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Continental tectonics in the aftermath

of plate tectonics

Peter Molnar

Department of Earth, Atmospheric and Planetary Sciences, MIT, Cambridge, Massachusetts 02139, USA

The success of plate tectonics required an acceptance of continental drift, and thus a reinterpretation
of the large-scale geological history of most of the Earth. But the basic tenet of plate tectonics, rigid-body
movements of large plates of lithosphere, fails to apply to continental interiors, where buoyant continental
crust can detach from the underlying mantle to form mountain ranges and broad zones of diffuse

tectonic activity.

TWENTY-FIVE years ago, to explain some subtle, almost insig-
nificant spatial variations in the Earth’s magnetic field, Vine and
Matthews' integrated two wholly unproven and otherwise unre-
lated hypotheses—the creation of new sea floor at mid-ocean
ridges and recurrent reversals of the Earth’s magnetic field. In
doing so they helped launch a revolution in the Earth sciences.
Reduced to its essentials, plate tectonics is the quantitative
description of the kinematics of the lithosphere, the strong outer
layer of the Earth including the uppermost mantle and its
overlying crust. Vine and Matthews presented a method for
measuring how rapidly plates diverge from one another at
oceanic ridges, or spreading centres. Because most plate boun-
daries are very narrow, often consisting of only one fault or
fault zone, accurate mapping of the bathymetric expression of
these zones and the study of earthquakes at these boundaries
allowed the directions of relative motions between neighbouring
plates to be determined. By the late 1960s, geophysicists had
discovered an internal consistency of the rates and directions
of relative motions of these vast aseismic plates, at least where
the boundaries between them are indeed narrow, and therefore
had demonstrated that the plates move as effectively rigid bodies
over the surface of the Earth. This is plate tectonics.

Plate boundaries in oceanic regions are narrow. In contrast,
seismicity and active faulting in continental regions are com-
monly dispersed over thousands of kilometres. Today, one of
the central controversies among students of continental tectonics
concerns how best to describe this widespread deformation: by
the relative motion of rigid blocks (‘platelets’), or by the defor-
mation of a continuous medium that undergoes internal strain
and rotation (or vorticity). This is not to say that plate tectonics
has failed to help us understand how continents deform or
evolve, but that the fundamental assumption of plate tectonics,
rigid plate motion, provides an incomplete description of the
broad zones of deformation within continents.

Growing appreciation for this limitation has defined the study
of continental deformation for the last fifteen years, but not
until after attempts had been made to apply plate tectonics to
continental regions. As marine geologists established plate tec-
tonics as the paradigm for the tectonics of oceanic terrains,
land-based geologists were quick to realize that the geological
record contained evidence for plate motions earlierin the Earth’s
history. For example, they recognized that the mélanges of
oceanic sedimentary rock, basalt, and ultrabasic rock, typical
of oceanic crust and mantle (such as those found along the
coast of northern and central California), and the parallel belts
of granite (cropping out in the Sierra Nevada in eastern Califor-
nia), constitute geological evidence for the underthrusting and
off-scraping of oceanic floor beneath the granitic belt>’ (east-
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Fig. 1 Maps of New Zealand (after ref. 6) showing velocity fields

over the islands relative to the Australian (a) or Pacific (b) plate.

Note diffuse simple shear across both islands, as well as subduction

of Pacific Ocean floor beneath the North Island perpendicular to

the Hikurangi Trough (barbed line). The three large arrows indicate

the relative velocity between the Australian and Pacific plates, in
mm yr .

ward beneath western North America). A present day analogue
is the subduction of ocean floor beneath the volcanically active
Andean margin of South America. Such ‘geological corollaries’
for processes clearly occurring elsewhere today not only allowed
but required a reinterpretation of the geological histories of vast
areas, such as the western United States. Regional synthesis
became a respectable domain of serious scientists, a status that
had been lost since the very perceptive insights of geology's
grand thinkers, Wegener, Seuss and Argand, 50 to 100 years ago.

