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ABSTRACT. Shortening and thickening of continental lithosphere
cause an increase in surface elevation, a decrease in the thermal
gradient and, unless the crust is initially quite thick, a decrease in
potential energy with respect to a mid-ocean-ridge lithospheric col-
umn. Continental convergence could therefore be self-sustaining. The
lower part of the lithosphere (whether continental or oceanic) is prob-
ably removed intermittently by .convection, however, and this process
may be triggered by thickening, though delayed a few million to a few
tens of million years after the start of thickening. Convective removal of
the lithospheric root below regions of continental convergence will
cause a rapid increase in surface elevation and potential energy and
create a step in the geotherm. The large excess in potential energy with
respect to its surroundings may result in indefinite extension of the
continental column. In addition to extension, convective removal of the
lowermost lithosphere may lead to characteristic igneous and metamor-
phic events. The step in the geotherm at the base of the convectively
thinned lithosphere will cause partial melting if the lithospheric mantle
has been previously enriched gy metasomatic processes. This melting
could occur before any appreciable extension of the crust took place.
Extension of lithosphere immediately following convective removal of
the root will decrease the thermal time constant for decay of the step in
the geotherm, allowing a transient heating event to affect the crust. The
increase in temperature will be synchronous with extension and decom-
pression in upper mantle and lower crustal rocks, but if extension is
rapid, it may reach the upper crust after extension has ceased and be
detectable there as a post-tectonic low P/T ratio metamorphic event.
Extension may be accompanied by decompression-related magmatism.

INTRODUCTION

Plate tectonics has been overwhelmingly successful in explaining the
large-scale motions of the lithosphere, and the geology of the ocean
basins can be interpreted in terms of plate processes down to the 10 km
scale in many areas. Within the continents, however, there are areas
comparable in size to some of the smaller plates that show patterns of
deformation inconsistent with the premises of plate tectonics. The mechan-
ics of the continents differ from those of the oceans in two important
ways. First, the continental lithosphere is in many places weaker than the
oceanic lithosphere, and so it deforms under the action of stresses that
have little or no effect on oceanic lithosphere. Second, deformation of the
continental lithosphere itself generates internal stresses that can drive
further deformation (England and Jackson, 1989; Molnar, 1988; Molnar
and Lyon-Caen, 1988; Molnar and Tapponnier, 1975). These internally
generated stresses, associated in part with crustal thickness contrasts, are
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responsible for the horizontal extension that seems to characterize the
latest phases of many mountain-building episodes.

Several lines of evidence, however, suggest that late-stage extension
in mountain belts must be attributed to some process in addition to
crustal thickening and the slowing down or cessation of plate conver-
gence (England and Houseman, 1988, 1989). First, the transition from
compression to extension in some Cenozoic orogenic belts took place
rapidly and nearly simultaneously over large regions. Second, as in the
case of Tibet, extension is taking place within a setting of overall plate
convergence (Armijo and others, 1986). Third, as we show in this paper,
extension is accompanied by distinctive magmatic and metamorphic
effects that require abrupt changes in the thermal structure of the
lithosphere.

One purpose of this paper is to unify the differing lines of argument
that point to the conclusion that rapid sinking of the lowermost continen-
tal lithosphere in regions of continental convergence, and its replace-
ment by hot asthenosphere, is the process that causes these changes in
tectonic style. The second purpose is to investigate the geologically
observable consequences of this process. An inevitable consequence is an
attendant increase in surface height, but this can be hard to demonstrate
for the past (England and Molnar, 1990, 1991a, b). We show, however,
that it is also likely to lead to large amounts of extension, and that
thinning of the lithosphere by a combination of convective removal and
extension creates a distinctive thermal structure that can lead to charac-
teristic relations between igneous activity and tectonic style, and to
characteristic pressure-temperature-time paths for regional metamor-
phism.

MECHANICAL CONSIDERATIONS

The region that most clearly exemplifies both the distributed nature
of continental deformation and the abrupt transition (both spatial and
temporal) between compressional and extensional deformation is the
Tibetan plateau and its surrounding mountain belts, where the conver-
gence of India with Asia has been accommodated over the last 50 Ma. The
distribution of seismicity demonstrates that deformation is currently
distributed over an area of several million square kilometers. Further-
more the distribution of topography indicates that most, and perhaps all,
of the convergence between India and Asia can be accounted for by
horizontal shortening within the Asian lithosphere (England and House-
man, 1986).

Such deformation cannot be described using the methodology of
plate tectonics. It is, of course, ultimately a consequence of the motions of
the bounding plates, and it might reasonably be assumed that it would
reflect those motions. If this assumption were correct, the region would
exhibit horizontal shortening and some combination of thickening and
strike-slip deformation. Much of the high Tibetan plateau, however,
shows seismological and morphological evidence for normal faulting
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(Armijo and others, 1986; Molnar and Chen, 1983; Molnar and Tappon-
nier, 1978; Tapponnier and others, 1981). This means that the litho-
sphere there is currently getting thinner. The present pattern of deforma-
tion thus reflects neither the overall convergent pattern of current plate
motion, nor the Cenozoic history of north-south shortening which caused
the present thickened crust and elevated topography of the region
(Dewey and others, 1988). Furthermore, the transition from north-south
shortening to east-west extension appears to have taken place within a
few million years, beginning after middle Miocene time (Armijo and
others, 1986). A large-scale process that is to some extent independent of
plate tectonics is at work.

Our discussion of the extension of mountain belts follows physical
analyses of continental deformation carried out by a number of authors
(Houseman and England, 1986; England and McKenzie, 1982, 1983;
Fleitout and Froidevaux, 1982; Vilotte and others, 1986) who use con-
tinuum mechanics to analyze the deformation of idealized continental
lithosphere. The use of continuum mechanics to describe the continental
lithosphere often seems oversimplified, or merely wrong-headed, to the
geologist whose life is spent studying the manifestly discontinuous upper
crust. It is important to emphasize, however, that the continuum ap-
proach does not consist of assuming that discontinuities are absent from
the continental lithosphere. Quite the reverse is the case: the application
of continuum mechanics to the continental lithosphere carries with it the
assumption that there are so many discontinuities that the bulk mechani-
cal properties of the system can only be described in terms of the average
mechanical properties of the discontinuous medium. In thinking of the
creep of a rock sample at the hand-specimen scale, one does not take
account of individual grain boundaries, subgrain boundaries, or disloca-
tions. Rather one describes the deformation by some kind of flow law,
which represents the spatially averaged properties of the discontinuous
body. In the same way, investigators of continental lithosphere on a scale
comparable to its thickness treat the deformation as being macroscopi-
cally ductile (Tapponnier and Molnar, 1976; England and Jackson, 1989)
and take average values for its rheological properties.

Potential Energy Cha:nges and Deformation of Continental Lithosphere

The argument that follows is based on the concept that different
columns of rock, measured down to some level at which we may assume
complete isostatic compensation, can have different gravitational poten-
tial energies (Frank, 1972; Molnar and Lyon-Caen, 1988). If two such
columns are juxtaposed, the column with the greater gravitational poten-
tial energy is, by definition, capable of doing work upon the column of
lower potential energy. Such work would, again by definition, be carried
out by a force acting in the direction from the column with higher
potential energy to the column with lower potential energy. Thus the
column of higher potential energy exerts a horizontal compressive devia-
toric stress on the column of lower potential energy. If the columns
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deform under these deviatoric stresses they will change shape and
surface height but will not, in the absence of non-isotatic forces on their
bases, depart from isostatic equilibrium.

