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Although providing a causal mechanism is beyond the
scope of the present study, the occurrence of periods of
enhanced monsoonal precipitation slightly after the ter-
mination of the Wolf, Sporer and Maunder minima periods
(Iess sun activity) and concomitant temperature changes
could be a matter of further intense research. A number
of similar studies need to be carried out at geographically
distinct localities supported by many '*C dates to arrive at
comprehensive conclusions and better understanding of
the causal linkages between solar activities and climatic
changes. Such relationship, if confirmed by further meas-
urements, may also assist in modelling studies of the Little
Ice Age climate changes.
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placement fields corresponding to each model and
compare them with the results of GPS measurements
in Myanmar and Southeast Asia. Available GPS ob-
servations are consistent with the model in which rela-
tive plate motion of about 36 mm/yr between India
and Sundaland is partitioned almost equally between
the Sagaing fault and the IBA through episodic dextral
motion. Eastward motion of the Indian plate is gener-
ally compensated by eastward motion of the South
China plate. Thus almost no subduction occurs along
the Indo-Burmese arc. The GPS data are consistent
with strain accumulation in both regions.

Keywords: Crustal deformation, GPS measurements,
Indo-Burmese arc, Mynamar, Southeast Asia.

THE northeastern part of the Indian subcontinent is one of
most active regions of the world. It consists of mainly
three units, approximately east-west extending eastern
Himalaya, which marks the collisional boundary between
the underthursting Indian plate beneath the Eurasia plate;
approximately N-S extending Indo-Burmese Arc (IBA),
which extends further southward to join the Andaman
Arc, and the Eastern Himalayan Syntaxis (EHS), which
lies at the junction of the above two. Subduction occurs
along the Andaman arc, but whether it is still active in the
IBA is debated' . EHS consists of several NW-SE trending
thrust faults, e.g. Mishmi thrust, which acts as a buttress,
resisting the motion of Indian plate. The zone is marked
by high seismicity, high erosion, high uplift and exhuma-
tion rates . Due to the complex nature, geodynamic setting,
plate motion and other geodynamic processes in the re-
gion are largely unknown. Here we focus attention on the
IBA and try to infer the plate motion and earthquake oc-
currence process from the available Global Positioning
System (GPS) measurements.

