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Can a Horizontal Astronomical Driving Force and an Independent Vertical Convective Force Explain Global Tectonics? !
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ABSTRACT
When Wegener first proposed that continents moved, he 
suggested that astronomical forces drove them.  For this he was 
ridiculed.  The force was much too small.  In the last edition of 
his book, he allowed that convective force might be 
responsible.  Despite the rejection and because of the failure to 
discover a convincing global convective driver, the idea of an 
astronomical driver has been revisited again and again, most 
recently by Carlo Doglioni and his colleagues in Italy.  The idea 
of an extraterrestrial westward driving force is compelling in its 
ability to explain features.  Like the idea of continental drift 
earlier, it will not easily go away.	

 	

This poster assumes that Doglioni’s arguments effectively 
address objections regarding viscosity and conservation of 
angular momentum and that horizontal motions of plates are 
driven by astronomical interaction.  To this I add the notion that 
subduction at continental margins is the result of independent 
convective force—an idea perhaps implicit in the notion of an 
astronomical driver.  Consideration of independent horizontal 
and vertical forces presents a different perspective for global 
tectonic analysis.  Here I look at geophysical constraints and 
analyze whether some tectonic features may be explained by 
independent forces.  Among the questions considered and 
answered in the affirmative are these:	

 	

  Are rifts mere tears in the crust resulting from differential 

effect of the horizontal force?  	

  Can back arc basins can be explained by interaction 

between the forces where subduction blocks the horizontal 
motion of the lithosphere and the astronomical force causes 
a break to the west of the block?  	


  Once downward convection is triggered, can the 
astronomical driver push a continental mass over a 
subduction zone so as to create the subduction-related 
orogeny we see within continents?  	


  Does tensional astronomical force facilitate volcanism 
within arcs where vertical convective motion permits 
melting?  	


  Can interaction of convection and independent horizontal 
movement collapse continents and build mountains as in 
the Himalayas and Andes?  	


 	

In the end, a chastened Wegener was certain of only one thing:  
“The forces which displace continents are the same as those 
which produce great fold-mountain ranges.”  Perhaps it takes 
two independent forces to build the great fold-mountain ranges. 	


Conclusions 
	


Understanding tectonic driving forces is key to solving tectonic problems, yet time and 
again, regional problems have been considered without regard to how they fit into an 
overarching theory.  The origins of the forces that drive tectonics in each area aren’t 
addressed or considered.  	

	

Here I have taken a mostly qualitative empirical approach to the problem.  The 
horizontal astronomical force is known, despite the difficulty of describing it in detail.  
The downward vertical convective force is generally accepted.  By definition, these 
forces have separate origins.  And looking at the Earth, the observed horizontal and 
vertical motions support an independent origin.  	

	

Working from an assumption of independent forces, one can begin to come to rational 
solutions to some difficult problems of plate tectonics.  If rifts are tears caused by the 
horizontal force, then the character of ocean ridges is better explained.  Back-arc basins 
are a simple expression.  Intracontinental orogeny can be explained where expressions 
of the vertical force—subduction zones—are overridden by astronomically-driven 
horizontal motions.  Steady-state interaction between horizontal and vertical motions 
can explain construction and maintenance of the great mountain ranges.  	

	

Admittedly, this hypothesis contains speculation, but so too do the existing models.  
Despite an appearance of rigor, current models rest on assumed facts—lithospheric 
viscosity, tensile strength, and a host of others—that are little more than speculation.  
Given the uncertainty, we need to consider other models.  The alternative framework 
presented here could better serve to enhance our understand of global tectonics.	


Introduction 
	

This poster is a personal project and is not part of any sponsored or 
institutional research.  Its purpose is to present an hypothesis for a 
framework for analysis of global tectonics.  The concept presented 
here is born of dissatisfaction with the currently predominant  
theory of edge driven plates.  Crustal tensile strength seems 
inadequate to support such a system.  And the linking of horizontal 
and vertical motion presents serious problems.  At the same time, 
rejection of astronomical driving forces on the basis of 
assumptions about mantle viscosity seems unwise considering 
what we know and don’t know about the deep Earth.  	

	

I don’t pretend that the content here is all original, or perhaps 
original at all.  The idea that I  would emphasize—the perspective 
that I think leads to a solution—is an analysis which recognizes 
that the horizontal and vertical driving forces are independent.  
Once the independence is recognized, I think it is possible that 
each force, each motion, and each interaction of forces and 
motions can be analyzed to lead to a coherent scheme of global 
tectonics. 	

	

When Wegener first proposed his theory of continental motion, it 
was rejected, at least in part, for lack of an adequate driving force. 
His proposed astronomical driver was deemed to be too weak to 
overcome a measured viscosity that was based on the dubious and 
speculative assumption that viscosities are isotropic.  Continental 
drift returned as a viable theory in the second half of the twentieth 
century when geologists envisioned a mantle-scale convective 
conveyor belt moving the continents.  When the conveyor belt idea 
was falsified, parts of it were preserved in an attempt to preserve a 
theory of plate driving forces.  So far as I can tell, no 
comprehensive reexamination has been undertaken.  	

	

As edge driven systems were analyzed, it became apparent that 
lower and lower mantle viscosities were required.  The anisotropy 
of viscosity had to be recognized.  In essence, the edge-driven 
theories have prepared the ground for a reexamination of the 
astronomical driver.  That reexamination has never been pursued 
to an adequate end.  Here I present some thoughts about how I 
think it could work.	


The Vertical Force 

Evidence That the Forces Are Independent 

Global Constraints on Motions 

Interaction of the Forces 
 

Rifts Are Tears 

Back Arc Basins Explained 

Intra-Continental Orogeny 
Explained 

Arc Volcanism Facilitated 

Continents Built, Conserved 

And More . . . 
Analysis of global tectonics in terms of two independent forces has the potential to lead to 
simpler and more rational explanations of an number of subject areas that I don’t have the 
time or space to address here.  These include formation of oroclines, Pacific basin asymmetry, 
distinguishing tectonics of other planets, reversal of the Atlantic subduction zones, excessive 
down-drop in passive margin basins, the shape of the geoid, and no doubt many other things.	

