d

b
y

H
a
ys

a
n
d

P
it
m
a
n

[1
9
7
3
]
fo
r
ch
an
g
es

in
C
re
ta
ce
o
u
s
te
ct
o
n
ic
v
el
o
ci
ti
es
:
w
e
as
si
g
n
2
.5
cm

y
r&

1
b
ef
o
re

11
0
M
a,
6
.5

cm
y
r&

1
b
et
w
ee
n
11
0
an
d
8
5
M
a,
2
.2
4
cm

y
r&

1

b
et
w
ee
n
8
5
an
d
1
0
M
a,
an
d
3
.1

cm
y
r&

1
fo
r
th
e
la
st
1
0
M
a.

A
g
ai
n
,
th
e
m
ea
n
se
af
lo
o
r
ag
e
co
n
tr
o
ls

th
e
fi
rs
t-
o
rd
er

b
as
in

v
o
lu
m
e
an
d
in
cr
ea
se
d
sp
re
ad
in
g
ra
te
s
g
en
er
at
e
a
si
g
n
if
ic
an
t

eu
st
at
ic

p
er
tu
rb
at
io
n
o
f
ab
o
u
t
1
0
%

o
f
b
as
in

v
o
lu
m
e
af
te
r

o
n
ly

a
fe
w

m
yr
s
(F
ig
u
re

4
a)
.
H
o
w
ev
er
,
b
ec
au
se

th
e
p
u
ls
e
is

re
la
ti
v
el
y

sh
o
rt

li
v
ed
,
th
e
v
o
lu
m
e
o
f
su
b
d
u
ct
ed

m
at
er
ia
l

re
m
ai
n
s
n
ea
rl
y
co
n
st
an
t
th
ro
u
g
h
ti
m
e
an
d
o
n
ly

th
e
m
an
tl
e

d
en
si
ty

co
n
tr
as
t
v
ar
ie
s.

A
s
a
re
su
lt
,
ch
an
g
es

in
d
y
n
am

ic
to
p
o
g
ra
p
h
y

ar
e
m
in
o
r
(F
ig
u
re

4
b
):

d
y
n
am

ic
to
p
o
g
ra
p
h
y

in
cr
ea
se
s
sl
ig
h
tl
y
(a
b
o
u
t
1
%

o
f
to
ta
l
b
as
in

v
o
lu
m
e)

d
u
ri
n
g

th
e
te
ct
o
n
ic

p
u
ls
e
d
u
e
to

th
e
m
o
re

ra
p
id

p
la
ce
m
en
t
o
f

o
ce
an
ic

li
th
o
sp
h
er
e
in
to

th
e
m
an
tl
e.

T
h
e
la
rg
er

d
ec
re
as
e
in

d
y
n
am

ic
v
o
lu
m
e
th
at

fo
ll
o
w
s
(7
0

to
5
0

M
a)

re
p
re
se
n
ts

su
b
d
u
ct
io
n

o
f
th
e

m
o
re

b
u
o
y
an
t
li
th
o
sp
h
er
e

g
en
er
at
ed

d
u
ri
n
g
th
e
p
u
ls
e.

4
.

D
is
cu
ss
io
n

[1
7
]

In
st
an
ta
n
eo
u
s

(s
h
o
rt
-l
iv
ed
)

v
ar
ia
ti
o
n
s

in
p
la
te

v
el
o
ci
ty

o
n
ly

in
cr
ea
se

th
e
d
y
n
am

ic
v
o
lu
m
e
b
y

at
m
o
st

±
5
–
7
%

b
ec
au
se

fl
u
ct
u
at
io
n
s
in

p
la
te

v
el
o
ci
ty

ar
e
p
ri
m
ar
il
y

d
u
e
to

ch
an
g
es

in
v
is
co
si
ty

ra
th
er

th
an

d
en
si
ty
.
In

te
rm

s
o
f

v
o
lu
m
es
,
th
e
d
y
n
am

ic
to
p
o
g
ra
p
h
y
th
at
w
e
ev
al
u
at
e
fr
o
m

th
e

S
to
k
es
le
ts
ap
p
ro
x
im

at
io
n
[e
.g
.,
H
a
rp
er
,1
9
8
4
;H

us
so
n,
20
06
]

ab
ov
e
a
su
bd
uc
ti
ng

sl
ab

is
ty
pi
ca
ll
y
%
2.
4
'

1
0
9
m

3
p
er

m
o
f
su
b
d
u
ct
io
n
zo
n
e.

T
h
is

y
ie
ld
s
a
m
ax
im

u
m

v
ar
ia
ti
o
n
o
f

0
.1
7
'

1
0
9
m

3
p
er

u
n
it
le
n
g
th

as
so
ci
at
ed

w
it
h
a
ch
an
g
e
in

te
ct
o
n
ic
v
el
o
ci
ty
.
If
al
l
u
p
p
er

p
la
te
s
fl
o
o
d
ed

si
m
u
lt
an
eo
u
sl
y,

su
ch

a
v
ar
ia
ti
o
n
,
in
te
g
ra
te
d
o
v
er

th
e
4
3
5
0
0
k
m

o
f
p
re
se
n
t-

d
ay

tr
en
ch

le
n
g
th

an
d
d
is
tr
ib
u
te
d
o
v
er

th
e
su
rf
ac
e
o
f
th
e

o
ce
an
,
w
o
u
ld

in
d
u
ce

a
2
2
m

v
ar
ia
ti
o
n
in

re
la
ti
v
e
se
a
le
v
el
.

S
u
ch

am
p
li
tu
d
es

ar
e
u
n
li
k
el
y
to

b
e
re
co
rd
ed

b
y
th
e
g
eo
-

lo
g
ic
al

re
co
rd
.
W
e
co
n
cl
u
d
e
th
at

sh
o
rt
-t
er
m

v
ar
ia
ti
o
n
s
in

re
la
ti
v
e
se
a
le
v
el

ar
e
m
o
st

re
fl
ec
ti
v
e
o
f
ch
an
g
es

to
th
e

se
af
lo
o
r
ag
e
d
is
tr
ib
u
ti
o
n
,
as

em
p
h
as
iz
ed

b
y

H
el
le
r
a
n
d

A
n
g
ev
in
e
[1
9
8
5
]
an
d
H
el
le
r
et

a
l.
[1
9
9
6
]
an
d
co
n
st
ra
in
ed

b
y
X
u
et

a
l.
[2
0
0
6
].

[1
8
]

L
o
n
g
-l
iv
ed

in
cr
ea
se
s
in

te
ct
o
n
ic

v
el
o
ci
ti
es

d
ec
re
as
e

th
e
v
o
lu
m
e
o
f
su
b
d
u
ct
ed

m
at
er
ia
l,
an
d
th
u
s
le
ad

to
la
rg
er

fl
u
ct
u
at
io
n
s
in

d
y
n
am

ic
to
p
o
g
ra
p
h
y
th
an

ca
n
b
e
ex
p
ec
te
d

fr
o
m

sh
o
rt
-t
er
m

v
ar
ia
ti
o
n
s.
V
ar
ia
ti
o
n
s
o
f
u
p
to

±
2
5
%

o
f
th
e

d
y
n
am

ic
v
o
lu
m
e
(b
u
t
o
n
ly

ab
o
u
t
3
%

o
f
th
e
b
as
in

v
o
lu
m
e)

ca
n

b
e
ex
p
ec
te
d
.
F
o
ll
o
w
in
g

th
e
ab
o
v
e
ca
lc
u
la
ti
o
n
,
2
5
%

v
ar
ia
ti
o
n
s
o
f
th
e
d
y
n
am

ic
v
o
lu
m
e
in
d
ic
at
e
v
o
lu
m
e
ch
an
g
es

o
f
0
.6
1
'

1
0
9
m

3
p
er

m
o
f
tr
en
ch
,
an
d
w
o
u
ld

g
en
er
at
e
a

7
8
m

h
ig
h
v
ar
ia
ti
o
n
in

re
la
ti
v
e
se
a
le
v
el
.
N
o
te

th
at

th
is

p
ro
ce
ss

re
in
fo
rc
es

th
e
ac
co
m
p
an
y
in
g

v
ar
ia
ti
o
n
s
o
f
ri
d
g
e

v
o
lu
m
e
w
it
h
p
la
te

v
el
o
ci
ty

(F
ig
u
re

4
a)

an
d
in

n
o
ca
se

d
o
es

it
co
m
p
en
sa
te

th
em

.
B
y
co
m
p
ar
is
o
n
,
th
e
v
o
lu
m
e
o
f
a
h
al
f-

ri
dg
e
w
it
h
a
h
al
f-
sp
re
ad
in
g
ra
te

of
3.
1
cm

y
r&

1
is
ab
o
ut

3
'

10
9
m

3
p
er

m
of

ri
dg
e
le
n
gt
h
[f
ol
lo
w
in
g
St
ei
n
a
nd

S
te
in
,

19
92
].

T
hi
s
vo
lu
m
e
va
ri
es

ef
fi
ci
en
tl
y
w
it
h
p
la
te

v
el
oc
it
ie
s

an
d

it
ca
n

bu
lg
e

up
b
y

2
5%

w
hi
le

d
ou
b
li
ng

th
e

p
la
te

ve
lo
ci
ty

(F
ig
u
re

2
,
so
li
d
li
n
e)
,
in
du
ci
ng

v
ol
um

e
v
ar
ia
ti
on
s

of
ab
o
ut

0.
75

'
1
09

m
3
p
er

u
ni
t
le
n
gt
h.

F
or

lo
ng
-t
er
m

te
ct
o
n
ic

ch
an
g
es
,
d
y
n
am

ic
to
p
o
g
ra
p
h
y

re
in
fo
rc
es

tr
en
d
s

as
so
ci
at
ed

w
it
h
se
af
lo
o
r
re
ju
ve
na
ti
on

ca
us
ed

b
y
co
nt
in
en
ta
l

br
ea
k
up

or
in
cr
ea
se
d
te
ct
o
ni
c
v
el
oc
it
ie
s.
B
ot
h
pr
oc
es
se
s
ar
e

co
m
pa
ra
bl
e
in

m
ag
ni
tu
de

an
d
ca
n
ce
rt
ai
nl
y
b
e
re
co
rd
ed

in
th
e
E
ar
th
’s

lo
ng

te
rm

h
is
to
ry
.

[1
9
]

A
n
o
th
er

co
n
se
q
u
en
ce

o
f
d
y
n
am

ic
to
p
o
g
ra
p
h
y
is

th
e

ti
lt
o
f
co
n
ti
n
en
ta
l
m
ar
g
in
s.

G
u
rn
is

[1
9
9
0
,
1
9
9
3
]
su
g
g
es
te
d

th
at

in
cr
ea
se
d

d
y
n
am

ic
to
p
o
g
ra
p
h
y

an
d

ep
ei
ro
g
en
ic

p
ro
-

ce
ss
es

o
n

th
e
m
ar
g
in

o
f
co
n
ti
n
en
ts

w
o
u
ld

ac
co
m
p
an
y

a
te
ct
o
n
ic

p
u
ls
e;

th
e
p
re
se
n
t
m
o
d
el

su
g
g
es
ts
th
at

th
is
ef
fe
ct

is
m
in
o
r
b
ec
au
se

te
ct
o
n
ic
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Chapitre 4

Tectonique des plaques

L’ensemble du travail que je discute dans ce chapitre est basé sur l’impact de

l’aggrégation en courante de la majorité des continents -Eurasie, Afrique, Arabie,

Inde et Australie- au cours du Tertiaire en un supercontinent que nous proposons

avec C. Conrad comme Hapagea (fig. 4.1). La vitesse de convergence entre chacun

de ces continents a diminué sensiblement à mesure que les subductions qui condui-

saient la convergence vers l’Eurasie de chacun de ces continents est remplacée par

des collisions.

Dans le chapitre 1 j’abonde sur le rôle majeur des châınes de montagnes dans

l’équilibre des forces tectoniques. Il apparâıt que ces forces sont d’une magni-

tude comparable, mais opposée, aux forces principales motrices de la tectonique

des plaques. Le remplacement progressif des subductions par des collisions lors

de la formation de Hapagea correspond à un remplacement de forces motrices

par des forces résistantes. Il est possible d’évaluer approximativement les varia-

tions des forces en présence (table 4.1). La traction des panneaux plongeants est

estimée pour une force moyenne par unité de longueur de 15 1012N m−1 (calculée

d’après la synthèse de Lallemand et al. [2005]) et une longueur des fosses changeant

avant et après l’aggrégation de Hapagea. Après la disparition presque complète

de la subduction téthysienne, cette traction totale diminue de ∼ 120 1018N , soit

16%. Parallèlement les orogènes se développent. La force résistante globale qu’elles

exercent peut être quantifiée en suivant l’approche développée dans le chapitre 1

par intégration sur l’ensemble de la Terre des forces de flottabilité orogéniques (fig.

4.2). Restreintes essentiellement à la Cordillière nord-américaine avant l’aggrégation

206
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Fig. 4.1: Aggrégation actuelle des continents en un supercontinent : Hapagea.
Present-day continental aggrégation towards a supercontinent : Hapagea.

pré-Hapagea Hapagea variation
traction des panneaux plongeants 750 1018 N 630 1018 N -16%

poussée orogénique 40 1018 N 160 1018 N +300%

Tab. 4.1: Traction des panneaux plongeants et poussée orogénique (pour des
forces moyennes par unité de longueur de 15 1012N m−1 et 5 1012N m−1, res-

pectivement) avant et après l’aggrégation de Hapagea.
Slab pull and orogenic push (computed assuming mean forces per unit length of
15 1012N m−1 and 5 1012N m−1, respectively) before and after the aggregation of
Hapagea.

de Hapagea, la résistance augmente de∼ 120 1018N , soit 300%, avec le développement

des châınes alpines sensu lato.

L’impact sur la tectonique des plaques se traduit par (i) une diminution du rapport

entre forces motrices et forces résistantes. La dissipation visqueuse dans le manteau

diminue en consequence dans le manteau, ce qui s’exprime par une diminution de la

vigueur de la convection. Ce changement est manifeste par la baisse de productivité

aux dorsales océaniques (fig. 4.3), (ii) un changement des conditions à la surface

du manteau ; Hapagea est un supercontinent qui est un forçage sur la convection

mantellique [Grigné et al., 2007, Gurnis & Zhong, 1991, Zhong & Gurnis, 1993]

et (iii) à l’échelle d’une plaque individuelle, les conditions dynamiques aux limites

latérales sont modifiées et la cinématique est perturbée.
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Fig. 4.2: Forces de flottabilité orogéniques (figure Mélanie Gérault). Orogenic
buoyancy forces (fig. Mélanie Gérault)

Fig. 4.3: Diminution de la productivité océanique depuis 100 Ma, estimée à
partir des reconstructions des âges océaniques de Müller et al. [2008] (en rouge),
[Becker et al., 2009]. Decrease in oceanic productivity since 100 Ma, based on

the reconstructions of Müller et al. [2008] (in red), [Becker et al., 2009].
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4.1 Restructuration tectonique suivant l’aggré-

gation de Hapagea

Sous l’angle de la tectonique des plaques, ce changement de conditions aux limites

des plaques correspond à la cessation progressive de la convergence des continents

Afrique, Arabie, Inde et Australie vers l’Eurasie. L’exemple le plus marquant est

bien sûr la convergence de l’Inde et de l’Eurasie [Allègre et al., 1984, Patriat &

Achache, 1984], mais des observations similaires valent pour les autres assemblages

de plaques. Il s’ensuit une redistribution de la déformation. Les forces motrices

qui animent l’ouverture des océans ont -a priori- pas ou peu varié durant le Ceno-

zoique. Puisque la convergence devient de plus en plus empêchée par la disparition

des panneaux plongeants tethysiens et la croissance des orogènes aux limites des

plaques, ces forces doivent être équilibrées par d’autres mécanismes, en particulier

la déformation sur les marges ouest américaines. Ce changement de régime tecto-

nique a été proposé par Russo & Silver [1996] et Silver et al. [1998]. C’est sur cette

base que sont construits les deux articles suivant, écrits en collaboration avec C.