The region consists of Indo-Burman ranges (IBR; Arakan
Yoma, Chin Hills and Naga Hills, from south to north),
the Myanmar Central Basin (MCB) and the eastern high-
lands of Shan plateau. IBR is an arcuate sedimentary belt
with N-S trend of folded mountain chain, formed by Ce-
nozoic rocks with Triassic metamorphic basement. It is
considered as an active accretionary wedge linked to
eastward subduction of the Bengal basin oceanic crust’ .
This wedge is composed of Cretaceous ophiolite, Creta-
ceous to Eocene pelagic sediments and a section of Eocene
to Oligocene flysch overlain by Neogene shallow water
sediments''™"*, MCB is separated from the IBR by the
Eastern Boundary Thrustls’m, which is also known as the
Kabaw fault. The basin is actually a series of Cenozoic
basins presently affected by an active tectonic inversion' .
Sagaing fault separates the MCB from the Shan plateau
and joins into the Andaman sea rift system. Shan plateau,
with an elevation of 1000 m, is considered as the western
edge of the rigid Sundaland block. Estimates of magnitude
of dextral movement across the Sagaing fault vary from
250 to 460 km since Miocene™'*,
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Seismotectonic studies of the Indo-Burma region have
been attempted by several investigators' "> An eastward-
dipping zone of seismicity, consistent with the Benioff
zone in a typical subduction zone, has been inferred'. Chen
and Molnar*® found that the earthquakes beneath the
northern IBR define a gently-dipping east-southeast zone
with a depth of 30—45 km beneath the Bengal basin and
40-90 km beneath the IBR. They inferred that earthquakes
might have occurred within the subducting Indian litho-
sphere and not at the interface between the subducting
and overriding plates, as the P-axis of these earthquakes is
parallel to the north-south trending seismic zone and the
folds of the IBR. They concluded that the orientation of
maximum compression may have changed dramatically
in the recent past, or more likely, deformation in the IBR
is decoupled from that in the underlying Indian plate,
while the northward movement of the ranges must be acco-
mmodated along the Sagaing fault and other faults further
east. Rao and Kumar® identified a distinct segregation of
strike slip and thrust-type focal mechanisms along the
slab. They reported that the P-axis of focal mechanisms
of these earthquakes is oriented in NNE direction, same
as that of the Indian plate motion. It prompted them to
suggest that the two plates shear past each other at this
boundary. On the contrary, using the earthquake data
Satyabala®’ opined that subduction is currently active as
the T-axis of the focal mechanisms of earthquakes is aligned
with the subducting slab. She suggested that all aspects of
seismicity, including the paucity of shallow underthrusting
earthquakes and orientation of P-axes are consistent with
oblique convergence. Guzman-Speziale and Ni' studied
the focal mechanisms, focal depth distributions and geo-
metry of Wadati-Benioff zone in this region and sugge-
sted that there are no interplate earthquakes in this region.
This can be interpreted in several ways, namely (i) the
stress build-up is released in infrequent events, too few to
be detected by the time window for which the data are
available, (ii) the overriding plate is totally decoupled
from the subducting plate, and (iii) the overriding plate is
strongly coupled to the subducted Indian plate. They favou-
red the last interpretation because deformation in south-
west China, a region under simple shear, is a consequence
of transmitted stress from the north to northeastward
moving Indian plate, which would be an impossible situa-
tion if the overriding plate were totally decoupled from
the subducting plate. Thus they suggested that the relative
motion between the Indian and Burmese plate has thus
been transferred from subduction along the arc to right
lateral motion along the Sagaing fault to the east. Radha
Krishna and Sanu’ estimated the crustal deformation rates
from the moment tensor summation derived from the focal
mechanisms of the earthquakes and supported the infer-
ences of Guzman-Speziale and Ni'. Recently, Rao and
Kalpna® inverted the focal mechanism data in the Burmese
arc region and suggested that while the shallower part
(<90 km) of the lithosphere is governed by the NNE-
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oriented horizontal plate tectonic forces, the lower part is
governed entirely by tensile forces due to gravitational
loading on the subducted slab. They also argued against
the active subduction of the Indian plate under IBR.

The region has experienced a few great earthquakes.
The great Assam earthquake of 1897 (M 8.7) occurred in
the Shillong platean region. Another great earthquake
(Mw 8.6) occurred in the Indian Tibet region, close to the
EHS?. The Arakan earthquake of 1762 was accompanied
by changes in elevation of the coast of Burma and 1878
earthquake was associated with uplift in excess of 6 m on
the western coast of Ramree Island”’. The 23 May 1912
earthquake in eastern Burma is presumed to have accompa-
nied normal fault’®. Large earthquakes in the Bengal basin
have occurred in 1885, 1918, 1923 and 1930. To the east
of the ranges several large earthquakes, namely 1908, 1929,
1931, 1946 were associated with the Sagaing fault™®.

The above review suggests that there are conflicting
views about the ongoing plate motion and geodynamic
processes in the IBA region as no direct measurements of
crustal deformation have been made in the region. GPS
measurements have been made in campaign mode® in
southeast China, SE Asia covering Brunei, Indonesia,
Malaysia, the Philippines, Singapore, Thailand and Vietnam
under the Geodynamics of South and South-East Asia
(GEODYSSEA) project. Similar measurements have been
made in Myanmar to infer the present-day crustal defor-
mation around the Sagaing fault system (Figure 1) in central

a1’

Figure 1. Simplified tectonic map of the region over the topography.
Earthquake epicentres (red filled circles) for the period 1964-2004 and
CMT focal mechanisms of some of the earthquakes for the period from
1977 to 2004 are also shown. All displacement vectors are in Sun-
daland reference frame. Vectors around the Sagaing fault and at station
MIND are after Vigny et al.”. Red bold arrow indicates predicted mo-
tion of Indian plate in the NE region in Sundaland reference frame. Box
in the IBA region is the location of GPS network operated by us.
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Myanmar®. There are no results of GPS observations
from NE India in the IBA region and EHS. The results of
these campaigns and their implications for the IBA may
resolve some of the basic issues that were discussed earlier.
First, we briefly review the results of the above measure-
ments and then use them to constrain the plate motion in
the IBA.

