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SUMMARY

We use 1867 GPS-measured velocities to geodetically constrain Indian plate motion and in-
traplate strain, and we examine plate boundary deformationand plate interactions around the
Indian plate. Our solution includes 15 GPS velocities from continuously recording stations
from within the stable Indian plate interior that are used toestimate the rotation parameters
of the Indian plate with respect to its neighbors. We test a two-plate Indian system divided by
the Narmada Son Line and find this scenario to be significant only to 89%. India is a stable
continental plate verified by the robust nature of the GPS Data. Dense station coverage along
the Himalayan range front allows us to rigorously test boundary parameterizations and develop
a preferred plate boundary model. In our preferred model theHimalayan Range Front accumu-
lates ˜50% of the India-Eurasia convergence with as much as 18 mm/yr of slip accumulation
along some segments. We compare slip vector orientations with predicted divergence direc-
tions from our preferred model along the Somalian plate boundary. We see general agreement
between our preferred model and the seismological data. Deviations between our model and
the slip vectors highlight areas of diffuse oceanic deformation along the plate boundary. We es-
timate convergence vectors for the relative plate pairs along the Sumatra subduction zone. We
test for the transition between Australian plate convergence and Indian plate convergence along
the Sumatra subduction zone and refine the interseismic motion of the Burman sliver plate.

Key words: Plate motions; Space geodetic surveys; Neotectonics

1 INTRODUCTION

The Middle and Far East (centered around India) are a complexre-
gion of actively deforming plate boundary zones. With the excep-
tion of some discrete mid-ocean ridges in the western IndianOcean,
the Indian plate is bounded by zones of broadly distributed active
deformation. The most widely distributed plate boundary inthe
world is actively deforming as continental India continuesto collide
with Eurasia. Beginning at the Indian plate’s northern edge, along
the Himalayan Range Front, active deformation extends through
Tibet and into China, Mongolia, and as far north as Russia. Along
India’s eastern flank the subduction of the Indian plate under the
Burma plate in the Andaman-Nicobar Islands region was the source
area of most of the 2004 Mw 9.2 Sumatra earthquake rupture. To
the south the transition between the Indian plate and the Australian
plate is uncertain as seismicity is dispersed over thousands of kilo-
meters and shows no distinct trends that highlight an obviously dis-
tinct boundary. Along India’s western plate boundary, the Central
Indian Ridge, the Carlsberg Ridge, and Owens Fracture zone dis-
cretely separate the Indian plate from the Somalian and Arabian
plates through a series of spreading centers and transform faults
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manifested clearly in seismicity trends and bathymetry (Figure 1).
It has been difficult to rigorously characterize the kinematics of
many of these active boundaries due to the lack of robust Indian
plate motion parameters and the complex kinematics of smaller mi-
croplates involved in the deformation. Using a comprehensive GPS
velocity field of 1867 stations we determine the motion of India
with respect to its neighbors, quantify deformation withinthe In-
dian plate, and explore the magnitude, nature, and distribution of
deformation along the plate boundaries of the Indian plate.We fo-
cus on illuminating the pattern of deformation across some of the
diffuse plate boundary zones within the context of simple block
models that use measured interseismic GPS velocities to estimate
the rotations of rigid blocks and elastic strain fields near locked
block-boundary faults.

1.1 Geologic Plate Motions

Conventionally, instantaneous Indian plate motion has been es-
timated using closed plate circuit models and summing motions
across mid-ocean ridges constrained by magnetic lineations, trans-
form fault strikes, and earthquake focal mechanisms (DeMets et
al., 1990, 1994). In more recent revisions to the plate circuit mod-
els DeMetset al., (2005) and Royeret al., (2006) separate Soma-
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lia from Nubia (formally the African plate) reducing the predicted
India-Eurasia convergence rates by ˜12% from previous estimates
that include Nubia and Somalia as one single plate. Indian plate
motion slowed between 20 Ma to 10 Ma as the Himalayas and
Tibetan plateau grew and appears constant since ˜8 Ma (DeMets
2005; Merkouriev and DeMets, 2006) . The updated plate motion
models more closely match geodetic plate motion estimates derived
from GPS measurements (discussed in section 1.2).

1.1.1 Driving Forces

Likely forces that drive Indian plate motion are edge forces(ridge
push and slab pull) and basal tractions from relative motions with
respect to the underlying mantle at the base of the plate (Cloething
and Wortel, 1985; Copleyet al. 2009, inpress). The gravitational
potential of the Tibetan Plateau may also play an important resist-
ing role to northward motion of India (e.g., Fleschet al., 2001; Cop-
ley et al., 2009, inpress). In this paper we examine plate boundaries
where these forces act and rigorously characterize the plate bound-
ary interaction and deformation. The style and magnitude ofthe
deformation has implications for potential plate tectonicdriving
forces, particularly in areas of diffuse oceanic deformation (Fig-
ure 2) or areas of diffuse continental deformation (TibetanPlateau)
where plate boundaries are not well characterized.

A number of models in recent years have attempted to ex-
plain the observed GPS velocities within the Eurasia-Indiacollision
zone. End member models include continuum interpretations(e.g.
England and Molnar, 2005) and rigid block models (e.g. Thatcher,
2007; Meade, 2007), however discriminating one from the other
still remains somewhat of a challenge. Although we adopt theblock
modeling methods for model parameterization in Tibet we do not
assume that it is a unique method for characterizing the deforma-
tion observed in the GPS velocities. This is, in large part, due to the
fact that the scope of this analysis and paper is focused on describ-
ing the deformation (rate and sense of slip) of the upper crust with
respect to plate kinematics. We do not attempt to address thefull
problem of relating the inferred kinematics of fault-bounded crustal
blocks to the underlying dynamics and driving forces (Flesch et al.,
2001; Copleyet al., 2009, inpress)

Surface geodesy (GPS) has been used in an attempt to quanti-
tatively relate crustal deformation to the forces that drive it. How-
ever, it requires simplifying assumptions to be made about the
strength distribution in the lithosphere. If elastic crustis strongest,
interactions among blocks control of deformation. If ductile litho-
sphere is stronger than flow properties determine the surface defor-
mation. Careful kinematic characterization of deformation in the
Indian Ocean and in the Tibetan Plateau may help elucidate the
major contributing driving forces of diffuse tectonic deformation.

1.2 Geodetic Plate Motions

Recent geodetic estimates of Indian plate motion (e.g., Paul et al.,
2001; Sellaet al., 2002; Prawirodirdjoet al., 2004; Socquetet al.,
2006a; Bettinelliet al., 2006) used GPS velocity vectors to calcu-
late a pole of rotation that suggests Indian-Eurasian convergence
rates are ˜10 % slower than geologic estimates spanning the last
3 Ma (Royeret al. 2006). The geodetic location estimates vary
(Table 1), in part because data from only two continuous Indian
GPS sites (IISC, HYDE) were used. For example, Socquetet al.,
(2006a) estimate an India-Eurasia geodetic pole using these two
sites in addition to four stations in southern Nepal (MAHE, NEPA,

BHAI, and SIMR) which they assume record velocities represen-
tative of rigid Indian plate motion. Their predicted India-Eurasia
convergence rates are ˜5 mm/yr slower along the Himalayan front
than those presented in Paulet al., (2001), who also used data from
12 campaign GPS stations distributed across the southern subcon-
tinent. Kogan and Steblov (2008) use DGAR, DHAK and MALD
in addition to IISC and HYDE to define stable Indian plate motion.
They assign DGAR, which is located close to the India-Australia
plate boundary zone to the Indian plate, which does not change
their plate motion parameters to a significance level of 95%.Their
estimates for IND-EUR plate motion are in good agreement with
previously published geodetic poles (Figure 4). In this paper, we
incorporate new data (Banerjeeet al., 2008) spanning a larger por-
tion of the ”stable” Indian plate than previous studies. Oursolution
includes data from 29 continuously recording stations in India, in-
cluding 15 that are located well within the Indian plate. Thenew
data provide robust constraints for estimating plate boundary mo-
tion between India and its neighboring plates.