Conrad et C. Faccenna. Il est d’abord mis en évidence que la circulation actuelle

des plaques, liée à la distribution problématique, triangulaire des âges océaniques

(la probabilité de repésentation d’un âge diminue linéairement avec le temps entre

0 et 180 Ma, [Parsons, 1982, Rowley, 2002] ) est une conséquence de la distribution

actuelle des continents. Puis je montre que forçage par les continents apparâıt suf-

fisament puissant pour modifier complètement le régime de tectonique des plaques

et induire par exemple un mouvement net vers l’ouest de la coquille lithosphérique

par rapport au manteau.
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Abstract :

The ongoing aggregation of Africa, Arabia, India and Australia onto Eurasia is 

forming a supercontinent that we refer to as Hapagea. Although not as large as the 

older Pangea and Rodinia, Hapagea is nevertheless large enough to profoundly 

modify Cenozoic plate kinematics as it gradually becomes a hub apart from which 

American continents spread. The continuation of Atlantic spreading is carried out at 

the expense of the Pacific Ocean, forcing the Farallon / Nazca plates down into 

eastern Pacific subduction zones, despite the fact that this seafloor is theoretically too 

young and too buoyant to subduct efficiently. This process occurred later for South 

America, where the subduction of the Tethys buffered the impact of the Atlantic 

expansion, and earlier for North America where this configuration was never met. The 

implications of the current plate tectonics are multiple and include (i) increased 

compression on the western coasts of the Americas, leading to Cordillera formation in 

North America (Sevier and Laramide) and later in South America (Andean), (ii) the 

transition from a rectangular distribution of seafloor ages to a triangular distribution 

as westward progress of the Americas engulfs young Farallon/Nazca seafloor, and 
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The deep-sea trenches that circumscribe the Pacific basin are moving westward relative to the deep mantle
by a few cm/yr, together with the Pacific seafloor. While the westward drift of the Pacific basin dominates the
observed net westward rotation of Earth's tectonic plates relative to the deep mantle source of the Pacific
hotspots, its cause remains uncertain. We demonstrate that the source of this westward drift is tectonic in
origin: the westward push of the high Andean topography along the eastern Pacific margin is large enough to
shear the entire Pacific upper mantle with a surface velocity of ~30 mm/yr. In addition, because the Pacific
upper mantle is confined between vertically coherent slabs of subducted lithosphere on both sides of the
Pacific, slabs in the western Pacific are forced to advance toward upper plates because the eastern Pacific
slabs are pushed westward. This cross-Pacific interaction provides an explanation for trench advance, which
is observed in the western Pacific and is not easily explained by the local dynamics of subduction in which
dense sinking slabs essentially tend to retreat from overriding plates. Thus, the basic asymmetry of the Pacific
system, which has been noted for almost all tectonic features including slab dips, trench motions, and upper
plate tectonics, is the result of one-sided Andean forcing on the volume of Pacific upper mantle. The net
rotation of the lithosphere is then the result of surface tectonics: westward motion is an accident resulting
from the current distribution of tectonic plates, and was triggered by the mid-Cenozoic closure of the Tethys
Ocean, via a westward expansion of the Atlantic and Andean cordilleran building.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The tectonic plates that cover the surface of the Earth are, on
average, drifting westward relative to the locations of hotspots that
are tied to the deep mantle (Bostrom, 1971; Uyeda and Kanamori,
1979; Doglioni, 1990). This westward drift, a consistent feature of
kinematic reconstructions (Minster and Jordan, 1978; Gordon and
Jurdy, 1986), is reported to be occurring at rates as large as 48 mm/yr
in the HS3 (Pacific hotspot) reference frame (Gripp and Gordon,
2002)] and is dominated by the rapid westward motion of the large
Pacific plate (Fig. 1a). Although other hotspot reference frames exhibit
smaller magnitudes of net lithosphere rotation, all choices require a
net westward motion of the lithosphere relative to the deep mantle
(see Becker, 2006 for a review).

The net rotation is a puzzling feature of Earth's surface tectonics
because convective mantle flow, which drives plate motions, cannot
induce a net surface rotation unless some plates are more tightly
coupled to this flow than others. While net rotation of the lithosphere
can be induced in numerical models that include thick roots beneath
continental cratons (Ricard et al., 1991) and temperature and strain-
rate dependent viscosities (Becker, 2006), these models predict

amplitudes of net rotation that are generally smaller than amplitudes
constraints supplied by hotspot reference frames (Zhong, 2001;
Becker, 2006). Furthermore, these models do not explain basic
differences between the tectonics of the western Pacific, where
subducting slabs are steeper and associated with extensional upper
plate settings (“Marianas” type of Uyeda and Kanamori, 1979)
compared to the eastern Pacific with shallower slabs (“Chilean” type
of Uyeda and Kanamori, 1979) and compression that forms Andean-
style mountain belts.

It has nevertheless been proposed that thewestwardmotion of the
Pacific system could be correlated to the cross-Pacific tectonic
dichotomy (Ricard et al., 1991; Doglioni et al., 1999). The net rotation
of the lithosphere and westward motion of the Pacific plate have also
been related to the contrasted migration behavior of trenches, with
predominantly advancing trenches along the western margin of the
Pacific and retreating trenches along its eastern margin (Carlson and
Melia, 1984; Heuret and Lallemand, 2005; Faccenna et al., 2007). The
correlation between subduction kinematics and local intrinsic sub-
duction properties such as slab age-buoyancy is not straightforward
(Jarrard,1986; Doglioni et al., 1999; Lallemand et al., 2005). However, a
positive correlation between slab dip and the dynamics of the upper
plate (Lallemand et al., 2005) suggests consideration of the possibility
that upper plates may exert an external forcing not only on cross-
Pacific subduction dynamics, but on the entire Pacific system.

Earth and Planetary Science Letters 271 (2008) 303–310
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4.2 Un nouveau référentiel absolu pour le mou-

vement des plaques

Le remplacement graduel des subductions téthysiennes par des orogènes se tra-

duit probablement par une augmentation de la compression moyenne dans la li-

thosphère. Il ressort de l’étude précédente que le mouvement des plaques s’effectue

probablement de manière centrifuge à partir du centre de masse de Hapagea. Sur

cette base, il est raisonnable de suggérer que la lithosphère en compression doit

enregistrer cette compression centrifuge. C’est ce que nous avons voulu tester dans

l’article en préparation suivant, réalisé en collaboration avec C. Kreemer.
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On the correlation between the intraplate stress field and absolute

plate motions

Corné Kreemer a, Laurent Husson b

a Nevada Bureau of Mines and Geology and Seismologic Lab, University of Nevada, Reno ;
b CNRS, Géosciences Rennes, 35042 Rennes, France.

Kreemer [2009] a proposé en 2009 un référentiel absolu pour le mouvement des

plaques indépendant de l’hypothèse de fixité des points chauds. Son idée était

d’utiliser les orientations d’anisotropie sismique des ondes SKS, supposées refléter

le cisaillement du manteau sub-lithosphérique. En minimisant l’écart entre les

observations (près de 500 points de contrôle retenus) et le mouvement des plaques,

son modèle GSRM-APM permet d’ajouter une composante de rotation nette de la

lithosphère à un modèle de référence comme GSRM-NNR2 [Kreemer et al., 2006]

ou NUVEL1 [DeMets et al., 1994], qui donne le mouvement relatif des plaques sans

rotation nette. Le modèle prédit une rotation nette de 0.2065◦/Ma de la coquille

lithosphérique autour d’un pôle situé à 57.6◦S et 63.2◦ E. Cette valeur est sans

surprise : le pôle de rotation est très proche des modèles antérieurs [e.g., Becker,

2006, Kreemer, 2009] et la magnitude de la rotation est également attendue (moins

forte que NUVEL1-HS3 [Gripp & Gordon, 2002] et comparable aux estimations

de Becker [2008]).

D’une manière comparable, les orientations de contraintes compilées par le World

Stress Map (fig. 4.4, [Heidbach et al., 2007]) réflètent en réalité le champ de

déformation de la lithosphère en déplacement au dessus du manteau. La relation

entre ces orientations et le mouvement absolu des plaques a été envisagé aupara-

vant [Richardson, 1992, Zoback et al., 1989] et utilisé pour débattre de l’origine

des forces motrices de la tectonique des plaques, en particulier l’entrâınement par

le manteau, par opposition à la poussée par la dorsale [Bird, 1998, Richardson,

1992]. Cependant, ces études sont basées sur un modèle de mouvement absolu des

plaques ancien [Minster & Jordan, 1978], qui diffère largement des modèles plus

récents [Becker, 2006, 2008, Kreemer, 2009]. Il apparâıt maintenant que le flux

mantellique entrâıne -ou en tout cas est aligné- avec le mouvement des plaques

[Lithgow-Bertelloni & Guynn, 2004, Steinberger et al., 2001]. Si les orientations

de contraintes reflètent le flux mantellique, une inversion comparable à celle de

Kreemer [2009] peut être réalisée à partir des données du WSM.
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Fig. 4.4: Mesures d’orientation de l’anisotropie sismique des ondes SKS (en
vert, domaine océanique, en rose, cratonique) retenus par Kreemer [2009] pour
l’inversion qui prédit un mouvement des plaques donné par les flèches grises.
Les barres bleues donnent l’orientation des contraintes horizontales compres-
sives maximales, moyennées sur une grille régulière d’après le World Stress
Map [Heidbach et al., 2007]. Orientation measurements of SKS wave anisotropy
(green : oceans, pink : cratons) selected by Kreemer [2009] for an inversion that
predicts the absolute plate motion represented by gray arrows. Blue bars indicate
the orientation of the maximum horizontal compression axis, interpolated on a

regular grid (data from the World Stress Map [Heidbach et al., 2007].)

Techniquement, l’inversion est très semblable à celle décrite dans Kreemer [2009].

Les données ont été sélectionnées de manière à éliminer les données trop proches

des dorsales, où le champ de contraintes est perturbé par des processus locaux. Les

données correspondant aux limites de plaques (sensu WSM) n’ont pas été retenues.

Le mouvement net obtenu (fig. 4.5) est proche de celui obtenu par inversion des

orientations d’anisotropie sismique (fig. 4.4). La rotation nette est de 0.2216◦/Ma.
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Fig. 4.5: Mouvement absolu des plaques prédit par l’inversion d’une selection
de données d’orientation de contraintes (en bleu, voir texte). Absolute plate mo-
tion predicted from the inversion of the orientation of the horizontal maximum

compression axis (blue bars).

4.3 Surrection généralisée des marges continen-

tales

L’augmentation de la compression moyenne de la lithosphère, qui résulte de la di-

minution du rapport des forces motrices sur résistantes redistribue les contraintes

dans la lithosphère. En conséquence, les marges passives sont soumises à une dy-

namique différente. En collaboration avec K. Pedoja et co-auteurs, nous avons

compilé les mouvements apparents relatifs du niveau marin sur l’ensemble des

côtes depuis le dernier maximum interglaciaire (∼125000 ans). Il ressort que l’en-

semble des marges, passives et actives, sont en surrection relative. Nous attribuons

cette surrection à l’augmentation de la compression résultant de l’aggrégation de

Hapagea.
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Abstract  

Paleo-coastal studies received a boost some 40 years ago with the application 

of versatile numerical and correlative dating techniques. Simultaneously the 

emergence and refinement of plate tectonic theory refocused attention on 

paleo-shorelines as tectonic indicators.  Although there have been many local 

studies of the Quaternary vertical motions of coastlines during this interval, we 

know of no comprehensive worldwide synthesis. Here we release a compilation 

of 890 records of shorelines from the Last Interglacial Maximum that we use as 

a datum to evaluate uplift rates during the Quaternary. We find that most 

coastal segments have risen relative to sea level. The mean rate of uplift is 

~0.20 mm/yr, which is about four times faster than the estimated eustatic drop 

in sea level. The uplift rate is faster for active margins than for passive margins. 

We suggest that long-term continental accretion, in the current Wilson cycle, 

has led to compression of continental plates and uplift of their margins, as 

recorded by paleo-shoreline sequences. In addition, our study suggests that 

plate tectonics impacts all margins and that the notion of stable platform is 
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t 

d
if
fe

re
n
t 

ra
te

s
 

fr
o
m

 
tr

e
n

c
h

 
ra

te
s
, 

e
it
h

e
r 

c
a

u
s
in

g
 

b
a

c
k
-a

rc
 

e
x
te

n
s
io

n
 

o
r 

o
ro

g
e

n
ie

s
. 

A
m

e
ri
c
a

n
 

u
p

p
e

r 
p

la
te

s
 

fo
rc

e
 

s
la

b
 

ro
llb

a
c
k
 

a
t 

fa
s
t 

ra
te

s
, 

a
s
 

e
x
e

m
p

lif
ie

d
 b

y
 t

h
e

 A
n
d

e
s
 f

o
rc

in
g
 t

h
e

 s
u

b
d
u
c
ti
o

n
 o

f 
th

e
 N

a
z
c
a

 p
la

te
 a

ft
e

r 
th

e
 

T
e
th

y
s
 c

lo
s
e

d
 (

S
ilv

e
r 

e
t 

a
l.
, 

1
9

9
8

).
 S

la
b

 r
o

llb
a

c
k
 i

s
 r

e
s
is

te
d

 b
y
 s

u
b

-s
la

b
 m

a
n

tl
e
 

fl
o

w
, 

w
h

ic
h

 i
n

 t
u

rn
 p

u
ts

 t
h

e
 e

n
ti
re

 P
a

c
if
ic

 s
y
s
te

m
 u

n
d

e
r 

c
o
m

p
re

s
s
io

n
 (

H
u

s
s
o

n
 e

t 



2
6
 

a
l.
, 

2
0
0

8
).

 
H

o
ri
z
o

n
ta

l 
fo

rc
e

s
 

n
e

c
e

s
s
a

ri
ly

 
tr

a
n

s
m

it
 

a
c
ro

s
s
 

ri
d

g
e
s
, 

a
lb

e
it
 

a
t 

d
e

p
th

.T
h
e

re
fo

re
, 

c
o

m
p
re

s
s
io

n
 f

o
llo

w
s
 i
ts

 c
ir
c
u

it
 t

o
 r

e
a

c
h

 c
ir
c
u

m
-P

a
c
if
ic

 m
a

rg
in

s
 

(F
ig

. 
4

).
 S

im
ila

rl
y
, 

b
e

c
a

u
s
e

 r
id

g
e

s
 s

u
rr

o
u
n

d
 A

n
ta

rc
ti
c
a

, 
it
 r

e
m

a
in

s
 c

o
n

s
tr

ic
te

d
. 

