Plate tectonics from space

Plate motion at the surface of the Earth can now be
directly measured using space geodetic techniques.
Measurements spread around the world are accumulat-
ing fast, and it is now possible to derive an accurate
plate kinematics exclusively based on these space data.
We discuss here a new map established at 1:50,000,000
scale summarizing the spectacular results of two
decades of geodetic measurements pertinent to plate
tectonics.

Introduction

Plate kinematics deals with the motion of tectonic plates at the
surface of the Earth. These motions, although small at the human scale,
are high enough at the geologic timescales to build mountains, open
new oceans and recycle old ones at subduction zones. At the scale of
the seismic cycle, these small motions are stored as elastic deformation
at locked active faults, sometimes during centuries. The cumulated
deformation is then suddenly released during large earthquakes as
meter to tens of meters fault slip, as in the case of the Sumatra mega-
thrust earthquake of December 2004.

In the early global plate models, “time” was introduced exclu-
sively through the use of magnetic anomalies flanking the mid-oceanic
ridges, correlated to the magnetostratigraphic timescale. Today, even
small relative plate motions are captured by space geodesy, using GPS
(Global Positioning System) and also other types of space techniques.
The accuracy of the relative plate motion is now below the millimetre
per year level. Satellite measurements of the Earth surface motion are
accumulating fast, and a spectacular image of the horizontal displace-
ments is emerging, solving plate kinematics enigma here and there and
raising new questions elsewhere. We present here a new map that
shows the current plate tectonics framework in the light of these new
satellite measurements, superimposed onto a basemap obtained also
from space techniques. Also shown in the background is a global plate
model obtained from the combination of several regional geodetic net-
works. In the course of this work, we also carefully revisited plate
boundaries, with special attention to areas of diffuse deformation not
only over the continents, but also within the oceans.

The plate tectonics revolution in the mid-1960s

Plate tectonics was discovered in the mid-1960s. It merely origi-
nated from the exploration of the deep sea floor using oceanographic
vessels. The crucial discovery was seafloor drifting at mid-oceanic
ridges, and in particular the recognition of a symmetrical pattern of
magnetic anomalies on their flanks. Their link with the creation of new
oceanic floor was definitely interpreted as seafloor spreading where
plates diverge (the Vine-Matthews hypothesis). The counterpart of
plate divergence and new oceanic crust formation was plate conver-
gence and consumption of (generally) old oceanic lithosphere at sub-
duction zones, associated with deep sea trenches, large earthquakes
(Wadati-Benioff zone) and volcanic belts (e.g. the Pacific fire ring).
Outstanding young scientists (Jason Morgan, Xavier Le Pichon and
Dan McKenzie) firmly established the basis of the plate tectonics the-
ory—in which plate rigidity was a key element—allowing the calcula-
tion of the first global models of plate motion, known as plate "kine-
matics" (see the history of Plate Tectonics, in Le Pichon, 1991, the first
global plate model in Le Pichon, 1968, and the seminal paper of Mor-
gan, 1968).

Rates of motion in these models were exclusively derived from
the distance of the oceanic magnetic stripes to the ridge where they
were formed—divided by their age obtained by magnetostratigraphic
correlations. One requirement was that a sufficiently long time had
elapsed since their formation, so that their distance to the ridge axis
was long enough to ease their identification as known magnetic chrons.
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The modelled kinematics was thus an average over a time interval of
about 3 million years, nowadays referred to as "geologic model"
(DeMets et al., 1990 & 1994). Plate tectonics was thus born from the
sea, and the magnetic "barcode" remained our unique geological watch
to measure plate velocities for the following decades until the advance
of space geodesy.

Plate motions from space geodesy

The first artificial satellites were launched at approximately the
same time (Sputnik, 1957). Without mentioning the bunch of applica-
tions unrelated to the progress of science, positioning was one useful
output. However, few geoscientists in these early years would have bet
a penny on the "real-time" detection of plate motions, these motions
being considered as too small with respect to the large errors involved
in ground station positioning. The unbelievable occurred in the 1980s,
with the launch of the first GPS satellites constellation devoted to posi-
tioning and navigation: the accuracy was high enough to measure cur-
rent plate motions. Aside to the 3 million years "geologic" watch, plate
kinematics could now be measured over a time-span of a few years by
measuring centimetre changes in ground stations positions. A new
plate kinematics was thus established, exclusively based on satellite
measurements (e.g. Sella et al., 2002; Kreemer et al., 2003).