1.3 India Intraplate Deformation

Intraplate seismicity exists across central India. It may be related to
flexure of the plate as it is thrust below Tibet (Bilhamet al., 2003),
high compressive stresses adjacent to the India-Eurasia collision
zone, or, in the case of the Mw 7.7 Bhuj earthquake, an extension
of diffuse plate boundary deformation that extends from thewest-
ern Sulaiman range bounding India to the northwest (Steinet al.,
2002). The Narmada-Son lineament through central India shows
high heat flow and strain rates estimated from seismicity larger
than many stable continental regions that may suggest a concen-
tration of intraplate deformation (Rao, 2000) or the separation of
India into two distinct plates. It is possible that the seismicity in the
region is also enhanced by a thinned and weakened lithosphere due
to passive-margin normal faulting in the Cretaceous (Biswas et al.,
2007) and by heating from the plume head responsible for the late
Cretaceous Deccan flood basalts (Kennett and Widiyantoro, 1999;
Chandrasekharet al., 2009).Here we thoroughly evaluate geodetic
evidence of active intraplate deformation within the Indian plate
interior from the GPS data.

The Shillong plateau in Northeast India exhibits considerable
north-south shortening supported by the existence of largeearth-
quakes such as the great Assam earthquake of 1897 (Bilham and
England, 2001). In addition detailed analysis of moderate earth-
quakes in the same region is also consistent with the north-south
shortening (Angelier and Baruah, 2009). Exhumation rates deduced
from low-temperature chronometric data suggest a convergence
rate of 1-3 mm/yr across the plateau, since 9 Ma (Biswaset al.,
2007; Clark and Bilham, 2008). GPS data in the Shillong Plateau
region also show contraction with respect to stable India (Banerjee
et al., 2008). We separate the Shillong Plateau from India as its own
microplate and test its statistical significance using F-statistics. We
use the Shillong block’s rotational parameters to estimateslip rates
along its boundaries.

1.4 Our Analysis

We present, for the first time, a robust Indian plate model that in-
cludes high quality GPS data from within the Indian continent and
across its plate boundaries that is well distributed spatially (Baner-
jee et al., 2008). We model newly processed GPS data and data
from published sources (see section 3.2) in a block modelingap-
proach to incorporate both rigid block rotation and a first-order
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Table 1. Geodetic Indian Plate Rotation Parameters

Reference Year Latitude◦N Longitude◦E Rateω ◦/Myr σmaj σmin Azimuth # Sites Used

Sella 2002 -13.99 53.65 0.483±0.013 11.7 0.5 80 3
Prawirodirdjo 2004 -41.99 45.72 0.487±0.015 12.11 0.73 29 2
Bettinelli 2006 -10.92 51.41 0.483±0.015 NR NR NR 5
Socquet 2006 -12.1 50.9 0.486±0.010 5.11 0.61 108 6
THIS STUDY 2010 -1.572 53.27 0.503±0.001 3.144 0.96 86 19

NR- Parameters were not reported.

model of near-boundary elastic strain accumulation effects in a for-
mal inversion of the GPS velocities. We simplify boundary parame-
ters (geometry and locking characteristics) within actively deform-
ing zones in an attempt to constrain motions on large-scale struc-
tures without attempting to elucidate the style of deformation (i.e.
block-like or fluid-like). The robust plate motion parameters for
Eurasia, Australia, Sunda, and India allow for the rigoroustesting
of variable plate boundary geometries and consideration ofmodels
that include smaller microplates within the plate boundaryzones.
These models allow us to further illuminate patterns in the interseis-
mic strain accumulation along the Indian plate boundary including
the Sumatra subduction zone and the Himalayan range front.

2 INDIAN PLATE BOUNDARIES

Tectonic plates are often modeled as rigid blocks with discrete
boundaries. Global plate models (e.g., DeMetset al., 1990; Sella
et al., 2002) regardless of data source, explain crustal motions well
within this simple paradigm. More sophisticated models parame-
terize plate boundaries, marked by zones of deformation, using a
series of rigid blocks with more distributed deformation (typically
elastic) occurring along the edges that span the boundary zone (e.g.
Meade, 2007). This increased complexity of bounding rigid blocks
with elastic dislocations has been useful for interpretinggeodeti-
cally measured, interseismic crustal deformation data by providing
context for far field plate rates while simultaneously estimating slip
rates along localized structures.

The Indian plate and its boundaries provide a unique oppor-
tunity to fully characterize plate boundary deformation around an
entire plate. The collection of geologic slip rates and earthquake
sources in and around the Indian plate allow us to compare our
model derived from geodetic data with geologic and seismological
data in the context of one plate tectonic construct. In the following
sections, we will circumnavigate the Indian plate in a counterclock-
wise direction examining each of the plate boundary deformation
zones in turn.

2.1 West: Ocean ridges and transforms

To the west, the Owens fracture zone separates India from theAra-
bian plate. This fracture zone marks the northernmost oceanic In-
dian plate boundary. The Owens fracture zone is a dextral transform
fault zone (Fournieret al., 2008) that intersects the Makran subduc-
tion zone at the diffuse triple junction of the Indian, Arabian, and
Eurasian plates. The southern extent of the Owens fracture zone
terminates at the India-Arabia-Somalia triple junction. South of the
Owens fracture zone, the Indian plate is separated from the So-
malian plate along a discrete oceanic rift boundary. This boundary
is completely submarine defined by the Carlsberg Ridge and the
Central Indian Ridge (Figure 2) highlighted by discrete seismicity

(Figure 1), sea floor ridges, young crust, and rift-orthogonal trans-
form faults. Here we compare the orientations of relative plate mo-
tions across the oceanic plate boundaries predicted by our model
with slip vectors of transform and normal-faulting earthquakes to
explore in more detail the transition from Indian to Australian plate
motion.

2.2 South: Diffuse India-Australia deformation

Around 6◦ S, the Carsberg Ridge meets the northern edge of a
broad region of oceanic lithosphere that is actively deforming be-
tween the adjoining Indian and Australian plates (Wienset al.,
1985) (Figure 1). Delescluse and Chamot-Rooke (2007) thoroughly
analyzed this plate boundary zone by exploiting seismological data,
far field GPS velocities and heat-flow data, and conclude thatthe
region appears to be neither rigid Indian plate nor rigid Australian
plate. They also conclude that while the Ninetyeast Ridge repre-
sents a clear strain discontinuity, the separation betweenthe India
and Australian plate is not discrete. The broad plate boundary zone
(shaded region in Figure 2) may involve an independently rotating
Capricorn plate identified from magnetic anomaly data (Demets,et
al., 2005 and references therein). As a result the Sumatra subduc-
tion zone, south of the Andamans, may mark the edge of either the
Indian or Australian plate. We determine an updated pole of India-
Australia plate motion to better constrain the regional kinematics
across this complex plate boundary zone. As described in sections
2.1 and 2.3, we further explore the distribution of strain inthis de-
formation zone where it interacts with the western and eastern plate
boundaries.