Tectonic conclusions drawn from arguments based upon potential
energy have a somewhat abstract flavor, so we summarize here an
alternative way of viewing this concept. Dalmayrac and Molnar (1981)
point out that because the assumption of isostatic balance is justified over
horizontal length scales exceeding a few tens of kilometers, the vertical
traction, @, acting on a horizontal plane of depth, d, is equal to the weight
per unit area of overlying rocks:

o, =g fod p(z) dz (1)

where zis depth, g is the acceleration due to gravity, and we are using the
geological convention for the signs of tractions.

The state of deviatoric stress within the lithosphere, when consid-
ered on length scales of a hundred kilometers or more, may be expressed
in terms of the difference (o, — o},) between g, and the horizontal traction
oy, on vertical planes. If oy, varies slowly in the horizontal plane then the
difference in (o, — o},) between any two columns of rock may be assessed
from the difference in o, between the two columns. The horizontal
normal deviatoric stress will have a larger tensional value in the column
in which o, is the higher. Itis easy to show (Molnar and Lyon-Caen, 1988)
that the difference in potential energy per unit area between two isostati-
cally-balanced columns is physically identical to the difference in the
integral of o, from top to bottom of the columns. For brevity we shall
refer, in this paper, primarily to differences in potential energy, but it
must always be borne in mind that these differences involve stress
differences that lead to deformation.

One of the striking features of the Tibetan plateau is that at eleva-
tions above 4000 m the -dominant modes of deformation in the upper
crust are normal faulting and strike-slip on conjugate sets of faults,
producing east-west extension and north-south shortening (Molnar and
Deng, 1984), whereas in the Himalaya and on the eastern and northern
margins of the plateau, at elevations less than 4000 m, there is a more or
less radial pattern of thrust faulting normal to topographic contours
(Molnar and Lyon-Caen, 1989). Much the same is true of the Andes,
where the dominant mode of deformation is strike-slip and normal
faulting at elevations of 3000 to 4000 m or more, and active thrusting is
confined to lower elevations of the eastern flank of the range (Dalmayrac
and Molnar, 1981; Sébrier and others, 1986; Suarez, Molnar, and Burch-
fiel, 1983). The close association of extensional faulting with high eleva-
tion and the observation that transition in tectonic style is governed by
elevation strongly support the contention that potential energy differ-
ences, associated with surface height differences, play a major role in
continental tectonics (Tapponnier and Molnar, 1976; England and Mc-
Kenzie, 1983; Houseman and England, 1986). J
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Most of the studies of the mechanics of orogenic belts cited above
concentrated on the changes in the potential energy (and surface height)
of continental lithosphere arising from crustal thickness variations and
assumed a constant density for the mantle. Under this assumption, the
difference in potential energy between two columns in isostatic balance is
in proportion to the difference between the squares of their respective
crustal thicknesses (Frank, 1972). By these calculations, potential energy
contrasts due to crustal thickness contrasts of 30 km or more, such as
characterize the Tibetan and Andean plateaux, are in the range of 5 to
10 x 10 Nm~! (Newton meters per square meter of surface area)
(Frank, 1972; Molnar and Lyon-Caen, 1988). This range is equivalent to
a stress difference of 50 to 100 MPa averaged over a 100 km thick
load-bearing layer and is comparable to the stresses associated with plate
motions. This led to the idea that surface height in deforming regions
might be a direct measure of the compressional stresses (Molnar and
Tapponier, 1978). According to this idea, thickening of the crust will slow
as the load caused by the increase in surface height counteracts the
compressional stress caused by convergence. Further crustal shortening
and thickening would then take place on the margins of the deformed
region, or elsewhere.

Concentrating on crustal thickness contrasts has the drawback,
however, that it neglects the higher density of the lithospheric mantle
with respect to the warmer underlying asthenosphere. Because mantle
rocks of the continental lithosphere are denser than the asthenosphere,
thickening of the lithosphere as a whole will produce a lithospheric root
whose higher density may partly or completely offset the buoyancy of the
thickened crust. Fleitout and Froidevaux (1982) have suggested that, as a
result, thickening of continental lithosphere may in fact cause a decrease
of potential energy, rather than an increase as suggested above. England
and Houseman (1989) showed that this is true for a wide range of
plausible combinations of crustal and mantle density. Furthermore, the
change in potential energy of a column of lithosphere during homoge-
neous thickening is monotonic (England and Houseman, 1989, app. A);
so if a piece of lithosphere is initially in potential energy deficit with
respect to another column, it will remain so, whatever degree of thicken-
ing it undergoes, provided that the lithospheric mantle thickens in
proportion to the crust.

The natural reference column to consider, in this context, is that
beneath the oceanic ridges. One may imagine rigid oceanic lithosphere
Joining a ridge to a column of continental lithosphere. If the continental
column has higher potential energy than a column measured down to
the same depth beneath the ridge, then additional work is required if the
oceanic lithosphere is to move toward and thicken the continental
lithosphere. If, in contrast, the continental lithosphere has the lower
potential energy, then no additional work is required; in fact thickening
of the continental lithosphere will be a self-sustaining process.
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There are few direct lines of evidence to suggest whether homoge-
neous thickening of continental lithosphere should be self-sustaining.
England and Houseman’s (1989, app. A) calculations suggest that the
potential energy will decrease during thickening if the initial lithosphere
thickness is greater than 120 km and the crust is less than 45 km in
thickness (see also fig. 2). These are acceptable lower limits for litho-
spheric thickness and upper limits for crustal thickness for many regions
of stable continental lithosphere (Braile, 1989; Meissner, 1986). The
prevalence of thrust faulting earthquakes in tectonically quiescent conti-
nental interiors (Chen and Molnar, 1983) also suggests that these regions
are in a state of lower potential energy with respect to their surroundings.

In contrast, however, the present day deformational styles of areas of
distributed continental deformation, such as Tibet and the Andes, sug-
gest that there has, at some stage, been a net increase in their potential
energy. The question naturally arises, therefore, as to whether the
present tectonics of those regions is the result of a set of circumstances
that caused their lithospheres to be positively buoyant before deforma-
tion began, or whether some process occurred during deformation that
led to an increase in their potential energy.

One such process was suggested by Houseman, McKenzie, and
Molnar (1981) and Fleitout and . Froidevaux (1982). The lithospheric
mantle is colder than the underlying asthenosphere and, therefore, (for
any given pressure) more dense. Thus, given enough time, it will sink. In
its uppermost portions the viscosity of the lithospheric mantle is so great
that the time required for such spontaneous sinking probably far exceeds
the age of the Earth. In its lowermost portions, however, the viscosity of
the lithospheric mantle approaches the viscosity of the underlying asthe-
nosphere. Parsons and McKenzie (1978) suggested that the episodic
cooling and dropping off of the lowermost lithosphere and its replace-
ment by hot asthenosphere provide the mechanism whereby a constant
heat flux is maintained through old oceanic lithosphere, and it seems
entirely plausible that this mechanism also operates at the base of the
continental lithosphere (Sclater and others, 1981).