T
h
e

 
a

c
c
re

ti
o

n
 
o
f 

th
e

 
A

fr
ic

a
n

, 
In

d
ia

n
 
a
n

d
 
A

u
s
tr

a
lia

n
 
p

la
te

s
 
to

 
E

u
ra

s
ia

 
s
h

o
u

ld
 

m
a

k
e
 c

o
m

p
re

s
s
io

n
 c

o
n

s
is

te
n

tl
y
 p

ro
p
a

g
a

te
 i

n
 a

 c
e

n
tr

if
u

g
a

l 
m

o
d
e

 (
a

lo
n

g
 s

m
a

ll 

c
ir
c
le

s
) 

fr
o

m
 
E

u
ra

s
ia

 
a

c
ro

s
s
 
s
u

rr
o

u
n

d
in

g
 
p

la
te

s
, 

fo
llo

w
in

g
 
p

la
te

 
m

o
ti
o
n

 
a

n
d
 

c
a

u
s
e

s
 t

h
e
 u

p
lif

t 
o
f 

c
o
n

ti
n

e
n

ta
l 
m

a
rg

in
s
. 

T
h

is
 c

a
n

 b
e

 s
e

e
n
 b

y
 c

o
m

p
a

ri
n

g
 (

F
ig

. 
4

) 

th
e

 a
b

s
o

lu
te

 p
la

te
 m

o
ti
o

n
 (

fr
o
m

 K
re

e
m

e
r,

 2
0
0

9
) 

to
 t

h
e

 o
ri
e

n
ta

ti
o

n
 o

f 
th

e
 a

x
is

 o
f 

m
a

x
im

u
m

 h
o

ri
z
o

n
ta

l 
c
o

m
p

re
s
s
io

n
 (

H
e

id
b

a
c
h
 e

t 
a

l.
, 

1
9
9

7
).

 I
t 

is
 o

n
 t

h
is

 b
a

s
is

 t
h
a
t 

w
e

 a
tt

e
m

p
t 

to
 e

x
tr

a
p

o
la

te
 s

tr
e

s
s
-r

e
g
im

e
 i

n
d

ic
a

to
rs

 a
n

d
 c

o
n

c
lu

d
e

 t
h

a
t 

c
ir
c
u

m
-

A
rc

ti
c
 
a

n
d

 
p

e
ri

-A
n

ta
rc

ti
c
 
c
o

a
s
tl
in

e
s
, 

w
h

e
re

 
ic

e
c
a

p
s
 
c
o

u
ld

 
n

o
t 

p
o
s
s
ib

ly
 
h

a
v
e

 

s
p

a
re

d
 

th
e

 
L

IM
 

c
o

a
s
ta

l 
m

o
rp

h
o

lo
g
y
, 

a
re

 
a

ls
o

 
u

p
lif

ti
n

g
. 

In
 

fa
c
t,
 

a
lm

o
s
t 

n
o
 

c
o

n
ti
n
e

n
ta

l 
m

a
rg

in
 s

e
e

m
s
 t

o
 a

v
o

id
 t

h
is

 n
e

w
 s

tr
e

s
s
 r

e
g
im

e
 a

n
d

 t
h
e

 u
p

lif
t 

o
f 

a
ll 

m
a

rg
in

s
 a

p
p
e

a
r 

to
 f

it
 i

n
to

 t
h

is
 s

c
e

n
a

ri
o

. 
A

ft
e

r 
it
 w

a
s
 d

ra
g
g
e

d
 i

n
to

 t
h

e
 B

a
n
d

a
 

s
u

b
d
u

c
ti
o

n
 

z
o

n
e

, 
th

e
 

A
u

s
tr

a
lia

n
 

c
o
n

ti
n

e
n

t 
b

e
c
a
m

e
 

tr
a

p
p

e
d

 
b
e

tw
e

e
n

 
th

e
 

S
o

u
th

e
a

s
t 

In
d

ia
n

 
R

id
g
e

 
a

n
d

 
it
s
 

n
o

rt
h

e
rn

 
m

a
rg

in
 

th
a

t 
c
a

n
 

n
o

 
lo

n
g
e

r 
b

e
 

s
u

b
d
u

c
te

d
; 

In
d

ia
 b

e
c
a
m

e
 s

q
u

e
e

z
e

d
 b

e
tw

e
e
n

 t
h

e
 C

a
rl
s
b
e

rg
 r

id
g
e

 a
n

d
 E

u
ra

s
ia

 

w
h

ile
 

th
e

 
H

im
a

la
y
a

s
 

ro
s
e

; 
A

fr
ic

a
 

b
e

c
a
m

e
 
c
o

m
p

re
s
s
e

d
 

a
ft

e
r 

it
 

c
o

lli
d

e
d

 
w

it
h

 

E
u

ra
s
ia

, 
b

e
tw

e
e

n
 t

h
e

 S
o

u
th

 A
tl
a

n
ti
c
 r

id
g
e

 a
n
d

 t
h

e
 A

lp
s
, 
fr

o
m

 W
e
s
te

rn
 E

u
ro

p
e

 t
o

 

Z
a

g
ro

s
. 

O
n

 t
h

e
 s

u
b
d

u
c
ti
o

n
 s

id
e

, 
b

o
th

 t
h
e

 N
o

rt
h

 a
n

d
 S

o
u
th

 A
m

e
ri
c
a

s
 b

e
c
a
m

e
 

s
q
u

e
e

z
e

d
 b

e
tw

e
e

n
 t

h
e
 A

tl
a

n
ti
c
 r

id
g
e

s
 a

n
d
 t

h
e

 c
ir
c
u

m
-P

a
c
if
ic

 s
u

b
d

u
c
ti
o

n
 z

o
n

e
s
. 

T
h
e

 m
a

rg
in

s
 o

f 
a

ll 
th

o
s
e

 c
o

n
ti
n

e
n
ta

l 
u
n

it
s
 f
e

a
tu

re
 u

p
lif

ti
n

g
 c

o
a

s
ts

. 

 B
e

s
id

e
s
 
s
u
b

s
id

in
g
 
d

e
lt
a

s
, 

o
n

ly
 
th

e
 
lo

n
g
 
S

W
 
m

a
rg

in
s
 
o
f 

S
u
n

d
a

la
n

d
 
a

re
 
n
o

t 

d
o

c
u
m

e
n

te
d

 a
n

d
 a

e
ri
a

l 
v
ie

w
s
 r

e
v
e

a
l 
n

o
 u

p
lif

te
d

 p
a

la
o

-s
h
o

re
lin

e
s
. 

T
h

is
 s

u
g
g
e

s
ts

 

th
a

t 
th

e
y
 m

a
y
 b

e
 e

it
h

e
r 

s
te

a
d

y
 o

r 
s
u

b
s
id

in
g
. 

In
d

e
e

d
, 

lin
e

s
 o

f 
e

v
id

e
n

c
e

 i
n

d
ic

a
te

 

th
a

t 
s
u
b

s
id

e
n

c
e

 d
o
m

in
a

te
s
 i

n
 t

h
e

 w
e

s
te

rn
 p

a
rt

 o
f 

S
u
n

d
a

la
n

d
 (

s
e
e

 B
ir
d

 e
t 

a
l.
, 

2
0

0
6

, 
a

n
d

 r
e
fe

re
n

c
e

s
 t

h
e

re
in

).
  

W
e
 i

n
te

rp
re

t 
th

is
 a

ty
p

ic
a

l 
b

e
h

a
v
io

u
r 

in
 t

e
rm

s
 o

f 

th
e

ir
 

p
e

c
u

lia
r 

g
e

o
d

y
n
a

m
ic

 
s
e
tt

in
g
, 

w
h

ic
h

 
c
u

rr
e

n
tl
y
 

s
p

a
re

s
 

th
e
m

 
fr

o
m

 
th

e
 

c
o

m
p

re
s
s
io

n
 t

h
a

t 
fo

llo
w

s
 s

u
p

e
rc

o
n

ti
n

e
n

ta
l 

a
c
c
re

ti
o

n
. 

T
h

is
 c

a
n

 b
e

 s
e

e
n

 o
n

 t
h

e
 

c
u

rr
e

n
t 

p
la

te
 

c
ir
c
u

it
 

(F
ig

. 
4

).
 

T
h

e
 

s
u

b
d

u
c
ti
o

n
 

o
f 

th
e

 
In

d
ia

n
 

p
la

te
 

to
w

a
rd

s
 

2
7
 

S
u

n
d
a

la
n
d

, 
u
n

d
e

rn
e

a
th

 t
h

e
 s

o
u

th
w

e
s
te

rn
 m

a
rg

in
 o

f 
S

u
n

d
a

la
n
d

 (
S

u
m

a
tr

a
 a

n
d
 

J
a

v
a

 t
re

n
c
h
e

s
),

 d
o

e
s
 n

o
t 

o
p

e
ra

te
 a

lo
n

g
 a

 s
m

a
ll 

c
ir
c
le

 t
h

a
t 

w
o

u
ld

 g
o
 t

o
w

a
rd

s
 t

h
e
 

m
a

s
s
iv

e
 E

u
ra

s
ia

. 
T

h
is

 a
lm

o
s
t 

u
n

iq
u

e
 s

e
tt

in
g
 l

e
a

v
e

s
 t

h
e

 c
o

n
v
e

rg
e

n
c
e

 r
e

g
im

e
 

u
n

c
h
a

n
g
e

d
 a

n
d

 t
h

e
re

 i
s
 n

o
 r

e
a

s
o
n

 f
o

r 
in

c
re

a
s
e

d
 c

o
m

p
re

s
s
io

n
 a

lo
n
g
 t

h
is

 m
a

rg
in

 

fo
llo

w
in

g
 
th

e
 
a

g
g
re

g
a

ti
o

n
 
o
f 

th
e

 
m

a
n

y
 
c
o

n
ti
n

e
n

ts
 
o
n

to
 
E

u
ra

s
ia

. 
In

 
fa

c
t,

 
th

is
 

s
it
u

a
ti
o
n

 c
a
n

 b
e

 c
o

m
p
a

re
d

 t
o

 t
h

a
t 

o
f 

th
e

 A
e
g
e

a
n

 S
e

a
 w

h
e

re
 l

o
c
a

l 
s
u

b
s
id

e
n

c
e
 

a
c
c
o

m
p

a
n

ie
s
 s

la
b

 r
o

llb
a

c
k
. 

B
e

c
a
u

s
e

 n
o

th
in

g
 m

a
k
e

s
 s

u
b

d
u

c
ti
o
n

 i
n
 t

h
e

s
e

 a
re

a
s
 

d
e

p
a

rt
 f

ro
m

 t
h

e
ir
 i

n
tr

in
s
ic

 r
a

te
s
 (

s
e

e
 a

b
o

v
e

),
 n

o
 a

d
d

it
io

n
a

l 
c
o
m

p
re

s
s
io

n
 o

n
 t

h
e

 

u
p

p
e

r 
p

la
te

 o
c
c
u

rs
 a

n
d

 t
h
e

re
 i

s
 n

o
 r

e
a

s
o
n

 f
o

r 
u

p
lif

t 
o
f 

th
e

 o
v
e

rr
id

in
g
 m

a
rg

in
. 

C
o

n
v
e

rs
e

ly
, 

th
e

 s
u

b
d
u

c
ti
o

n
 o

c
c
u

rs
 f

re
e

ly
, 

e
x
te

n
s
io

n
 t

a
k
e

s
 p

la
c
e
 i

n
 t

h
e

 u
p

p
e

r 

p
la

te
 

a
n
d

 
s
u

b
s
id

e
n

c
e

 
m

o
s
t 

lik
e

ly
 

re
s
u

lt
s
. 

T
h

e
re

fo
re

, 
w

e
 

e
m

p
h

a
s
iz

e
 

th
a
t,
 

b
e

c
a
u

s
e

 
th

e
ir
 

o
d

d
 

b
e

h
a

v
io

r 
w

it
h

 
re

s
p

e
c
t 

to
 

th
e

 
g
e

n
e

ra
l 

te
n

d
e
n

c
y
 

u
p

lif
te

d
 

m
a

rg
in

s
 c

a
n
 b

e
 e

x
p

la
in

e
d
 b

y
 t

h
e

ir
 a

lm
o

s
t 

u
n

iq
u

e
 s

it
u

a
ti
o

n
 i

n
 t

h
e
 c

u
rr

e
n

t 
p

la
te

 

c
ir
c
u

it
, 

th
e

 
p
e

c
u

lia
r 

m
a

rg
in

s
 

o
f 

S
W

 
S

u
n

d
a

la
n

d
 

a
n

d
 

o
f 

A
e

g
e

a
 

a
re

 
a

t 
le

a
s
t 

c
o

m
p
a

ti
b

le
, 

if
 n

o
t 

s
u

p
p

o
rt

in
g
, 

th
e

 p
la

te
 t

e
c
to

n
ic

 e
x
p

la
n
a

ti
o

n
 f

o
r 

g
lo

b
a

l 
u

p
lif

t 
o
f 

c
o

n
ti
n
e

n
ta

l 
m

a
rg

in
s
. 

W
e
 c

o
n

c
lu

d
e

 t
h

a
t 

th
e

 a
c
c
re

ti
o

n
 o

f 
p

la
te

s
 t

o
w

a
rd

s
 t

h
e

 e
n

d
 

o
f 

th
e

 
la

te
s
t 

W
ils

o
n

 
c
y
c
le

 
(W

ils
o
n

, 
1

9
6

6
) 

le
d

 
to

 
a

 
re

d
is

tr
ib

u
ti
o
n
 
o
f 

s
tr

e
s
s
e

s
 

re
s
p

o
n

s
ib

le
 f

o
r 

th
e

 o
v
e

ra
ll 

s
h

o
rt

-t
e

rm
 u

p
lif

t 
o
f 

c
o
n

ti
n

e
n

ta
l 

m
a

rg
in

s
, 

a
s
 r

e
c
o

rd
e

d
 

b
y
 s

e
q
u

e
n

c
e

s
 o

f 
Q

u
a

te
rn

a
ry

 p
a

le
o

-s
h
o

re
lin

e
s
. 

 

 R
e

p
h

ra
s
in

g
 M

o
u

c
h

a
 e

t 
a

l.
 (

2
0

0
8

),
 o

u
r 

s
tu

d
y
 r

e
v
e

a
ls

 t
h

a
t 

th
e

re
 i

s
 n

o
 s

u
c
h

 t
h

in
g
 

a
s
 a

 s
ta

b
le

 c
o
n

ti
n

e
n

ta
l 

p
la

tf
o

rm
. 

T
h

e
ir
 a

rg
u
m

e
n
t 

w
a

s
 b

a
s
e

d
 o

n
 t

h
e

 l
o
n

g
-t

e
rm

 

(~
1

0
0

 M
y
rs

) 
c
o

m
p

re
h
e

n
s
io

n
 o

f 
th

e
 f

ig
u

re
 o

f 
th

e
 E

a
rt

h
. 

O
u

r 
d

a
ta

 c
o

n
fi
rm

 t
h

is
 

id
e

a
 

b
y
 

o
b

s
e

rv
a

ti
o

n
s
 

o
n

 
m

u
c
h

 
s
h

o
rt

e
r 

ti
m

e
 

s
c
a

le
s
. 