2.3 East: Arakan-Andaman- Sumatra

Along the eastern boundary of the Indian plate, south of the Shil-
long Plateau, is the northwest-southeast striking Arakan Trench
and sub-parallel right-lateral Sagaing fault zone. The active An-
daman subduction zone is the southern extension of the Arakan
Trench that separates the Indian Plate from the Burma microplate.
The small, narrow Burma microplate sandwiched between the In-
dian plate and the Sunda plate (Figure 2) is bounded to the west
by the Sumatra subduction zone and to the east by the strike-slip
Great Sumatra Fault and its extension of stepping transformand
oceanic ridge segments in the Andaman Sea that connect to the
Sagaing fault in the north (Curray, 2005). Accurate convergence
rates across the Sumatra subduction zone and displacement rates of
the Burma microplate are important for recurrence rate estimates in
light of the Mw 9.2 Sumatra-Andaman Island earthquake of 2004.
The subduction of the Indian or Australian plate under the Burma
microplate is the cause for megathrust events like the 2004 earth-
quake. We update the Sunda and Burma plate motion parameters
and interseismic strain accumulation estimates across theSumatra-
Andaman subduction zone. We explore the possibility and implica-
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tions of either Indian or Australian plate subduction beneath Suma-
tra and the effects of both on partitioning between the megathrust
and the Great Sumatra Fault.

2.4 North: Himalayan-Tibet

The most notable expression of the Indian-Eurasian plate boundary
zone is the Main Frontal Thrust along the Himalayan Range Front.
To the east, the frontal thrust appears to terminate in the Eastern
Himalayan Syntaxis, north of the Shillong Plateau, as the edge of
the Indian plate becomes more distributed (Avouac, 2009). North-
ward of the Main Frontal Thrust the Indian plate’s collisionwith
Eurasia is manifested in the actively deforming Himalayan moun-
tain range and distributed deformation across the adjoining Tibetan
plateau (e.g. Tapponnier and Molnar, 1979; Zhanget al., 2004).
Estimates of India-Eurasia convergence rates range from 32to 45
mm/yr from west to east (e.g. Royeret al., 2006; Paulet al., 2001;
Sella,et al., 2002) with potentially as much as 20 mm/yr accu-
mulating in the range front itself (e.g. Jadeet al., 2004; Lave and
Avouac, 2000; Larsonet al., 1999). The remainder is distributed
to the north across the most diffuse plate boundary in the world.
There continues to be much debate about the style of continental
deformation in the India-Eurasia collision zone. While oneschool
of thought envisions Tibet to be a thickened, weak and fluid-like
zone (e.g., England and Molnar, 2005; Zhanget al., 2004), others
consider the tectonics in the region as that of essentially rigid mi-
croplates bounded by major lithospheric faults (Replumaz and Tap-
ponnier, 2003; Thatcher, 2007; Meade, 2007). We evaluate the rates
of underthrusting along the Himalayas in a block model that allows
us to consider the roles of the geometry and locking width of the
Himalayan megathrust and the complex kinematics of internal de-
formation of Tibet. In addition, we consider a Shillong microplate,
bounded by the Dauki fault to the north and the Oldham fault tothe
south, providing the means to more rigorously determine geodetic
fault slip rates along its major bounding fault zones and establish
the nature and degree of partitioning that the Shillong block imparts
on the Himalayan plate boundary.

2.5 Northwest: Transpressional Chaman plate boundary
zone

The India-Arabia-Eurasia triple junction marks the transition from
diffuse continental deformation to discrete submarine plate bound-
aries. Active deformation is distributed over a 150km-widezone
accommodating transpressional plate boundary strain across multi-
ple structures. The north-south striking, left-lateral Ornach-Nal and
Chaman transform fault zones, and Kirthar thrust belt accommo-
date Indian-Eurasian plate motion near the coast. Further north the
Sulaiman and Salt ranges exhibit similarly diffuse patterns of defor-
mation as they intersect the Main Frontal Thrust of the westernmost
Himalayan range. Unfortunately very little GPS data is currently
available for this region. As a result we constrain far-fieldmotions
but do little to address motion and slip rates along individual small
structures across this diffuse region.

3 GPS VELOCITIES

3.1 GPS Data Processing

The GPS data were processed using the GAMIT/GLOBK software
package (Herring, 2005; King and Bock, 2005) to solve for sta-

tion coordinates and velocities in the ITRF2000 reference frame.
The primary data come from 106 Survey-mode GPS (SGPS) sta-
tions and 29 Continuous GPS (CGPS) stations from India (Baner-
jeeet al., 2008). While the CGPS stations are located all over In-
dia including the Himalaya, the SGPS sites are mostly from the
northwestern Himalaya. The earliest campaign data were collected
in 1995, but most sites were first occupied in 2001. Occupations
have been repeated annually through 2007 although some stations
have been lost and have been measured for as little as 3 years.
Each SGPS station was occupied for 4-6 days continuously, once
a year. In addition to the Indian GPS data we also processed data
from surrounding IGS stations (IISC, HYDE, KIT3, POL2, LHAS,
BAHR, DGAR, MALD, NTUS) available from Scripps Orbital and
Positioning Analysis Centre (SOPAC; http://sopac.ucsd.edu). Pre-
cise satellite orbits, earth orientation parameters and tightly con-
strained positions of the IGS sites in a self-consistent reference
frame were used to produce daily solutions which include GPS
station positions, satellite orbits, earth orientation parameters, and
tropospheric delays. The loosely constrained, ambiguity-fixed daily
solutions were combined with ambiguity-free quasi-solutions of 33
globally distributed IGS sites (igs1, igs2, igs3), available at SOPAC
(http://sopac.ucsd.edu). The local and IGS daily solutions of the en-
tire period were then combined to estimate position and velocities
for each site. Selected, globally distributed IGS sites were used to
define the ITRF2000 reference frame (Altamimiet al., 2002), both
for positions and velocities, with a residual RMS of 3.3 mm and 0.9
mm/yr respectively.

3.2 Published Solutions

In addition to our own analysis we integrated over 2500 GPS-
station velocities from published work along the Himalayas,
throughout China, Southeast Asia, Australia, Africa and Middle
East (Bocket al., 2003; Zhanget al., 2004; Shenet al., 2005;
Reilingeret al., 2006; Bettinelliet al., 2006; Socquetet al., 2006a;
Calaiset al., 2006; Jadeet al., 2007; Simonset al., 2007; Solet
al., 2007; Ganet al., 2007; Kogan and Steblov, 2008). Solutions
were transformed into a consistent reference frame defined by our
original processed solutions. We minimized the misfit (RMS)of
collocated stations between networks using a six-parameter trans-
formation (three translations, three rotations). All the transformed
velocities remain within 95% confidence level of the original solu-
tions (see Table A1 for site specific details), assuring the robustness
of the original solution as well as the transformed one.

