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Pervasive fragmentation of continental lithosphere at
plate boundaries is the rule, not the exception. How-
ever, over most of the plate boundary zones of Asia
and western North America, crustal motions observed
by geodesy can be described well by models that use a
number of rigid plates or blocks, bounded by faults
that are presumed to cut the entire lithosphere. Only a
few areas, mostly in the Tibetan Plateau, may be
exceptions to this rule because they display a more
continuum-like deformation pattern. This might result
from deformation that is distributed broadly at depth,
even if it is mainly localized at the surface. The litho-
sphere of deforming Asia and North America is
fragmented into several large rigid or very slowly
straining regions, most likely small plates within the
plate boundary zone. Most of these small plates move
slowly, making the definition of the plates and their
boundaries sometimes controversial. The plate bound-
ary zones of Asia and North America are connected as
part of a broad band of distributed deformation that
marks the entire northern Pacific Rim. Distributed
deformation is continuous or nearly so from Baja
California around the north Pacific to Tibet, and
beyond. Study of plate boundary zones is complicated
by temporal variations in deformation. Despite the
time dependence implied by postseismic deformation
models, the concept of an interseismic period domi-
nated by steady deformation with time appears to re-
main valid. Development of an earthquake cycle
model that explains both pre- and post-earthquake
observations remains an area of active research. In
addition, there is some evidence for changes in fault
slip rates over time, particularly when pairs of faults
within a small area show coupled behaviour.
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Introduction — plate boundary zones

ACCORDING to classic plate tectonic theory as developed
in the 1960s, Earth’s crust is divided into a set of plates
that move relative to each other, each plate is rigid, and

e-mail: jeff.freymueller@gi.alaska.edu

CURRENT SCIENCE, VOL. 99, NO. 12, 25 DECEMBER 2010

all deformation occurs within narrow zones at the plate
boundaries. However, it was recognized from an early
stage that seismicity and active tectonics could be dis-
tributed across large areas, especially in the continental
crust. These broad areas of distributed continental
tectonic deformation are termed plate boundary zones,
reflecting the fact that each plate boundary zone spans a
boundary between plates and the cumulative deformation
across it corresponds to the total relative plate motion.
Outside of plate boundary zones, the approximation of
rigid plates moving at a steady rate over millions of years
is quite good. While there is evidence for non-zero inter-
nal deformation of the plate interiors, that rate of defor-
mation is a small fraction of the rate of plate motion"%.

Early plate models explained the most important tec-
tonic features on the planet using a small number of
plates (10-20). Today the number of major and minor
plates is reckoned to be several times larger. For example,
the PB2002 model® uses 52 plates, including many small
plates and microplates as well as areas of distributed de-
formation where the idea of plate tectonics, if it applies,
requires the ‘plates’ to be very small. Detailed models of
broad deforming areas such as western North America
suggest that plate tectonic-like models may apply even
down to the scale of blocks with dimensions of tens of
kilometers”.

Two important sets of questions related to the scale of
plate-like behaviour and the extent of plate boundary
zones will be addressed in this paper, using examples
from the plate boundary zones of North America and
Asia:

(1) What is the lower scale limit for ‘plate-like” beha-
viour? All deforming zones consist of a network of active
faults, some of which may be very close together. At
what point can the deformation resulting from these faults
be usefully described as plate-like? Are there regions on
the Earth where deformation is distributed broadly
enough that a plate-like description cannot describe the
motions adequately?

(2) At what scale do temporal variations in deformation
associated with the rheology of fault zones and the litho-
sphere and asthenosphere become important factors in
describing active tectonic movements? How much does
the non-elastic behaviour of the Earth affect estimates of
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steady tectonic motions? There is evidence for variations
in fault slip rates with time, sometimes involving paired
structures that alternate in activity. Over what scale do
slip rate variations affect a model of tectonic motions?

The answers to these questions require us to think
about how our ability to measure and to model something
can be separated from what is actually happening in the
Earth. The second question, if we can answer it, probes at
the underlying dynamics that produce the approximately
steady kinematic behaviour that we observe.