	

	


corresponds to the mean semidiurnal lunar wave M2, which is re-
sponsible !rst of all for the generation of tidal bulge; the solid Earth
tides have a well-known vertical oscillation of 300–400 mm/12 h25!,
but they also have a relevant 150–200 mm/12 h25! horizontal swing-
ing. Under a permanent torque, this oscillation may induce a tiny
strain in the upper asthenosphere, say 0.1–0.2 mm. The cumulative
effect of this small horizontal motion, which repeats twice a day, may
well reach several centimeters (7–14) per year necessary to guarantee
a lithosphere plate motion, at least partly decoupled from the deeper
mantle, i.e., the net rotation or so-called W-ward drift of the litho-
sphere relative to the mantle (e.g., Crespi et al., 2007). In other words
the horizontal shear determined by the persisting westward torque
acting on an asthenosphere that undergoes the mechanical fatigue
exerted by the semidiurnal tidal oscillation, might allow the relative
motion of the overlying lithosphere. The advantage of this mechanism
is to act contemporaneously all over the lithosphere.

A statistically signi!cant correlation has been shown between
seismicity (M!5.5 global shallow thrust earthquakes) and higher
peak tidal stresses at continent–ocean margins, where there is a large
ocean-loading component of tidal stress (Ray, 2001). However,
compressive earthquakes occur more frequently during the high
tide (Cochran et al., 2004) whereas extensional earthquakes are more
frequent during low tides (Wilcock, 2001). In compressional tectonic
settings the vertical load is expressed by !3, whereas it is given by !1
in extensional tectonic settings. During a high tide (both solid and
"uid) we could expect a thicker section of rocks and water and
therefore an increase of the lithostatic load. However, during the high
tide, the gravity is at the minimum, opposite to the sign of the tide.
Therefore, the lithostatic load (!gz, where ! is density, g, gravity, and
z, thickness) becomes smaller during the high tide, and larger during

the low tide. This oscillating wave determines a decrease of !3 during
the high tide, and an increase of !1 during the low tide. In the !rst
case the Mohr circle enlarges to the left, while in the second case it
enlarges to the right. Both opposite cases facilitate rupture in com-
pressional and extensional settings respectively (Fig. 10).

In this view, the oscillating horizontal component of the tides load
and pump the tectonic system, drop by drop, slowly but steadily,
whereas the vertical component of the tides might be the unloading
mechanism when enough energy has accumulated along fault zones.
As an example, during the recent Apennines L'Aquila earthquake
sequence (April 6, 2009), the main event (Mw=6.3, extensional focal
mechanism, NEIC) occurred very near to a gravity maximum (low
solid tide), thus suggesting that the larger the lithostatic load, the
larger is !1 and the activation of extensional stresses.

Since the lithosphere has been documented to be in a critical state,
small variations of the lithostatic load even of few Pascalmay trigger the
rupture or the slow viscous "ow of rocks (e.g., Twiss andMoores, 1992).

8. Discussion and conclusions

In this paperwedescribe indetail the asymmetrybetweenW-directed
and E- or NE-directed subduction zones, both in terms of morphology
(Fig. 3), geology, and geophysical signatures (Fig. 4). The distribution in
space and time of global seismicity (Mw!7) is latitude dependent (Fig. 5),
being very low in the polar regions. Moreover, the time series of LOD,
log10E and N (Fig. 6) have signi!cant correlation and spectral coherence,
particularly for periodicities longer than 25.5 yr (Fig. 7). The LODdecrease
corresponds to an increase of the Earth's oblateness and to a polhody
amplitude decrease (Lambeck, 1980; Bizouard and Gambis, 2008).
Accordingly modulated are the occurrence of large seismic events and

Fig. 9. Is focused in the asthenosphere, where the geotherm is above the temperature of mantle solidus, and small pockets of melt can induce a strong decrease of the viscosity in the
upper part of the asthenosphere. The viscosity in this layer, the Low Velocity Zone of the asthenosphere, can be much lower than the present-day estimates of the asthenosphere
viscosity based on the post-glacial rebound, because the horizontal viscosity under shear can be several orders of magnitude lower than the vertical viscosity computed averaging the
whole asthenosphere. This should be the basic decoupling zone for plate tectonics, where the lithosphere moves relative to the underlying mantle. Tidal waves are too small to
generate plate tectonics. However, their horizontal isorientedmovement, might determine a fundamental consequence. The lithosphere, being swung horizontally by the solid tide of
say 150 mm/semidiurnal, may, under a permanent torque, retain a small but permanent strain (e.g., a shift of 0.1 mm/semidiurnal). At the end of the year this slow restless
deformation amounts to a cumulative effect of several centimeters which is consistent with the observed plate motion and thus could be what we consider the net rotation of the
lithosphere.
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First, I consider the horizontal force independent of 
any constraints and interactions.  The effect of the 

force is very complex and, I fear, not well 
understood.  Nevertheless, numerous workers have 

made attempts to calculate it. There are three aspects 
to the horizontal force, all of which are interrelated 

and vortical in nature.  Bostrom provided a 
simplified introduction to the East-West force with 

this diagram:	

	

Other aspects of the force that have been 
considered are the “pole-fleeing” force and 
Coriolis effect.	


The reality of the situation is much more complex.  
GPS measurements suggest a complex periodicity and 

solution as a difficult problem in wave physics.	


And finally, perhaps the most important consideration:  an astronomical force acts on every bit of the earth.	


The vertical force would seem to require less explanation.  All of the 
contemporary analysis, including edge driving theories, view it as a 

gravity driven sinking of relatively dense cold crustal material into a less 
dense warmer mantle.  	


Additional complexities introduced by 
the earth’s spherical geometry explain 
the shape and dip of subducting plates.	


There is no correspondence between subduction 
zones and spreading centers.  Spreading centers are 

being subducted in places.  In some cases, plate 
motion is parallel to subduction.  In large areas, 

either subduction or spreading are not present.	
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velocity occurs at the equator of rotation and minimum velocity at the poles of
rotation. This fact may best be understood by considering a plate so large that it
covers an entire hemisphere. All motion occurs around the axis of plate rotation.
The pole of rotation has zero velocity because it is a fixed point around which the
hemispheric shell moves. Points Q, R, and S have progressively higher velocities,
with a maximum velocity at point T, which lies on the equator of rotation.

Note also that transform faults lie on lines of latitude relative to a pole of ro-
tation (Figure 17.19B).This condition holds for most transform faults in nature, as
can be seen on a topographic map of the Atlantic. (See the inside covers of this
book.) We can thus use the orientation of transform faults to locate the pole of ro-
tation for each plate.

Spreading ridges are linear and are usually perpendicular to plate motion.They
are commonly oriented along lines of longitude relative to the plate’s pole of ro-
tation. It is important to understand that the poles of rotation do not necessarily
lie on the plate in question.