The space-based models—now referred to as "geodetic
models" —actually match the predictions of the conventional "geologic
models" for a number of plates. Apart from delivering horizontal
crustal motion at places where conventional geologic models failed,
geodetic models allow to reassess major plate motions (steady-state
motion) and ultimately discuss the evolution of these motion through
time—in particular close to plate boundaries (transient deformations
such as those related to the seismic cycle).

The new map

We briefly discuss below some of the elements of the new map.

Localized boundaries

The starting information is the plate boundaries version PB2002
(Bird, 2003) and the working set of plate boundaries from the PLATES
Project (UTIG, see web link below). Ridges and transforms have been
entirely redrawn. We used a combination of Harvard central moment
tensor database (< 30 km depth), Engdahl relocated epicentres (< 30
km depth, Mw > 5.0; Engdahl et al., 1998), bathymetry and small cir-
cles of plates relative motion. All earthquakes epicentres were geo-
referenced into several layers, although they are not shown in the final
version of the map (see Figure 1 for example of superimposed seismic-
ity layer). Whenever possible, we used high-resolution surveys and
regional tectonic studies recently published and redrew the boundaries
accordingly.

Distributed boundaries

Although they generally are, plates are not necessary bounded by
localized faults. We did not try to force "plate boundary closing" at
places where we do know that the exact boundary cannot be delimited
- such as regions of very small relative motion between two adjacent
plates (simply because their relative pole of rotation is there) or regions
of true diffuse deformation. A classical example of slow motion is the
North America—Eurasia relative motion in the Laptev Sea (Arctic)
when approaching the location of the relative pole of rotation of those
two plates (close to the Lena River delta, see Figure 1). Diffuse bound-
aries are widespread over the continental lithosphere, either as regions
of diffuse compression (e.g. Mediterranean, Andean and Himalayan
orogens, see Figure 2) or diffuse extension (e.g. Basin and Range
Province, western Turkey). Although less studied, areas of diffuse
compression and/or extension are also found over the oceanic litho-
sphere, such as the diffuse boundaries between India—Australia—Capri-
corn plates in the Indian Ocean, between North America and South
America plates in the Central Atlantic Ocean, between Eurasia and
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Figure 1 North Pole inset, including the seismicity (focal mechanisms) layer. Main tectonic
boundaries are in blue. Orange transparency underlines zones of distributed deformation. Red
arrows are measured motion with error ellipses (ITRF-2005 in an Eurasian frame of
reference) and light arrows in the background are modelled velocities (GSRM model).
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Figure 2 Zoom of the Himalayan collision belt. Notice the crustal flow around the eastern
syntaxis channelled east of Tibet and west of the South China block, as well as the intraplate
deformation in the Indian Ocean off Sumatra.

Nubia offshore Gibraltar, between
Macquarie and Australia plates in the
Southern Ocean. Based on the observa-
tion of active deformation—either
from field works and/or seismicity—
we chose to identify these regions of
diffuse deformation by a specific pat-
tern, with some indication on the type
of deformation they may accommo-
date.

The areas of “distributed defor-
mation” (orange transparency on the
map) are intended to outline intraplate
deformation, i.e. tectonically active
zones affected by on-going perma-
nent deformation. In that sense, zones
of elastic coupling (sometimes
referred to as interplate deformation)
are omitted, although they can be
quite large (coupling at large tran-
scurrent faults or at subduction zones
for example). Notice that at subduc-
tion zones where sedimentary accre-
tion occurs - as well as within oro-
genic belts - intraplate permanent
deformation and interplate transient
deformation overlap. Major (not all)
accretionary prisms are included as
intraplate deformation.