B
e

c
a
u

s
e

 
th

e
 

n
o
ti
o

n
 

o
f 

e
u

s
ta

s
y
 

is
 

b
a

s
e

d
 

o
n
 

th
e

 
h

y
p

o
th

e
s
is

 
o
f 

ti
m

e
 

s
ta

b
ili

ty
 

o
f 

p
a

s
s
iv

e
 

c
o

n
ti
n

e
n
ta

l 

m
a

rg
in

s
 t

h
a

t 
w

o
u

ld
 g

iv
e

 a
 d

a
tu

m
 a

ro
u

n
d

 w
h

ic
h

 a
b

s
o

lu
te

 s
e

a
 l
e

v
e

l 
o

s
c
ill

a
te

s
, 

th
is

 

o
n

c
e

 m
o

re
 c

h
a

lle
n

g
e

s
 a

c
c
u

ra
c
y
 i

n
 
th

e
 e

v
a

lu
a

ti
o
n

 o
f 

p
a

s
t 

s
e

a
 l

e
v
e

l 
fr

o
m

 t
h

e
 

fo
s
s
il-

 s
h

o
re

lin
e

 r
e

c
o

rd
 a

n
d
 c

h
a

lle
n

g
e

s
 t

h
e

 s
ig

n
if
ic
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Figure 1
Click here to download high resolution image



Figure 2
Click here to download high resolution image



Figure 3
Click here to download high resolution image



Figure 4
Click here to download high resolution image



Province
geodynamic 

setting

apparent 

vertical rate 

V (mm/yr)

MoE

eustasy-

corrected 

vertical rate 

Vc (mm/yr)

MoE
standard 

deviation

number 

of sites

mean 

quality

Means 

(V)

Indo-Pacific * 0.38 0.04 0.35 0.05 0.75 93 4 0.38

Persian Gulf * 0.16 0.02 0.14 0.03 0.2 11 4 0.16

Aleutian active 0.35 0.07 0.33 0.07 / 1 5

Carribbean active 0.11 0.02 0.09 0.03 0.14 28 4

Cocos active 0.51 0.05 0.49 0.05 0.66 4 2

Juan de Fuca active 0.28 0.04 0.26 0.04 0.33 21 4

Mediterranean N active 0.19 0.03 0.16 0.04 0.35 165 4

New Zealand active 0.58 0.06 0.56 0.07 1.82 18 4

Pacific W active 0.40 0.05 0.38 0.06 0.42 110 4

Philippines active 0.05 0.01 0.03 0.01 0.04 4 4

South America W active 0.32 0.03 0.30 0.04 0.30 40 4

Africa S passive 0.03 0.01 0.01 0.02 0.08 25 3

Africa W passive 0.07 0.01 0.04 0.02 0.05 31 3

Antarctica passive 0.42 0.08 0.40 0.09 0.15 4 2

Australia SE passive 0.08 0.02 0.05 0.02 0.07 14 5

Australia W passive 0.03 0.01 0.00 0.01 0.06 9 9

California & Baja passive 0.31 0.04 0.28 0.04 0.34 71 5

SE Continental Asia passive 0.10 0.02 0.08 0.03 0.08 19 3

Europe W passive 0.07 0.02 0.05 0.03 0.12 103 3

India passive 0.05 0.01 0.02 0.02 0.03 6 4

Mediterranean S passive 0.10 0.01 0.07 0.02 0.09 37 3

North America E passive 0.05 0.01 0.03 0.02 0.02 21 4

South America E passive 0.11 0.02 0.08 0.03 0.05 36 4

Red Sea rift 0.11 0.02 0.11 0.02 0.08 19 5 0.11

Means or sum 0.20 0.03 0.18 0.04 0.27 890 3.93

0.31

0.12

Table
Click here to download Table: table1.xls



Chapitre 5

La chaleur dans la lithosphère

Dans les chapitres précédents de ce mémoire, j’ai peu abordé, voire éludé, un aspect

fondamental de la dynamique de la lithosphère : l’incidence du régime thermique.

C’est évidement un paramètre clef pour la rhéologie et la géodynamique au sens

large, puisque c’est par exemple à partir des géothermes suppposés que sont définis

les profils rhéologiques de la lithosphère et de la croûte [Goetze & Evans, 1979],

sur lesquels le débat ne tarit pas [Maggi et al., 2000, McKenzie & Jackson, 2002,

Schmalholz et al., 2009, Watts & Burov, 2003].

Le champ thermique dans la lithosphère est d’autant plus complexe que les pro-

cessus transitoires s’y cumulent. Dans les cratons, le régime thermique station-

naire permet d’obtenir une résolution raisonnable Jaupart & Mareschal [2003],

comme dans le bouclier canadien [Mareschal & Jaupart, 2004]. En revanche, les

propriétés pétrophysiques dans la lithosphère soumise à des processus transitoires,

comme la sédimentation, l’érosion et la circulation de fluides sont mal connues

et l’incertitude devient par conséquent très forte. Dans les exemples qui suivent,

le champ thermique est inferé à partir de mesures in situ de la température en

profondeur d’origine industrielle. Il est possible de reconstruire l’histoire tecto-

nique et sédimentaire à partir de l’enregistrement géologique. Des modèles directs

permettent de prendre en compte l’impact thermique de chaque évènement dans

le temps, et les mesures actuelles fournissent des points de calibration. Des en-

registrements du régime thermique passé peuvent être déduits par d’autres tech-

niques qui renseignent en général sur la température maximale rencontrée par un

échantillon (traces de fission, maturation du kérogène, réflectance de la vitrinite).
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Ces doń’ees fournissent des points de calibration sur l’histoire thermique passée.

Lorsque l’ensemble des processus qui affecte le champ thermique est connu, les

inconnues sont essentiellement le flux de chaleur à la base de la croûte et la pro-

duction radiogénique, et une évaluation argumentée par la reconstruction de l’his-

toire géologique permet de déterminer ces grandeurs. Au vu des incertitudes qui en

découlent, il est évident que c’est la valeur statistique des résultats qui a un sens

dans des études régionales, un point de contrôle unique n’offrant que peu de fia-

bilité puisque dans la réalité, d’une part les propriétés pétrophysiques transitoires

sont mal connues et que d’autre part les informations sur les mesures industrielles

sont souvent incomplètes sur la mise en oeuvre de la mesure (l’état de relaxation

thermique au moment de l’acquisition, en particulier, est peu renseigné).

5.1 Les fronts de châınes de montagnes : le cas

des Andes

Dans les front des châınes de montagnes, les processus thermiques transitoires sont

en nombre restreints. Par opposition aux zones internes des châınes de montagnes,

les règles cinématiques et géométriques qui caractérisent l’évolution tectonique des

avant-pays sont bien connues et permettent théoriquement de prédire l’impact de

chacun des processus (érosion, sédimentation, circulation de fluides, etc...). C’est

le cas du front subandin, présenté dans l’article suivant.
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Received 8 April 2000; received in revised form 11 March 2001; accepted 15 March 2001

Abstract

A quantitative analysis of the various parameters influencing the thermal regime in orogenic belts and related foredeeps

shows that (i) the increasing heat flow in internal zones is mainly due to the thickening of radiogenic layers, although there is no

simple proportionality between crustal thickness and heat flow signal at large scale; (ii) in external zones, where the horizontal

strain rate is large (such as in the Bolivian Andes), surface processes can be of first order within the first kilometers of the crust.

Hence, they induce a large scatter in the thermal data which are acquired at shallow depths. The deep thermal regime can be

restored only by a quantitative assessment of these parameters. Active erosion (respectively sedimentation) can increase (resp.

reduce) the heat flow by a factor of 2 in the uppermost kilometers. The effects of fluid circulation percolating at depth can also

generate significant local disturbances. Other processes such as heat advection during thrusting, surface morphology and

climate change have a minor influence in most settings, compared to the aforesaid effects. In the Bolivian Sub Andean Zone,

between 18�S and 22�S, the very active deformation enhances the surface thermal perturbations (particularly erosion and

sedimentation) and disturb the thermal field. The analysis of these data accounting for the kinematics of the belt allows the

lateral variations of the thermal regime at various scales to be assessed. A slight eastward increase in the thermal regime towards

the Chaco plain is evidenced as well as towards the Boomerang area, as the Mesozoic and Cenozoic sedimentary cover gets

thinner. D 2002 Elsevier Science B.V. All rights reserved.

Keywords: Thermal regime; Bolivian Andes; Erosion; Sedimentation; Fluid flow; Topography

1. Introduction

At large scale, the thermal field in the crust is mainly

influenced by the geodynamic setting, the mantle heat

flow (called ‘‘reduced heat flow’’), the crustal thickness

and its radiogenic content. In extensional zones, such as

rift systems, the heat flow data (HFD) usually have

typical patterns that correlate well to the crustal and

lithospheric thinning (Turcotte and Schubert, 1982).

On the contrary in collision settings, the thermal

profiles are highly variable (Figs. 1 and 2). Depending

on the geological history of the orogen, a geomorpho-

logical unit can show strong HFD differences with

regards to the HFD of a similar unit in another moun-

tain belt. A striking example is the contrast between the
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o
n
th
e
p
er
m
ea
b
il
it
y
p
at
h
s
w
it
h
in

th
e

p
er
co
la
te
d
ro
ck
,
th
e
fl
o
w
in
g
w
at
er

m
ay

re
m
ai
n
in

a
th
er
m
al
d
is
eq
u
il
ib
ri
u
m

w
it
h
th
e
su
rr
o
u
n
d
in
g
ro
ck
s
an
d

g
en
er
at
e
th
er
m
al

an
o
m
al
ie
s
if

D
ar
cy

v
el
o
ci
ti
es

ar
e

h
ig
h
en
o
u
g
h
.
R
eg
ar
d
in
g
th
e
fl
o
w

d
o
w
n
,
sh
o
rt
w
av
e-

le
n
g
th

th
er
m
al
an
o
m
al
ie
s
ar
e
w
el
l
k
n
o
w
n
b
y
tu
n
n
el
er
s

w
h
en

ap
p
ro
ac
h
in
g

an
d

p
as
si
n
g

th
ro
u
g
h

fa
u
lt
s
o
r

k
ar
st
s.
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ig
.
7
a
an
d
b
sh
o
w
s
th
e
re
su
lt
s
w
h
en

p
er
m
ea
b
il
it
y

is
h
o
m
o
g
en
eo
u
s
an
d
w
h
en

th
e
th
ru
st
sh
ee
t
h
as

a
lo
w
er

p
er
m
ea
b
il
it
y.
O
u
r
an
al
y
si
s
su
g
g
es
ts
th
at
ro
ck
s
at
d
ep
th

ca
n

b
e
co
o
le
d

b
el
o
w

th
e
re
ch
ar
g
e
ar
ea

an
d

th
at

a
te
m
p
er
at
u
re

d
ec
re
as
e
o
f
1
0
to

1
5
!C

at
3
0
0
0
-m

d
ep
th

ca
n
b
e
ex
p
ec
te
d
.
In
tu
it
iv
el
y,

th
e
la
te
ra
l
fl
o
w

th
ro
u
g
h

th
e
d
is
ta
l
fo
re
la
n
d
sh
o
u
ld

in
d
u
ce

a
p
o
si
ti
v
e
th
er
m
al

an
o
m
al
y.
H
o
w
ev
er
,w

e
fo
u
n
d
th
at
w
h
at
ev
er

th
e
h
in
te
r-

la
n
d

fl
u
id

fl
o
w

(w
it
h
in

th
e
ra
n
g
e
o
f
k
n
o
w
n

fl
u
id

fl
o
w
s)
,
fl
u
id

v
el
o
ci
ty

se
v
er
el
y

d
ec
re
as
es

w
h
en

th
e

w
at
er

in
v
ad
es

th
e
fo
re
la
n
d
b
as
in

an
d
o
n
ly

a
m
in
o
r

p
o
si
ti
v
e
th
er
m
al

an
o
m
al
y

ca
n

b
e
g
en
er
at
ed
.
T
h
es
e

re
su
lt
s
ar
e
d
ep
en
d
en
t
o
f
th
e
p
er
m
ea
b
il
it
y
o
f
th
e
la
y
er
s

F
ig
.7
.T

h
er
m
al
im

p
ac
t
o
f
fl
u
id

ci
rc
u
la
ti
o
n
d
u
ri
n
g
a
th
ru
st
in
g
ev
en
t.
(a
)
R
ef
er
en
ce

ca
se
:
p
er
m
ea
b
il
it
y
o
n
ly

d
ep
en
d
s
o
n
co
m
p
ac
ti
o
n,
i.
e.
d
ep
th
;
(b
)

th
ru
st
in
g
o
f
co
m
p
ac
te
d
ro
ck
s
(l
o
w
p
er
m
ea
b
il
it
y
)
o
v
er

lo
w
-c
o
m
p
ac
te
d
(h
ig
h
p
er
m
ea
b
il
it
y
)
fo
re
la
n
d
se
d
im

en
ts
;
(c
)
p
er
m
ea
b
il
it
y
o
n
ly

d
ep
en
d
s
o
n

co
m
p
ac
ti
o
n
ex
ce
p
te
d
fo
r
an

aq
u
if
er

la
y
er

(v
er
y
h
ig
h
p
er
m
ea
b
il
it
y
).
A
rr
o
w
s
ar
e
ca
lc
u
la
te
d
w
at
er

fl
o
w
v
ec
to
rs
.
T
h
er
m
al
b
o
u
n
d
ar
y
co
n
d
it
io
n
s
ar
e

co
n
st
an
t
b
as
al
h
ea
t
fl
o
w

(5
0
m
W
/m

2
),
ad
ia
b
at
ic
la
te
ra
l
g
ra
d
ie
n
t
an
d
co
n
st
an
t
su
rf
ac
e
te
m
p
er
at
u
re

(2
0
!C

).
P
er
m
ea
b
il
it
y
is
co
m
p
ac
ti
o
n
(d
ep
th
)-

d
ep
en
d
en
t
in

al
l
ca
se
s.

L
.
H
u
ss
o
n
,
I.
M
o
re
tt
i
/
Te
ct
o
n
o
p
h
ys
ic
s
3
4
5
(2
0
0
2
)
2
5
3
–
2
8
0

2
6
2

an
d

in
d
ee
d
,
in
tr
o
d
u
ci
n
g

a
fa
st

d
ra
in

in
d
u
ce

d
ra
st
ic

ch
an
g
es

o
n
th
e
th
er
m
al

fi
el
d
(F
ig
.
7
c)
,
as

in
th
at

ca
se
,

it
si
g
n
if
ic
an
tl
y
co
o
ls

th
e
d
is
ta
l
p
ar
ts

o
f
th
e
fo
re
la
n
d
.

P
re
v
io
u
s
au
th
o
rs

d
o
cu
m
en
te
d
th
is
co
o
li
n
g
o
n
o
rg
an
ic

th
er
m
o
m
et
er
s
in

fe
w

b
as
in

in
cl
u
d
in
g
th
e
M
ah
ak
am

d
el
ta

(B
u
rr
u
s
et

al
.,

1
9
9
2
).

D
u
e
to

th
e
d
ec
re
as
in
g

v
el
o
ci
ti
es

to
w
ar
d
s
th
e
fo
re
la
n
d
,
th
e
m
ag
n
it
u
d
e
o
f
th
e

d
is
tu
rb
an
ce

d
ec
re
as
es

as
th
e
d
is
ta
n
ce

fr
o
m

th
e
b
el
t

in
cr
ea
se
s.
W
it
h
in

m
o
u
n
ta
in
s
b
el
ts
,
w
ar
m

so
u
rc
es

co
n
-

n
ec
t
in
to

v
er
y
lo
ca
li
ze
d
st
re
am

s
ar
ea

al
so

u
su
al
.
T
h
ei
r

in
fl
u
en
ce
s
o
n
th
e
th
er
m
al

fi
el
d
ar
e
re
st
ri
ct
ed

to
th
in

le
v
el
s
su
rr
o
u
n
d
in
g
th
e
w
at
er

fl
o
w

(M
o
re
tt
i
et

al
.,
in

p
re
ss
).