Plate motions and continental deformation

The acceptance of continental drift, seafloor spreading and
subduction of oceanic crust—ancestral concepts linked together
by plate tectonics—required a qualitative reinterpretation of
continental geology, but the application of the quantitative
aspects of plate tectonics revealed both the full power of plate
tectonics applied to continental regions, and its limitations. The
Vine-Matthews hypothesis applied to the sea floor of the Pacific
west of North America enabled Atwater® to determine its age
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and evolution and then the implications of that evolution for
the geological history of western North America. Not only had
oceanic crust been’ thrust beneath California, but that process
had continued until much more recently than could be inferred
from ages of rocks either along the coast or in the Sierra Nevada.
Atwater also showed that slip on the San Andreas fault in
southern California, initially considered to be the plate boundary
between North America and the Pacific plate, has been much
smaller than the displacement of those two plates since they
came in contact. Most significantly, her work emphasized that
an understanding of tectonic processes required much more
than the analysis of rock exposed at the Earth’s surface.
Although Atwater's application of the tenets of plate tectonics
to the oceanic realm in order to study the timing and scale of
processes within continental North America forced a reassess-
ment of the geological evidence for the tectonic evolution of
California, it provided little insight into how the interior of
western North America had deformed. She simply wrote this
off as deformation of a “‘wide, soft zone™™.

The interrelationship between rigid motion of oceanic litho-

sphere and more diffuse deformation in continental regions is
particularly clear in New Zealand, the islands of which straddle
a part of the boundary between the converging Pacific and
Australian plates. The Pacific plate, which includes the
southeastern part of New Zealand, rotates anticlockwise with
respect to Australia, the Tasman Sea and the rest of New Zealand
about a point ~1,000 km south of New Zealand. Pacific ocean
floor is underthrust beneath the North Island of New Zealand,
but deformation occurs throughout the crust of both islands
(Fig. 1). Re-surveys of bench marks installed over much of the
country in the last century revealed relative displacements of
the bench marks that could be described only as diffuse,
inhomogeneous strain, Nevertheless, an integration of that strain
across the South Island yields a rate and direction of conver-
gence of its margins that agrees remarkably well with the velocity
calculated using the Vine-Matthews hypothesis and data from
spreading centres in the South Pacific and the Indian Ocean®®.
The agreement is a tribute both to plate tectonics and to survey-
ing techniques developed in the last century, but perhaps the
most important result is the need to describe the deformation



in New Zealand in terms of strain and vorticity instead of -

rigid-body motion. Moreover, the internal rotation (or vorticity)
deduced from the re-surveys is corroborated by rotations,
measured using palaeomagnetism, of small areas within New
Zealand®. Thus, although one might conceivably be able to
describe the deformation of New Zealand as relative displace-
ments and rotations of numerous small blocks of crust, the
number and the dimensions of such blocks would probably
make such a description impractical.

The region where intracontinental deformation occurs on its
grandest scale is Central Asia (Fig. 2). The penetration of the
Indian subcontinent into the rest of Asia seems to be responsible
for the world’s highest mountains (the Himalaya, a consequence
of the overthrusting of slivers of India’s northern margin onto
the rest of the subcontinent) and the largest and highest plateau
(Tibet, a consequence of apparently distributed, crustal thicken-
ing), as well as the world’s deepest lake (Baikal, filling a rift
system caused by a splitting apart of the Asian landmass)”®.
Within the area of active deformation, ~3,000 km across, are
large regions, such as the Tarim basin, that do not seem to be
undergoing any deformation, and regions of comparable
dimensions, such as the Tibetan Plateau, that are sliced by
numerous faults, which isolate many tens of separate small
blocks. The deformation that we see at the Earth’s surface is
neither homogeneous nor accurately described by the relative
motion of a few rigid blocks.

Thus, whereas the success of plate tectonics on a global scale
encouraged Earth scientists to analyse areas as large as Central
Asia in terms of general processes, and whereas many of the
same techniques that contributed data fundamental for estab-
lishing plate tectonics were also vital for obtaining a qualitative
image of how deformation occurs in continents, we still lack a
quantitative description of the kinematics of this deformation
comparable with that used to describe plate motions in oceanic
regions. The broad, diffuse deformation of the western United
States, of New Zealand, or of Central Asia is much more
complex than the rigid-body displacements of a small number
of large plates, and finding a simple and accurate way to rep-
resent the deformation of continents remains a major task.