3.3 Outlier Exclusion

Some sites were removed from the combined solution and not used
in our inversion. Sites were excluded for one of three reasons (see
Table A1 for site specific details): 1) We exclude sites outside our
area of interest (e.g. Reilingeret al.’s (2006) Aegean sites or Ganet
al. (2007) sites north of the Tarim basin). 2) We exclude sites whose
absolute uncertainty exceeds 4 mm/yr. 3) We exclude sites because
of extreme misfits to our model. If the residual velocity exceeds
3-sigma then the site was excluded from our inversion. Thesesites
have misfits that deviate from the systematic pattern exhibited by
surrounding sites. Some of these sites may have had hardwareor
site stability problems that did not manifest in the formal velocity
uncertainties.

DGAR is included in our velocity combination but is not used
to estimate India’s rotational parameters. However, the predicted
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velocity for the Diego Garcia Island station is consistent with our
estimates of Indian plate motion to within ˜1mm/yr (inset Figure
3) similar to Kogan and Steblov (2008). If the DGAR velocity is
used in combination with the above mentioned 19 sites to estimate
India’s rotational parameters the new rotational parameters are sta-
tistically indistinguishable from the ones that did not consider the
DGAR station. Conversely, a comparison of the DGAR velocity
with the predicted velocity using Australian plate parameters is dif-
ferent by ˜6 mm/yr and falls outside of the 2 sigma uncertainty
range for residual velocities.

4 METHODOLOGY: PLATES AND BLOCKS

We use a block modeling approach to incorporate both rigid block
rotation and near-boundary elastic strain accumulation effects in a
formal inversion of the GPS velocities (e.g. McCaffreyet al., 2000;
and Meade and Hager, 2005). We consider models that include sce-
narios with and without independent micro-blocks to constrain the
plate rates along the India plate boundaries and elucidate the plate
kinematics responsible for interseismic deformation and slip bud-
get estimates.

Plate boundary locations are critical for characterizing GPS
velocities and the plate boundary kinematics of a particular re-
gion. While some plate boundaries in the Indian region are well
defined by active fault traces, youthful geomorphology and abun-
dant local seismicity, others appear more diffuse or the distribu-
tion of active deformation may be ambiguous. We draw on the
distribution and kinematics of 20th century seismicity, local geol-
ogy, mapped faults, and the GPS velocity field itself to defineour
block model boundaries. Most block boundary locations and ge-
ometry in our models are based heavily on seismicity trends (e.g.
mid-ocean ridges, subduction zone dip) and well recognizedplate
boundaries (e.g. Himalayan range front). Additional boundary in-
formation is adopted or supplemented from plate reconstructions
(Replumaz and Tapponnier, 2003) coseismic studies (Pollitz et al.,
2006) and prior analyses (Socquetet al., 2006a; Socquetet al.,
2006b; Reilingeret al., 2006; Simonset al., 2007; Meade, 2007
and Thatcher, 2007). In some areas, however, geometry is adjusted
as indicated by the geodetic data. In the Himalayan and Sumatran
regions we test variable geometry for optimal fit (discussedin sec-
tion 6). Within this paper the term plate (and microplate) refers to
the rigid, coherent, lithospheric entity defined by bounding active
fault zones. The term block is the specific implementation ofthese
data into a parameterized set of variables within our block model
(e.g., Apelet al., 2006).

We implement our blocks as rigid entities on a spherical earth
bounded by dislocations and invert for poles and rates of rotation
that minimize the misfit to the GPS velocities using the blockmod-
eling code by Meade and Hager (2005). The segments that bound
the blocks represent uniformly slipping dislocations in anelastic
half-space locked to some specified depth (varies by segment, see
Table A2 for details). Because our inversion combines rigidblock
rotation with elastic strain accumulation effects, the parameteriza-
tion of the block boundary location and geometry is particularly
important where the elastic strain field is broadly distributed (such
as along subduction zones) and where a large number of stations are
located near a boundary fault (such as along the Himalaya frontal
thrust).

We invert the horizontal GPS velocities for poles of rotation
constrained by the prescribed block locations and geometrydefined
above. Systematic patterns in the residual velocities (observed mi-

nus predicted) are used as an indicator of where and how the model
matches the observed surface velocities. Misfit statisticsare used
to formally evaluate the statistical significance of the block kine-
matic scenarios we test using the F-test (Stein and Gordon, 1984).
For larger blocks (e.g. Eurasia, India, and Arabia) the motion of
interior sites are unaffected by plate boundary deformation and ef-
fectively define the plate motion parameters. For smaller blocks,
elastic strain along the boundaries more directly affects block mo-
tion parameter estimates.

4.1 Chi-Squared Statistics

We quantify the goodness of fit in terms of theχ2 andχ2/DOF
statistics:

χ2 =

#data
∑

c=1

(

vmodel
c − vdata

c

σc

)2

(1)

χ2/DOF =
χ2

#data − #model parameters
(2)

wherevmodel
c andvdata

c are the predicted and observed veloc-
ity components, andσc is the1σ uncertainty for each component
of the input GPS velocities.

The number of degrees of freedom (DOF) is defined by:
#data, the number of GPS components used as input data (east
and north components for each station) and#modelparameters,
the number of model parameters that we solve for in the inversion
(3 per block - pole of rotation latitude and longitude and rotation
rate). The statistics indicate how well the model fit the datawithin
their uncertainty bounds. Lower values ofχ2 indicate better fit to
the data.χ2 can be calculated for a single data component at a sin-
gle station, for sites within an individual block, or for theentire
model. Increasing the number model parameters inevitably leads to
better fits and lower totalχ2. Dividing by the number of degrees
of freedom (DOF) helps us to compare our model where we solve
for a different number of parameters, butχ2/DOF ignores all corre-
lations between parameters. Because these correlations change as
model geometry changes, caution should be exercised in making
strictly quantitative comparisons of models usingχ2/DOF alone.
Nonetheless, the statistics provide a basis for qualitative compar-
isons. For uncorrelated parameters, aχ2/DOF of 1 indicates that
on average all the predicted velocities are consistent withthe 1σ
standard deviation of the input data.

4.2 F Test

Increasing the number of model parameters (i.e. more blocks) in-
evitably leads to better fits and lower totalχ2 therefore, we use
follow the approach of Stein and Gordon (1984) to test the statisti-
cal significance of additional microblocks. In our model we test the
fit of N motion data (2-component GPS velocities) produced bya
model withb + 1 blocksfor significant improvement relative to a
model withb blocks. The b block model has3 (b - 1) parameters
(N - 3b + 3 degrees of freedom)while theb + 1 blockmodel has3b
parameters(N - 3b degrees of freedom)so the statisticF:

F =
χ2(b blocks) − χ2(b + 1 blocks)/3

χ2(b + 1 blocks)/(N − 3b)
(3)

The probability (or 1/significance level) is then calculated
given the above mentioned degrees of freedom and the F-statistic.
Statistically significant variations are commonly between≥95%.
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5 RESULTS: PLATES AND BLOCKS

We evaluate different variations in fault geometry (i.e. location,
locking depth, and dip), number of blocks and block configura-
tions in an effort to develop a model that fits the data well while
still maintaining geologically reasonable block boundaries loca-
tions and geometry. For each variation we inverted the horizontal
GPS velocities for poles of rotation and slip rates constrained by
our prescribed block locations and plate boundary fault geometry
as described in section 2. Systematic misfits remain in some areas,
including in our preferred model, as we do not attempt to address
every geologic complexity within our study area.

To evaluate the misfit of each block model variation we com-
pare the input GPS velocities with the model’s predicted velocities
(e.g. Figures 3 and 9). Examining residual velocities (difference
between the data velocity and model velocity) allows for a more
detailed comparison of the systematic differences betweenobser-
vations and predictions between the different model realizations.