2
.4
.
S
u
rf
a
ce

m
o
rp
h
o
lo
g
y

T
h
e
at
m
o
sp
h
er
ic

th
er
m
al

p
ro
p
er
ti
es

g
iv
e
b
o
u
n
d
ar
y

co
n
d
it
io
n
s
to

th
e

n
ea
r-
su
rf
ac
e

th
er
m
al

fi
el
d
.
T
h
e

co
n
tr
as
t
b
et
w
ee
n
at
m
o
sp
h
er
ic

an
d
ro
ck

co
n
d
u
ct
iv
it
ie
s

in
d
u
ce
s
a
d
is
to
rt
io
n

o
f
th
e
th
er
m
al

fi
el
d

li
n
es

in
u
n
ev
en

ar
ea
s.

T
h
es
e
co
n
v
er
g
e
to
w
ar
d
s
th
e
v
al
le
y
s,

en
h
an
ci
n
g
th
e
ap
p
ar
en
t
th
er
m
al

re
g
im

e
an
d
d
iv
er
g
e

b
en
ea
th

th
e
h
ig
h
s,

lo
w
er
in
g
it

(L
ac
h
en
b
ru
ch
,
1
9
7
0
;

B
la
ck
w
el
l
et

al
.,
1
9
8
0
;
T
u
rc
o
tt
e
an
d
S
ch
u
b
er
t,
1
9
8
2
;

S
af
an
d
a,

1
9
9
4
;
S
tü
w
e
et

al
.,
1
9
9
4
;
M
an
ck
te
lo
w

an
d

G
ra
se
m
an
n
,
1
9
9
7
).

A
t
d
ep
th
,
th
e
an
o
m
al
y
v
an
is
h
es

d
u
e
to

la
te
ra
l
h
ea
t
co
n
d
u
ct
io
n
.
T
h
e
af
fe
ct
ed

d
ep
th

an
d

th
e
m
ag
n
it
u
d
e
o
f
th
e
an
o
m
al
y
ar
e
a
fu
n
ct
io
n
o
f
th
e

am
p
li
tu
d
e
an
d
w
av
el
en
g
th

o
f
th
e
to
p
o
g
ra
p
h
y.

In
o
rd
er

to
q
u
an

ti
fy

th
e

th
er
m
al

d
iv
er
g
en

ce
b
et
w
ee
n

h
il
ls

an
d

v
al
le
y
s,

fi
n
it
e
el
em

en
t
th
er
m
al

m
o
d
el
in
g
(T
E
M
IS
PA

C
K

p
ro
g
ra
m
,
se
e
A
p
p
en
d
ix

A
)

b
en
ea
th

v
ar
io
u
s
to
p
o
g
ra
p
h
ie
s
ch
ar
ac
te
ri
ze
d
b
y
th
ei
r

am
p
li
tu
d
es

an
d
w
av
el
en
g
th
s
h
as

b
ee
n
u
se
d
.
B
o
u
n
d
ar
y

co
n
d
it
io
n
s
ar
e
d
es
cr
ib
ed
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.
In

al
l
ca
se
s,
th
e
b
as
al

h
ea
t
fl
o
w
is
5
0
m
W
/m

2
.T

h
e
an
g
u
la
r
sh
ap
e
o
f
ri
d
g
es

is
as
su
m
ed

to
b
e
re
al
is
ti
c
as

te
st
s
fe
at
u
ri
n
g
si
n
e-
sh
ap
ed

to
p
o
g
ra
p
h
ie
s
sh
o
w

si
m
il
ar

re
su
lt
s.

R
es
u
lt
s
ar
e
p
re
-

se
n
te
d
h
er
e
fo
r
to
p
o
g
ra
p
h
ie
s
w
it
h
am

p
li
tu
d
es

ra
n
g
in
g

b
et
w
ee
n
0
an
d
2
0
0
0
m
,
w
h
ic
h
ar
e
ty
p
ic
al

o
f
fo
ld
ed

b
el
ts
.
In

o
rd
er

to
q
u
an
ti
fy

th
e
sp
ec
if
ic

ef
fe
ct

o
f
to
p
-

o
g
ra
p
h
y,

w
e
as
su
m
e
th
at

d
y
n
am

ic
eq
u
il
ib
ri
u
m

co
n
-

st
ra
in
s
th
e
to
p
o
g
ra
p
h
y
o
f
ra
m
p
-f
o
ld
s,

w
h
ic
h
im

p
li
es

th
at

to
p
o
g
ra
p
h
y
is

m
ai
n
ta
in
ed

fo
r
se
v
er
al

M
a
in

fo
ld

an
d
th
ru
st
b
el
ts
.

T
h
e
si
m
p
le
st
to
p
o
g
ra
p
h
ie
s
ar
e
si
n
g
le
ri
d
g
es
.F

ig
.8
a

sh
o
w
s
th
e
ra
ti
o
Q
(z
)/
Q
0
as

a
fu
n
ct
io
n
o
f
w
av
el
en
g
th

(r
id
g
e
w
id
th
)
an
d
d
ep
th
.
F
o
r
ri
d
g
es

la
rg
er

th
an

2
0
k
m
,

th
e
th
er
m
al

an
o
m
al
y
is
v
er
y
sm

al
l.
H
o
w
ev
er
,
as

so
o
n

as
th
e
w
id
th

o
f
th
e
ri
d
g
e
is
lo
w
er

th
an

1
5
k
m
,t
h
e
H
F
D

d
o
es

n
o
t
ex
ce
ed

0
.7

ti
m
es

th
e
b
as
al

h
ea
t
fl
o
w
.
B
el
o
w

th
e
re
fe
re
n
ce

le
v
el
,
th
e
h
ea
t
fl
o
w

an
o
m
al
y
te
n
d
s
to

b
e

v
er
y
lo
w
;
Q
(z
)/
Q
0
ra
ti
o
s
ar
e
h
ig
h
er

th
an

0
.8
5
.
T
h
e

te
m
p
er
at
u
re

d
if
fe
re
n
ce

b
et
w
ee
n

a
fl
at

g
ro
u
n
d

g
eo
-

th
er
m

an
d

a
g
eo
th
er
m

b
el
o
w

a
ri
d
g
e

re
ac
h
es

it
s

m
ax
im

u
m

v
al
u
e
at
th
e
re
fe
re
n
ce

le
v
el
an
d
th
en

eq
u
al
s

A
"
G
,
w
h
er
e
A

is
th
e
am

p
li
tu
d
e
o
f
th
e
to
p
o
g
ra
p
h
y

an
d
G

th
e
th
er
m
al

g
ra
d
ie
n
t.
In

th
e
p
re
se
n
t
ca
se
,
th
e

g
ra
d
ie
n
t
is

ab
o
u
t
2
5
!C

/k
m
;
th
e
n
eg
at
iv
e
an
o
m
al
y
is

th
u
s
ab
o
u
t
5
0
!C

(2
0
0
0
-m

ri
d
g
es
).
Is
o
th
er
m
s
h
av
e
to

fl
at
te
n
at

so
m
e
d
ep
th
.
A
t
th
at

le
v
el
,
Q
(z
)/
Q
0
te
n
d
s
to

1
.
T
h
is
b
al
an
ce

le
v
el

in
cr
ea
se
s
fr
o
m

6
to

8
k
m

b
el
o
w

th
e
re
fe
re
n
ce

le
v
el

fo
r
ri
d
g
e
w
id
th
s
b
et
w
ee
n
5
an
d
2
5

k
m
. D
u
e
to

th
e
sp
at
ia
l
d
if
fu
si
o
n
o
f
h
ea
t,
in
te
ra
ct
io
n
s

b
et
w
ee
n
ad
ja
ce
n
t
to
p
o
g
ra
p
h
ic
al

st
ru
ct
u
re
s
h
av
e
to

b
e

ac
co
u
n
te
d

fo
r.

S
in
ce

fo
re
la
n
d

fo
ld

an
d

th
ru
st

b
el
ts

sh
o
w

b
ro
ad

cy
li
n
d
ri
ca
l
p
at
te
rn
s,
w
e
as
su
m
e
th
at

tw
o
-

d
im

en
si
o
n
al

g
eo
m
et
ry

is
ap
p
ro
p
ri
at
e
fo
r
m
o
d
el
in
g
.

T
h
e
m
ai
n
co
n
se
q
u
en
ce
s
ar
e
lo
w
er

th
er
m
al

an
o
m
al
ie
s

at
d
ep
th

an
d

sh
al
lo
w
er

b
al
an
ce

le
v
el
s,

as
co
o
li
n
g

b
el
o
w

an
ti
cl
in
es

is
co
u
n
te
ra
ct
ed

b
y
w
ar
m
in
g
b
el
o
w

sy
n
cl
in
es
.
A
n
o
th
er

fe
at
u
re

w
h
ic
h

is
li
n
k
ed

to
to
p
-

o
g
ra
p
h
y

is
th
e

at
m
o
sp
h
er
ic

th
er
m
al

g
ra
d
ie
n
t.

A
n

av
er
ag
e
v
al
u
e
is

6
.5

!C
/k
m
.
A
g
ai
n
,
it

lo
w
er
s
th
e

to
p
o
g
ra
p
h
y
-i
n
d
u
ce
d
an
o
m
al
y
as

th
e
co
n
tr
as
t
b
et
w
ee
n

th
e
cr
u
st
al

an
d
at
m
o
sp
h
er
ic

te
m
p
er
at
u
re
s
d
ec
re
as
es

at
h
ig
h
er

el
ev
at
io
n
s.
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.
8
b
o
u
tl
in
es

th
e
ef
fe
ct
s
o
n
th
e

h
ea
t
fl
o
w

at
d
ep
th

b
en
ea
th

2
0
0
0
-m

-h
ig
h

ri
d
g
es

in
p
er
io
d
ic

sy
st
em

s,
as

a
fu
n
ct
io
n
o
f
w
av
el
en
g
th
.
T
h
e

su
rf
ac
e
H
F
D

is
0
.7
5
ti
m
es

th
e
b
as
al

h
ea
t
fl
o
w

fo
r

w
av
el
en
g
th
s
lo
n
g
er

th
an

1
0

k
m

an
d

th
e
an
o
m
al
y

b
ec
o
m
es

n
eg
li
g
ib
le

fo
r
w
av
el
en
g
th
s
lo
n
g
er

th
an

2
0

k
m
.
It
is
al
so

n
eg
li
g
ib
le

b
el
o
w

th
e
re
fe
re
n
ce

le
v
el
,
i.
e.

sy
n
cl
in
e
to
p
o
g
ra
p
h
y.
T
h
e
d
ep
th

o
f
b
al
an
ce
,
w
h
er
e
th
e

te
m
p
er
at
u
re

eq
u
al
s
th
e
te
m
p
er
at
u
re

b
el
o
w

fl
at

ar
ea
s

in
cr
ea
se
s
fr
o
m

1
-
to

5
-k
m

d
ep
th

fo
r
w
av
el
en
g
th
s

ra
n
g
in
g
fr
o
m

5
to

3
0
k
m

(F
ig
.
8
b
),
an
d
b
el
o
w

1
0
0

m
fo
r
sm

al
le
r
am

p
li
tu
d
es

(F
ig
.
8
c)
.

H
en
ce
,
th
er
m
al

d
at
a

co
m
in
g

fr
o
m

a
w
el
l
fe
w

h
u
n
d
re
d
s
m
et
er
s
d
ee
p
er

th
an

th
e
to
p
o
g
ra
p
h
ic

el
ev
a-

ti
o
n
co
u
ld

b
e
co
n
si
d
er

as
al
m
o
st

fr
ee

o
f
to
p
o
g
ra
p
h
ic

d
is
tu
rb
an
ce
s.
O
n
th
e
co
n
tr
ar
y,
d
at
a
fr
o
m

tu
n
n
el
s
h
av
e

to
b
e
ca
re
fu
ll
y
co
rr
ec
te
d
b
ef
o
re

b
ei
n
g
in
co
rp
o
ra
te
d
in

a
g
eo
d
y
n
am

ic
al

m
o
d
el
.
T
o
p
o
g
ra
p
h
y
h
as

b
ee
n
m
en
-

ti
o
n
ed

as
a
p
ro
m
in
en
t
co
n
tr
ib
u
to
r
to

th
er
m
al

d
is
tu
r-
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i
/
Te
ct
o
n
o
p
h
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)
2
5
3
–
2
8
0

2
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.
T
o
p
:
to
p
o
g
ra
p
h
ic

ef
fe
ct

o
n
th
e
th
er
m
al

fi
el
d
,
co
n
ce
p
tu
al

m
o
d
el
.
C
is
th
e
h
ea
t
ca
p
ac
it
y,
q
th
e
d
en
si
ty
,
j
th
e
th
er
m
al

co
n
d
u
ct
iv
it
y,
u
th
e

p
o
ro
si
ty
.
A
is
th
e
am

p
li
tu
d
e
(e
le
v
at
io
n
ab
o
v
e
th
e
re
fe
re
nc
e
le
v
el
)
an
d
k
th
e
w
av
el
en
g
th

o
f
th
e
to
p
o
g
ra
p
h
y.
T
s 0

is
th
e
su
rf
ac
e
te
m
p
er
at
u
re

at
th
e

re
fe
re
n
ce

le
v
el
.B

o
tt
o
m
:
th
er
m
al
d
is
tu
rb
an
ce
s
b
el
o
w
a
si
n
g
le
ri
d
g
e
o
f
2
0
0
0
-m

el
ev
at
io
n
w
it
h
a
co
n
st
an
t
su
rf
ac
e
te
m
p
er
at
ur
e
(a
),
b
el
o
w
a
p
er
io
d
ic

re
li
ef

o
f
2
0
0
0
-
(b
),
an
d
1
0
0
0
-m

(c
)
am

p
li
tu
d
e,
in

th
e
p
re
se
n
ce

o
f
an

at
m
o
sp
h
er
ic
te
m
p
er
at
u
re

g
ra
d
ie
n
t,
as

a
fu
n
ct
io
n
o
f
w
av
el
en
g
th

k
an
d
d
ep
th
.

Q
(z
)/
Q
0
is
th
e
ac
tu
al
h
ea
t
fl
o
w
Q
(z
)
o
v
er

b
as
al
h
ea
t
fl
o
w

Q
0
ra
ti
o
.
In

al
l
ca
se
s,
b
o
u
n
d
ar
y
co
n
d
it
io
n
s
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cl
u
d
e
co
n
st
an
t
b
as
al
h
ea
t
fl
o
w
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0
m
W
/

m
2
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b
at
ic

la
te
ra
l
g
ra
d
ie
n
t.

L
.
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o
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i
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p
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an
ce
s
b
y

m
an
y

au
th
o
rs

(e
.g
.
S
tü
w
e
et

al
.,

1
9
9
4
;

M
an
ck
te
lo
w

an
d
G
ra
se
m
an
n
,
1
9
9
7
)
w
h
o
ca
lc
u
la
te
d

th
e
th
er
m
al

an
o
m
al
ie
s
fo
r
en
d
-m

em
b
er
s
to
p
o
g
ra
p
h
ie
s,

u
n
li
k
el
y
to

b
e
fo
u
n
d
in

m
o
st
se
tt
in
g
s.
F
u
rt
h
er
m
o
re
,t
h
e

at
m
o
sp
h
er
ic

g
ra
d
ie
n
t
si
g
n
if
ic
an
tl
y
lo
w
er
s
th
e
th
er
m
al

an
o
m
al
y.

2
.5
.
Te
rr
a
in

ef
fe
ct
s

O
th
er

ef
fe
ct
s
re
la
te
d
to

th
e
su
rf
ac
e
m
o
rp
h
o
lo
g
y
ar
e

th
e
so
-c
al
le
d
te
rr
ai
n
ef
fe
ct
s
(B
la
ck
w
el
l
et

al
.,
1
9
8
0
).