In short, plate tectonics is a poor approximation for the
tectonics of many continental regions because vast portions of
continental crust and mantle do not seem to move together as
parts of the same, coherent rigid plates. Why should this be?

Differences between continents and oceans

Oceanic lithosphere has only a few kilometres of crust overlying
its more dense mantle portion, but continental lithosphere com-
monly includes 35 km of relatively light crust. The difference is
crucial: whereas the thin oceanic crust appears to be dense
enough to plunge back into the mantle at subduction zones, the
buoyancy of thick continental crust keeps it afloat. If continental
lithosphere were strong enough to maintain its integrity at a
subduction zone, the buoyant continental crust would not only
resist being subducted, but the subducting plate would abruptly
grind to a halt when the continental ‘passenger’ reached the
trench.

The strength of continental lithosphere also contrasts with
that of oceanic lithosphere. The strongest part of oceanic litho-
sphere seems to lie in the mantle, between 20 and 60 km depth,
beneath a brittle upper part and above its increasingly ductile
lower part, which grades downward into the asthenosphere (Fig.
3). In the same depth range where oceanic lithosphere is
strongest, however, continental lithosphere consists of crust, not
mantle. At temperatures typical of the lower crust (400-700 °C),
the minerals comprising the crust appear to be much weaker
than olivine, the strong mineral that comprises most of the upper
mantle. Consequently, continental lithosphere could be much
weaker than oceanic lithosphere. Oceanic lithosphere behaves
as a virtually rigid plate because of its strong core, but, as the
late C. Goetze noted in the mid-1970s, continental lithosphere
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Fig. 3 Profiles of strength across oceanic and continental litho-
sphere, based on frictional strengths at shallow depths and ductile
flow laws of minerals at greater depths’. Note the strong core of
oceanic lithosphere at depths of 20-60 km and the probable weak,
ductile region in the lower continental crust. Obviously, other
phenomena, such as fluids, impurities in minerals or melting, can
modify these ¢urves, and given the uncertainties in the flow laws,
the strengths cannot be usefully quantified. The existence of a
low-strength zone in continents, however, seems very likely. The
boundary between crust and mantle, known as the Moho, is defined
chemically; mantle rocks are much richer in magnesium and iron
than either continental or oceanic crust. By contrast, the boundary
between lithosphere and asthenosphere is defined by a change in
rheology; the lithosphere comprises the crust and uppermost upper
mantle, which together make up a relatively strong shell overlying
the weaker asthenosphere.

might consist of three layers: a brittle upper-crustal layer, a
weak lower crust and a stronger uppermost mantle, which,
nevertheless, would not be as strong as the strongest part of the
oceanic lithosphere®. This jam-sandwich-like rheological profile
(Fig. 3) is also suggested by the frequent occurrence of
earthquakes (brittle deformation) in the upper crust, their nearly
complete absence in the (presumably weak, ductile) lower crust,
and their occasional presence in the underlying upper mantle'’,

These differences in rheology and buoyancy are probably
responsible for mountain ranges, the most spectacular features
of the continents, and for their virtual absence in oceans. (Mid-
ocean ridges and seamounts owe their relief primarily to volcanic
constructional processes and elevated temperatures in the under-
lying mantle, rather than to ‘mountain building® as described
below.) Most mountain ranges are built by crustal thickening.
When masses of crust are pushed together, their buoyancy
inhibits subduction into the mantle, and slices of upper crust,
detached from the region below, are thrust atop one another.
Crustal thickening does not seem to occur in oceanic regions
(where, instead, subduction of the entire lithosphere allows
sustained convergence of two lithospheric plates), but it dramati-
cally affects the style and amount of deformation in continents.

For crustal thickening to occur, and for mountain ranges to
be built, work must be done against gravity. Mountain ranges
and high plateaux store gravitational potential energy, and this
potential energy varies with the square of the mean height''. A
rapidly increasing amount of work must be done to increase the
mean height of an already elevated region, and therefore high
plateaux created by crustal shortening and thickening should
reach limiting elevations'"'?. Continued convergence will then
manifest itself by a growth in area of the range or plateau, as
thrust faulting leads to crustal thickening on its margins. Hence,
a high plateau can serve as a ‘pressure gauge’ for the average
pressure applied to its margins, and it can transmit this pressure,
much as a contained fluid transmits pressure laterally across



itself'''*. Note the important difference between the sustained,
virtually steady-state subduction of oceanic lithosphere into the
asthenosphere and the transient growth of continental plateaux,
by a process that has no analogue in plate tectonics.