Parsons and McKenzie (1978) used the term “thermal boundary
layer” for the portion of the lithosphere that, though fluid at geological
timescales, transfers heat primarily by conduction and is thus, thermally,
part of the lithosphere. They argued that in a lithosphere with a total
thickness of 130 km, the thermal boundary layer may be as much as 50
km thick. We employ that number for the purposes of illustration, but we
should like to emphasize that there has been no measurement of this
thickness yet. A thickness of 50 km seems likely to be close to an upper
limit, because even at a thermal gradient as low as 5°C/km (equivalent to
a heat flux of 15 mW m~? through mantle rocks) such a thickness would
encompass a temperature decrease of 250°C and, in consequence, an
increase in viscosity by a couple of orders of magnitude for most plausible
upper mantle rheologies. .



lithosphere beneath mountain belts: thermal and mechanical 313

The experimental results of Houseman, McKenzie, and Molnar
(1981) show that the consequence of homogenously shortening continen-
tal lithosphere containing such a thermal boundary layer is the complete
removal of that layer and its replacement by asthenosphere. Figure 1,
redrawn from Houseman, McKenzie, and Molnar (1981, fig. 2) illustrates
the development of this process in a numerical experiment. Several
features of this process bear on the tectonics discussed in this paper. (1)
There is a time lag between the horizontal shortening and the attainment
of the large downward velocities that leads to the loss of the thermal
boundary layer. (2) The duration of this time interval decreases with
increasing Rayleigh number of the convecting fluid. At the lowest Ray-
leigh numbers investigated by Houseman and others, this interval is
nearly 100 my. At the highest Rayleigh numbers they investigated
(Ra ~ 10° which may still be lower than the Rayleigh number of the
upper mantle), this interval is about 10 my. (3) Once the convective
removal of the lower lithosphere reaches peak velocities, it proceeds to
completion in a short time compared with the duration of the time lag in
(1). At the end of this process, the thickness of the thermal boundary layer
is close to, or less than, its thickness before the horizontal shortening
occurred.

Replacement of the lowermost lithosphere by warmer and less dense
upper mantle would cause a rapid increase in the surface height and
potential energy of the continental column, in a time interval short
compared with the delay between thickening and convective removal of
the lowermost lithosphere. Since the latter interval may be less than 10
my, the change in surface height could take a few million years or less.
This is a much shorter time than the duration of crustal thickening in
most major orogenic belts. The shortening in Asia, for example, took
most of the past 50 my, whereas convective removal of the lower litho-
sphere could take 10 my or less. This process is also fast compared with
the other likely cause of regional density changes, the heating of the
continental lithosphere by thermal diffusion. In the absence of convective
removal, the lithosphere in regions of convergence may well be 200 km
thick or more, with a thermal time constant of several hundred million
years. A testable prediction of the hypothesis of convective removal of
lithosphere is therefore that it will produce a rapid increase in surface
elevation a few tens of million years after the onset of convergence.

In the remainder of this paper, we consider the mechanical and
thermal consequences of this process and discuss how geological observa-
tions may be used to investigate it.

MECHANICAL CONSEQUENCES OF CONVECTIVE REMOVAL OF LITHOSPHERE

The amount by which the surface height changes as a result of
convective removal of lower lithosphere depends upon the (unknown)
fraction of the lithosphere that is involved in this process. For the
purposes of this paper we make use of the estimates of England and
Houseman (1989) who indicate that surface height increases in the range
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Conductive boundary layer (lithosphere)

convecting mantle

Before thickening

After 50% shortening

After 30-50 my

REMOVAL OF THICKENED LITHOSPHERE
BY CONVECTION

(Houseman, McKenzie and Molnar 1981)

Fig. 1. Isotherms from Houseman and others (1981, fig. 2), from a two dimensional
calculation of convection in a Newtonian viscous fluid whose upper Eart has been rapidly
thickened by shortening perpendicular to the page, approximating the vertical thickening
of u}ppermost mantle during mountain building. Contour intervals are 250°C. Thickening
of the upper thermal boundary layer to the convecting mantle increases the negative
buoyancy of the downwelling iarts of the flow. After a delay, whose duration depends on
the Rayleigh Number but which in this illustration is about 18 my, most of the remainder of
the thermal boundary layer has been swept into the downwellings, to be replaced by hotter
asthenosphere.

1 to 3 km are likely, if convective removal of the lower lithosphere
reduces lithospheric thickness to its pre-shortening value.

Potential energy increases are difficult to assess for the same reasons,
as height changes are unknown. Again, we use England and Houseman’s
(1989) calculations, which show that these potential energy increases (per
unit surface area) amount to between 2 and 10 x 102 Nm™! for a plateau
with crustal thickness of 60 to 70 km. This range is equivalent to an
increase in tensional (or decrease in compressional) deviatoric stress of 10
to 50 MPa, if averaged through a load-bearing layer 100 km thick. .
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The degree of extension that occurs in response to such a change in
the state of deviatoric stress will depend principally on the evolution of
the boundary conditions, being the stresses applied by the surroundings
(be they plates or other deforming regions) to the thickened lithosphere.
If the continental lithosphere lies close to a steady thermal state before
extension begins, then it will cool and strengthen during extension
(England, 1983; Sonder and England, 1989). In all the cases we consider
here, however, the geothermal gradient is depressed by thickening prior
to extension, and hence temperatures rise during extension. Under these
circumstances, the average viscosity of the lithosphere probably remains
roughly constant or decreases during extension (England, 1987, fig. 7). It
is likely, therefore, that externally applied boundary conditions, rather
than internal increases in strength, provide the limits to extension of
thickened continental lithosphere.

On a globe of constant radius, extension in the collisional region
must be accommodated by shortening elsewhere, and unless the pattern
of plate motions allows that motion to be taken up at a plate boundary, it
will have to be absorbed by shortening on the boundaries of the extend-
ing region. The simplest case we can consider is that of an equant region
of lithospheric thickening, beneath which the lithospheric root has been
removed by convection and around which all plate motion has ceased. If
this region subsequently extends, the resulting displacement will be
taken up by an annular zone of shortening of the surrounding crust.
Extension can, in principle, continue until the potential energy of the
region equals that of the surrounding columns, although in practice this
may be limited by the finite yield strength of the lithosphere.

The differences in potential energy, and therefore between the states
of stress, of such an extending region and its surroundings are in some
respects surprising and deserve closer investigation. A simple example
suffices to show the principal features of this behavior. Let us consider a
portion of continental lithosphere 125 km thick, containing crust with an
average density of 2825 kgm~*. Figure 2 shows the evolution of the
potential energy and the surface height of this column of lithosphere as it
undergoes the following sequence of strains:

A. horizontal shortening by a factor of two;

B. convective removal of the lower half of the mantle portion of the

thickened lithosphere;

C. alarge amount of horizontal extension.

The method of calculation follows England and Houseman (1989, app.
A). Figure 2 illustrates the results for crustal thicknesses between 15 and
40 km.