The direction of movement of the major plates, in relation to their neighbors,
can be determined in several ways. As we have seen, the trends of the oceanic
ridges and the associated transform faults are related to the location of the pole
of rotation. Indications of movement are also drawn from seismic data (Chapter
18), from the relative ages of different regions of the seafloor (Figure 17.11 and
Chapter 19), and from the ages of chains of volcanic islands and seamounts (Chap-
ter 22). From these data, geologists have determined the motion of the present
tectonic plates. This motion is summarized in Figure 17.20.

The Pacific plate is moving in a general northwesterly direction, from the East
Pacific rise toward the system of trenches in the western Pacific. It is bordered by
several small plates along the subduction zone, so the relative motion at each

Divergent boundary Convergent bondaryTransform boundary
and fracture zone Absolute velocity Relative velocity
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FIGURE 17.20 Velocities and directions of plate movement show how the major plates are currently interacting. Compare the absolute plate
motions (red arrows) with the relative plate movements.The lengths of the arrows are proportional to the velocity of plate movement; the numbers
represent velocity in centimeters per year.

What geologic features indicate direc-
tion and rates of plate motion?

Horizontal spreading 
centers have no impact on 

subduction and subduction 
has little or no impact on 

horizontal ocean floor 
features.	


The horizontal astronomical force 
is weak—weak enough so that 

many have presumed that it was 
insufficient to move plates.  I 

assume here that it is sufficiently 
strong to overcome resistance and 

move the continents.  To the right is 
a diagram from Riguzzi (2010) 

expressing a possible explanation 
for a low viscosity layer.  	


Many subduction zones extend 
down as far as the 660km 

discontinuity.  These seem likely to 
act as anchors and block or impede 

horizontal movement.	


©Anne E. Egger	


B

Continental keels—such 
as the 270km deep zone 
below the Superior 
Province—may impede 
movement or concentrate 
stress above a low 
viscosity zone.	


Any movement caused by the horizontal force would be opportunistic.  Oceanic crust—and continents
—would be expected to move in the direction of least resistance.  A plate ending in a subduction zone 
would be one of those places—the horizontal force would essentially be pushing its load into a hole.  	

	


Where subduction zones acted as anchors to plates or deep continental keels provided resistance plates 
might pivot around the point of resistance.	


A slab 
anchor 
could act as 
a pivot.	


A deep continental keel 
could pivot motion driven by 

the horizontal force, but 
because keels do not extend 
as deep as subduction, they 

may not block motion.	


The ‘conveyor belt’ model spreading has been all but abandoned ���
for lack of empirical support, yet it persists like  some kind of ���
zombie, displayed on scientific websites and taught to students ���
as near fact.  The notion that ridges result from deep seated ���
mantle flow began as a corollary of the conveyor belt theory.  ���
Admittedly there is more evidence for active spreading than there is for the conveyor 
belt, nevertheless a reexamination seems in order.  This poster won’t resolve the 
debate between active and passive spreading, but a workable astronomical driver 
should help the debate.	


Mid—Atlantic Ridge
0 100

km

Slow spreading
2

5
km

Fast spreading2

5
km

East Pacific Ridge
0 50

km

(A) Fast-spreading ridges, such as the East Pacific Ridge, usually have gentle slopes and lack a prominent rift valley at the ridge crest.

(B) Slow-spreading ridges, such as the Mid-Atlantic Ridge, have steeper flanks and prominent rift valleys. Transform faults offset the ridge in
numerous places.

FIGURE 19.3 Spreading rate helps control many features of an oceanic ridge. (Courtesy of Lamont-Doherty Earth Observatory/Columbia
University)
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Comparison of fast and 
slow spreading ridges 

gives little indication of 
a driving heat source.  

In fact the opposite 
seems to be the case.  

Faster, hotter more 
volcanic ridges show 

lower topography than 
slower ridges.  	


A passive rift opened by a horizontal force would create 
mantle upwelling resulting in decompression melting.  Other 
factors such as  expansive and exothermic serpentinization 
may play a roll.  This is more consistent with observed 
topography, tomography, volcanism and heat flow.	


Back arc basins are formed by 
rifting of arcs and continued 
spreading that is similar to 
mid-ocean spreading.  While 
rifting may occur in east facing 
subduction zones, only those 
facing west host back arc 
basins.  Back arc basins have 
greater asymmetry and more 
ridge jumps that oceanic 
ridges.   	


This is a typical back 
arc model after Taylor 
and Martinez (2003) 
Fig. 16, which relies 
on a corner flow 
model.	


Because the horizontal force acts on the back arc in the 
same way as the oceanic crust east of the arc, there is a 
rifting force.  If the slab descends to the point where it is 
anchored below a low viscosity layer, then there will be a 
rifting tendency at the weakest point—the volcanic arc.  
(The volcanism being facilitated by the rifting.)  Rifting 
would progress in the same manner as mid-ocean rifting 
with upwelling and decompression melting.  Asymmetry 
and ridge jumps are caused by the restricted opportunity 
for upwelling on the arc side of the rift.	


temperature structure can be numerically for-
ward-modeled and the model results com-
pared with the inferred temperature structure
based on seismic tomography and mineral
physics. By modifying model assumptions,
the agreement can be optimized. In this way,
forward models have yielded important
insights into plate reconstructions
and mantle properties (3, 4). 

Yet, an obvious drawback of
this approach is that it cannot
achieve an exact fit between pre-
dicted and observed present-day
mantle structure. Hence, an alter-
native approach has been to begin
with present-day structure inferred
from tomography and compute
mantle structure backward in time
(5). But past mantle structure can-
not be completely recovered in this
way because information has been
lost due to thermal diffusion.
At least in the thermal boundary
layers at the top and bottom of the
mantle, heat transport through ther-
mal diffusion cannot be neglected.
However, time-reversing thermal
diffusion makes—backward in
time—hot material become hot-
ter  and cold material colder. Even-
tually, this effect is bound to create
numerical instabilities. 

To overcome this problem,
inverse approaches to mantle con-
vection have been developed
(6, 7), which essentially aim at
finding the initial condition, start-
ing from which the forward model
optimally recovers the present-day
state of the mantle. Solving this
problem requires multiple itera-
tions and is computationally in-
tensive. Liu et al. now use this
approach to obtain a realistic re-
construction of past mantle struc-
ture (see the figure).