T
h
es
e
in
cl
u
d
e
sl
o
p
e
d
ip

an
d
o
ri
en
ta
ti
o
n

re
la
ti
v
e
to

so
la
r
ra
d
ia
ti
o
n

an
d

v
eg
et
at
io
n

co
v
er
.
V
ar
ia
ti
o
n
s
o
f
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o
u
t
5
!C
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e
d
o
cu
m
en
te
d
(B
la
ck
w
el
l
et

al
.,
1
9
8
0
)
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r
v
er
y

d
if
fe
re
n
t
sl
o
p
e
at
ti
tu
d
es
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v
er
y
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al
lo
w

le
v
el
s.
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an
y
ca
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,
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e
ef
fe
ct
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en
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n
ih
il
at
ed

in
th
e
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t
5
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0
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1
0
0
0
m
.G

ro
u
n
d
su
rf
ac
e
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m
p
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S
T
)
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a
b
o
u
n
d
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y
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n
d
it
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n
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r
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e
n
ea
r-
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rf
ac
e

th
er
m
al
fi
el
d
.
G
S
T
o
sc
il
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o
n
s
in
d
u
ce

tr
an
si
en
t
ef
fe
ct
s

o
n
th
e
th
er
m
al

fi
el
d
.
T
h
e
am

p
li
tu
d
e
o
f
th
e
an
o
m
al
y

d
ea
d
en
s
as

it
p
ro
g
ra
d
es

d
o
w
n
w
ar
d
w
it
h
ti
m
e.
F
o
ll
o
w
-

in
g
th
e
eq
u
at
io
n
s
o
f
T
u
rc
o
tt
e
an
d
S
ch
u
b
er
t
(1
9
8
2
),
w
e

fi
n
d
o
n
av
er
ag
e
th
at

te
m
p
er
at
u
re

v
ar
ia
ti
o
n
s
ar
e
le
ss

th
an

5
%

at
1
cm

fo
r
d
iu
rn
al
/n
o
ct
u
rn
al

ch
an
g
es
,
ab
o
u
t

1
m

fo
r
se
as
o
n
al

v
ar
ia
ti
o
n
s
an
d
1
0
0
0
m

fo
r
g
la
ci
a-

ti
o
n
s.
F
o
r
a
2
0
!C

g
ro
u
n
d
su
rf
ac
e
te
m
p
er
at
u
re

v
ar
ia
-

ti
o
n
o
v
er

1
0
0
,0
0
0
y
ea
rs
,
th
e
te
m
p
er
at
u
re

an
o
m
al
y
at

1
5
0
0
-m

d
ep
th

d
o
es

n
o
t
ex
ce
ed

5
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.
H
en
ce
,
m
ic
ro
cl
im

at
ic

in
fl
u
en
ce
s
an
d
cl
im

at
e
ch
an
-

g
e
ar
e
o
f
m
in
o
r
im

p
ac
t
o
n
th
e
th
er
m
al

re
g
im

e,
an
d

m
o
st
o
f
th
e
ti
m
e
d
o
n
o
t
n
ee
d
to

b
e
ac
co
u
n
te
d
fo
r
w
h
il
e

in
v
er
ti
n
g

th
er
m
al

d
at
a
su
ch

as
w
el
l
te
m
p
er
at
u
re
s,

w
h
ic
h

ar
e
g
en
er
al
ly

ac
q
u
ir
ed

at
d
ep
th
s
la
rg
er

th
an

1
0
0
0

m
.
H
o
w
ev
er
,
sh
al
lo
w

th
er
m
al

m
ea
su
re
m
en
ts
,

fr
o
m

m
in
es

o
r
sh
al
lo
w

se
d
im

en
ts

fo
r
in
st
an
ce
,
m
ay

su
ff
er

fr
o
m

th
e
la
st

m
aj
o
r
co
o
li
n
g
ev
en
t
(1
6
th

ce
n
-

tu
ry
).

T
h
e
p
er
m
an
en
t
av
er
ag
e
G
S
T

re
la
te
d

to
th
e

g
eo
g
ra
p
h
ic
al

se
tt
in
g

in
fl
u
en
ce
s
th
e
th
er
m
al

re
g
im

e
as

a
b
o
u
n
d
ar
y
co
n
d
it
io
n
.

2
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.
D
is
cu
ss
io
n

T
h
is

sy
st
em

at
ic

q
u
an
ti
fi
ca
ti
o
n

o
f
th
e
p
ro
ce
ss
es

al
lo
w
s
u
s
to

co
n
cl
u
d
e
th
at
:

(1
)
T
h
e

m
ai
n

su
rf
ac
e

p
ro
ce
ss
es

d
is
tu
rb
in
g

th
e

th
er
m
al
fi
el
d
ar
e
er
o
si
o
n
an
d
se
d
im

en
ta
ti
o
n
,
an
d
o
cc
a-

si
o
n
al
ly

h
ea
t
tr
an
sf
er

fr
o
m

fl
u
id

ci
rc
u
la
ti
o
n
.

(2
)
In

re
g
u
la
r
co
n
d
it
io
n
s
in

th
e
ex
te
rn
al

zo
n
es

w
h
er
e
th
ru
st

sl
ic
es

ar
e
n
o
t
to
o
th
ic
k
,
th
ru
st
in
g
d
o
es

n
o
t
af
fe
ct

th
e
th
er
m
al

fi
el
d
.

(3
)
R
o
u
g
h
te
rr
ai
n
s
in
d
u
ce

n
ea
r
su
rf
ac
e
p
er
tu
rb
a-

ti
o
n
s,

u
p
to

1
0
0
0
–
2
0
0
0
-m

d
ep
th
,
fr
o
m

b
o
th

to
p
o
g
-

ra
p
h
y

an
d

te
rr
ai
n

ef
fe
ct
s;

th
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d
o

n
o
t
h
av
e

an
y

in
fl
u
en
ce

o
n
so
u
rc
e
ro
ck

m
at
u
ra
ti
o
n

at
3
o
r
4
k
m

b
u
t
it

m
ea
n
s
th
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n
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r
su
rf
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e
d
at
a
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u
g
h
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s
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n
n
o
t
b
e
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o
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r
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p
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p
ro
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.
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n
g
m
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r
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n
n
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d
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a
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r
g
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d
y
n
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at
u
ra
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e
2
D
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ld

b
e
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r
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th
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d
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1
D

th
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al
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o
n
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n
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b
e

p
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fl
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o
r
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o
n
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m
p
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h
e
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l
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d
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o
f
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u
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u
la
ti
o
n
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d
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lt
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m
o
d
el

b
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th
e
p
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b
il
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d
is

g
en
er
al
ly

u
n
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o
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d
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a
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b
e
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o
m
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el
d

m
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m
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(s
u
ch
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o
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p
ic

st
u
d
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s
o
f

w
at
er
s,
B
an
n
er

et
al
.,
1
9
8
9
;
o
r
co
m
p
o
si
ti
o
n
o
f
m
in
er
-

al
iz
ed

v
ei
n
s,

L
ar
ro
q
u
e
et

al
.,
1
9
9
3
;
L
ar
ro
q
u
e
et

al
.,

1
9
9
6
)
b
u
t
co
rr
es
p
o
n
d

to
p
ar
ti
cu
la
rl
y

fa
st

m
ig
ra
ti
o
n

p
at
h
w
ay

n
ea
r
fa
u
lt
s.

N
u
m
er
o
u
s
au
th
o
rs

in
si
m
il
ar

g
eo
lo
g
ic
al

se
tt
in
g
s
(e
.g
.
M
aj
o
ro
w
ic
z

an
d

Je
ss
o
p
,

1
9
9
3
;
M
aj
o
ro
w
ic
z
et

al
.,
1
9
8
5
;
B
o
d
ri

an
d
R
y
b
ac
h
,

1
9
9
8
)
h
av
e
in
te
rp
re
te
d
la
rg
e-
sc
al
e
an
o
m
al
ie
s
as

th
e

re
su
lt

o
f
fl
u
id

ci
rc
u
la
ti
o
n
.
H
o
w
ev
er
,
as

fa
r
as

w
e

k
n
o
w
,
re
g
io
n
al

te
m
p
er
at
u
re

d
ec
re
as
e
(
!
5
!C

)
h
as

b
ee
n
d
o
cu
m
en
te
d
o
n
ly

in
th
e
M
ah
ak
am

d
el
ta

(n
o
t
in

a
sp
ec
if
ic

d
ra
in

b
u
t
at

a
re
g
io
n
al

sc
al
e
in

th
e
sh
al
y

b
as
in
,B

u
rr
u
s
et
al
.,
1
9
9
2
).
O
u
r
m
o
d
el
in
g
su
g
g
es
ts
th
at

d
u
e
to

th
e
p
re
ss
u
re

fi
el
d
an
d
v
el
o
ci
ty

o
f
m
ig
ra
ti
o
n
,

h
ig
h
am

p
li
tu
d
e
th
er
m
al

an
o
m
al
ie
s
fr
o
m

fl
u
id

ci
rc
u
la
-

ti
o
n
ca
n
o
n
ly

b
e
lo
ca
l.
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.
T
h
e
B
o
li
v
ia
n
su
b
A
n
d
ea
n
zo
n
e

3
.1
.
G
eo
lo
g
ic
a
l
se
tt
in
g

T
h
e
S
u
b
A
n
d
ea
n
Z
o
n
e
is
th
e
ea
st
er
n
b
o
rd
er

o
f
th
e

A
n
d
es

in
B
o
li
v
ia

an
d
co
n
st
it
u
te
s
a
fo
re
la
n
d
ab
o
v
e
th
e

w
es
tw

ar
d

co
n
ti
n
en
ta
l
su
b
d
u
ct
io
n

o
f
th
e
B
ra
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an

sh
ie
ld
.
T
h
e
th
ru
st
s
ar
e
co
m
p
o
se
d
b
y
an

al
m
o
st

co
m
-

p
le
te
se
q
u
en
ce

st
ar
ti
n
g
w
it
h
th
e
P
al
eo
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ic
.
O
rd
o
v
ic
ia
n

to
D
ev
o
n
ia
n
ro
ck
s
w
er
e
d
ep
o
si
te
d
in

a
b
ro
ad

N
W

–
S
E

re
tr
o
ar
c
fo
re
la
n
d
b
as
in

al
o
n
g
th
e
w
es
te
rn

an
d
ce
n
tr
al

p
ar
t
o
f
th
e
co
u
n
tr
y,
w
h
ic
h
in
cl
u
d
ed

th
e
M
ad
re
d
e
D
io
s,

S
u
b
A
n
d
ea
n
Z
o
n
e,

an
d
C
h
ac
o
b
as
in
s
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.
9
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S
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i
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p
er
e,

1
9
9
5
;
S
em

p
er
e
et

al
.,
1
9
9
0
;
M
o
n
te
m
u
rr
o
,
1
9
9
2
;

Is
aa
cs
o
n
an
d
D
ia
z
M
ar
ti
n
ez
,
1
9
9
5
).

T
h
is

b
as
in

w
as

b
o
u
n
d
ed

to
th
e
S
W

b
y
an

ac
ti
v
e
m
ar
g
in

w
it
h
ab
u
n
d
an
t

cl
as
ti
c
su
p
p
ly

an
d
to

th
e
N
E

b
y
a
re
la
ti
v
el
y
st
ab
le

cr
at
o
n
ic

m
ar
g
in

w
it
h
le
ss

se
d
im

en
t
in
p
u
t.
T
h
e
S
o
u
th

S
u
b
A
n
d
ea
n
Z
o
n
e
(1
8
!S

to
2
3
!S
,
F
ig
.
9
a)

p
re
se
n
ts

th
e
m
o
st

co
m
p
le
te

P
h
an
er
o
zo
ic

se
q
u
en
ce

in
B
o
li
v
ia
,

fr
o
m

L
at
e
P
ro
te
ro
zo
ic

to
C
en
o
zo
ic

(F
ig
.
9
b
).
P
ro
te
r-

o
zo
ic

an
d
L
o
w
er

P
al
ae
o
zo
ic

ro
ck
s
cr
o
p
o
u
t
in

th
e

so
u
th
er
n
E
as
te
rn

C
o
rd
il
le
ra

an
d
al
o
n
g
th
e
n
o
rt
h
-e
as
t-

er
n

b
o
rd
er

o
f
th
e

C
h
ac
o

b
as
in
.
T
h
e

S
il
u
ri
an

an
d

D
ev
o
n
ia
n
se
q
u
en
ce
s
in

th
is

ar
ea

ar
e
v
er
y
th
ic
k
(o
v
er

4
0
0
0

m
),

w
it
h

a
co
n
si
d
er
ab
le

th
ic
k
n
es
s
o
f
sh
al
es

(e
sp
ec
ia
ll
y

in
th
e

K
ir
u
si
ll
as
,
Ic
la

an
d

L
o
s
M
o
n
o
s

F
m
s)

al
te
rn
at
in
g

w
it
h

m
o
re

sa
n
d
y

u
n
it
s
(T
ar
ab
u
co
,

S
an
ta

R
o
sa
,
H
u
am

ap
am

p
a

an
d

Iq
u
ir
i
F
m
s)
.
T
h
e

C
ar
b
o
n
if
er
o
u
s
is

ch
ar
ac
te
ri
ze
d

b
y

a
g
la
ci
al

m
ar
in
e

en
v
ir
o
n
m
en
t
an
d

sh
o
w
s
st
ro
n
g

la
te
ra
l
fa
ci
es

v
ar
ia
-

ti
o
n
s.

R
eg
ar
d
in
g

th
e

th
er
m
al

h
is
to
ry
,
n
o
n
e

o
f
th
e

g
eo
d
y
n
am

ic
ac
ti
v
it
y

re
la
te
d

to
th
es
e

p
er
io
d
s

is

F
ig
.
9
.
(a
)
S
tr
u
ct
u
ra
l
m
ap

o
f
th
e
B
o
li
v
ia
n
A
n
d
es

(m
o
d
if
ie
d
fr
o
m

B
ab
y
et
al
.,
1
9
9
5
a)
.
(b
)
S
tr
at
ig
ra
ph
ic
co
lu
m
n
o
f
th
e
so
u
th
er
n
S
u
b
A
n
d
ea
n
Z
o
n
e

(f
ro
m

M
o
re
tt
i
et

al
.,
1
9
9
6
).

L
.
H
u
ss
o
n
,
I.
M
o
re
tt
i
/
Te
ct
o
n
o
p
h
ys
ic
s
3
4
5
(2
0
0
2
)
2
5
3
–
2
8
0

2
6
6

th
o
u
g
h
t
to

h
av
e
a
la
rg
e
in
fl
u
en
ce

o
n
th
e
cu
rr
en
t
h
ea
t

fl
o
w
,
an
d
th
er
ef
o
re
,
co
n
st
an
t
h
ea
t
fl
o
w

is
u
se
d
in

th
e

th
er
m
al

m
o
d
el
s.

P
er
m
ia
n

u
n
it
s,

b
o
th

sa
n
d
y

(C
an
g
ap
i
F
m
.)

an
d

ca
lc
ar
eo
u
s
(C
o
p
ac
ab
an
a
an
d
V
it
ia
cu
a
F
m
s.
),
re
co
rd
ed

su
cc
es
si
v
e
m
ar
in
e
tr
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éo
m
ét
ri
q
u
e
et

ex
p
ér
im

en
ta
le

d
’u
n
b
as
si
n
tr
an
sp
o
rt
é:

ex
em

p
le

d
u
sy
n
cl
in
o
ri
u
m

d
e
l’
A
lt
o
B
en
i
(A

n
d
es

C
en
tr
al
es
).

B
u
ll
.
S
o
c.