Defining and modeling rigid plate motion
through space geodesy

The motion of a rigid plate on the surface of a sphere can
be described by a rotation about an axis passing through
the geocentre, described by a single angular velocity vec-
tor. Models of plate motions consist of angular velocities
of plates relative to some reference frame, or angular
velocities of relative plate motions. Given the angular
velocity of a plate, the horizontal velocity vof a geodetic
site fixed to the crust is the vector cross product of the
plate angular velocity @ and the geocentric site position
V=mxr.

Although there are three components to the vector v,
when vis expressed in the local east-north-up coordinate
system defined at the site, the up component of v is
always zero. The simple plate tectonic model predicts
that all motion is horizontal, and this approximation is
good for the plate interiors, leaving aside isostatic effects.
Even close to plate boundaries, the approximation of
no-net-vertical tectonic motion is fairly good except at
convergent boundaries where vertical motions can be signi-
ficant.

The plate angular velocities @ and the site velocities v
are given in a specific reference frame. The reference
frame specifies the geocentre and direction of the coordi-
nate axes, and defines zero velocity and zero rotation. In
geodetic terms, the scale and scale rate are defined as
well, through the speed of light and the Earth’s gravity
field. A reference frame may be fixed to a particular plate
or defined based on some global criterion. The former is
convenient for studying plate boundary deformation, but
awkward for global geodesy. In order to distinguish
between plate motions and earth rotation variations, the
International Terrestrial Reference Frame (ITRF) defines
zero rotation using a condition of no-net-rotation of the
lithosphere, and today all geodetic solutions use some
version of ITRF. The most recent realization of the ITRF
is ITRF2008 (http://itrf ensg.ign fr/ITREF solutions/2008/).
Plate motions can be estimated by determining the plate
angular velocities in ITRF™°, or by estimating relative
plate angular velocities and geocentre motion directly
from a set of geodetic data®. The first approach provides a
set of absolute plate angular velocities, which makes it
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easy to determine plate motions of any geodetic site rela-
tive to any plate. The second approach yields relative
plate angular velocities, which can be compared directly
with geological indicators of relative plate motion such as
spreading rates at mid-ocean ridges or transform fault
azimuths'.

Argus et al.? showed that while plate motions over the
last few decades are very similar to geologic estimates of
plate motions over the last ~3 million years, for most
plate pairs the differences between geodetic and geologic
estimates of plate motions are statistically significant.
This implies that changes in plate motions of a few to
several per cent have occurred over the last three million
years, most notably the reduction in angular speed of the
Nazca plate relative to South America’.

Outside of known regions of tectonic activity the plate
interiors are rigid to a level comparable to the measure-
ment precision of GPS™®. Calais et al.®, analysed internal
deformation of the eastern part of the North American
plate, and found a weighted RMS residual horizontal
velocity of 0.7 mm/yr. However, horizontal residuals
showed a systematic spatial pattern, interpreted to be the
result of glacial isostatic adjustment (GIA). Horizontal
deformation from GIA complicates the determination of
the angular velocity of the plate itself, so Sella et al.®
used a set of 124 sites selected to minimize the effects of
GIA and used these sites to determine an updated esti-
mate of the North American plate. The unweighted rms
residuals for these sites were 0.6 mm/yr, consistent with
the estimated precision of the measurements. Bounds on
plate non-rigidity are similar for the interiors of other
large, well-studied plates™®. The Indian plate may be an
exception to this rule, most likely due to forces resisting
the India—Eurasia collision. Banerjee et al.'® found evi-
dence for north—south contraction across the Indian sub-
continent, which could reflect 2 + 1 mm/yr of shortening
across central India.

Elastic deformation and the difference between
instantaneous geodetic motions and long-term
geologic motions

Geologic data for relative plate motions, or at a smaller
scale for slip on faults, reflect long-term motions and
permanent deformation of the crust. As mentioned in the
previous section, instantaneous geodetic estimates of the
motions of sites in plate interiors agree with long-term
geologic estimates of plate motions to within a few per
cent, but the same is not true in the vicinity of active
faults. Close to active faults, geodetic data measure a
combination of the long-term motions and elastic defor-
mation that results from variations in slip on the faults
with depth. Most of the time the shallow part of a fault
does not slip because it is locked by friction, but when
deviatoric stresses are large enough to overcome friction,
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