Geodetic data

We show exclusively the global
set of stations used to define the stan-
dard International Terrestrial Refer-
ence Frame (507 sites in the ITRF-
2005, shown on the map in an Eurasia
reference frame). The ITRF is a real-
ization of the International Earth
Rotation and Reference Systems Ser-
vice (IERS) in charge of providing
global references to the astronomical,
geodetic and geophysical communi-
ties, hosted by the Institut Géo-
graphique National (IGN France).
The latest solution includes four types
of positioning techniques:

o GPS (Global Positioning System):
The Global Positioning System
consists of the measurement of
arrival times of Ultra High Fre-
quency waves emitted from a con-
stellation of satellites.

e SLR (Satellite Laser Ranging): A
global network of stations that mea-
sures the instantaneous round-trip
time of pulses of light to satellites
equipped with special reflectors.

e VLBI (Very Long Baseline Inter-
ferometry): This technique uses
observations of quasars in the
microwave frequency band to
yield positions of radio telescopes
and radio sources.

e DORIS (Doppler Orbitography and
Radiopositioning Integrated by
Satellite): DORIS is a permanent
network of emitting stations dis-
seminated worldwide, tracking
satellites equipped with the
DORIS instrument.
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To avoid vectors superimposition, some of the ITRF vectors
were omitted, in particular at sites where several techniques overlap
or in regions of vectors clustering.

Frame of reference for geodetic vectors

Plate motion velocities—originally given in the ITRF reference
frame —were rotated into a more convenient Eurasia reference frame.
We use a total of 53 site velocities to derive this frame, most of them
concentrated in Western Europe. In this new frame, the mean residual
vector is 0.4 mm/yr, the individual residual vector is less than 1.4
mm/yr at all stations, and 50% of the stations have a residual below 0.6
mm/yr. These numbers are quite representative of the type of accuracy
that is reached today. All ellipses shown are 3 times the formal error.

Geodetic model

We selected a self-consistent geodetic model (Global Strain Rate
Model: GSRM v1.2) that includes a large number of regional studies.
The numerical technique not only solves for a worldwide plate veloc-
ity field, but it also solves for the misfit between the different reference
frames of the different studies, and accounts for diffuse plate bound-
aries. A full description of the technique used can be found on the
UNAVCO site (see web link below) and in Kreemer & al., 2003. We
use the latest version of the model released in May 2004. The GSRM
model does not solve for the motion of all tectonic plates, since many
small plates do not have any geodetic site. The model includes the fol-
lowing plates: Amuria, Anatolia, Antarctica, Arabia, Australia,
Caribbean, Eurasia, India, Nazca, North America, Nubia, Okhotsk,
Pacific, Philippine Sea, Somalia, South America, South China, Sunda,
Tarim. It excludes: Scotia, Rivera, Capricorn, Caroline, Cocos, Sand-
wich, Burma, etc. ... Slivers are not included either. The reader may
refer to Bird (2003) for a full updated model of tectonic plates.

Basemap

We used the SRTM30_plus v1.0, released in November 2004,
resampled at 2'. Land data are based on SRTM30 grided DEM data cre-
ated from the NASA Shuttle Radar Topography Mission. GTOPO30
data are used for high latitudes where SRTM data are not available.
Ocean data are based on the Smith and Sandwell global 2' grid between
latitudes +/- 72 degrees. Arctic bathymetry is from the International
Bathymetric Chart of the Arctic Ocean (IBCAO). GEBCO data are
used for high latitudes where SRTM data were not available (see the
SRTM web link below)