Plate reconstructions (8) pro-
vide the surface boundary condi-
tion of mantle flow. However, that
alone does not guarantee that the
reconstruction is geologically
reasonable. This is in fact one
main problem that Liu et al. face:
Without modification, the past
location of slabs is reconstructed
too far east to be compatible with
plate reconstructions. The authors
overcome this problem by intro-
ducing a “stress guide,” which
essentially allows the Farallon
plate (the oceanic plate subducted

under the west coast of North America dur-
ing the past 100 million years) (see the fig-
ure) to stuff material sideways under North
America. However, it remains unclear how,
in the real Earth, such a stress guide could
be accomplished, and more generally, how
models of the past mantle can be made com-

patible with plate tectonic reconstructions.
One important aspect of this goal is to

devise a common reference frame for plate
motions and mantle dynamics (9), in particu-
lar to distinguish between plate motions rela-
tive to the mantle and coherent rotations of
the entire Earth relative to its spin axis (true

polar wander). Through optimiz-
ing agreement between plate tec-
tonic reconstructions of subduc-
tion and mantle dynamic recon-
structions of slabs, models such
as that of Liu et al. will be instru-
mental in finding a common ref-
erence frame.

What is all this modeling use-
ful for? Liu et al. show one main
application: predicting vertical
surface motions. Dense material
in the mantle causes downward
flow and thus pulls down Earth’s
surface. Hence, when a continent
moves over the remnants of a sub-
ducted slab, parts of it may get
flooded (10). Knowing when and
where continental flooding has
occurred is not merely of aca-
demic interest, because the flood-
ing history also influences where
sediments and related natural
resources may form. Knowledge
of uplift and subsidence is also
necessary for extracting informa-
tion about past sea-level change
from the geologic record (5) and
understanding which part of it is
caused by ocean basin volume
change. It is thus essential for
understanding past climates
and ultimately helpful for better
understanding causes and effects
of present climate change. 

Many challenges remain. Liu
et al. avoid unnecessary com-
plexity, using simple models of
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PERSPECTIVES

100 million years ago

70 million years ago

40 million years ago

Present day 

Going down. Mantle temperature

is shown at the front, continental

dynamic topography at the top. Ocean

floor is subducted along a trench

(black line with triangles) at the west-

ern edge of North America. The sub-

ducted slab (in “cold” colors on the

temperature cross section) causes

negative topography (green and blue

colors on top). The North American

plate overrides this topography low,

which becomes less pronounced as the

slab sinks toward the base of the man-

tle. All data provided by L. Liu (1). The

figure was prepared using the GMT

(11) software. 
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Orogeny far from continental margins has presented 
challenges for plate tectonic theory.  While 
explanations have been offered, they have been 
difficult to reconcile with a uniform set of principles.  
An example of this is the “flat subduction” that has 
been used to explain the North American Cordillera.  	


If the horizontal force 
is independent of the 
vertical force of 
subduction, then 
given the right 
circumstances, a plate 
can override a 
subduction zone.  The 
overriding plate can 
go on to trigger 
subduction to the 
west of the first zone.  	


How one gets from overriding to orogenesis is a more difficult question.  The 
weak horizontal force probably wouldn’t be capable of building mountains 
absent circumstances such as those described in the adjacent box.  The 
downward convection force isn’t going in the right direction, but depressions 
caused by subduction could be filled with basinal sediments or thrust plates 
moved by the horizontal force or gravity and then isostatically rebound.  	


This is a 
tomographic 

reconstruction 
of past mantle 

structure 
under North 

America. 	


Volcanism in compressional environments is 
problematic from a theoretical point of view 
because of lack of opportunities for magma 
migration.  In the simplified case of west 
dipping trenches examined in the adjacent 
back arc basin explanation, the introduction 
of tensional forces and opportunity for 
magma migration is obvious.  In the case of 
east dipping subduction zones a theoretical 
introduction of tension is not as obvious.  	

	


Here I look to Andean volcanism for an 
explanation.  Volcanoes in the Andes are 
present in areas of a relatively steep dipping 
slab and absent in the areas of shallow “flat 
subducting” slabs, thus it seems, slab dip 
could be a clue.  Unfortunately, the answer 
seems much more complex.  The Andean arc 
was built in periods of alternating 
transpression and transtension.  
Contemporary volcanism is found in the 
transtensional parts of the arc.	


These deformations were associated with important
crustal stacking and tectonic loading which produced broken
foreland basin formation as depicted by Jordan (1995). A
series of depocentres has been successively formed and they
migrated to the foreland reaching thickness over 10 000m
(Ramos 1970; Jordan et al. 1983b; Giambiagi and Ramos
2002).
Based on all these characteristics, it should be emphasized

that a strongly compressional regime is related to a mature
volcanic arc with highly evolved magmatism that reach an
end when the shallowing produces a flat-slab subduction
(Kay et al. 1991); a belt of robust deformation in highly
shortened fold and thrust belts, and important foreland basin
sedimentation. This typical Chilean-type deformation is the
result of an important westward absolute motion relative to
the hotspot frame of the upper plate, between 34 and 45mm/
year (Gripp and Gordon 2002), which is almost several times
larger than shortening rates at these latitudes (5–7mm/year,
Ramos et al. 2004). This produces that the trench is
overridden by the upper plate and when Vt> 0 the trench is
associated with a robust compression. The coupling between
lower and upper plate is locally increased by the subduction
of the Juan Fernandez aseismic ridge (Ranero et al. 1997;
Yañez et al. 2001). The subduction of the aseismic ridge
produced the extreme Pampean flat-slab segment (Jordan
et al. 1983b; Ramos et al. 2002).
There is no doubt that this setting is producing the largest

coupling between the lower and upper plate in the Andean
system, but it is necessary to remark that most of the
Chilean-type settings do not reach this stage. Along the
Pacific margin of South America there are only two
segments where collision of aseismic ridges is observed and
therefore flat-slab subduction and extreme compression are
achieved (see Gutscher et al. 2000; Ramos and Folguera
2009).

Extreme compression is not always related to the largest
deformation and shortening in the Andes. There are good
examples as in northern Chile and Bolivia, which show that
thermal weakening by crustal and lithospheric mantle
delamination during steepening of the oceanic slab will
produce larger deformation (James and Sacks 1999; Kay
et al. 1999; Kay and Coira 2009; Ramos 2009).

4. PAST SUBDUCTION IN THE ANDES

The observation of the Mesozoic palaeogeography, together
with the relationship among structure, magmatism and basin
formation in the Northern, Central and Southern Andes
shows some striking characteristics as described by Mpodozis
and Ramos (1990) and Ramos and Aleman (2000). The
Mesozoic palaeogeography will be described from sections
where extension was prevailing to areas where compression
was dominant in order to correlate them with the depicted
present-day settings.