Some block motions are well defined and vary little between
our model realizations despite variable block configurations and
boundary geometry. The Eurasian block, Australian block, Indian
block, and Sunda block’s rotational parameters are defined primar-
ily by the sites that lie within the stable interior and are affected
very little by plate boundary strain. The inferred motion ofsmaller
blocks, such as the Burma block and smaller blocks within the
Himalaya-Tibet region changes based on the parameterization of
the boundaries of these blocks. The stability of the major blocks
provides robust constraints on far-field motions and allowsus to test
variable block configurations and deformation geometries along
these boundaries used to develop our preferred model.

5.1 India Motion and Deformation

The Indian block’s rotational parameters are mostly definedby 19
stations; 3 IGS sites (IISC, HYDE, and MALD), 13 additional
CGPS sites (TIR0, KODI, PUN2, BMBY, BHBN, NAGP, JBPR,
RRLB, DHAN, JHAN, LUCK, BAN2 and DELH), and 3 sites
from previous studies (DHAK from Kogan and Steblov, 2008;
COLA and KRN2 from Bettinelliet al., 2006). Previous studies
constrained Indian plate motion using only the IGS sites andaddi-
tional SGPS sites at various locations (e.g. Paulet al., 2001; Soc-
quet et al., 2006a; Bettinelliet al., 2006). The determination of
Indian plate motion parameters in earlier studies sufferedfrom a
lack of intraplate CGPS stations and narrow east-west aperture of
networks within the Indian continent. Our network uses 16 CGPS
sites and has good coverage both north-south and east-west provid-
ing robust block motion estimates.

5.1.1 Internal Deformation

Residual velocities across India from our inversion (blackvectors
in figure 3) show systematic northward motion in the south andsys-
tematic southward motion in the north. This systematic pattern in
the residual velocities suggests unmodeled contraction across cen-
tral India (Banerjeeet al., 2008). We test the significance of a two-
block India model using only velocities from the 16 sites processed
in our GPS solution. We excluded the 3 sites from other sources
(see section 5.1) in an attempt not to model velocity bias from so-
lution combination errors rather than on measureable velocities.

Separation of the Indian block into northern (nIND) and south-
ern (sIND) blocks along a boundary following the Narmada Son
line reduces the chi-squared misfit for the 16 sites from 2.06to 1.59.

Our 2-block model predicts contraction that varies from 4 mm/yr
in the east to 0 mm/yr in the west near the nIND-sIND pole (Figure
3). The calculated F-statistic (Stein and Gordon, 1984) between the
1-block and the 2-block model is 2.25, equivalent to the 89% con-
fidence level. Because the confidence level is below 95% we chose
not to separate India in our preferred model. Although the patterns
in the residual velocities indicate an observable systematic change
from north to south within the Indian plate, the data do not allow us
to determine if the apparent N-S contraction represents broadly dis-
tributed intraplate deformation or fragmentation of Indiainto two
plates near the Narmada-Son lineament.

5.1.2 Shillong Block Motion

Eleven sites in our GPS solution lie within the boundaries ofthe
Shillong Plateau (Figures 7 and 8). If the sites are includedwith the
above mentioned 16 sites in our Indian plate motion estimates, the
reduced chi-squared misfit statistic is equal to 8.05. The reduced
chi-squared statistics for those 27 sites decreases to 3.36when the
Shillong block is allowed to rotate independently of India.The cal-
culated F-statistic (Stein and Gordon, 1984) between the two mod-
els is 7.23, equivalent to the 99.96% confidence level. Therefore
we assume the Shillong block to be independently rotating with re-
spect to India and estimate slip rates along its boundaries (Figure
8). Slip rates predicted from our preferred model (6 mm/yr) along
the southern edge of the Shillong block (Dauki fault) are about half
of those predicted by Banerjeeet al. (2008) at 11 mm/yr. Nonethe-
less, convergence rates along the Main Boundary Thrust along the
northern Shillong boundary are higher (˜20 mm/yr) than along the
rest of the Himalayan Range Front where slip rates are between
15-18 mm/yr (Figure 8).

5.2 Relative Block Motions

5.2.1 Eurasia

Our Eurasian block’s rotational parameters are defined by 19IGS
sites (ARTU, BOR1 BRUS, GLSV, GOPE, HERS, JOZE, KIRU,
KOSG, LAMA, MDVO, MOBN, NRIL, NVSK, NYA1, POTS,
TIXI, WTZR, and ZWEN.) Misfits are all less than 1.5 mm/yr
with a mean misfit of 0.65 mm/yr (inset Figure 4). The EUR plate
rotation parameters are very well constrained and consistent with
previously published poles shown in Table 2. The consistency of
our EUR pole with previously published poles indicates thatsites
within our EUR block contain little bias.

We compare IND-EUR poles from our one-plate and two-
plate models with published poles (Figure 4). In our models it ap-
pears that India’s plate motion parameters are dominated bythe
southern sites as our sIND-EUR and IND-EUR poles are statisti-
cally indistinguishable. All of the published IND-EUR poleesti-
mates (see references listed in Figure 4 and Table 2) vary signifi-
cantly in their east-west location due to the primarily north-south
distribution of stations. Poles from this study also show larger un-
certainties in the east-west direction due to the inherently narrower
east-west aperture of the network. However, the magnitude of the
uncertainties is 50-80% smaller in this study than in previous work.

5.2.2 Somalia and Arabia

The Somalia block’s rotational parameters are defined by 7 sites
from Stampset al. (2008) and 6 sites from Reilingeret al. (2006).
Sites from Stampset al., (2008) are concentrated mostly in the
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southern region of the block while sites from Reilingeret al.,
(2006) are mostly in the north. The Somalia block rotation iscon-
sistent with both Stampset al. (2008) and Reilingeret al. (2006)
although there is some variation resulting from the combination of
the two solutions.

The Arabian block’s rotational parameters are defined by 22
sites. All but one of these GPS velocities comes from Reilinger et
al. (2006). Misfits are all less than 4 mm/yr with a mean misfit
of 1.6 mm/yr and a reduced chi-squared statistics equal to 1.5. The
lack of systematic patterns in the residual velocities among the well
distributed stations within the Arabian block suggest little to no
measureable internal deformation.

5.2.3 Australia

The Australian block’s rotational parameters are defined by6 IGS
sites (HOB2, JAB1, KARR, PERT, TIDB, and YAR1,) and 4 sites
(DARW, CEDU, ALIC, and TOW2) from Bocket al. (2003). The
mean misfit of 2.0 mm/yr is shown in the inset of Figure 5. These
rotation parameters differ from previously published poles (e.g.
Sellaet al., 2002; Bock et al, 2003; Delescluse and Chamot-Rooke,
2007) in that our relative IND-AUS pole location lies further south
than other geodetic poles (Figure 5).

Although Indian plate motion independent of the Australian
plate is not a particularly new idea (e.g., Le Pichon, 1968; DeMets
et al., 1994), ten GPS velocities within the stable Australian plate
precisely discriminate Australian motion with respect to India.
Our new solution provides tight constraints on the relativefar-
field motion and provides context for the proposed Capricornplate
and widely distributed deformation within India’s southern plate
boundary zone (Delescluse and Chamot-Rooke, 2007).