Let us concentrate on the curve for an original crustal thickness of 35
km. The column starts with a surface height of 700 m and with its
potential energy slightly lower than that of a column measured down to
the same depth at a mid-ocean ridge (point A in fig. 2). Horizontal
shortening by a factor of two increases the surface height to 3700 m but
reduces the potential energy of the column by 10'? Nm~!, equivalent to a
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surface elevation
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Fig. 2. Changes in surface elevation (A) and potential energy (B) as a result of
thickening of lithosphere, convective removal of the lithospheric root (CRL), and subse-

quent extension. Units of potential energy are Newton meters per square meter of surface
area. Points A, B, C, and D for a lithospheric column with an initial crustal thickness of 35
km are discussed in the text.

compressional deviatoric stress of 5 MPa averaged through a 100 km
thick load-bearing layer (point B). Such a lithosphere is, therefore, prone
to self-sustaining horizontal shortening of indefinite duration, as envis-
aged by Fleitout and Froidevaux (1982). (In fig. 2, the only lithospheric
column that increases in potential energy as a result of thickening is the
one with an initial crustal thickness of 40 km). Convective removal of the
lower lithosphere, however, produces an increase in surface height of
1200 m and an increase in potential energy of 6 X 10!2 Nm~! (point C),
corresponding to an extensional deviatoric stress of 30 MPa. Thereafeer
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we imagine the lithosphere to extend horizontally until its crustal thick-
ness is 20 km and its surface lies 200 m below sealevel. Note that although
the surface height decreases during the extensional history, at no time
does the potential energy of the extending column drop below the
potential energy of the original, undeformed lithosphere. Thus, even
when its surface lies below sealevel (point D) this extended region is
capable of exerting compressional deviatoric stress on surrounding litho-
sphere whose surface height is greater. Indeed, as figure 2 shows, it is
entirely possible that extended lithosphere, whose lower portion has
been convectively removed and whose surface lies below sealevel, may
exert a compressional deviatoric stress on surrounding lithosphere that
retains its negatively buoyant root yet whose surface lies several kilome-
ters above sealevel. This simple result has been emphasized by other
authors (Le Pichon, 1983) but is not as widely appreciated as it deserves
to be. In the last section of this paper we discuss the Alboran Sea, where
extension of continental lithosphere while it lay below sealevel may be
explained by this process.

The situation becomes more complicated if the relative motion of the
plates bounding the thickened region adds a compressional stress during
and after convective removal of the lower lithosphere, as appears to be
the case in Tibet. The rate of extension in the direction of plate conver-
gence will be governed by the excess in potential energy over that which
can be supported by the compressional stress difference due to the
convergence, whereas the rate of extension normal to the direction of
plate motion will be governed by the excess over that of the surrounding
crust. A higher rate of extension normal to the direction of plate conver-
gence is therefore likely. This effect is seen quite clearly in the active
extension of Tibet, where the dominant direction of extension has been
normal to the India/Asia convergence direction since the early Pliocene
(Armijo and others, 1986). The shape of the extending region may also
influence the rate and direction of extension, as gradients of deviatoric
stress parallel to the boundaries of elongate regions are generally smaller
than gradients perpendicular to the boundaries, and strain rates parallel
to the boundaries are correspondingly smaller.

IGNEOUS CONSEQUENCES OF CONVECTIVE REMOVAL OF LITHOSPHERE

The removal of the lower part of the continental lithosphere and its
replacement by asthenospheric mantle has inevitable thermal conse-
quences for the overlying crust and mantle. We distinguish here between
the magmatic consequences, which may be immediate, and the metamor-
phic implications for the crust, which are likely to be observable only if
convective removal of lithosphere leads to significant extension.

The igneous consequences of continental extension have been dis-
cussed by McKenzie and Bickle (1988) and by White and McKenzie
(1989). These workers mainly discuss the melting that would occur in dry
upper mantle as it is adiabatically decompressed during extension of the
overlying lithosphere. M¢Kenzie and Bickle show that large volumes of
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melt may be produced by extension, but that melting occurs only after
the continental lithosphere has been reduced in thickness to 50 km or
less.

It is somewhat surprising, therefore, to find that large outpourings
of lava occurred before, or at the very onset of, extension in the eastern
Basin and Range Province (Axen, Taylor, and Bartley, 1992; Gans,
Mahood, and Schermer, 1989), and that there is considerable igneous
activity pre-dating and contemporaneous with the beginning of active
extension in Tibet and Anatolia (Arnaud and others, 1992; Pearce and
Mei, 1988; Pearce and others, 1990).

A recent proposal by McKenzie (1989) suggests a mechanism for this
igneous activity. He argues that small degrees of partial melt are con-
stantly present beneath the lithosphere and that, even if they are present
in fractions as low as 107%, these will separate from their matrix and
percolate upward until they cool below their solidus to form a metaso-
matic layer within the lithosphere. Since these melts are likely to be rich
in carbonates and water, their solidus lies at a considerably lower tempera-
ture than the dry solidps for peridotite. If, as McKenzie argues, this
metasomatic layer lies above the thermal boundary layer that forms the
lowermost part of the lithosphere, it does not participate n convection
and remains isotopically distinct until some tectonic activity causes it to
melt. McKenzie shows that such a metasomatic layer could be partially
remelted to produce large volumes of high-potassium basic melt either
by adiabatic decompression during lithospheric extension or by conduc-
tive heating of the lower lithosphere by a plume whose temperature lay a
couple of hundred degrees above the average for the asthenosphere. We
suggest that it would also melt if convective removal of the thermal
boundary layer took place, as envisaged by Houseman, McKenzie, and
Molnar (1981) and discussed in this paper. Removal of the thermal
boundary layer would juxtapose asthenosphere material against much
cooler material of the mechanically strong portion of the lithosphere. As
McKenzie (1989) points out, the metasomatic layer within the mechanical
boundary layer would lie close to its solidus and would readily melt if
heated slightly. The temperature of the asthenosphere lies close to
1300°C, whereas the solidus of the metasomatic layer may lie at about
900°C. The convective removal of much, if not most, of the material
separating these two isotherms in the continental lithosphere (fig 1)
would surely lead to rapid partial melting of the metasomatic layer.

We should therefore expect that, in addition to a significant increase
in surface height, convective removal of the lower lithosphere would
cause the generation of appreciable quantities of melt before significant
extension occurs. These melts, formed within the metasomatic layer
inside the lithosphere, would be chemically and isotopically distinct from
melts formed by the adiabatic decompression of asthenospheric upper
mantle: in particular, they would be highly potassic (McKenzie, 1989). In
addition, the composition of such melts could well be modified by
assimilation of crustal material as they make their way to the surface
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through thick hot crust (Gans, Mahood, and Schermer, 1989). Subse-
quent extension of the lithosphere would cause adiabatic decompression
of the asthenosphere and, hence, melting in the fashion investigated by
McKenzie and Bickle (1988). Substantial extensional strain would be
required, however, for this asthenospheric melting to take place (see
McKenzie and Bickle, 1988).

METAMORPHIC CONSEQUENCES OF CONVECTIVE REMOVAL OF LITHOSPHERE

The upwelling of hot asthenosphere to replace the sinking lower-
most lithosphere would sharply raise the temperature at the base of the
remaining lithosphere. This change in boundary condition would send a
wave of temperature increase through the overlying rocks. The first
result of this temperature increase is likely to be the partial melting
discussed in the previous section, but if the temperature rises at the base
of the mechanical boundary layer by several hundred degrees as sug-
gested above, then the thermal pulse will also contribute to metamor-
phism in the thickened crust.