G
eo
l.
F
r.
1
6
6
,

7
9
7
–
8
11
.

B
ab
y,

P.
,
R
o
ch
at
,
P.
,
M
as
cl
e,

G
.,
H
ér
ai
l,
G
.,
1
9
9
7
.
N
eo
g
en
e
co
n
tr
i-

b
u
ti
o
n
to

cr
u
st
al
th
ic
k
en
in
g
in

th
e
b
ac
k
-a
rc
o
f
th
e
C
en
tr
al
A
n
d
es
.

G
eo
lo
g
y
2
5
,
8
8
3
–
8
8
6
.

B
an
n
er
,
J.
L
.,
W
as
se
rb
u
rg
,
G
.J
.,
D
o
n
so
n
,
P.
F
.,
C
ar
p
en
te
r,

A
.B
.,

M
o
o
re
,
C
.H
.,
1
9
8
9
.
Is
o
to
p
ic

an
d
tr
ac
e
el
em

en
t
co
n
st
ra
in
ts

o
n

th
e
o
ri
g
in

an
d
ev
o
lu
ti
o
n
o
f
sa
li
n
e
g
ro
u
n
d
w
at
er
s
fr
o
m

ce
n
tr
al

M
is
so
u
ri
.
G
eo
ch
im

.
C
o
sm

o
ch
im

.
A
ct
a
5
3
,
3
8
3
–
3
9
8
.

B
ea
u
m
o
n
t,
C
.,
F
u
ll
sa
ck
,
P.
,
H
am

il
to
n
,
J.
,
1
9
9
2
.
E
ro
si
o
n
al
co
n
tr
o
l
o
f

ac
ti
v
e
co
m
p
re
ss
io
n
al
o
ro
g
en
s.
In
:
M
cC

la
y,
K
.
(E
d
.)
,
T
h
ru
st
T
ec
-

to
n
ic
s.
A
ll
en

U
n
w
in
,
L
o
n
d
o
n
,
p
p
.
1
–
1
8
.

B
ec
k
,
S
.L
.,
Z
an
d
t,
G
.,
M
ae
rs
,
S
.C
.,
W
al
la
ce
,
T
.C
.,
S
il
v
er
,
P.
G
.,

D
ra
k
e,

L
.,
1
9
9
6
.
C
ru
st
al

sc
al
e
v
ar
ia
ti
o
n
s
in

th
e
C
en
tr
al

A
n
d
es
.

G
eo
lo
g
y
2
4
,
4
0
7
–
4
1
0
.

B
el
it
z,

K
.,
B
re
d
eh
o
ef
t,
J.
,
1
9
8
8
.
H
y
d
ro
d
y
n
am

ic
s
o
f
D
en
v
er

b
as
in
:

ex
p
la
n
at
io
n
o
f
su
b
n
o
rm

al
fl
u
id

p
re
ss
u
re
.
A
A
P
G

B
u
ll
.
7
2
,

1
3
3
4
–
1
3
5
9
.

B
en
ja
m
in
,
M
.T
.,
Jo
h
n
so
n
,
N
.M

.,
N
ae
se
r,
C
.W

.,
1
9
8
7
.
R
ec
en
t
ra
p
id

u
p
li
ft
in

th
e
B
o
li
v
ia
n
A
n
d
es
:
ev
id
en
ce

fr
o
m

fi
ss
io
n
-t
ra
ck

d
at
in
g
.

G
eo
lo
g
y
1
5
,
6
8
0
–
6
8
3
.

B
la
ck
w
el
l,
D
.D
.,
S
te
el
e,

J.
L
.,
B
ro
tt
,
C
.A
.,
1
9
8
0
.
T
h
e
te
rr
ai
n
ef
fe
ct

o
n
te
rr
es
tr
ia
l
h
ea
t
fl
o
w
.
J.
G
eo
p
h
y
s.
R
es
.
8
5
,
4
7
5
7
–
4
7
7
2
.

B
la
n
p
ie
d
,
M
.,
L
o
ck
n
er
,
D
.,
B
y
er
le
e,
J.
,
1
9
9
2
.
A
n
ea
rt
h
q
u
ak
e
m
ec
h
-

an
is
m

b
as
ed

o
n
ra
p
id

se
al
in
g
o
f
fa
u
lt
s.
N
at
u
re

3
5
8
,
5
7
4
–
5
7
6
.

B
o
d
ri
,
B
.,
R
y
b
ac
h
,
L
.,
1
9
9
8
.
In
fl
u
en
ce

o
f
to
p
o
g
ra
p
h
ic
al
ly

d
ri
v
en

co
n
v
ec
ti
o
n
o
n
h
ea
t
fl
o
w

in
th
e
S
w
is
s
A
lp
s:
a
m
o
d
el

st
u
d
y.
T
ec
-

to
n
o
p
h
y
si
cs

2
9
1
,
1
9
–
2
7
.

B
u
ll
ar
d
,
E
.C
.,
1
9
4
7
.
T
h
e
ti
m
e
n
ec
es
sa
ry

fo
r
a
b
o
re
h
o
le

to
at
ta
in

te
m
p
er
at
u
re
eq
u
il
ib
ri
u
m
.M

o
n
.N

o
t.
R
.A

st
ro
n
.S

o
c.
5
,1
2
7
–
1
3
0
.

B
u
rr
u
s,
J.
,
B
ro
ss
e,
E
.,
C
h
o
p
p
in

d
e
Ja
n
v
ry
,
G
.,
G
ro
sj
ea
n
,
Y
.,
O
u
d
in
,

J.
L
.,
1
9
9
2
.
B
as
in

m
o
d
el
in
g
in

th
e
M
ah
ak
am

d
el
ta

b
as
ed

o
n
th
e

in
te
g
ra
te
d
m
o
d
el
T
em

is
p
ac
k
.
P
ro
c.
In
d
o
n
.
P
et
r.
A
ss
.,
3
1
A
n
n
u
al

C
o
n
v
en
ti
o
n,

2
5
–
4
3
.

B
u
tl
er
,
R
.,
R
ic
h
ar
d
s,

D
.,
S
em

p
er
e,

T
.,
M
ar
sh
al
l,
L
.,
1
9
9
5
.
P
al
eo
-

m
ag
n
et
ic

d
et
er
m
in
at
io
n
s
o
f
v
er
ti
ca
l-
ax
is
te
ct
o
n
ic

ro
ta
ti
o
n
s
fr
o
m

L
.
H
u
ss
o
n
,
I.
M
o
re
tt
i
/
Te
ct
o
n
o
p
h
ys
ic
s
3
4
5
(2
0
0
2
)
2
5
3
–
2
8
0

2
7
7



L
at
e
C
re
ta
ce
o
u
s
an
d
P
al
eo
ce
n
e
st
ra
ta

o
f
B
o
li
v
ia
.
G
eo
lo
g
y
2
3
,

7
9
9
–
8
0
2
.

C
ar
sl
aw

,
H
.S
.,
Ja
eg
er
,
J.
C
.,
1
9
5
9
.
C
o
n
d
u
ct
io
n
o
f
H
ea
t
in

S
o
li
d
s.

C
la
re
n
d
on

P
re
ss
,
O
x
fo
rd
.

C
h
m
ie
lo
w
sk
i,

J.
,
Z
an
d
t,

G
.,

H
ab
er
la
n
d
,
C
.,

1
9
9
9
.
T
h
e
C
en
tr
al

A
lt
ip
la
n
o
–
P
u
n
a
m
ag
m
a
b
o
d
y.

G
eo
p
h
y
s.

R
es
.
L
et
t.
2
6
,
7
8
3
–

7
8
6
.

C
o
ll
et
ta
,
B
.,
L
et
o
u
ze
y,
J.
,
S
o
ar
es
,
J.
,
S
p
ec
h
t,
M
.,
1
9
9
9
.
D
et
ac
h
m
en
t

v
er
su
s
fa
u
lt
p
ro
p
ag
at
io
n
fo
ld
in
g
:
in
si
g
h
ts
fr
o
m

th
e
S
u
b
A
n
d
ea
n

ra
n
g
es

o
f
S
o
u
th
er
n
B
o
li
v
ia
.
T
h
ru
st

T
ec
to
n
ic
s
9
9
A
b
st
r.
,
1
0
6
–

1
0
9
,
L
o
n
d
o
n
.

C
o
u
d
er
t,
M
ac
C
la
y,

L
.,
F
ra
p
p
a,

M
.,
V
ig
u
ie
r,
C
.,
A
ri
as
,
R
.,
1
9
9
5
.

T
ec
to
n
ic

su
b
si
d
en
ce

an
d
cr
u
st
al

fl
ex
u
re

in
th
e
N
eo
g
en
e
C
h
ac
o

b
as
in

o
f
B
o
li
v
ia
.
T
ec
to
n
o
p
h
y
si
cs

2
4
3
,
2
7
7
–
2
9
2
.

D
av
ie
s,

J.
H
.,
v
o
n
B
la
n
ck
en
b
u
rg
,
F.
,
1
9
9
5
.
S
la
b
b
re
ak
o
ff
:
a
m
o
d
el

o
f
li
th
o
sp
h
er
e
d
et
ac
h
m
en
t
an
d
it
s
te
st

in
th
e
m
ag
m
at
is
m

an
d

d
ef
o
rm

at
io
n
o
f
co
ll
is
io
n
al

o
ro
g
en
s.
E
ar
th

P
la
n
et
.
S
ci
.
L
et
t.
1
2
9
,

8
5
–
1
0
2
.

D
em

in
g
,
D
.,
1
9
8
9
.
A
p
p
li
ca
ti
o
n
o
f
b
o
tt
o
m
-h
o
le

te
m
p
er
at
u
re

co
rr
ec
-

ti
o
n
s
in

g
eo
th
er
m
al

st
u
d
ie
s.
G
eo
th
er
m
ic
s
1
8
,
7
7
5
–
7
8
6
.

D
em

in
g
,
D
.,
C
h
ap
m
an
,
D
.S
.,
1
9
8
8
.
In
v
er
si
o
n
o
f
b
o
tt
o
m
-h
o
le

te
m
-

p
er
at
u
re

d
at
a:

th
e
P
in
ev
ie
w

fi
el
d
,
U
ta
h
–
W
y
o
m
in
g
th
ru
st

b
el
t.

G
eo
p
h
y
si
cs

5
3
,
7
0
7
–
7
2
0
.

D
em

in
g
,
D
.,
1
9
9
4
.
F
lu
id

fl
o
w

an
d
h
ea
t
tr
an
sp
o
rt
in

th
e
u
p
p
er

co
n
-

ti
n
en
ta
l
cr
u
st
.
In
:
P
ar
n
el
l,
J.
(E
d
.)
,
G
eo
fl
u
id
s:
O
ri
g
in
,
M
ig
ra
ti
o
n

an
d
E
v
o
lu
ti
o
n
o
f
F
lu
id
s
in

S
ed
im

en
ta
ry

B
as
in
s.
G
eo
l.
S
o
c.
S
p
ec
.

P
u
b
l.
,
v
o
l.
7
8
,
p
p
.
2
7
–
4
2
,
L
o
n
d
o
n
.

D
o
li
g
ez
,
B
.,
U
n
g
er
er
,
P.
,
C
h
en
et
,
P.
,
B
u
rr
u
s,
J.
,
B
es
si
s,
F.
,
B
es
se
r-

ea
u
,
G
.,
1
9
8
7
.
N
u
m
er
ic
al
m
o
d
el
in
g
o
f
se
d
im

en
ta
ti
on
,
h
ea
t
tr
an
s-

fe
r,
h
y
d
ro
ca
rb
o
n
fo
rm

at
io
n
an
d
fl
u
id
s
m
ig
ra
ti
o
n
in

th
e
V
ik
in
g

g
ra
b
en
,
N
o
rt
h
S
ea
.
In
:
E
n
g
la
n
d
,
W
.A
.,
F
le
tt
,
A
.J
.
(E
d
s.
),
P
et
ro
-

le
u
m

G
eo
lo
g
y

o
f
N
o
rt
h
w
es
t
E
u
ro
p
e.

H
ey
d
en
,
L
o
n
d
o
n
,
p
p
.

1
0
3
9
–
1
0
4
8
.

D
u
n
n
,
J.
,
H
ar
ts
h
o
rn
,
K
.G
.,
H
ar
ts
h
o
rn
,
P.
W
.,
1
9
9
5
.
S
tr
u
ct
u
ra
l
st
y
le
s

an
d
h
y
d
ro
ca
rb
o
n
p
o
te
n
ti
al

o
f
th
e
S
u
b
A
n
d
ea
n
th
ru
st

b
el
t
o
f

S
o
u
th
er
n
B
o
li
v
ia
.
In
:
T
an
k
ar
d
,
R
.,
S
u
ar
ez
,
S
.,
W
el
si
n
k
,
H
.J
.

(E
d
s.
),

P
et
ro
le
u
m

B
as
in
s
o
f
S
o
u
th

A
m
er
ic
a.

A
A
P
G

M
em

o
ir
,

v
o
l.
6
2
,
p
p
.
5
2
3
–
5
4
3
.

E
n
d
ig
n
o
u
x,

L
.,
W
o
lf
,
S
.,
1
9
9
0
.
T
h
er
m
al
an
d
k
in
em

at
ic
ev
o
lu
ti
o
n
o
f

th
ru
st

b
as
in
s:

a
2
D

n
u
m
er
ic
al

v
ie
w
.
In
:
L
et
o
u
ze
y,

J.
(E
d
.)
,

P
et
ro
le
u
m

an
d
T
ec
to
n
ic
s
in

M
o
b
il
e
B
el
ts
.
T
ec
h
n
ip
,
P
ar
is
,
p
p
.

1
8
1
–
1
9
2
.

E
n
g
la
n
d
,
P.
,
M
o
ln
ar
,
P.
,
1
9
9
3
.
T
h
e
in
te
rp
re
ta
ti
o
n
o
f
in
v
er
te
d
m
et
a-

m
o
rp
h
ic

is
o
g
ra
d
s
u
si
n
g
si
m
p
le

p
h
y
si
ca
l
ca
lc
u
la
ti
o
ns
.
T
ec
to
n
ic
s

1
2
(1
),
1
4
5
–
1
5
7
.

E
v
an
s,
B
.,
1
9
9
2
.
G
re
as
in
g
th
e
fa
u
lt
s.
N
at
u
re

3
5
8
,
5
4
4
–
5
4
5
.

G
iu
n
ch
i,

C
.,
R
ic
ar
d
,
Y
.,
1
9
9
9
.
H
ig
h
p
re
ss
u
re
–
lo
w

te
m
p
er
at
u
re

m
et
am

o
rp
h
is
m

an
d
th
e
d
y
n
am

ic
s
o
f
an

ac
cr
et
io
n
ar
y
w
ed
g
e.

G
eo
p
h
y
s.
J.
In
t.
1
3
6
,
6
2
0
–
6
2
8
.

G
u
b
b
el
s,
T
.L
.,
Is
ac
k
s,
B
.L
.,
F
ar
ra
r,
E
.,
1
9
9
3
.
H
ig
h
le
v
el
s
su
rf
ac
es
,

p
la
te
au

u
p
li
ft
an
d
fo
re
la
n
d
d
ev
el
o
p
m
en
t,
B
o
li
v
ia
n
C
en
tr
al

A
n
-

d
es
.
G
eo
lo
g
y
2
1
,
6
9
5
–
6
9
8
.