5.2.4 Sunda

Sunda’s rotational block parameters are defined by 49 sites from
Bock et al., 2003; Calaiset al., 2006; Simonset al., 2007; and
Socquetet al., 2006. Three sites from Thailand (Socquetet al.,
2006) were excluded from block parameter estimates and our pre-
ferred model (but shown on Figure 9) as extreme outliers (seesec-
tion 3.3). Some sites from northern Borneo were excluded because
these sites may move independently of the Sunda block (Simons
et al., 2007). All sites east of 119◦E were also excluded as we did
not attempt to address the complexities in the Sulawesi region. The
Sunda block’s rotational parameters are statistically compared with
previously published poles in Table 2.

6 PLATE BOUNDARY INTERACTIONS

India’s relative plate motion drives deformation at its boundaries.
We compare predictions of deformation rates and styles fromour
preferred model along each boundary with geology, geomorpho-
logic features, and seismicity.

6.1 Eurasia

The deformation associated with India’s collision with Eurasia is
manifested most famously along the Himalayan range front and
diffused through the Tibetan plateau. Along the Himalayan Range
Front we estimate total IND-EUR convergence to vary from 33-39
mm/yr from ˜76◦-91◦ east longitude. The amount of deformation
accommodated on the main Himalayan thrust system depends on

the nature and distribution of deformation in southern Tibet. Our
Tibetan plateau block geometry is simplified and modified from
previous studies (e.g. Meade, 2007; Thatcher, 2007) as thispaper
does not attempt to address all the complexities of the entire India-
Eurasia collision zone. We parameterize the Himalayan front with
four main blocks defined by the major geologic features like the
Indus-Zangbo suture, Gulu rift, and Karakorum fault (Figure 7).

Slip along the HRF varies from 15-18 mm/yr with the great-
est amount in the NE, Bhutan Himalaya north Shillong, and the
least in central Tibet (Figure 7). Estimates of slip from ourmodel
are consistent but smaller than other published estimates (see Feldl
and Bilham, 2006). By separating Tibet into multiple blocksour
model captures east-west extension evidenced by predictedslip
rates along structures like the Gulu-Sangxung and Kung Co graben
systems (Figure 7). Our extension rates (4-9 mm/yr) are quite con-
sistent with other estimates of extension in southern Tibet(e.g.
Chen, 2004b) which use considerably fewer GPS data. Differences
between the two estimates are the result of block boundary choice
and model parameterization.

The Shillong block rotates counterclockwise evidenced by
lower slip rates (18 mm/yr) along the Bhutan Himalayas and higher
slip rates (25 mm/yr) further to the east (Figure 7). The predicted
slip rate along the Dauki fault is 6 mm/yr, or 60% less than therate
estimated by Banerjeeet al., (2008), but twice the rate suggested by
geologic studies (Biswaset al.2007, Clark and Bilham, 2008). Fit
to our model is good (inset Figure 7) although lack of data along the
most northeastern extent of Himalayan range north of the Shillong
Plateau leaves slip rates poorly constrained in this region.

North of the Makran subduction zone block motion is trans-
ferred from the collision of the Arabia to Indian-Eurasian motion
(11 mm/y of contraction and 28 mm/yr sinistral) along the Ornach
Nal Fault through the Chaman Transform zone and into the Su-
laiman Range. However, lack of GPS station density preventsus
from making more precise estimates of slip, and our model does
not try to capture the complexities of deformation in the zone.

6.2 Somalia

The eastern Somalian plate boundary is quite discrete, separating
SOM from the Australian plate along the Central Indian Ridgein
the south and from the Indian plate along the Carlsberg Ridgein
the north (Figures 2 and 6). Because of the submarine nature of
these boundaries we compare our predicted displacement direc-
tions (plate vectors) with earthquake slip vectors from events along
the spreading centers. We derive slip vectors from focal mecha-
nism solutions (www.globalcmt.org) south of the SOM-IND-ARB
triple junction and north of the SOM-AUS-ANT triple junction.
We selected only those events between these triple junctions that
lie within 100 km of the mid-ocean ridge, which we assume are
related to the divergence of the plates. 311 events from the catalog
fit our selection criteria. We derive slip vectors for these events and
compare them to the azimuth of plate motion calculated from our
model at the location of each earthquake (inset rose diagrams in
Figure 6).

Along the Somalian plate boundary the relative plate motion
transitions from SOM-IND to SOM-AUS block motion through the
diffuse India-Australia plate boundary zone (Royer and Gordon,
1997). We attempt to elucidate the diffuse nature of the IND-AUS
plate boundary along the mid-ocean ridges by comparing boththe
predicted SOM-IND plate vectors and the SOM-AUS plate direc-
tion with the slip vectors in the central ridge region (12◦S-2◦N lat).
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The trend of the slip vectors in the north along the CarlsbergRidge
are consistent with SOM-IND block motion (top inset Figure 6).

Along the central section of the mid-ocean ridges slip vectors
appear more consistent with SOM-IND block motion rather than
with SOM-AUS plate motion (middle inset Figure 6). In the cen-
tral section the orientation of SOM-IND motion and SOM-AUS
motion becomes sub parallel because of the close proximity to the
IND-AUS pole (Figure 5) making the distinction between the two
difficult. The IND-AUS-SOM triple junction remains somewhat
enigmatic due to the diffuse nature of the IND-AUS plate bound-
ary. Based on our analysis, we posit that the IND-AUS-SOM triple
junction is likely to be on the Carlsberg or Central Indian ridge
south Diego Garcia Island. The GPS velocity at DGAR is statis-
tically indistinguishable with respect to stable Indian motion (see
section 5.1) it seems likely that DGAR is a part of the Indian plate.

South of 11◦S lat nearly all of the slip vectors are exactly par-
allel with SOM-AUS plate motion with a small concentration of
dip slip events that deviate from the plate motion direction. These
events are not concentrated spatially and are scatter throughout the
southern region from north to south. The correlation between the
slip vector data in this region and the plate velocities directions sug-
gest that our SOM-AUS relative plate motion is robust and we see
little evidence that indicates that discriminating a Capricorn plate
is possible given the GPS and slip vector data.

6.3 Arabia

The Owens Fracture Zone separates the Indian plate from the Ara-
bian plate and accommodates ˜5 mm/yr of dextral motion (see Ta-
ble A2 for segment specific slip rates), greater than the rateof 3
mm/yr predicted by Demets (2008) and Fournieret al., (2008) and
slightly greater than the rate predicted by Reilingeret al., (2006)
The rotation of the Arabian block with respect to Eurasia is man-
ifested, as convergence along the Makran subduction zone at35-
38 mm/yr. The rate of subduction may be as little as 23 mm/yr
(Reilingeret al., 2006) if an independent Lut block is considered
(Figure 2). Unlike Reilingeret al., (2006) we did not include a sep-
arate Lut block in our preferred model as it is not required bythe
currently available data. Possible Lut block motion is onlycon-
strained, at present, by 2 GPS sites, both of which are withinthe
zone of elastic strain accumulation of the Makran subduction zone.

6.4 Australia

GPS velocities within the interior of Australia and India clearly
show that the two blocks move independently of each other (Fig-
ure 5) and verified with F-statistics; however, the tectonicbound-
ary between the two remains enigmatic and may be complicated
by an independently rotating Capricorn plate (Demets,et al., 2005
and references therein). The boundary zone between the Indian and
Australian plates is quite diffuse (Delescluse and Charmot-Rooke,
2007). Within this zone our preferred model predicts 1-2 mm/yr N-
S extension west of the IND-AUS pole between it and the Central
Indian Ridge (Figure 5) and up to 12 mm/yr of N-S contraction in
the vicinity of the 90◦E ridge. The IND-AUS-SOM and the IND-
AUS-SUN triple junctions remain somewhat enigmatic due to the
diffuse nature of the IND-AUS plate boundary. The refined plate
motion parameters of the Indian and Australian plate do little to
elucidate these triple junctions. We explore their locations in the
following sections.