Chen et al.”’ reported results of GPS measurements
from eastern Tibet. These measurements suggest that
relative to Eurasia, South China moves 6—10 mm/yr east-
southeast, indicating that the eastward movement within
the plateau is part of the broader eastward movement that
involves the plateau and its eastern and northern foreland.
Another important conclusion drawn from these measure-
ments is that the IGS site at the Indian Institute of Science
(IISc), Bangalore moves at a rate of 37 + 3 mm/yr towards
N22°E with reference to Eurasia, which is consistent with
the revised plate reconstruction model’’. GPS measurements
further south of Eurasia have been reported by several au-
thors under the GEODYSSEA project® >°. Major findings
of the measurements include definition of the Sundaland
block, i.e. Indo-China as well as the western and central
parts of Indonesia, together with South China, that is de-
coupled from Eurasia and behaves differently from the
Eurasian plate. This block moves to the east about an
Euler pole approximately that of Eurasia, but with a higher
velocity. With respect to India and Australia, the Sunda-
land—South China block is moving due south. It implies
that the eastward motion of India is to a large extent
compensated by the eastward-directed motion of SE India.
To further understand the crustal deformation across the
Sagaing fault and in the MCB, additional GPS measure-
ments were undertaken”. The results of these measurements
broadly support those obtained through GEODYSSEA
campaigns. The results suggest that the relative south-
ward motion of Sundaland with respect to the Indian plate
is distributed over distinct fault systems. About 18 mm/yr
of dextral motion occurs on the N-S trending Sagaing
fault, which is presently locked and accumulating elastic
strain®. Rest of the motion is assumed to be absorbed either
seismically or aseismically across MCB or IBA.

We adopted the Euler pole of Sundaland-India deduced
from GPS measurements in SE Asia, including Myanmar.
In NE India, the Indian plate moves at a velocity of about
36 mm/yr in N13°E direction with respect to MCB and
Sundaland along the IBA. The velocity is largely parallel
to the strike of IBA, and other predominant faults, e.g.
Kaladan fault, Kabaw fault and Sagaing fault. Hence we
suggest that motion across IBA is largely of strike slip-type.
However, a small component of subduction may not be
ruled out’>>’ due to error in such analyses. According to
the debated models of plate motion across the IBA, three
hypothetical end-member models may exist. First is the
case where the boundary between the two plates lies in
the IBA region. The slip in this case can occur either
aseismically or seismically. Aseismic slip will not cause
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Figure 2. Predicted horizontal surface displacement rates Vy in Sundaland reference frame, corresponding to various end-member models
considered by us. a, Vi due to the model in which aseismic slip occurs on the IBA. b, Vyy due to the model in which seismic slip occurs on
the IBA, both models imply that IBA represents a plate boundary. ¢, Vy due to the model in which no slip occurs on the IBA, implying that

IBA is not a plate boundary.