4.1. Extensional regimes

The whole Central Andes depict evidence of extension
during Late Jurassic to Early Cretaceous times. There are
good examples of extensional structures in central Chile,
near Copiapó in the Sierra de Puquios (Mpodozis and
Allmendinger 1992). There, in Quebrada Paipote (278070S
and 698500W) a sequence of Valanginian rocks has been
extended with a stretching factor over 100% (Figure 11a, b).
This localized extension is characteristic of the Early
Cretaceous basins not only in the Central Andes but also
along the entire Pacific margin as seen from Colombia to
southern Chile (Ramos and Aleman 2000).

Figure 10. Chile-type subduction exemplified by the Pampean flat-slab segment. The slab geometry is after Cahill and Isacks (1992); crustal structure is based
on Ramos et al. (2002); the asthenospheric wedge depicted through magneto–telluric sounding after Booker et al. (2004) (see location in Figure 9).
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Some Examples 

5. DISCUSSION

The previous examples of different types of Andean
subduction settings show some interesting features to
analyze the main controls of the tectonic regime. If the
present settings are analyzed, it is clear that even with
similar convergent rates and absolute motion of the upper
plate, the strain associated with subduction decreases from a
maximum in the central part of the Central Andes at the
latitudes of Bolivia to a minimum to the north (south of
Guayaquil Gulf, 38S) and south (north of the Penas Gulf,
approximately 468300S).

This symmetry in the strain behaviour was already
noticed by Gephart (1994) and is clear when the amount of
shortening is analyzed. The orogenic shortening recorded in
the Bolivian Altiplano–Subandes system is about 320 km
(Schmitz 1994; Allmendinger et al. 1997), while crustal
shortening and crustal roots decrease to the Peruvian Andes
up to the Guayaquil Gulf to less than !170 km (Introcaso
and Cabassi 2000, 2002). The difference is more striking in
the Southern Andes, where crustal shortening goes down to
less than 50 km. There is only one parameter, the age of
oceanic crust, which decreases with the same pattern from
the central part of the Andes to both extremes. On the other
hand, the convergence/shortening ratio only decreases to the
south and was interpreted as evidence of higher viscosity in
the northern part, south of Guayaquil (Doglioni et al. 2007).

The age of oceanic crust that is being subducted varies
from Early Eocene in the north at the Bolivian segment, to
Quaternary at the triple junction among Nazca, South
America and Antarctica plates, where the Chile spreading
ridge is colliding with the trench (Tebbens et al. 1997). The
other parameters that match this trend are the sediment fill
and depth of the trench. The sedimentary fill is negligible
along the southern Peru and northern Chile latitudes, where
the trench is starving and the trench exceeds 5–6 km depth,
contrasting with more than 2 km thickness and 2200m depth
of the trench at southern latitudes. This fact has been corre-
lated with hyperarid conditionswith null rains in the north, and
over 6000mm precipitation per year in the southern segment.
This climatic variation was positively correlated with the
friction between the upper and lower plates and the amount of
shortening (Sobolev and Babeyko 2005).

Another factor that is producing changes in the tectonic
regime is crustal delamination associated with steepening of
the subducted slab (Kay and Coira 2009). The thermal
weakening of the crust favour the important shortening
observed in these regions.

The collision of aseismic ridges imposes some important
variations in the local regime as seen in the Peruvian and
Pampean flat-slab segments of the Andes, where coupling
between the oceanic and continental plate increases, and
deformation can even generate broken forelands (Jordan
et al. 1983a,b).

Figure 16. Strike-slip deformation along the Liquiñe–Ofqui Fault in southern Chile based on Thomson (2002). Note the concentration of the arc volcanoes
along the main fault zone.
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In cases where an “east” dipping subduction zone is 
overridden by a continent, continued “flat 
subduction”—the continental override—may create a 
steady state of sub-continental subduction and uplift.  
Recent papers have explained this with a “crustal 
channel flow and ductile extrusion” model where 
relatively rigid crustal material accumulates above a 
vertical convective ‘drain’ into the mantle.  	


This map of ocean tidal range is here to illustrate the 
complexity of the effect of an astronomical force on the 
face of a complex globe.  While there may be an 
inclination to think of astronomical force as being 
directed from east to west—the static model that is often 
used in teaching about ocean tides—the dynamic 
expression will be more complex.  Are closed basin 
waves relevant?  What is the impact of tidal loading 
waves?  And, of course, many other aspects which I 
haven’t thought of.	


Fig. 15. (a) Cross-section of the Western Himalaya and Karakoram Ranges to the Tarim basin, far west Tibet, showing interpretation of the crustal

structure, after Searle et al. (2010a). Depth of Moho is from Wittlinger et al. (2004) and Rai et al. (2006). MBT, Main Boundary Thrust; MCT, Main

Central Thrust; MHT, Main Himalayan Thrust; MKT, Main Karakoram Thrust. (b) Cross-section of the Nepal–Tibet region showing our interpretation of

the lithospheric structure. Depth of Moho is from Schulte-Pelkum et al. (2005) and Nábelek et al. (2009).

M. P. SEARLE ET AL .664

A question that has troubled geologists for a hundred years has 
been, how can the crust support the Himalayas for 20Ma+ 
without collapsing?  In the context of plate driving forces, a 
more troubling question is, how can the Himalayas be 
supported if the force driving their uplift is downward slab 
pull of ductile crust directly under the mountains?  The answer 
is that it can’t.  An independent horizontal force may ���
solve the problem.	


? 

An independently driven 
convergent horizontal motion 
creates a dynamic situation that 
supports the uplifted mountains and 
plateau.  	


Figure 3
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Convergence of continental and 
oceanic crust can lead to the same 
dynamic explaining the Altiplano 
of the Andes	


Seismological and geochemical studies suggest thatmantlematerial
flows around lateral slab edges towards the mantle wedge10,12–15. Such
flow is explained as return flow induced by retreat of the trench and
rollback of the slab17,18. It is expected that lateral slab edges promote
rapid rollback by facilitating return flow around the edges instead of
underneath the slab tip, as imposed by two-dimensional geometry17,19.
In nature, the fastest trench-perpendicular trenchmigration velocities
(vTH5 6–16 cmyr21) are indeed observed within 1,200 km of slab
edges, whereas at distances .2,000 km vTH is ,2.0 cmyr21 (Figs 1,
2). Rapid retreat velocities are comparable to fast plate velocities.
Figure 2 indicates that proximity to a slab edge is required for, but
does not guarantee, rapid trench retreat. Such complexity is expected,
because retreat velocity also depends on other factors, including slab
density, thickness and length17, and the rate of tearing between slab
and plate at the slab edge, which depends on plate strength16,20. These
factors generally differ between subduction zones.