Kinematics and dynamics

A key to the simplicity of plate tectonics is that the strength of
lithospheric plates enables the analysis of their kinematics to
be isolated and treated separately from the dynamic processes
controlling plate motions; relative velocities of plates can be
analysed without reference to the forces that give rise to them.
Conversely, the much different rheological structure of the con-
tinents, which allows rapid deformation of the crust and mantle
and facilitates the decoupling of one from the other, leads to
an inseparable dependence of the kinematics of continental
deformation on the dynamic processes controlling that deforma-
tion. In addition, because of crustal thickening, deformation
varies in all three dimensions, and horizontal variations in mean
elevation and in crustal thickness require horizontal gradients
in some components of stress. Thus, not only do we lack a
well-defined procedure for describing the kinematics of con-
tinental deformation, but we must also recognize the ultimate
necessity of considering the dynamics in three dimensions.

We cannot do this yet, and even progress in understanding
the dynamics of continental deformation in two dimensions is
recent. In an important study, England and McKenzie'* ana-
lysed the deformation of a thin viscous sheet as an analogue
for the continental crust and upper mantle. By considering
vertically averaged stresses and strains, they could study two-
dimensional variations in the deformation of such a sheet in a
gravity field. Calculations of stress, strain and vorticity fields
and of distributions of equivalent elevations and crustal thick-
nesses as a function of time depend on only two non-dimensional
numbers; one, the Argand number, measures the relative import-
ances of gravity and of material strength in inhibiting deforma-
tion, and the other is a measure of the nonlinear dependence
of strain rate on stress. With only two non-dimensional para-
meters, a full series of numerical experiments could examine
the dependences of the calculated fields on them and on the
boundary conditions. The most significant result of these
numerical experiments is the weak dependence of the deforma-
tion field on the geometry of the boundary conditions; deforma-
tion of a sheet indented by a rigid die decays rapidly at distances
from the die comparable to its width'*'?, By analogy with the
Earth, England and Houseman'® inferred that the penetration
of India (a rigid die) into Eurasia (a thin viscous sheet) during
the last 40-50 Myr caused crustal thickening in the area
~1,000 km north and north-east of the Himalaya, but that south-
east China has not been extruded very far to the east, out of
India’s northward path (see Fig. 2),

In another approach, laboratory studies by Peltzer and
Tapponnier'"'® of the indentation of plasticine, unconfined on
its top and bottom and on two sides but unconfined on one
lateral edge, addressed the rapid eastward extrusion of parts of
China and Indochina, which had been inferred from the preva-
lence of strike-slip faulting in Asia’®. They found a large lateral
extrusion of coherent, if deformed, pieces of plasticine®!”!,
The small expulsion calculated for the thin viscous sheet and
the large expulsion of plasticine are largely a consequence of
thickening of the indented viscous sheet but not of the plasticine,
but the difference between the rheological properties (or con-
stitutive laws) of the two media also contributes to the differing
observed styles of deformation.

Role of crustal blocks

This difference in assumed constitutive laws underscores one of
the principal questions asked about the dynamics of continental
deformation. The thin viscous sheet deforms homogeneously,
but plasticine undergoes strain softening, with the localization
of shear in narrow zones, analogous to faults and fault zones

in the Earth. The concentration of deformation in shear zones
allows intervening regions to be displaced coherently, as blocks
(or pieces of plasticine), but homogeneous deformation does
not include blocks that translate with respect to one another.
Clearly, the crust that we see and walk on is not flowing or
deforming with large strains, and the issue, therefore, is not
whether or not there are blocks of crust at the surface, but what
role they play.