6.5 Sunda

The interaction between the Sunda plate and the Indian plate
is most significant along the Sumatra-Andaman subduction zone
where IND-SUN motion is partitioned along the megathrust and the
sub-parallel strike-slip Great Sumatra Fault (e.g. McCaffrey et al.,
2000). We consider a separate Burma forearc block (sliver block)
bounded by the Sumatra subduction zone and the Great Sumatra
Fault (Figure 2). Along the Sumatra subduction zone segment, the
geometry parameterization is based on previous geometric con-
structions (e.g. McCaffrey 2002; Banerjeeet al., 2007; and Chlieh
et al., 2007). Residual velocities from the Sumatra region, while
larger than in most other areas do not show any systematic pat-
terns (Figure 9). The few large outliers that do exist (Bettinelli et
al, 2006) are related to poorly resolved station velocitiesrather than
model misfits and were excluded from our final analysis (see dis-
cussion in section 3.3).

In an attempt to elucidate an optimal boundary location in
the zone of diffuse deformation between the Indian and Australian
blocks (Figure 2) we migrated our block boundary along the Suma-
tra subduction zone through the segment endpoints (number 1-11
in Figure 9). We compute and compare the model misfit at each of
these segment intersections. We repeated this test while also vary-
ing the Sumatra segment geometry (locking depth and dip) to esti-
mate best-fit parameters for the region. In this analysis, weassume
homogenous segment parameters for the subduction zone (same
dip and locking depth).The relationship between locking depth and
dip are directly correlated. As dip increases so too does thelock-
ing depth required to minimize the misfit to the GPS velocities.
However, our heterogeneous segment parameters fit our data bet-
ter than any of the homogenous segment geometry sets. Regard-
less of segment geometry, the segment location with the minimum
misfit was endpoint 8 (Figure 11) the approximate southern extent
of the 1797 rupture and the extent of significant locking proposed
by Chliehet al., (2007). Interseismic slip rates from our preferred
model (18-22 mm/yr) are consistent with published geologicesti-
mates of slip rates along the Great Sumatra Fault (e.g. Sieh and
Natawidjaja, 2000) and backarc spreading ridges (Curray, 2005)
and provide robust estimates of Burma block motion.

7 DISCUSSION

7.1 Internal Indian Deformation

Systematic differences in the GPS velocities from southernand
northern India may reflect internal deformation of the Indian plate.
Statistical significance of two separate plates is below 95%, and
thus our preferred model assumes a single rigid Indian plate. How-
ever, if northern and southern Indian plates exist the GPS velocities
predict contraction in central India (Figure 3), concentrated poten-
tially along the Narmada-Son lineament. The Narmada-Son has ex-
perienced two major earthquakes (1938 Satpura earthquake and the
1997 Jabalpur earthquake) suggesting that it may be an actively
deforming structure (e.g., Rao, 2000).

Intraplate deformation in central India could also result from
flexure of the Indian plate as it collides with Eurasia (Bilham et
al., 2003). Estimates of localized deformation resulting fromflex-
ure are somewhat smaller in magnitude than those predicted from
a two plate system, although the flexure also predicts contractional
deformation in central India. Bilhamet al., (2003) show how flexu-
ral deformation may be reflected in the stress field and topography.
Our analysis rigorously considered the former model and found that

Page 8 of 23Geophysical Journal International

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

INDIAN PLATE MOTION 9

while some systematic residual velocities are evident whenassum-
ing a rigid Indian plate, they are not statistically significant to jus-
tify a two-plate system.

7.2 Diffuse Continental Deformation

Although modern GPS data provides robust measurements of dis-
placements rates, interpretations of these data vary, especially in
areas of diffuse continental deformation like Tibet. With far field
motions of the bounding Indian and Eurasian plates tightly con-
strained, differences in micro-block rotations and slip estimates
along the Himalaya vary mostly as a result of variable data den-
sities, model parameters, and assumptions. Meade (2007) uses a
conceptually identical model with fewer GPS stations (Zhang et al.,
2004 only). Estimates of slip from Meade (2007) along the HRF
vary from 17-22 mm/yr, 15-20% greater than our model. Differ-
ences in convergence rates along the HRF may partly be the result
of different Indian plate motion parameters, but these differences do
not explain a reduction in convergence by 15-20%. Meade’s (2007)
higher slip rates are the result of a more steeply dipping HRF. In
our preferred model segments along the HRF dip between 6 and
8 degrees. We estimate these dips by migrating the HRF boundary
from north to south and varying the dip and locking depth exploring
ranges of geometries that minimize the misfit to the observeddata
while maintaining the projection of the bottom locking depth to
correspond with the 3500 m topographic contour (Avouac, 2003).
Shallower dipping segments require less slip to produce similar
magnitudes of elastic deformation at the surface then more steeply
dipping segments. As a result our preferred model requires lower
slip rates than Meade’s (2007) to produce similar fits to the data.

Thatcher (2007) uses the same data (Zhanget al., 2004) and
after removing sites ”where effects of elastic strain accumulation
are large” estimates block rotation rates that are even larger than
Meade’s (2007). Thatcher’s (2007) assumption is that the remain-
ing velocities only capture rigid block motion and that no compo-
nent of the velocity is measuring elastic strain accumulation. It’s
not surprising then the block rotation estimates (and faultslip es-
timates) from this method are larger than those for method’sthat
consider elastic strain effects.

We note that differences in analyses within the same concep-
tual framework are largely the result of assumptions made within
the analyses, whether it’s the rigidity of the blocks or the parame-
ters of the segments that bound them. First order results from our
model, Thatcher’s (2007) and Meade’s (2007) all suggest that the
paradigm of plate tectonics (i.e. rigid blocks controllingcrustal de-
formation) holds true at large scales and may be appropriateto
some degree for continental deformation. Although even in the
same family of models, using the same data there still exist dis-
crepancies (geodetic slip rates vs. geological slip rates)that have
not yet been adequately addressed and may require a more sophisti-
cated analysis than simple rigid block models, particularly in areas
of diffuse deformation like continents.

7.3 India-Australia Plate Boundary

Based on GPS data presented here we estimate robust India-
Australia plate motion parameters that constrain far-fieldmotions
between the plates. Most of the sites lie within the ”stable”inte-
riors of the two plates far away from the submarine boundary be-
tween India and Australia. The data themselves do not elucidate
the plate boundary or the locations of the IND-AUS-SOM or IND-
AUS-BUR triple junctions.

The eastern triple junction (IND-AUS-BUR) is somewhat dif-
ficult to constrain. Delescluse and Charmot-Rooke (2007) suggest
that the 90◦E Ridge is a major discontinuity for both strain and
velocity. The intersection of this ridge with the Sumatra-Andaman
subduction zone could be the northern most possibility of the triple-
junction. However, our modeling suggests (section 5.3.4) that the
interaction along Sumatra is much more likely to be Indian plate
motion rather than Australian pushing the triple junction location
much further south (Figures 9 and 11). Implications of Indian plate
motion driving convergence this far south include potential under-
estimation of long term plate convergence along the Sumatrasub-
duction zone.