Our calculations imply that trench migration is of global import-
ance. For the ,48,800 km of trench considered, 27.6% of the total
subduction rate is due to trench migration (mean vTH of 1.51 cmyr21

from a total mean convergence of 5.47 cmyr21). Furthermore,
trench migration induces a global upper-mantle volume flux of
,539 km3 yr21 around the laterally migrating slabs (assuming that
vTH is constant with depth). This flux expresses itself primarily as
toroidal flow17,21, inducing significantmantle stirring. For comparison,
the poloidal mantle flux resulting from trenchward subducting plate
motion is only,193 km3 yr21 (assuming a constant plate thickness of
100 km).

Recent studies have focused on three-dimensional aspects of sub-
duction zones17,18,21, but only investigated slab widths#1,500 km.We
conduct three-dimensional numerical experiments, which for the first
time explore the entire range of slabwidths (W) found in nature (300–
7,000 km). Our experiments are performed with the program
‘Underworld’ and share the same model design as those of ref. 21,
but introduce the important modification of a two-layered plate (a
viscoplastic upper half and a viscous lower half). This limits the
strength of the upper half, simulating weakening in the brittle upper
lithosphere, and allows significant slab–plate coupling through the
viscous bottom half to drive plate motion. The subducting plate is
laterally homogeneous, thus ignoring trench-parallel buoyancy vari-
ation due to aseismic ridges/plateaus and change in lithospheric age,
which affect trench geometry and velocity17,21,22. Boundary effects have
been minimized by implementing widely spaced free-slip boundaries
(see Supplementary Information).

Figure 3 shows a wide-slab model (W5 6,000 km) that is repres-
entative of simulations with W5 4,000–7,000 km. Initially, trench-
ward plate motion and trench retreat are slow while the slab dip
increases progressively. Trench retreat is accompanied by slab roll-
back, inducing upper-mantle return flow around the lateral slab
edges. Plate and trench velocity increase with time owing to increase
in slab length until the slab tip approaches the transition zone. In the
centre, trench retreat decelerates and changes to trench advance,
while the slab is folded on top of the discontinuity with large recum-
bent folds (Supplementary Movie 1). Trenchward plate motion
remains relatively fast at several cm yr21. Trench migration in the
centre becomes episodic, with phases of retreat and advance
(21.5, vTH, 1.0 cm yr21). Near the slab edges, the trench is
predominantly retreating (up to 6.0 cm yr21, Supplementary Fig.
2), producing a slab-draping geometry on the transition zone.
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Figure 2 | The proximity of subduction zone segments (200km wide in
trench-parallel extent) to the closest lateral slab edge, plotted against vTH
for all subduction zones on Earth. Velocities were calculated using the
relative plate motion model from ref. 27 in the Indo-Atlantic hotspot
reference frame28. Positive velocities indicate trench retreat. For details on
trench migration calculations see Supplementary Information.
Abbreviations as Fig. 1. Inset shows a frequency plot of trench migration
velocities for the 244 trench segments investigated.
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Figure 3 | Image illustrating a wide-slab subduction experiment. (Here
W5 6,000 km; see also Supplementary movie 1.) Note that only half of the
model is shown (and calculated), because the experiment is symmetrical
with respect to a plane through the centre of the subduction zone.
Subduction is driven by buoyancy forces only, reflecting natural subduction
systems. A 100-km-thick high-viscosity plate (oceanic lithosphere) overlies
900 km of lower-density mantle, subdivided into 560 km of low-viscosity
uppermantle and 340 kmof high-viscosity lowermantle, confined in a three-
dimensional cartesian box. Each experiment started with a 187-km-long slab
dipping at 15.5u. Details on the numerical method can be found in
Supplementary Information and in ref. 21. The models exclude an
overriding plate and elasticity, thereby overestimating slab dip angles21. The
plate has a viscoplastic upper half and a viscous lower half. The viscosity of
the lower half was set to be 200 times the upper-mantle viscosity, producing
plate-like behaviour and significant slab–plate coupling to drive plate
motion as observed in laboratory simulations4,17. Black vectors are located at
200 km depth and illustrate the horizontal flow pattern in the mantle.
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[24] As the vertical force is increased, the free edge starts
to subduct, as shown in Figure 4. In Animation S1, we show
the first 20 linear buckling modes of the lithosphere!mantle
system. In particular, we see that although the first three
modes are all edge modes that are strongly localized to the
periphery of the lithospheric cap, the higher modes switch
from those that are localized to the edge to those that involve
the entire cap. This subtle interplay between the local and
global modes coupled with the nonlinear onset of subduc-
tion suggests that a detailed analysis is required to fully
account for the role of heterogeneities in geometrical and
material properties.
[25] In Animation S2, we show the buckling behavior of

the elastic model, now focusing only on the first localized
mode of cap deformation. The deformation remains local-
ized to the edge of the cap, over a scale comparable to the
wavelength predicted by linear analysis of an elastically
supported plate or shell.
[26] A set of elastic analog models (auxiliary material),

scaling limits for both elastic and viscous shells, and
numerical simulations of elastic caps all demonstrate the
same result: the general morphology of subduction is pro-
foundly influenced by the curvature of the Earth, and the
specific characteristic scales in subduction zones depend on
that curvature, the elastic or viscous moduli of the litho-
sphere and mantle, and the thickness of the lithosphere. In

Figure 4, we show the linearized edge buckling modes of an
elastic shell against thicknesses and moduli of the litho-
sphere and sublithospheric mantle with the radius of the
Earth. This plot was generated by measuring subduction
buckle wavelength in simulations in which the radius of the
Earth and the thicknesses of the sublithospheric mantle and
the lithosphere were varied, as well as the ratio of the moduli
of the two layers over a range consistent with observed
variance of these parameters on Earth. The wavelength of
the buckles parallel to the cap edge is l ! (Elhl

3Hm/Em)
1/4.