In one extreme, the upper crust is imagined to consist of
decoupled blocks of rock whose composite relative displace-
ments serve primarily as passive markers that reflect the average
deformation of ductile material below®'>'%!%2° Hence, the
velocity or displacement fields of points on the surface of the
Earth would yield a rough image of ductile deformation of
(possibly stronger) material at depth. In the other extreme, the
outer part of the Earth deforms by localization of strain into
strong, if deformable, blocks, whose relative motions are con-
trolled by stresses on their edges®'"!%?!_ Effectively, such blocks
float on a weak substratum, the asthenosphere, in a manner
similar to ice fragments floating on water. In the former case,
slow motion of the underlying fluid carries the blocks, and in
the latter, boundary conditions on the lateral margins of the
deforming continent form blocks that rub on one another and
move above a passive fluid. Because studies of the viscous sheet
ignore localized weaknesses, and because the strongest part of
continental crust and upper mantle is thought to lie just below
the Moho, the thin viscous sheet approximates the former more
than the latter analogue. A medium, like plasticine, cut by
prominent shear zones is more analogous with the latter.

Clearly, these two oversimplified images of crustal blocks
driven by flow beneath them or by stresses on their margins
represent end-members which embrace the likely relationship
between the observable kinematics of continental deformation
and the dynamic processes that we try to infer. Consideration
of them as extremes, however, allows us to pose very simply a
number of specific problems that should reduce our ignorance
of how the dynamics and kinematics are related.

For example, suppose the thin viscous sheet were an appropri-
ate analogue for continental tectonics, and specifically suppose
that England and Houseman'® were correct in suggesting that
most of the extrusion of Tibet due to India’s penetration into
Asia has been absorbed by crustal thickening on the eastern
edge of Tibet and not by southeastward expulsion of south-east
China. Then, slip on the major strike-slip faults on the margins

. of Tibet and south-east of it should be small, less than 100 km.

Alternatively, suppose that Peltzer and Tapponnier™'” were cor-
rect that the deformation is controlled by the localization of slip
on major strike-slip faults and shear zones, and, in particular,
that expulsion of blocks comprising Indo-China and South
China has been large. Then, the cumulative slip on several faults
should also be large, more than 100-300 km on each fault,
summing to at least 1,000 km of cumulative displacement.
Burchfiel’s** and Zhang Peizhen’s®® measurement of only 10-
15 km of Cenozoic slip on the Haiyuan fault, the only significant
strike-slip fault strand in China with a well constrained total
offset, does not imply a large explulsion, but clearly the displace-
ment on only one fault is insufficient to prove this. In any case,
classical geological techniques for mapping offsets on major
faults hold the key to resolving this question, and quantifying
the amounts of deformation or displacement looms as one of
geology's great challenges for the future.

Although geological methods are honed for mapping both
displacements of coherent rock units at faults and large internal
strain of individual terrains, rotations of small regions or blocks
about vertical axes can easily go undetected; yet such rotations
may hold a key for understanding the relation between surficial
and deeper deformation. Beginning largely from the work of
Beck™ and Luyendyk™, a wealth of palacomagnetic data now
show large, late Cenozoic rotations of isolated crustal
blocks®***, and such rotations comprise an important part of
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Fig. 4 Idealized cross-sections across the Basin and Range Prov-
ince and the Sierra Nevada in California (after ref. 38), illustrating
the likely possibility (a, b) that crustal extension in Death Valley
may be detached from the mantle directly underlying it, and the
extension of the mantle lithosphere may underlie the Sierra
Nevada. The youthful uplift of the Sierra Nevada would be a
consequence of the intrusion of hotter material where the under-
lying mantle lithosphere had thinned. Cross-section ¢ shows the
older, apparently incorrect idea that the crust and its directly
underlying mantle would be stretched and thinned by the same
amount.

the deformation in broad shear zones®***°_ If such blocks were
dragged along (like ball bearings) by horizontal displacements
at the edges of the shear zone, the rate of rotation would be
simply the rate of slip of the margins of the shear zone divided
by the radius of the block. If, instead, the block floated on a
viscous medium undergoing distributed homogeneous shear, the
rate of rotation would be half as large (because only the vorticity,
and not the pure shear, of the viscous material would contribute
to the rotation'”?"). Thus, rates and amounts of rotations of
blocks driven by stresses on their edges or by flow beneath them
differ from one another. To distinguish between these two
extremes requires accurate measurements both of displacement
of opposite sides of the shear zone and the rotation of the
intervening material, as well as a belief that the areas that rotate
are equidimensional’’. What measurements exist (see, for
example, refs 6, 20, 28, 32) favour blocks floating on a viscous
substratum undergoing shear, but whether this process is com-
mon or not is not known.