Several studies of extension in the Basin and Range province have
concluded that extension by a factor of two or more occurred, at particu-
lar locations, within a few million years. In contrast, if the present
regional rate of extension in Tibet (~5 X 107%/yr; Molnar and Deng,
1984) were to continue, it would require over one hundred million years
to thin the crust there to half its present thickness. The latter time
interval is comparable with the time for thermal relaxation of lithosphere
thickened during continental convergence (England and Thompson,
1984; Oxburgh and Turcotte, 1974). We should expect, therefore, that if
extension were to take place over such a time interval, the heating due to
the change in condition at the base of the lithosphere would be indistin-
guishable from prograde metamorphism occurring in the absence of this
change in basal condition (see also, England and Thompson, 1984, app.
B; Thompson and England, 1984, sec. 3.1). If, however, the duration of
extension is much less than the time for thermal relaxation of the
lithosphere, the influence of the change in lower boundary condition
may not be felt until after the major tectonic activity has ceased. The
result of this thermal history would be that the latest phase of metamor-
phism would be one ot isobaric heating, followed by isobaric cooling.

To illustrate this argument, we present a series of one-dimensional
calculations of the temperature distribution in a simple model litho-
sphere subjected to thickening, followed by convective removal of the
thermal boundary layer, and then immediately by thinning.

The essential physics of the problem can be described as follows. We
assume an equilibrium thermal gradient in lithosphere of initial thickness
Ly (fig. 3A). Thickening the lithosphere rapidly by a factor S, reduces the
gradient by the same factor (fig. 3B). Reduced gradients such as this are
associated with high-P/T ratio metamorphism in areas of continental
convergence (Oxburgh and Turcotte, 1974). Note that the thermal time
constant for re-establishment of a normal thermal gradient in this thick-
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ened lithosphere is very large: about 240 my for a vertical stretch of 2
(England and Thompson, 1984). Before appreciable thermal relaxation
can occur, the lower part of the thickened lithosphere is removed by
convection. A step in the thermal gradient is introduced, as astheno-
spheric mantle rises to some level, Ly, above the base of the previously
thickened lithosphere (fig. 3C). Diffusive decay of this step in the geo-
therm would eventually restore the thermal gradient in the lithosphere
to its equilibrium value, but the thermal time constant for this is still fairly
large (about 60 my if Ly = Ly = 120 km). We have argued that such
thinning of the lithosphere is accompanied by a large increase in its
potential energy, and that extension of the lithosphere would follow. For
our calculations, we suppose that thinning begins immediately.

Thinning by a factor S; increases the thermal gradient by the same
factor (fig. 3D) and brings the step in the geotherm closer to the surface.
The result is a transient increase in temperature of the overlying litho-
sphere, as the thermal gradient decays back to its initial (equilibrium)
value, with a time constant of about 15 my if Ly = 60 km. It is this
transient increase in the model that produces distinctive thermal histo-
ries that can be tested against observation.

With the aim of clarifying the underlying process, we have deliber-
ately kept the model simple and have resisted the temptation to build in a
large number of potentially interesting variables. We illustrate the results
of a single set of calculations, but the simplicity of the model permits us to
draw fairly general conclusions.

In the calculations illustrated in figures 4 and 5, the starting value for
the lithosphere thickness (L) is 125 km. After thickening the lithosphere
has thickness L; = 250 km. This thickness is reduced to Ly = 125 km by
convective removal of the lower lithosphere, then to Ly = 62.5 km by
extension. We take no account of erosion or sedimentation. Thus at the
end of the extension, the crust is at its initial thickness, while the
lithosphere is at half its original thickness. Four calculations are illus-
trated, which differ only in the duration of the extensional phase, which
lasts either 3, 10, 30, or 100 my.

Figure 4 displays pressure-temperature (PT) paths for rocks initially
atdepthsof1/4,1/8, and 1/16 Ly, which are buried to twice their original
depths, and then returned by extension to their original depths. Figure 5
shows the temperature time paths for these same rocks. In each case the
thickening phase is treated as instantaneous and is not illustrated.

We assume an initially linear geotherm and make no attempt to
generate “realistic” temperatures by the appropriate choice of thermal
conductivity or radioactive heating. Accordingly, the temperatures and
pressures in figure 4 are scaled to their values at the base of the
lithosphere. Thus the shapes of the PTt paths are the issue here, rather
than any individual value of (dimensional) pressure and temperature
along them.

All PTt paths, except those for extension of duration 3 my, show
heating during extension (decompression). The amount of this heating is



322 J. P. Platt and P. C. England—Conuvective removal of

0.0 0.1 0.2 03 0.4
0.5 1 1 1 0.5
100 Ma

0.4 - 04
- 30 Ma
o
o,
)
A 034 - 03
% 3 M
D A a
y—
=
s
LR e
&
o 0.2 - 02
E

B
A D \/
(o
0.1 L - 0.1
0.0 T T T 0.0
0.0 0.1 0.2 0.3 04

Dimensionless Temperature

Fig. 4. Pressure-temperature (PT) paths for calculations described in the text. A model
lithosphere is thickened homogenously and instantaneously by a factor of two from 125 km
to 250 km in thickness, and its lower half is then replaced by asthenosphere. The
lithosphere is then thinned by a factor of two so that its crust returns to its original thickness
(fig. 3). Paths are shown for three sets of rocks, originally buried at depths of 1/4, 1/8, and
1/16 of the thickness of the lithosphere, and for four durations of extension, 3, 10, 30, and
100 my, as indicated for the deepest groufp of PT paths. Each PT path begins at its greatest
depth and at the beginning of the phase of extension (Foint Aindicated on one ofthe(faths).
Point B marks the end of extension, point C the end of heating, and point D is the end of the
calculation. The PT paths for the different durations of extension are slightly offset
vertically from one another in order to show the differences between their post-extensional
forms (see also fig. 5).

greater for more deeply buried rocks than for shallower rocks and is
greater for longer durations of extension. All PTt paths, except for those
for extension lasting 100 my, show a phase of isobaric heating after the
end of extension. When extension lasts 30 my, the heating during this
phase is small in comparison to that experienced during decompression,
but in the two faster cases, heating during this phase greatly exceeds
heating during decompression.

We may interpret these results in a simple fashion by recognizing
that the heating of the lithosphere during or after extension results from
the diffusion of heat from the “knee” in the temperature profile shown ire
figure 3D. (Recall that, in a medium not generating heat internally,
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lithospheric thickness.

temperature changes due to diffusion occur only where there is curva-
ture in the geotherm). There are three obvious timescales associated with
the development of metamorphism during the extension we discuss
here. The first is the duration of the extension itself, t.. The other two
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timescales are those associated with thermal diffusion through the litho-
sphere at its pre-extensional thickness:

tl = Lg/TT?K (2)
and with thermal diffusion through lithosphere at its final thickness:
ty = Ly’ (3)

If the duration of extension, t., is less than the smaller of these
diffusional timescales, to, the extension must be essentially isothermal,
and the heating pulse will pass through the crust after the end of
extension. If, however, t. exceeds t;, most of the heating will occur during
extension, and there will be little temperature change in the crust after
the end of tectonic activity. This behavior is seen in the temperature-time
paths of figure 5.