We can used this result to put bounds on the extent of
localization of buckling to the cap edge, which is a function
of the relative buoyancy of the edge and the Poisson ratio of
the material of the shell [Tostvik and Smirnov, 2001].
Inserting typical parameter values (mh = 1022–1023 Pa s, hl =
25 km, Hm = 600–700 km, and mm = 1019–1020 Pa s) [Billen
and Hirth, 2005; Billen et al., 2003] especially from the
systematic assessment of viscosity ratio and lithospheric
thickness in yields l ! 500 km, which is qualitatively
consistent with terrestrial observations [Smith and Sandwell,
1997]. Caps with long edges, such as the Pacific Rim from
Alaska to the Marianas Trench, are divided into n " L/s "
1–5 arcs separated by narrow syntaxes (Figure 1). Thus, the
curvature of the Earth results in limits on the length (and
width) of subduction arcs, leading to the segmentation seen
on the very long subducting edges of the Pacific plate,

Figure 4. (a) A numerical simulation of the edge instability in a thin elastic cap over a thick elastic
foundation which is loaded by a radially varying body force. (b) Top view of the primary buckling modes
for different thicknesses of the mantle, i.e., Hm = 500, 1000, and 2000 km (from left to right), shows that
the wavelength increases with Hm, but the deformations remain localized to the edge of the cap. The
colors in the images simply give the dimensionless displacement in the radial direction. (c) The scaling
relation for the wavelength of the dimples as a function of the natural length scale arises from the com-
petition between lithosphere bending and mantle deformation (see text for details). All lengths are
shown in kilometers. The simulations were carried out with the following parameter values: Em =
1.6 MPa, El = 103 MPa, hl = 25 km.
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If rifts are tears, it has been noted that at least in part, 
the withdrawal of ductile mantle in stretching and an 

upwelling would help to explain excess down-drop in 
marginal basins.  This idea needs to be explored in the 

context of an astronomical horizontal force.	


Past treatments of the 
force have used simple 

static force  diagrams 
such as this one.	


Bottom line:  The vertical force is a gravity-driven convective force that is independent of the horizontal force. 	


If one assumes, as I have here, that the horizontal force 
is astronomical and the vertical force is convective, then 
they are by definition independent.  Here I look for 
evidence that this assumption is correct.	


An aspect of the vertical force that needs 
consideration is role of eclogitization.  This is 
important to convection in two circumstances.  
First, it creates instabilities in very old oceanic 

crust.  Second, it can take place where oceanic or 
continental crust is forced downward by 

overriding material creating an instability.   	


Horizontal plate 
motions are 
negatively 
correlated with 
vertical forces	


A discrete low viscosity layer at the base of the lithosphere 
suggests the opportunity for deep crustal structures to cross the 
layer and impact continental motion.	


The blue deep earthquakes on this map may 
represent places where a low viscosity layer has 
been penetrated and motion is blocked or diverted.	


Cratonic keels in the blue areas may represent areas 
of resistance to plate motion.  Not all of the shield 
areas present resistance as can be seen by the speed 
at which the Indian and Australian plates have 
moved.	


When passive spreading is attributed to vague plate tectonic 
forces—forces most often attributed to edge forces that are 
poorly paired and applied thousands of kilometers away—it 
would seem more plausible to call on a force from below.  If 
the force is, like the astronomical force, one that applies evenly 
across the globe, then a passive model becomes incrementally 
more plausible.  	


Temperature above the 660km 
discontinuity does not reflect 
mantle-driven spreading.	


Tensile stress produces 
linear fractures normal to 
the force.	


Admittedly, this is highly simplified.  Because of the 
interaction of forces within an arc and the effects of 
spherical geometry, the reality is much more complex.  
Some of the complexity is addressed in the adjacent box.	


The anchoring effect of intracontinental 
subduction can result in extension west 
of the anchoring and explain the basin 
and range.	


If the horizontal and vertical forces work 
independently, then opportunities for 
transtension would seem to be more prevalent.  
Because the horizontal force is independent of 
the of the vertical force they work at angles to 
each other and create a tension that creates 
transtension.    	


A Note on R.C. Bostrom’s “Tectonic Consequences of the Earth’s Rotation” 
Bostrom’s book covers much of the subject matter of this poster with more rigor than is presented here.  Unfortunately, 
he does not draw his observations into any kind of comprehensive theory—or at least one that I can discern from his 
writing and presentation.  Perhaps as a result, this potentially important book has apparently been largely ignored.	


 

ASTRONOMICAL FORCES 
DRIVE  
HORZONTAL MOTIONS 

CONVECTION 
DRIVES 

VERTICAL  
MOTIONS 

A different way to think about global tectonics 

http://www.erictwelker.com/2011GSAPoster.pdf  

ness of the crust or mantle lithosphere respec-
tively.

The total (integrated) strength of the litho-
sphere during rifting is shown in Fig. 5. The cen-
ter of the model domain where the initial mantle
weakness was imposed is the weakest part ; this
continues to be so until breakup. The values of
the integrated strength of continental lithosphere
vary between 1012 and 1013 N/m, the higher values

characterize Precambrian shields [21,27]. The
strength of the lithosphere in the model falls with-
in this range. The strength decreases with time,
caused by thinning and heating of the lithosphere
as a consequence of stretching, the non-linear
rheology, and decreasing strain rates.

3.1.2. Relation between rift duration and extension
velocity

The evolution of the localization of deforma-
tion in other cases with higher constant boundary
velocities is comparable to that discussed above.
One zone develops where deformation concen-
trates, and thinning continues, eventually result-
ing in continental breakup in all cases. The dura-
tion of rifting until the breakup depends on the
extension velocity. When the lithosphere is
stretched with larger velocities, it takes less time
to reach continental breakup (Fig. 6). When the
total extension velocity is less than V8 mm/yr,
stretching of the lithosphere does not lead to con-
tinental breakup. This is discussed in more detail

Fig. 4. Evolution of thinning factors of crust (L) and mantle
lithosphere (N) for case vextW16 mm/yr. Breakup after V27
Myr. Width of the model domain (horizontal axis) vs. time
(vertical axis). The width of the model domain increases as
the lithosphere is extended.

Fig. 3. Thermal evolution of lithosphere for case vextW16 mm/yr, 2, 10 and 20 Myr after stretching started. Note the changing
horizontal and vertical scales in the panels indicating the changing sizes of the model domain upon stretching.

Fig. 5. Evolution of lithosphere strength (vH0 c(z) dz), in N/
m, for case vextW16 mm/yr.
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Introduction

The Basin and Range Province, centered on 
the state of Nevada and extends from southern 
Oregon to western Texas, is an immense 
region of alternating, north-south-trending, 

ago as the Earth’s crust stretched, thinned, and 
then broke into some 400 mountain blocks that 

geologic aspects seen in the Basin and Range, 
such as:

Why is the crust so thin in the 
Basin and Range?