Discussion

Perhaps the most unexpected result is the general agreement of
the geodetic motions with the predicted geological motions obtained
previously through conventional global plate models. According to
global geodetic models, the geodetic motion of two thirds of plate pairs
agrees with the NUVEL-1A geologic velocities within uncertainties
(Crétaux et al., 1998; Sella et al., 2002). This was quite surprising not
only because of the large difference in time-scale (3 million years aver-
age for the geologic models versus several years for the geodetic mod-
els), but also because the geodetic models are exclusively derived from
land measurements. The conclusion is that the motion of many of the
plates remained stable through time for at least the last 3 million years.
Quite interestingly, a few plates show definitively different motions.
We exclusively discuss here the plates for which recent literature
points to significant discrepancies not related to errors in the models.
Differences may indeed arise because of poor constraints in the geo-
logical model—such as plates surrounded mainly by subduction
(Philippine Sea plate, Sunda plate, Caribbean plate...)—or poor con-
straints in the geodetic model (e.g. purely marine plates, with a small
number of geodetic stations). One of the most significant differences
relates to plates involved in the Himalayan belt sensu lato: the geodetic
motion of Nubia (Africa), Arabia and India relative to Eurasia seems to
be at least 20% slower than the 3 million year average (Socquet et al.,
2006; Calais et al., 2003). In the case of Nubia/Eurasia, the direction of
motion itself seems to be significantly deviated. These differences are
interpreted as true long-term deceleration in plate convergence (Vigny
et al., 20006).
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Plate rigidity —a fundamental requirement of the plate tectonics
hypothesis—can be re-evaluated using these new geodetic measure-
ments. A measure of the deformation in plate interiors is the misfit to a
rigid-plate rotation for one given plate. The best test is probably the
Eurasian plate, in particular its western portion which is uniformly
covered by permanent stations measured for one to two decades. Tak-
ing the mean of the residual vectors quoted above (0.4 mm/yr) over
distances that reach at least 2500 km, the geodetic rate of deformation
for Eurasia is 2x10710 yr-1. This value merely reflects the current res-
olution of the geodetic measurements, since smaller rates of defor-
mation are probably not yet detected due to errors inherent to the
space techniques. Still, this rate is one to two orders of magnitude
less than the rate which is actually measured in actively deforming
regions. Intraplate deformation of the oceanic lithosphere is 50 times
larger (Delescluse and Chamot-Rooke, 2007), and intraplate defor-
mation in the Himalayas is 200 times greater (Calais et al., 2006).
Geodetic strain in plate interiors is thus confirmed to be small. Note
that even at these small rates, plate interiors may experience infre-
quent but large earthquakes due to long period of strain accumula-
tion.

Densification of the geodetic networks in active continental set-
tings provides spectacular views of the crustal dynamics. Escape of
the Anatolian microplate sideway of the Arabia-Eurasia collision
(Mc Clusky et al., 2000; Kreemer and Chamot-Rooke, 2005) and
crustal flow around the eastern syntaxis of the Himalayas (Wang et
al., 2001; Shen et al., 2005) are particularly well documented (see
Figure 2). The obtained continental kinematics is a key element to
discuss some of the fundamental earth deformation problems: distrib-
uted versus localized deformation in mountain belts (Holt et al.,
2000; England and Molnar, 2005), degree of coupling between deep
ductile layers and upper brittle crust (Flesch et al. 2005; Shen et al.,
2005), origin of the forces that drive plate tectonics (Flesch et al.,
2001; Gosh et al., 2006).

Geodetic measurements catch not only the long-term motion
(plate tectonics), but also a number of transient (short term) deforma-
tions generally related to the seismic cycle. These include interseismic
loading due to the elasticity of the crust and mantle at locked faults
interfaces, co-seismic displacements related to earthquakes, post-seis-
mic viscous relaxation following great earthquakes. Measurements of
the interseismic deformation allow reassessing the present-day motion
across many of the continental active faults, and comparisons with
their Holocene rates obtained from geological markers open a new field
for faults studies. Discrepancies between geodetic and geological slip
rates are tentatively interpreted as true variability through time. GPS
measurements of the post-seismic relaxation also shed new light on the
deep crustal and mantle rheology. These effects are large for stations
close to the main tectonic boundaries, and they may even affect a large
number of remote stations for the mega earthquakes such as the recent
Dec. 2004 Sumatra earthquake (Vigny et al., 2005). All velocities
shown in this map potentially include some of these transient effects
(both data and model).

Conclusions

This new map is a first step towards the integration of space mea-
surements into a modern geodynamic framework. We deliberately
choose to show the permanent sites only, those that are actually used to
calculate the International Terrestrial Reference Frame of the geodesists.
Local and regional GPS networks are being developed in many places of
the world, multiplying the number of ground stations available for future
occupations. The next challenge is to integrate these networks into one
single coherent frame of reference for a future edition of the map.
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Relevant web sites

ITRF2005
http:/litrf.ensg.ign.fr/ITRF_Solutions/2005/ITRF2005.php
GSRM v1.2
http://gsrm.unavco.org/intro
Plate boundaries
http://www.ig.utexas.edul/research/projects/plates/plates.htm
Basemap
http://topex.ucsd.edu/ WWW_html/srtm30_plus.html
Jftp:/topex.ucsd.edu/publ/srtm30_plus/README.txt
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