For the values we have chosen (L, = 125 km, L = 62.5 km,
k=8X 1077 m%~'), ty, ~ 60 my and t ~ 15 my. For the shortest
duration of extension we illustrate (3 my, fig. 5A) there is, indeed, no
appreciable change in temperature during extension, and peak tempera-
tures are reached 15 to 20 my after the end of extension; that is, after a
time interval approximately equal to to. Similarly, when the duration of
extension is 10 my (fig. 5B), peak temperatures are attained at about 25
my after the beginning of extension, which is again roughly comparable
to ty after its end. In figure 5C the duration of extension, 30 my, is
intermediate between t; and ty, thus diffusion and extension operate over
roughly the same timescales, and the peak is reached just before the end
of extension. Finally, in figure 5D, we illustrate extension taking 100 my,
where t. > t;. Here peak temperatures are attained at roughly 60 my
(~t,), and temperatures are falling at the end of extension.

Closer inspection of figure 5 shows that, in each case, the more
deeply buried rocks experience their peak temperatures before the more
shallow ones. This effect is to be expected because the temperature wave
propagates upward from the base of the lithosphere. It would, in prin-
ciple, be possible to define a time scale for the heating of each level in the
crust, just like those in eqgs (2) and (3) above, but with the appropriate
length scale being the distance from that level to the base of the litho-
sphere. Indeed for the simple experiments we present here, such an
analysis yields a very satisfactory approximation to the calculated results.
We do not present this analysis, however, because we regard it as an
over-elaboration in view of the likely contributions to the thermal devel-
opment of real orogenic belts from radioactive heating. Radioactive
heating, being generally concentrated toward the top of continental
crust, heats the upper layers more rapidly than the deeper lithosphere,
to some extent compensating for the more rapid heating of the lower
layers by diffusion from the base of the lithosphere. Additionally, the
influence of any erosion during metamorphism would be to cool shal-
lower rocks before deeper ones (England and Richardson, 1977). Thus it,



lithosphere beneath mountain belts: thermal and mechanical 325

would be difficult, or impossible, to use variations with depth of the
timing of the metamorphic peak to say anything definite about the
tectonic processes that caused it.

Variations with depth of the timing of metamorphism are, however,
second order features of the process we investigate here. The first order
effect is relative timing of metamorphism and the extension. If extension
of the lithosphere happens rapidly without convective removal of the
lower lithosphere, PTt paths may be recorded that are indicative of large
amounts of isothermal decompression (England and Thompson 1984;
Thompson and England, 1984), but at the end of extension, the rocks
should cool. In contrast, if convective removal of lower lithosphere
precedes rapid extension, the rocks will heat up after the end of exten-
sion. That fact that rapid extension following convective removal of the
lower lithosphere can cause a phase of post-tectonic isobaric heating is
important to the tectonic interpretation of metamorphic PTt paths.
Isobaric heating has previously been interpreted as implying important
magmatic contribution to the heat budget (England and Richardson,
1977; Thompson and England, 1984).

The pressure-temperature curves in figure 4 should only be com-
pared with observational data with considerable circumspection. First,
we have ignored radiogenic heating, which will increase overall tempera-
tures somewhat, particularly for lower extension rates. Second, we have
assumed that convective removal of the lower lithosphere does not occur
until thickening has ceased, and that thinning then starts immediately.
This process may, in fact, start during thickening, and this will cause
some heating at depth before extension starts. (Note that Looseveld,
1989 proposed that convective removal of the lower lithosphere during
lithospheric thickening, but without subsequent extension, could be
responsible for anti-clockwise P-T-t paths). These two effects would tend
to diminish the initial increment of isobaric decompression shown by
many of the calculated curves. Thirdly, we have ignored the effects of
erosion or sedimentation, which could cause changes in pressure indepen-
dently of the effects of thickening and thinning. Finally, we have ignored
the effects of faulting in the upper crust, which by juxtaposing rocks of
differing temperature; will cause local and very short-lived thermal
perturbations.

GEOLOGICAL EXAMPLES

In the preceding sections we marshalled arguments that support the
contention of Houseman, McKenzie, and Molnar (1981) that convective
removal of lower lithosphere may play an important role in the tectonics
of mountain belts. We then investigated the likely geologically observable
consequences of such a process. In this section we review observations
from several different settings consistent with convective removal of
lower lithosphere. We wish to make it clear that we are not trying to
prove the hypothesis advanced in this paper. We simply want to show
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that there is enough supporting evidence to make it worthy of further
investigation.

The onset of extension in the Tibetan Plateau.—The present thinning of
the crust in Tibet has long been explained by the loads produced by the
high surface elevation of the region (Molnar and Tapponier, 1978). This
explanation is not, however, sufficient on its own. The extension is
occurring because the potential energy of the plateau is greater than can
be supported by the compressional stresses applied to it by its surround-
ings. Clearly, compressional stresses cannot build up a plateau of higher
potential energy than they can support, so some change in the boundary
conditions must have caused a relative increase in potential energy above
the level that can be supported by the boundary conditions. Such a
relative increase could have occurred either by a reduction in the
compressional stresses or by some additional factor causing an increase in
the potential energy of the plateau (England and Houseman 1988, 1989).

England and Houseman (1989) show that the necessary reduction in
compressional stress could come from one, or a combination of two,
processes. The north-south compressional stress acting on the region
would have been reduced if India’s northward motion had slowed down,
but net extension would follow only if that motion had virtually ceased.
(This is because the bulk rheology of the lithosphere is dominated by
materials with power-law, plastic, or frictional behavior, for which the
stress required to cause deformation is relatively insensitive to the rate of
strain). Alternatively, an east-west extensional deviatoric stress applied at
a distant boundary (the eastern margin of Asia) could raise extensional
strain rates within the plateau.

It seems likely that the onset of widespread extension in the plateau
and, by inference, the relative increase in potential energy took place in
late Miocene or Pliocene time (Armijo and others, 1986). There was no
detectable reduction in the rate of India’s convergence with Asia around
this time, so the removal of a north-south directed compressional stress
seems implausible as an explanation for the extension—the more so since
the principal extension direction in the plateau lies roughly east-west.
The strain-rate fields to the west and east of the plateau appear, from the
active faulting, to consist of a combination of strike-slip with shortening
perpendicular to the margins of the plateau (Molnar and Lyon-Caen,
1989; Molnar and Tapponier, 1975; Molnar and Deng, 1984), so an
externally applied east-west extensional deviatoric stress is also unlikely
to be the cause of the extension.

Another mechanism that seems at first sight to be a plausible cause of
extension is weakening of the plateau by heating during thermal relax-
ation. England and Houseman (1988) show that such weakening would
have caused increased compression, and not extension, in the plateau. It
thus seems extremely probable that the mechanical basis for the present
extension of the plateau is a rapid increase in its potential energy, such as
would result from convective removal of the lower lithosphere.

E
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The most direct evidence of an increase in the plateau’s potential
energy would come from measurements of its surface height over the
interval spanning the onset of extension. Such measurements have not
been made. Several claims of rapid recent increase in the height of the
plateau have been made, but all are based on incorrect inference (see
England and Molnar, 1990; Molnar and England, 1990 for review, and
England and Molnar 1991a, b; Hatfield, 1991; and Pinter and Keller,
1991 for further discussion of this and other claims of rapid recent uplift).