G
u
il
li
er
,
B
.,
B
ab
y,

P.
,
M
en
d
ez
,
E
.,
O
ll
er
,
J.
,
M
ar
q
u
ez
,
H
.,
1
9
9
2
.

M
o
d
if
ic
ac
io
n
es

d
el

m
ap
a
es
tr
u
ct
u
ra
l
d
el

su
b
an
d
in
o
su
r
d
e
B
o
-

li
v
ia
p
o
r
co
m
p
ab
il
it
ad

ci
n
em

át
ic
a
d
e
co
rt
es

b
al
an
ce
ad
o
s.
X
C
o
n
-

g
re
so

G
eo
lo
g
ic
o
B
o
li
v
ia
n
o
,
R
es
u
m
en
es

ex
te
n
d
id
o
s.

B
o
l.
S
o
c.

G
eo
l.
B
o
li
v
ia
n
a,

v
o
l.
2
7
,
p
p
.
7
4
–
7
6
.

H
en
ry
,
S
.G
.,
P
o
ll
ac
k
,
H
.N
.,
1
9
8
8
.
T
er
re
st
ri
al

h
ea
t
fl
o
w

ab
o
v
e
th
e

A
n
d
ea
n
su
b
d
u
ct
io
n
zo
n
e
in

B
o
li
v
ia

an
d
P
er
u
.
J.
G
eo
p
h
y
s.
R
es
.

9
3
,
1
5
1
5
3
–
1
5
1
6
2
.

H
o
rn
er
,
D
.R
.,
1
9
5
1
.
P
re
ss
u
re

b
u
il
d
-u
p
in

w
el
ls
.
P
ro
c
T
h
ir
d
W
o
rl
d

P
et
ro
le
u
m

C
o
n
g
re
ss
.
T
h
e
H
ag
u
e,

p
p
.
5
0
3
–
5
1
9
.

H
u
er
ta
,
A
.D
.,
R
o
y
d
en
,
L
.H
.,
H
o
d
g
es
,
K
.V
.,
1
9
9
6
.
T
h
e
in
te
rd
ep
en
d
-

en
ce

o
f
d
ef
o
rm

at
io
n
al

an
d
th
er
m
al

p
ro
ce
ss
es

in
m
o
u
n
ta
in

b
el
ts
.

S
ci
en
ce

2
7
3
,
6
3
7
–
6
3
9
.

H
u
er
ta
,
A
.D
.,

R
o
y
d
en
,
L
.H
.,

H
o
d
g
es
,
K
.V
.,

1
9
9
8
.
T
h
e
th
er
m
al

st
ru
ct
u
re

o
f
co
ll
is
io
n
al

o
ro
g
en
s
as

a
re
sp
o
n
se

to
ac
cr
et
io
n
,
er
o
-

si
o
n
an
d
ra
d
io
g
en
ic

h
ea
ti
n
g
.
J.

G
eo
p
h
y
s.

R
es
.
1
0
3
,
1
5
2
8
7
–

1
5
3
0
2
.

Is
aa
cs
o
n
,
P.
E
.,
D
ia
z
M
ar
ti
n
ez
,
E
.,
1
9
9
5
.
E
v
id
en
ce

fo
r
a
m
id
d
le
–
la
te

P
al
ae
o
zo
ic

fo
re
la
n
d
b
as
in

an
d
si
g
n
if
ic
an
t
la
ti
tu
d
in
al

sh
if
t,
C
en
-

tr
al

A
n
d
es
.
In
:
T
an
k
ar
d
,
R
.,
S
u
ar
ez
,
S
.,
W
el
si
n
k
,
H
.J
.
(E
d
s.
),

P
et
ro
le
u
m

B
as
in
s
o
f
S
o
u
th

A
m
er
ic
a.

A
A
P
G

M
em

o
ir
,
v
o
l.
6
2
,

p
p
.
2
3
1
–
2
4
9
.

Ja
u
p
ar
t,
C
.,
P
ro
v
o
st
,
A
.,
1
9
8
5
.
H
ea
t
fo
cu
ss
in
g
,
g
ra
n
it
e
g
en
es
is
an
d

in
v
er
te
d
m
et
am

o
rp
hi
c
g
ra
d
ie
n
ts

in
co
n
ti
n
en
ta
l
co
ll
is
io
n
zo
n
es
.

E
ar
th

P
la
n
et
.
S
ci
.
L
et
t.
7
3
,
3
8
5
–
3
9
7
.

K
le
y,

J.
,
1
9
9
6
.
T
ra
n
si
ti
o
n
fr
o
m

b
as
em

en
t-
in
v
ol
v
ed

to
th
in
-s
k
in
n
ed

te
ct
o
n
ic
s
in

th
e
C
o
rd
il
le
ra

O
ri
en
ta
l
o
f
S
o
u
th
er
n
B
o
li
v
ia
.
T
ec
to
n
-

ic
s
1
5
,
1
6
3
–
1
8
6
.

K
le
y,
J.
,
M
o
n
al
d
i,
C
.R
.,
S
al
fi
ty
,
J.
A
.,
1
9
9
9
.
A
lo
n
g
-s
tr
ik
e
se
g
m
en
ta
-

ti
o
n
o
f
th
e
A
n
d
ea
n
fo
re
la
n
d
:
ca
u
se
s
an
d
co
n
se
q
u
en
ce
s.

T
ec
to
-

n
o
p
h
y
si
cs

3
0
1
,
7
5
–
9
4
.

L
ac
h
en
b
ru
ch
,
A
.H
.,
B
re
w
er
,
M
.C
.,
1
9
5
9
.
D
is
si
p
at
io
n
o
f
th
e
te
m
p
er
-

at
u
re

ef
fe
ct

o
f
d
ri
ll
in
g
a
w
el
l
in

ar
ct
ic

A
la
sk
a.
U
.
S
.
G
eo
l.
S
u
rv
.

B
u
ll
.
1
0
8
3
,
7
3
–
1
0
9
.

L
ac
h
en
b
ru
ch
,
A
.H
.,
1
9
7
0
.
R
ap
id

es
ti
m
at
io
n
o
f
th
e
to
p
o
g
ra
p
h
ic

d
is
-

tu
rb
an
ce

to
su
p
er
fi
ci
al

th
er
m
al

g
ra
d
ie
n
ts
.
R
ev
.
P
h
y
s.

6
,
3
6
5
–

3
8
0
.

L
ac
h
en
b
ru
ch
,
A
.H
.,

S
as
s,

J.
H
.,

1
9
8
0
.
H
ea
t
fl
o
w

an
d

en
er
g
et
ic
s

o
f
th
e
S
an

A
n
d
re
as

fa
u
lt

zo
n
e.

J.
G
eo
p
h
y
s.

R
es
.
8
5
,
6
1
8
5
–

6
2
2
2
.

L
ar
ro
q
ue
,
C
.,
G
u
il
h
au
m
ou
,
N
.,
N
ic
o
t,
E
.,
1
9
9
3
.
C
ar
ac
té
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5.2 Le Golfe du Mexique

Les zones où l’histoire géologique est compliquée par une succession d’évènements

géodynamiques majeurs, comme le Golfe du Mexique (c.f chapitre 1) sont, par

opposition aux fronts de châınes et a forti ori aux cratons, plus difficiles à évaluer

du point de vue thermique. Les processus tectoniques et l’évolution cinématique

y sont mal connus et il est difficile de contraindre a priori les différents contrôles

thermiques. L’interprétation de mesures isolées est rendue malaisée. Alternative-

ment, il est possible d’interpéter une population de mesures thermiques de manière

statistique. C’est l’approche retenue dans l’étude du Golfe du Mexique présentée

ci-après sous forme d’un couple d’articles. Des anomalies thermiques récurrentes

par rapport à un modèle de référence montrent une anomalie thermique persis-

tente, qui peut ensuite être mise en corrélation avec l’évolution tectonique régionale

à l’échelle de la lithosphère. Dans le cas du Golfe du Mexique, les résultats obte-

nus par l’interprétation des données thermiques peuvent en retour être utilisée de

manière spéculative pour préciser la magnitude et la chronologie des évènements

tectoniques.



Thermal regime of the NW shelf of the Gulf of Mexico.
Part A: Thermal and pressure fields

LAURENT HUSSON 1,2, PIERRE HENRY 1 and XAVIER LE PICHON1

Keywords. – Gulf of Mexico, Geotherm, Pressure.

Abstract. – The thermal field of the Gulf of Mexico (GoM) is analyzed from a comprehensive temperature-depth data-
base of about 8500 bottom hole temperatures and reservoir temperatures. Our stochastic analysis reveals a widespread,
systematic sharp thermal gradient increase between 2500 and 4000 m. The analysis of the pressure regime indicates a
systematic correlation between the pressure and temperature fields.

Régime thermique de la marge nord-ouest du golfe du Mexique.
Partie A: Champs de température et de pression

Mots-clés. – Golfe du Mexique, Géotherme, Pression.

Résumé. – Le régime thermique du golfe du Mexique (GoM – Gulf of Mexico) est examiné à partir d’une base de 8 500
données de températures de fond de puit et de températures de réservoir. Notre analyse stochastique révèle une augmen-
tation brutale systématique et régionale du gradient de température entre 2 500 et 4 000 m. L’analyse du régime de pres-
sion montre une corrélation entre les champs de température et de pression.

INTRODUCTION

Although the NW margin of the Gulf of Mexico (GoM) has
been the locus of myriads of geological studies, both its
thermal and tectonic structures remain unclear. Even the
geometry of the thermal field is still controversial due to the
high complexity of the tectonic and sedimentary processes
but also due to the lack of a coherent analysis at the scale of
the entire shelf, as most studies have industrial aims and fo-
cus on reservoir scales. As a first step toward understanding
the thermal regime of the NW shelf of the GoM, we perfor-
med a joint analysis of the thermal and pressure fields of the
Louisiana and Texas shelf basins to characterize the general
thermal structure, examine its possible relationship with the
tectonic structure, and discuss the processes that may be
responsible for such a complexity. Thermal modeling is a
complementary analysis that is given in a companion paper
[Husson et al., 2008].

Geological setting

The NW margin of the GoM is characterized by a large Oli-
go-Miocene detachment on which a series of NE-SW to
E-W trending normal faults branch (fig. 1). Among them,
the Wilcox and Corsair fault zones (WFZ and CFZ) display
offsets of more than 20 km and run across the whole width
of Texas. Extension on these fault systems is generally

attributed to gravitational collapse toward the gulf on a Ce-
nozoic detachment [Pindell and Dewey, 1982; Diegel et al.,
1995; Hall, 2002]. The bulk strain is assumed to have been
transmitted at the base of the slope where it is accommoda-
ted by the Perdido and Mississippi fan fold belts. The struc-
tural style of the deep shelf drastically differs as it is mostly
characterized by the abundance of salt canopies; only small
quantities of salt remain in the proximal shelf. The Rio Bra-
vo marks the location of a left-lateral Tertiary fault which
separates the Texan and Mexican units [Russell et Snelson,
1994 ; Flotté et al., 2008]. We identified six tectono-strati-
graphic provinces (fig.1) that we will consider in order to
explore their relationships with the thermal field, namely
the CFZ and its onshore analogue the WFZ, the interme-
diate zone in between (Intermediate Texas Zone ITZ), the
north-west of the WFZ (North West Wilcox, NWW), Loui-
siana (LA), and the N. Mexican Burgos basin (BUR), subdi-
vided in East and West Mexican Burgos basins (EBUR and
WBUR, respectively). Additional support for this division
is given by their thermal state (see § Inversion of the local
thermal fields).

Temperature data sets

A compilation of ~2000 offshore reservoir temperature data
(RT) and ~6500 both offshore and onshore bottom hole
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Thermal regime of the NW shelf of the Gulf of Mexico
Part B : Heat flow

LAURENT HUSSON 1,2, XAVIER LE PICHON 1, PIERRE HENRY 1, NICOLAS FLOTTE 1,3 and CLAUDE RANGIN 1

Key words. – Heat flow, Gulf of Mexico, Blanketing effect, Erosion, Lithospheric thinning

Abstract. – We restore the steady state heat flow of the NW shelf of the GoM by removing the transient effects of sedi-
mentation, erosion and compaction. We estimate sedimentation and erosion rates for the NW margin of the GoM from
stratigraphic data and vitrinite reflectance data, respectively, and show that they both affect significantly the thermal
field. We perform a thermal modeling for 166 wells within the Texan shelf. We conclude that there is a general sou-
theastward increase in the heat flow. This increase also correlates with major tectonic features of the NW shelf of the
GoM. We propose that the main zones of extension, of fast recent sedimentation, and crustal thinning are due to geolo-
gically recent lithospheric thinning responsible for the higher heat flow.

Régime thermique de la marge nord-ouest du golfe du Mexique.
Partie B : Flux de chaleur

Mots-clés. – Flux de chaleur, Golfe du Mexique, Blanketing, Erosion, Lithosphère

Résumé. – Nous restaurons le flux de chaleur en régime permanent de la marge nord-ouest du golfe du Mexique
(GoM–Gulf of Mexico) en éliminant les effets transitoires de la sédimentation, de l’érosion et de la compaction. Nous
évaluons les taux de sédimentation et d’érosion pour la marge nord-ouest du golfe du Mexique à partir de données strati-
graphiques et de réflexion de la vitrinite, respectivement. Nous montrons que ces processus affectent significativement
le régime thermique que nous modélisons pour 166 puits sur la marge du golfe du Mexique. Nous concluons qu’il y a
une augmentation générale du flux de chaleur vers le NW du GoM. Cet accroissement coïncide avec les structures tecto-
niques majeures de la marge. Nous suggérons que les zones principales d’extension, sédimentation récente et d’amincis-
sement crustal sont dues au même amincissement de la lithosphère que celui qui est responsable du fort flux de chaleur.

INTRODUCTION

In the NW shelf of the Gulf of Mexico (GoM), the superpo-
sition of numerous transient thermal effects of strong ma-
gnitudes due to sedimentation, erosion and fluid flow makes
it difficult to assess the deep thermal regime that we wish to
characterize by the steady state surface heat flow Qss, i.e.
the heat that would flow in the absence of transient thermal
processes. Although the GoM is the focus of intensive in-
dustrial studies, no basin-wide synthesis has been published
on this aspect to our knowledge. In the following, we first
analyze the thermal effects of erosion, sedimentation from a
general point of view. Second, we restore Qss for 166 wells
on the offshore Texan shelf, accounting for these transient
effects. We then relate Qss to the structural evolution of
the GoM margin. All data (stratigraphic, thermal, fluid
pressures and vitrinite reflectance) are of industrial
source and available as supplementary electronic data, on
http://www.sgfr.org/publier/editions/BSGF/Resumes-2008/
Res08B2-4.php.

EVALUATING THE TRANSIENT THERMAL
EFFECTS

The thermal regime of near-surface rocks is affected by nu-
merous transient effects due in particular to erosion and se-
dimentation. The large majority of the temperature data
available in the NW GoM margin were acquired within the
depth range of the hydrocarbon resources (i.e. up to
~7000 m). Since the basin is almost flat on the shelf of the
GoM, terrain effects can be ignored, but the effects of fast
sedimentation, erosion need to be assessed. Blanketing due
to sedimentation [e.g. Lucazeau and Le Douaran, 1985;
Husson and Moretti, 2002] induces cooling [Carslaw and
Jaeger, 1959]. Erosion has the opposite effect. For both pro-
cesses, the heat equation writes

( ) ( )r rC
T

t
k T A C U tp b p m m

∂
∂

φ∇ ∇ + − −( ) [( ) ( )1

( )+ • ∇φ rC U t Tp w w( ) ] (1)

where U(t)* is the time dependent velocity of rock matrix
U(t)m and pore water U(t)w with respect to the seafloor (m
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