Detachment of crustal fragments

If blocks were driven by stresses on their margins, then boun-
daries between them would probably pass directly from the
Earth’s surface through the stronger mantle beneath them. If
they were driven by flow beneath them, then the boundaries
between such blocks might be truncated by flat shear zones in
the crust. One of the exciting discoveries of the 1980s is the
widespread detachment of small blocks of the upper crust from
the lower crust and uppermost mantle. Following the work of
Anderson® and Armstrong®, field geologists working in the
western United States have mapped abundant evidence for large
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Fig. 5 Secismic reflection profile across the Garlock Fault in
California (a) and simple interpretation of it (b). The Garlock
Fault is a major strike-slip fault, with many tens of kilometres of
displacement™, but the fauit does not seem to penetrate below
~10-12 km depth (two-way travel time of 3.55). Instead, nearly
flat reflections pass beneath the surface trace of the fault and could
mark detachment of the upper from the lower crust. (From refs
40 and 41.)

horizontal translations of highly fractured blocks of upper crust
over ductilely sheared, strongly metamorphosed (obviously
hotter) lower-crustal rock. Whether the contacts between these
brittly deformed upper-crustal rocks and ductilely deformed
lower-crustal rocks mark single faults®® or a more complicated
juxtaposition of two entirely different styles of deformation®*-"
is unresolved, but it seems likely that the stretching of the crust
in one area might continue into the mantle elsewhere** (Fig. 4).

A lack of coherence between the upper continental crust and
its uppermost mantle is also virtually certain along some strike-
slip faults. Where strike-slip faults mark the boundaries between
oceanic plates (where they are known as transform faults), the
rigidity of the plates requires that the rate and amount of
displacement be the same at all points along the fault. In con-
tinents, however, the deformation of material on both sides of
the fault can be so large that the amount of strike-slip displace-
ment varies markedly along the fault’®. If this deformation
involved the entire crust, there would be marked differences in
crustal thickness across the fault. Seismic imaging of some
intracontinental strike-slip faults, however, suggests that these
faults do not penectrate deeper than 8-10 km***' (Fig. 5). Even
portions of the San Andreas fault in California may not continue
through the upper mantle directly beneath it**, Although the
surface trace is so overwhelmingly clear that pilots flying
between Los Angeles and San Francisco can navigate by it, part
of the mantle lithosphere beneath the Transverse Ranges seems
to detach and plunge into the asthenosphere instead of being
displaced coherently with the crustal blocks on either side of
the fault*’. Elsewhere, the San Andreas fault seems to pass
directly into the mantle as a narrower vertical zone*'. Thus,
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small crustal blocks separated by minor faults probably are
detached from the lower crust and upper mantle beneath them,
but major faults may pass through the strong uppermost mantle
as localized shear zones which separate plates, or small frag-
ments, of intact continental lithosphere.

Future directions

Ultimately, a full understanding of both the kinematics and the
dynamics of continental tectonics will include aspects of both
a continuous medium and the movements of strong blocks. The
question is how small blocks must be before their relative
motions are more accurately described as parts of a continuum.
At one extreme, a crustal block the size of Siberia is a plate, as
is the Tarim Basin, which at 500x 1,000 km behaves as a large
rigid block surrounded by zones of diffuse deformation. The
existence of only a few strike-slip faults in Asia along which
rates of slip exceed 10 mm yr ' also implies a concentration of
deformation in a few zones separating extensive, less rapidly
deforming regions, 200-500 km across. Near the other extreme,
each range in the Basin and Range Province of the western
United States, ~10-20 km across, seems to move with respect
to the others. A description of the velocity field for the Basin
and Range Province will surely require many more parameters
than the four elements of a two-dimensional velocity gradient
tensor. Moreover, if these small blocks are indeed detached
from the underlying lower crust and mantle, the deformation
of this deeper region could be continuous, and perhaps relatively
homogeneous. Hence some aspects of continental deformation
can be described well by relative motions of relatively rigid
blocks, which behave as small lithospheric plates, but others
seem to require the consideration of a continuous medium. Like
all complex questions, this becomes one not only of kind, but
also of degree.