Relations among extension and volcanism in the Basin and Range.—The
Basin and Range province of western North America is a region of
broadly distributed continental extension imposed on the locus of substan-
tial intracontinental shortening in Mesozoic to early Tertiary time. Exten-
sion probably began in Eocene to Oligocene time and has continued,
episodically or continuously, to the present day. The region has also been
the locus of substantial volcanic activity during the same period, although
there has been considerable debate about the degree of correlation, in
space and time, between extension and magmatism, and whether one can
be regarded as the cause of the other (Christiansen and Lipman, 1972;
Snyder, Dickinson, and Silberman, 1976; Gans, Mahood, and Schermer,
1989; Bartley and others, 1988; Best and Christiansen, 1991).

The magmatic and tectonic history of the province has been widely
discussed in terms of plate boundary processes. Lipman, Christiansen,
and Protska (1972), Christiansen and Lipman (1972), and Glazner and
Bartley (1984) for example, suggested that the dominantly calc-alkaline
mid-Tertiary volcanism was related to east-dipping subduction along the
North American margin and that the change to a bimodal basalt-rhyolite
suite in Neogene time, associated with regional extension, was a conse-
quence of the establishment of a strike-slip regime. These concepts face
some problems, notably (A) the extreme breadth of the region of volcanic
activity and extension, and their distance from the active margin; (B) the
well-documented southward sweep of volcanic activity (Stewart and
Carlson, 1976), which does not obviously correlate with plate boundary
processes; and (C) the fact that extension appears to have commenced in
many areas before subduction ceased along the adjacent part of the plate
margin (Wernicke and others, 1987; Gans, Mahood, and Schermer,
1989). As a result, there have been several recent proposals relating
extension and volcanism in the Basin and Range to changes in the
thermal structure and potential energy of the underlying crust and
mantle. Factors that might have contributed to an increase in potential
energy of the region include Laramide crustal thickening (Molnar and
Chen, 1983; Coney and Harms, 1984; Sonder and others, 1987; Wer-
nicke and others, 1987), thermal erosion by a mantle plume (Fitton,
James, and Leeman, 1988), and the steepening or removal of a proposed
subhorizontal slab of subducted oceanic lithosphere beneath the region
(Best and Christiansen, 1991; Severinghaus and Atwater, 1990).

We suggest that convective removal of lithosphere is a viable alterna-
tive explanation for Basin and Range extension and volcanism, and that
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it has the advantage that it is a physically predictable process that lacks ad
hoc assumptions specific to the region. It also leads to predictions that can
be tested against observation. Laramide and earlier convergence in the
Cordillera was distributed over a region 500 to more than 1000 km wide
and is likely to have resulted in thickening of the entire continental
lithosphere. As discussed earlier, convective removal of the thickened
thermal boundary layer is likely to occur a few to a few tens of million
years after thickening. It should cause: (A) partial melting of a metasomati-
cally enriched layer within the lithosphere, if one exists; (B) a rapid
increase in surface elevation; (C) an increase in potential energy that may
drive extension; and (D) if extension occurs, a detectable syn- to post-
extension thermal pulse in the crust. At present there appears to be
insufficient published data to test the second and fourth of these predic-
tions, but there does appear to be evidence in favor of the first.

We are not aware of a systematic study of the relative timing of the
earliest volcanic activity and extension in the Basin and Range Province,
but the syntheses of Gans, Mahood, and Schermer (1989, fig. 19), Best
and Christiansen (1991, fig. 10), and Axen, Taylor, and Bartley (1992)
show that the onset of volcanism either preceded or was synchronous
with the start of extension in many parts of the Great Basin. This earliest
phase of magmatism cannot therefore be attributed to decompression of
asthenosphere consequent upon extension. Significant partial melting of
upper mantle within or beneath lithosphere of normal thickness (greater
than about 100 km) requires either that temperatures in the astheno-
sphere be elevated, perhaps by a plume (White and McKenzie, 1989), or
that the solidus of the source region lies substantially below 1200°C
(McKenzie, 1989). If the lithosphere contains a metasomatic layer in
which volatile-rich partial melts from the asthenosphere have accumu-
lated, then convective removal of the lowermost lithosphere would
almost certainly raise temperatures within this layer sufficiently to remelt
its volatile-rich component and produce potassium-rich melts. We note
that Eocene potassic magmatism in an extensional setting is recognized in
Montana (O’Brien, Irving, and McCallum, 1991) and southwestern Idaho
(Norman and Meertzman, 1991), and Miller and Miller (1991) describe
synchronous extension and potassic volcanism in the Old Woman moun-
tains of California at ~23 to 19 Ma. All these authors attribute a significant
role in the volcanism to the melting of a metasomatically enriched layer
within the continental lithosphere; indeed Norman and Meertzman
(1991) regard this layer as the sole source for the rocks they describe and
suggest convective removal of the lower lithosphere as the cause of the
melting. Similarly, Bradshaw, Hawkesworth, and Gallagher (1992) con-
clude that most of the basalts of the Golorado River Trough, including all
those erupted before or at the onset of extension in early Miocene time,
are derived from the melting of metasomatically enriched lithosphere.

Relations among extension and volcanism in eastern Anatolia and Tibet.—A
late Cenozoic volcanic province covers a belt, about 900 km long and 350
km wide at its greatest, running from eastern Turkey to Northern Iran,
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These volcanic rocks were erupted between about 6 Ma and the present,
following the onset of crustal thickening in the region which began no
later than 12 Ma and perhaps 20 Ma or more ago (Pearce and others,
1990). Studies of strontium and neodymium isotopes and of trace ele-
ment systematics indicate that the lavas come from a source within the
lithosphere. Pearce and others (1990) argue that the volcanism is uncon-
nected with subduction of oceanic lithosphere and that convective re-
moval of the lower lithosphere is the simplest hypothesis that explains the
geochemistry of the volcanic rocks, almost simultaneous initiation of
volcanism over the entire region, and the relation of volcanism to
extension in the region.

Arnaud and others (1992) make a similar suggestion for the cause of
late Cenozoic volcanism in northern Tibet, though they also consider
other mechanisms, such as the subduction of continental lithosphere
beneath the northern edge of the plateau, to be plausible candidates.

Post-collisional thermal metamorphism in the Betic/Rif Arc.—The Inter-
nal Zones of the Betic Cordillera of southern Spain and the Rif mountains
of Morocco show evidence for a late magmatic and thermal event roughly
coeval with the onset of extension in the collisional mountain chain (Platt
and Vissers, 1989). The region was the locus of convergence between
Africa and Iberia during Early Tertiary time, and glaucophane schist and
eclogite facies metamorphism to pressures of the order of 10 to 15 kb
suggest that crustal thicknesses reached at least 50 km (Bakker and
others, 1989; Tubia and Gil Ibarguchi, 1991). In early Miocene time the
collisional edifice was cut by a set of major low-angle extensional faults,
which rapidly exhumed the high-pressure metamorphic rocks and,
locally, parts of the underlying subcontinental mantle, now exposed as
the Ronda and Beni Bousera ultramafic complexes. Crustal thickness in
the central part of the system has been reduced to as little as 15 km
(Banda and others, 1983), and this area has subsided to form the Alboran
Sea between Iberia and North Africa. Extension was accompanied by
potassic, basaltic, and calc-alkaline volcanism (Torres-Roldan, Poli, and
Peccerillo, 1986; Hernandez and others, 1987). The upper mantle be-
neath the whole region shows anomalously low P-wave velocities, charac-
teristic of asthenospheric mantle (Banda and others, 1983). Two seismic
events at 600 km depth beneath the region have been interpreted as
occurring in a detached fragment of lithospheric mantle (Grimison and
Chen, 1986).