any strain accumulation and hence will not lead to inter-
plate earthquakes. Thus, in this model the Indian plate
moves at a constant rate of 36 mm/yr in the N13°E direc-
tion with respect to MCB and Sundaland along the IBA
(Figure 2 a). However, if slip occurs seismically, the epi-
sodic slip along the boundary will lead to elastic strain
accumulation and earthquake occurrence. We assumed that
the great and large earthquakes occur in the updip part of
the plate boundary fault through dextral slip, which is
consistent with the focal mechanism of shallow earth-
quakes in the region. The width of the seismogenic zone
is assumed as 80-100 km, with its downdip edge at 50 km
depth dipping in the east direction at angle of 30°. These
estimates are based on inferences drawn by several inves-
tigators on the basis of earthquake hypocentres and their
focal mechanisms'”. We assumed full coupling between
the two plates and predicted annual surface displacements
due to a slip deficit equivalent of relative plate motion of
36 mm/yr in NI3°E direction (Figure 2b). The second
model is the case where there is no plate boundary in the
IBA region and hence no differential movement occurs
across the IBA and MCB (Figure 2 ¢). Finally, there could
be a case where the motion of 36 mm/yr is distributed
across the various faults in the region. In this case, we
partition the motion of 36 mm/yr between IBA and Sagaing
fault region. Vigny e al.”® reported a dextral motion of
about 18 mm/yr on the Sagaing fault. They also reported
velocity of about 24 mm/yr towards N5°E at MIND, a sta-
tion in Myanmar located on the eastern edge of the IBR. We
derived velocity of 34 £6 mm/yr at Shillong in Sun-
daland reference frame, from that given by Jade® in ITRF
1997. The predicted plate motion of the Indian plate of
about 36 mm/yr with respect to Sundaland in the NE re-
gion is consistent with the derived velocity at Shillong.
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We assumed that geometry of the locked fault is the same
as that used above, but the slip deficit on the locked fault
is now estimated as 18 mm/yr, which occurs in dextral
sense on the approximately N-S striking fault. We show
an E-W profile of northward motion across the IBA,
CMB and Sagaing fault (Figure 3). It can be seen that the
predicted plate motion along the profile corresponding to
this model is consistent with observed motion at Shillong,
MIND and at several sites located across the Sagaing
fault. We also show responses of the above two cases, i.e.
cases in which the plate boundary is aseismic and there is
no plate boundary. It can be seen that both these cases are
inconsistent with the GPS observations at MIND and at
sites across Sagaing fault. Moreover, the case of aseismic
plate boundary at IBA is not consistent with the observed
deformation in southwest China, a region under simple
shear™.

GPS measurements in SE Indo-China, across the Sagaing
fault in Myanmar, and at Shillong in India imply that the
relative plate motion of India with respect to Sundaland is
predominantly northward at a rate of about 36 mm/yr in
the NE region. The relative plate motion is shared almost
equally through distributed slip across the IBA and Sagaing
fault in predominantly dextral slip manner. Thus the view
that the IBA region does not represent the plate boundary
between Indian and Sundaland plates and entire relative
plate motion occurs through slip on the Sagaing fault, is
not consistent with the available GPS data. The eastward
motion of the Indian plate is to a large extent compensated
by the eastward-directed motion of SE Asia. Thus no or
insignificant subduction occurs across the IBA. This is
consistent with the earthquake focal mechanisms, which
show predominant N-S oriented P-axes. Their occurrence
can be ascribed to the northward movement of the sub-
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Figure 3.

Northward horizontal velocity in Sundaland reference frame along an east-west profile. Green line

denotes the predicted displacements across IBA when no plate boundary across the IBA is assumed. Red and blue
dashed lines show predicted displacements when the boundary at IBA is assumed to be aseismic, i.e. total
decoupling is assumed between the Indian plate and Burmese platelet. Red line represents the case when plate
motion is shared between the aseismic IBA and seismically active Sagaing fault, while blue line represents the
case when entire plate motion is accommodated at IBA through aseismic motion. Bold curve corresponds to the
case when the relative plate motion between the Indian plate and Sundaland is shared equally through seismic
motion across the IBA and Sagaing fault. Locking across the IBA and Sagaing fault is indicated by parallel lines

across the seismogenic fault.

ducted Indian slab under the IBA. Slip deficit of about
18 mm/yr in the IBA suggests that strain accumulation is
underway in the region.

To further test the inferences drawn here, we have set
up a 15-stations campaign mode GPS network in the region
which includes Manipur, Mizoram and southern Assam
(Figure 1). We hope that in a couple of years, estimates of the
plate motion in the NE region will be well constrained.
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