Tension*  
tectonic plates* have stretched the Earth’s 

has been pulled apart, fracturing the tectonic 
plate and creating large faults*

mountain ranges that were created when this 
region was stretched, causing the surface of 
the Earth to fracture into blocks that tilt and 

Why is the area elevated?

the hot mantle to rise closer to the surface of 

Basin & Range Province
Background pages to accompany: IRIS’ Animations:  Basin & Range and Interactive Animations

Generalized margins of the Basin and Range Province. Image 
from the Interactive Basin and Range 

Below: frame grabs from animations.
A. Before Extension
B. After extension.
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From Bostrom (2000) Fig. 3.11	


From Mahadevan et al. (2010) Fig. 4A	


From Anderson (2005) Fig. 3 	


From Earth's Dynamic Systems, http://earthds.info/index.html  Fig. 17.20	


From Becker & Faccenna 	

(2007) Fig. 5	


From Riguzzi et al. (2010) Fig. 9	


From Hammer et al. (2011) Insert	


From Earth's Dynamic Systems, http://earthds.info/index.html  Fig. 19.3	


From Van Wijk & Cloetingh (2002)	


From Bostrom (2000) Fig. 3.8a	


From Simmons et al. (2010) Fig.8a  	


From 
Steinberger 
(2008)    	


 

From Stern et al. (2007) Fig. 5.1	


Ramos, et al. (2010) Figs. 10, 16	


From Searle, et al. (2011) Fig. 15b 	

From Ouimet & Cook (2010) Fig. 3A 	


From Schellart et al. (2007) Fig. 3	
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aotm/15/BasinRange_Background.pdf	
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module_viewer.php?mid=66	


Modified from http://pubs.usgs.gov/gip/dynamic/unanswered.html	


http://sideshow.jpl.nasa.gov/mbh/all/plots/UIUC.jpg	


is also influenced by the relationship among buoyancy,
temperature, time (the onset of negative buoyancy requiring
the aging of lithosphere of perhaps as little as 10 Ma [Cloos,
1993] to as much as !50 Ma [Oxburgh and Parmentier,
1977]), and small variations in initial lithospheric thick-
ness. This sensitivity to small perturbations is consistent
with the observation that seamount chains often bound
subduction arcs; that is, that seamounts and syntaxes are
often aligned [Vogt, 1973].
[12] When the cap’s free edge crosses the buoyancy

threshold, it starts to sink, resisted by but dragging along the
positively buoyant part of the cap. To find Lmin, we equate
gravitational and elastic forces (per unit length) on a natu-
rally flat plate, giving a minimum characteristic plate

length of Lmin ! Eh2
D!g

! "1=3
, above which a flat sheet deflects

appreciably as a response to gravity acting on its excess
densityDr. Substituting reasonable values for the parameters
of E ! 0.7 ! 1011 Pa, h ! 25 km, and Dr ! 0.3 ! 103 kg
yields L ! 2000 km for the case of constant!thickness,
constant!density lithosphere. For L < Lmin, subduction may
only occur if forced (by a localized boundary load), which,
as discussed below, leads to a different, faceted, boundary
shape. Indeed, many important characteristics of subduction
zones differ between free and forced boundaries [Molnar
and Atwater, 1978; England and Wortel, 1980]. There are

currently no arcuate subduction zones bounding plates much
smaller than Lmin, although some positively buoyant litho-
sphere could presumably be dragged into the mantle by a
large negatively buoyant slab [England and Wortel, 1980],
shortening the ridge!trench separation.
[13] We may also calculate Lmax for the free subduction

mode, by which all plates must subduct even accounting for
the initial curvature of the plate. The total mechanical
energy of a spherical cap of radius R (the radius of the
Earth), size L (distance from the spreading ridge), and
thickness h, deflected into the Earth by an amount d is
U ! Eh3

R4 d2LR + Eh"
4

L4LR + DrghLRd, where the first two
terms correspond to the strain energy associated with
bending and stretching of the cap, and the last corresponds
to perturbation to the gravitational potential energy. For
large deflections, where d is not negligible compared to R,
such as in fully developed subduction, minimizing this
energy with respect to L this leads to the expression

Lmax ! ER6

Eh2!D!gR3

h i1=4
[Mahadevan et al., 2007]. For L >

Lmax the third term in the energy equation dominates so that
even doubly curved caps must deflect. For Earth, however,
Lmax !5 ! 104 km is larger than the Earth’s circumference. A
comparison of Lmin and Lmax illustrates the energy con-
tributions neglected in flat plate approximations, namely the
bending and stretching energy. Alternatively, the stiffness
for small deflections of a flat sheet may be parameterized as
k = Eh3

L4 , while for a curved sheet k = Eh"
R2 .

[14] Once subduction bending has initiated, the double
curvature of the cap is also crucial in determining the length
of individual bending segments (L) and the width of sub-
duction forebulges (W). In the linear approximation these
values are equal. In terrestrial subduction zones, it appears
that nonlinear strain localization shortens the width of
forebulges after initiation, reducing widths by an order of
magnitude, while arc segment lengths do not undergo
nonlinear strain and generally retain the linear length scale.
[15] The characteristic scaling, expressed in the width of

the bending strip (W), amplitude of the bending strip (A),
and segment length (Ls) are shown schematically in Figure 3
and controlled by a trade!off between deformation of the
mantle below the lithosphere at long wavelengths and the
short!wavelength deformations of curved lithospheric caps,
as the slab changes shape to fit into the Earth’s interior.
Specifically, penetration of a doubly curved cap of litho-
sphere into the interior of the Earth requires deformation of
both the lithosphere and the sublithospheric mantle. The
lithosphere must bend at the trench itself, and then must fold
to fit into the interior of the Earth, as there is less and less
room available the further it penetrates into the planet. The
sublithospheric mantle must also deform to conform to the
shape of the lithosphere at the forebulge and trench as well
as accommodate slab penetration. We do not include the last
effect, as it applies similarly to flat and curved plate models
and has been thoroughly addressed in detail elsewhere [e.g.,
Conrad and Lithgow!Bertelloni, 2004]. The mechanics of
coupled lithosphere and mantle means that, if the bending
strip width and amplitude are large the force required to
deform the sublithospheric mantle is very high even though
the deformation of the lithosphere is small; if the bending

Figure 3. For a thin layer extruded at a strip, Lmin is the
distance at which a flat sheet of homogeneous rheology
would bend inward under a body force and Lmax is the dis-
tance at which all spherical caps of the same rheology would
bend under the same body force. Between these distances,
an incomplete spherical cap is subcritically unstable, so
may bend but need not, depending on small cap perturba-
tions. Bending that does occur is localized to a bending strip
or subduction zone, of width l and amplitude a, where
stretching necessarily also occurs. The portion of the cap
that has already passed through the bending strip is the slab.
One subduction arc has segment length s. Green vectors
represent the latitude variation of a body force, either differ-
ence in pressure or buoyancy, used in the numerical solu-
tions for the dimpling analysis. The extrusion strip
represents a spreading ridge, where new lithospheric cap
is created.
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