Thus, one focus of future studies of continental tectonics will
surely be on measuring the kinematics of deformation. Tradi-
tional geological field mapping applied to quantifying deforma-
tion will continue to flourish, and its burgeoning offspring, the
study of Quaternary faulting, will surely yield the most precise
average velocities of slip on faults. The task of determining
rotations, however, will fall largely on the palacomagnetists.
Because deformation in the outer part of the Earth occurs largely
by slip during earthquakes, seismology will always hold a seat
in the presidium of continental tectonics. But the most rapid
advances in our understanding of the kinematics of continental
deformation may come with the imminent renaissance in survey-
ing, brought about by the implementation of Global Positioning
System satellites, which will make repeated measurements of
relative positions of points tens to hundreds, and even thousands
of kilometres apart easy, and eventually inexpensive. One can
foresee a time when the deformation of continents will be
monitored continuously.

Fig. 6 Inferred dynamics of the mantle
beneath Tibet and the Himalaya (from ref. 47).
Low seismic-wave velocities in northern Tibet
may mark a zone of upwelling in the asthenos-
phere. The flexure of the Indian lithosphere
beneath the Himalaya seems to require a bend-
ing moment applied to it, and convective down-
welling beneath southern Tibet could be the
source of that moment®®. Large, closely spaced
dots indicate colder temperatures, grading into
hotter asthenosphere with smaller, widely
spaced dots.

Asthenosphere

I have focused on the importance of the kinematics of defor-
mation as crucial for understanding why and how continents
deform as they do, but obviously such studies will not provide
all the answers. Two examples illustrate this. First, careful
laboratory work led Goetze and his colleagues® to recognize the
likely difference in profiles of strength through continental and
oceanic lithosphere (Fig. 3). Second, imaging of the deep struc-
ture of continental regions, largely with seismic waves (see, for
example, refs. 40-43), is vital for understanding how and where
the upper crust detaches from the underlying material—for
example, on narrow flat faults or a broad shear zone.

Back to dynamics

The tectonics of continents has found plate tectonics an
inadequate paradigm. Nonetheless, it shares one unsatisfactorily
answered and profoundly important question: What is the
driving mechanism?

Plate motions are the kinematic manifestations of large-scale
convection in the Earth; oceanic lithosphere is the cold boundary
layer of that convection. It is a simple matter to ascribe the
driving force to gravity causing plates to slide downhill from
mid-ocean ridges and pulling them into the asthenosphere at
subduction zones, but it is a rare fluid dynamicist who would
contend that these processes are understood or that such a
description constitutes a physically rigorous, quantitative
description of the driving mechanism. Similarly it seems prob-
able that mountain belts, at which crustal shortening is a major
process, overlie zones of convergence and downwelling convec-
tive flow in the mantle*** (Fig. 6). What is not known about
the structure of the upper mantle beneath major mountain belts,
however, dwarfs what is thought about such regions. A growth
in our knowledge of lateral variations in the structure of the
upper mantle is vital for an understanding of convection in the
mantle and the forces driving plate motions, which will, in turn,
bring a refined understanding of the forces that drive mountain
building and continental tectonics.

The contribution of plate tectonics to continental tectonics
has been enormous. The demonstration of large horizontal dis-
placements of terrains over the surface of the Earth required
not only the consideration of large-scale processes on the con-
tinents but also a very different understanding of the geological
record than had previously been widely held. The most profound
effect of plate tectonics on the Earth sciences, however, was to
expedite its transition from a largely qualitative, data-
cataloguing natural science to a quantitative physical science.
One obvious indication of this has been the enormous growth
of geophysical methods for solving geological problems—those
same methods that had demonstrated plate tectonics. A second
is the growing emphasis on problem solving. Most geologists
now map regions, not to put colour on previously blank maps,
but rather to solve specific problems that require better geologi-



cal maps than currently exist. Similarly, marine geologists no
longer ply the seas in a spiderweb of ship tracks, but now choose
specific areas for detailed study of particular phenomena. Per-
haps the most rewarding and the most useful result of plate
tectonics was the recognition that processes that had seemed
too difficult to study except qualitatively could, in fact, be
analysed quantitatively with simple physical concepts replete
with mathematics and meaningful uncertainties. Although
continental tectonics has not had a revolution like plate
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