Magnetic anomaly analysis (Demetset al., 1994) and seismic-
ity (Royer and Gordon, 1997) indicate a potential western triple
junction (IND-AUS-SOM) between 2◦-9◦S. We place the IND-
AUS-SOM triple junction at the southern edge of this zone. Place-
ment of the triple junction this far south (Figure 11) is required
so for the DGAR site to be on the Indian plate (see discussion in
5.3.5). However, the ambiguous nature of the triple junction loca-
tion suggest that an independent Capricorn might be responsible
for the deformation observed in the region.

8 CONCLUSIONS

We present robust Indian plate motion rotational parameters. Us-
ing numerous GPS sites across India, Eurasia, Australian, Somalia,
and Sunda. We refined relative plate motions between the previ-
ously mentioned plates and performed a detailed kinematic assess-
ment of India’s plate boundary interactions with its adjacent tec-
tonic plates not previously possible given the scarcity of geodetic
data within India. The robust nature of the Indian plates’ motion is
shown through the rigorous testing of intraplate deformation possi-
bilities within the Indian continental interior. We see little to no sta-
tistical evidence for intraplate deformation within the Indian plate
suggesting that it is appropriate to treat it as a stable tectonic plate.

These very tightly constrained relative plate motions provide a
conceptual framework to examine plate boundary deformation. The
relative orientation of plate motions at the boundaries canbe com-
pared directly with seismicity and recent faulting to examine con-
sistency between geodesy, geology, and seismology and provide in-
sight into the driving forces behind plate boundary deformation. To
a first order there’s general consistency between our plate tectonic
model (i.e block-like) of deformation and additional independent
data sets. Discrepancies that may exist are often result of poor data
density pore data quality or simplified model assumptions.
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Figure A2. Indian block boundaries used in our block model inversion. Locked portions of dipping fault segments are shaded and shown projected into the
horizontal. Circles show the locations of the GPS sites fromour combined solution. Filled circles are sites colored by source (see legend in Figure 1) selected
from our velocity combination (Figure 1) and used in our inversion (see text for explanation). Zones of diffuse deformation between the Indian and Australian
plate are highlighted in yellow (modified from Royer and Gordon, 1997). Rectangular boxes enclose areas of more detailedstudy. Major blocks (uppercase)
and geographic locations mentioned in the text are labeled.
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Figure A3. Residual velocities shown for the 1-block India model (black vectors) and the 2-block India model (grey vectors). Separation of the Indian block
(grey line) is along the Narmada-Son lineament in central India. The relative pole of rotation for the 2-block India model is shown in the west with a 2-sigma
error ellipse. The rotation rate of 0.162 deg/My predicts contraction along the Narmada-Son line from 5 mm/yr in the eastto 0 mm/yr near the pole in the
west (black triangles). Inset figures show the residual components of the velocities. DGAR is also shown in the inset plot(light grey) but is not used in the
Indian plate parameter estimation. Dark concentric circles represent the mean plus 1-sigma uncertainty bounds for misfit values. Sites located north of the
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Figure A4. Relative Indian plate poles with respect to Eurasia (see Table 2 for pole details) with 95% confidence ellipses (uncertainties for Socquet et al.,
2006a were not reported). The rotation rate (counter-clockwise positive convention) of each pole is shown next to each pole’s source in the legend and reported
in degrees per million years. We include the IND-EUR pole from our preferred model as well as the nIND-EUR and sIND-EUR poles from our 2-block India
model (shaded ellipses). Inset figure shows vector components and 1-sigma error bars of the residual velocities for the stable interior sites of the Eurasian
block. All Eurasian residuals are less than 2 mm/yr. Dark concentric circles represent the mean plus 1-sigma uncertainty bounds for misfit values.
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Figure A5. Relative Australian plate poles with respect to India (see Table 2 for pole details) with 95% confidence ellipses. The rotation rate (counter-clockwise
positive convention) of each pole is shown next to each pole’s source and reported in degrees per million years. Inset figure shows vector components and
1-sigma error bars of the residual velocities for the stableinterior sites of the Australian block. DGAR is also shown inthe inset plot (light grey) but is not
used in the Australian plate parameter estimation. Dark concentric circles represent the mean plus 1-sigma uncertainty bounds for misfit values.
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Figure A6. Slip Vectors along the India-Somalia-Australian Plate Boundary Indian-Somalian (Carlsberg Ridge) and Australian-Somalian (Central Indian
Ridge) divergent plate boundaries. Oceanic crust from 0-10Mya is highlighted in grey along the ridges. Small circles represent the predicted relative plate
motion direction and displacement rates from our preferredmodel for both the IND-SOM and AUS-SOM block pairs. The smallcircles are generally perpen-
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Figure A7. Residual velocities and GPS station locations along the Himalayan range front, sites are colored by source (see legend in Figure 1). Our preferred
block model boundaries are shown with dipping segments of the locked portion of the Himalayan thrust faults projected into the horizontal. The 3500-m
elevation contour line is also shown for reference. Along the Himalaya fault segments dip at 8 degrees and are locked to 18km, with the exception of the
central HRF. In the central section segment dip shallower at6 degrees. Inset bull’s-eye figure shows the residual velocities for the stations on the map. Dark
concentric circles represent the mean plus 1-sigma uncertainty bounds for misfit values.
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Figure A8. Slip rates and GPS station locations along the Himalayan range front. Our preferred block model boundaries are shown with dipping segments of
the locked portion of the Himalayan thrust faults projectedinto the horizontal. Slip rates in brackets above the fault segments are the strike-slip component with
a positive-left lateral convention, dip-slip rates are provided below each segment (thrust motion positive). The 3500-m elevation contour line is also shown for
reference. Significant structures and blocks (mentioned inthe text) are also labeled. Relative plate motion vectors (IND-EUR) from our preferred model are
shown in green. The magnitude of each velocity is shown next to each vector.
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Figure A9. Residual Velocities and GPS station locations along the Sumatra subduction zone and backarc, sites are colored by source (see legend in Figure
1). Our preferred block model boundaries are shown with dipping segments projected to the surface. Slip rates in brackets above the fault segments are the
strike-slip component with a positive-left lateral convention, dip-slip rates are provided below each segment (thrust motion positive). Inset bull’s-eye figure
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Figure A10. Slip rates and GPS station locations along the Sumatra subduction zone and backarc, sites are colored by source (see legend in Figure 1). Our
preferred block model boundaries are shown with dipping segments projected to the surface. Slip rates in brackets abovethe fault segments are the strike-slip
component with a positive-left lateral convention, dip-slip rates are provided below each segment (thrust motion positive). Significant structures and blocks
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22 E.V. Apel

Figure A11. Selected slip rates from our preferred model. Contractional rates are shown by black triangles and extensional rates inwhite. Dextral rates are
shown in black and sinistral rates are shown in white. Indianblock boundaries used in our block model inversion are shownwith locked portions of dipping
fault segments shaded and shown projected into the horizontal. Zones of diffuse deformation between the Indian and Australian plate are highlighted in yellow
(modified from Royer and Gordon, 1997). Major blocks (uppercase) and geographic locations mentioned in the text are labeled.
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Figure A12. Lines show the value of the misfit statistic (chi-squared) ateach segment location (Figure 9) for constant locking depths (20-50 km). Lines are
colored by depth.
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