Extension on the site of the Early Tertiary collisional orogen contin-
ued during Early and Middle Miocene time, while much of the region
subsided below sealevel (Watts and others, in press). Africa-Iberia conver-
gence continued during this period; this convergence, together with the
extension in the Alboran Sea area, was accommodated by crustal shorten-
ing and thickening in the peripheral mountain belts (the External Zones
of the Betic Cordillera and the Rif, which connect across the Gibraltar
arc). The driving force for extension in the Alboran Sea must have been
internally generated and was sufficient to overcome the compressional
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forces exerted by the bounding plates, as well as those produced by the
topographic elevation of the surrounding mountain chains.

Radiometric dating provides clear evidence for a widespread ther-
mal event in the Betic Cordillera between 25 and 16 Ma (Zeck and others,
1989, Monié and others, 1991, De Jong, 1991). High-grade gneiss and
associated anatectic granitic dikes yield Rb/Sr ages clustering around 20
to 22 Ma, and palaeontological dating of the overlying Neogene sedi-
ments constrains their exhumation rate to 5 to 10 km/my (Zeck and
others, 1992). Some of the highest grade rocks are spatially associated
with the ultramafic complexes, which themselves show evidence for high
temperature re-equililibration during exhumation from a considerable
depth (Obata, 1980). Crustal rocks closest to the peridotite reached
temperatures of the order of 800°C at pressures of 800 MPa or more and
show assemblages characteristic of the granulite facies (Loomis, 1972;
Westerhof, 1977). They subsequently experienced nearly isothermal
decompression, so that early kyanite was progressively overprinted by
sillimanite and then by andalusite. Metamorphism was synchronous with
intense deformation and mylonitization in these rocks (Westerhof, 1977),
which was presumably associated with the process of extension and
exhumation (Torres-Rolddn, 1981). Rocks showing somewhat similar
metamorphic evolutions are distributed along the southern margin of
the Betic Cordillera (Torres-Roldan, 1974; Westra, 1969). Elsewhere
there are approximately coeval occurrences of rocks that were appar-
ently never deeply buried and show a simple near isobaric heating path at
low pressures, producing largely post-deformational porphyroblasts of
cordierite, andalusite, and biotite (Westerhof 1977; Torres-Roldan 1981;
Akkerman, Maier, and Simon, 1980; De Jong 1991).

The contrast between the history of the originally more deep seated
rocks, which show evidence for a thermal event during exhumation-
related deformation, and the higher level rocks where the thermal pulse
is largely post-deformational, accords qualitatively with our predictions
of the thermal effects of rapid thinning of the lithosphere by convective
removal of the thermal boundary layer followed by extension (fig. 4). We
suggest that this area could be suitable for a quantitative test of these
predictions.

DISCUSSION AND CONCLUSIONS

The evidence for late orogenic extension in both ancient and cur-
rently active collisional mountain belts is strong. The most widely ac-
cepted explanation for the phenomenon is that it reflects changes in the
relative magnitudes of the horizontal loads associated with plate conver-
gence and the vertical loads produced by surface topography. Although
one way to remove support from a mountain belt is to stop the conver-
gence that caused it, there are several regions, whose tectonics are
summarized above, in which convergence continued during the exten-
sional phase or in which no simple relation is seen between changes at the
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plate boundary and changes in tectonic style in the interior. For these
regions, it is natural to look for an increase in the potential energy of the
mountain belt as a possible cause of extension. Although they cause an
increase in surface elevation, shortening and thickening of continental
lithosphere are not certain to increase potential energy, because of the
negative buoyancy of the mantle component of the lithosphere. Unless
the crust is of the order of 40 km thick or more, the potential energy will
be decreased by thickening, and convergence may therefore be a self-
sustaining process.

Some form of convective removal of the thickened lithospheric root
below regions of continental convergence is likely, and this will lead to
substantial increases in the potential energy of the lithospheric column.
This is one plausible cause of late orogenic extension, particularly in
situations where other possible changes in boundary conditions, such as a
decrease in the rate of convergence, can be eliminated.

Convective removal of the lower lithosphere has predictable conse-
quences that provide possible tests for its occurrence. (1) Rapid replace-
ment of lower lithosphere by asthenosphere would produce a rapid
increase in surface height, which would coincide with the start of exten-
sion. (2) The step in the geotherm resulting from the juxtaposition of
asthenospheric mantle with middle levels of the continental lithosphere is
likely to cause partial melting and the production of high-K,O magmas if
the lithosphere has previously been enriched by metasomatic processes.
This distinctive type of volcanism would precede extension. (3) Percep-
tible thermal effects within the crustal part of the lithosphere are unlikely
if there is no extension, because of the long thermal time constant of the
system, but the combination of convective removal of the lithospheric
root and subsequent extension reduce the thermal time constant and
hence may allow a transient thermal pulse to migrate upward through
the crust. If extension occurs on a timescale of a few tens of millions of
years or less, the thermal pulse will be synchronous with extension at
deep levels in the crust but will postdate extension in the upper crust,
causing a static thermal metamorphic event.

An alternative mechanism has been suggested as a trigger for exten-
sion, at least in the Basin and Range province. The rapid steepening or
removal of a sub-horizontal slab, imagined to have underlain the region
during Late Mesozoic and Tertiary time, might have caused the closely
associated volcanism and extension of the region (Best and Christiansen,
1991; Severinghaus and Atwater, 1990). The removal of a slab from
beneath the overlying mechanical boundary layer of another plate could
presumably cause the rapid increase in surface height, the extension, and
the pre-extensional melting in the upper plate which we have discussed
in the context of convective removal of the lower portion of a single piece
of thickened continental lithosphere. These two mechanisms are, there-
fore, qualitatively similar in their likely outcomes and qualitatively differ-
ent from the ‘delamination’ of the entire mantle' portion of the litho-
sphere envisaged by Bird (1979) and Bird and Baumgardner (1981).
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Such delamination would juxtapose asthenospheric mantle against the
base of the crust and produce volumes and compositions of melt inconsis-
tent with the observed volcanism (Pearce and others, 1990).

Despite their qualitative similarities, convective removal of the lower
lithosphere and the steepening of a sub-horizontal slab are distinct
kinematically (the first involves a single, thickened, piece of lithosphere,
the other involves two separate plates), and physically (the first involves
distributed flow in a ductile lithosphere, and the second mvolves the
rigid-body motion of at least one plate). We should, in consequence,
expect there to be important quantitative differences between the surface
height histories, and perhaps between the states of stress, of regions
subjected to these two mechanisms. One aim of this paper is to stimulate
further investigations that could resolve this issue.

A critical measurement to make in any extended terrain is of the
surface height before, during, and after extension. If the surface lay close
to sealevel before and until the initiation of extension, then crustal
thickening, associated thickening of the lithosphere, and convective
removal of its lower portion, can all be confidently ruled out. If, on the
other hand, surface heights before extension are consistent with thick-
ened crust, it is reasonable, though not necessary, to assume concomitant
thickening of the whole lithosphere. Subsequent convective removal of
the lower lithosphere would cause an abrupt increase in elevation preced-
ing or synchronous with extension. The pattern of such uplift, if pro-
duced by the distributed convective process envisaged in this paper,
would differ markedly from the migration of a roughly linear trend that
would presumably be associated with the sinking of a slab.
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