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The plate boundary between India and Sunda plates 
across the Indo-Burmese arc (IBA) region is probably 
the most neglected domain as far as the plate motion, 
crustal deformation and earthquake occurrence proc-
esses are concerned. Because of the limited or no geo-
detic measurements across the IBA region, debate 
continues on the most appropriate plate boundary 
model for the region. Subduction along this boundary 
occurred in geological past, but whether it is still  
active is a debatable issue. It is believed that the pre-
dominantly northward India–Sunda relative plate  
motion of about 36 mm/year is partitioned between 
the Indo-Burmese wedge (IBW) and the Sagaing Fault 
(SF). However, it is not clear how relative plate  
motion between India and Sunda plates is accommo-
dated across the IBA region – whether localized,  
partitioned or distributed, and in particular what is 
the slip rate and mode of slip accommodation across 
faults in the region? In such cases, Global Positioning 
System (GPS) measurements of crustal deformation 
have proved to be the best and probably the only tool. 
Our detailed seismo-tectonic study, crustal deforma-

tion study using high precision GPS measurements of 
eight years, strain rate estimates, field studies, ana-
lytical and finite element modelling of GPS data from 
the IBW region in North East India provide evidence 
for present-day active deformation front (or the plate 
boundary fault) between the India and Burma plates. 
On the basis of our extensive studies, it is now sug-
gested that the Churachandpur–Mao Fault (CMF), a 
geologically older thrust fault, accommodates motion 
of about 16 mm/year through dextral strike–slip man-
ner. The motion across the CMF constitutes about 
43% of the relative plate motion of 36 mm/year  
between the India and Sunda plates. The remaining 
motion is accommodated at SF. On the basis of model-
ling, which suggests low friction along the CMF,  
absence of low-magnitude seismicity along the CMF, 
lack of historic and great and major earthquakes on 
the CMF and regions around it, and field studies, it is 
proposed that the motion across the CMF occurs pre-
dominantly in an aseismic manner. Such behaviour of 
the CMF significantly lowers the seismic hazard in the 
region. 
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Introduction 

‘Geology began when early man first picked up a stone, 
considered its qualities, and decided that it was better 
than the stone he already had…’. 

–Faul and Faul1 
 
FROM the beginning of the journey of geoscience, with 
the discovery of new data resources and advanced meth-
odologies, we have refined our understanding regarding 
the geodynamic complexity of seismo-tectonically active 
regions. Specially, in the field of ‘tectonic geodesy’ (a 
discipline dealing with the application of geodetic tech-
niques in understanding tectonic processes), space-based 
geodetic techniques [e.g. Global Positioning System 
(GPS), Very Long Baseline Interferometry (VLBI), Inter-

ferometric Synthetic Aperture Radar (InSAR), Doppler 
Orbitography and Radiopositioning Integrated by Satel-
lite (DORIS), Satellite Laser Ranging (SLR), etc.] now 
provide quantitative maps of the surface velocity field 
within tectonically active regions, supplying constraints 
on the spatial distribution of the lithospheric deformation 
process. GPS measurement for crustal deformation is a 
cheaper, impressive, precise and portable geodetic tool 
with many advantages over other space-based geodetic 
techniques. In studies related to geodynamics, GPS 
measurements provide estimates of plate motion at a site, 
various phases of deformation through earthquake cycle, 
evidence of strain accumulation, deformation caused by 
anthropogenic activities, etc.2–7. All these aspects are  
important in quantitative and objective assessment of 
seismic hazard of a region. Amongst all techniques only 
tectonic geodesy provides information on the above  
aspects and this is what makes it indispensable in earth-
quake-related studies. 
  In this review article, we demonstrate the capability of 
this technique in solving a long-standing problem of relative 
plate motion and its rate and mode of accommodation in



SPECIAL SECTION: EARTH SCIENCES 
 

CURRENT SCIENCE, VOL. 104, NO. 7, 10 APRIL 2013 921

 
 

Figure 1. General tectonics of the Sunda arc. Arrow in (a) shows the India–Sunda relative plate motion (36 mm/year). Seismicity and 
earthquake focal mechanisms are shown in (b) and (c). All historical great and major earthquakes are also shown. Pink arrows show the  
direction of maximum principal stress (σ1), derived from the inversion of earthquake focal mechanisms50. CCF, Chittagong Coastal Fault; 
MCB, Myanmar Central Basin; CMF, Churachandpur–Mao Fault; EHS, Eastern Himalayan Syntaxis and WAF, West Andaman Fault. 

 
the Indo-Burmese arc (IBA). The IBA is the plate bound-
ary between India and Burma plates, which is probably 
one of the least studied domains as far as plate motion, 
crustal deformation and earthquake occurrence processes 
are concerned. Here the plate boundary, from west to 
east, consists of the Indo-Burmese wedge (IBW), Myan-
mar Central Basin (MCB) and Shan Plateau (Figure 1). 
Geodynamic setting and earthquake occurrence processes 
are relatively complex in the IBW and adjacent  
regions. After the collision of the India plate with the 
Eurasian plate, the Burma plate which consists of the 
IBW, MCB along with the Andaman–Sumatra arc, rotated 
clockwise to become predominantly north-south trending8 
(Figure 2). Approximately north-south trending convex 
westward IBW joins the east-west trending eastern Hima-
laya in the north (Figure 1). Maurin and Rangin9 have 
studied the structures and kinematics of the IBW, which 
defines the western margin of the Burma plate, a sliver 
between the India and Sunda plates. Hence, the Burma 
plate is a sandwiched micro plate between the Indian 
plate to the west and the Sunda plate to the east. On the 
western front of the Burma plate, the IBW displays a dif-
ferent grade of metamorphism and rock types of different 
chronological order across IBW. These different chrono-
logical litho units are separated by fossil thrust sheets, 
namely from west to east transect across IBW region, 
Chittagong Coastal Fault (CCF), Kaladan Fault (KLF), 
Churachandpur–Mao Fault (CMF) and Kabaw Fault 
(KBF) respectively. The Sagaing Fault (SF) marks the 
eastern boundary of the Burma plate of the northwestern 
Sunda arc (Figure 1). 
 Due to the absence of detailed seismo-tectonic studies 
and geodetic measurements across the IBW, debate con-

tinues about the most appropriate plate boundary model 
amongst those available, which include active subduc-
tion, transform, hyper-oblique and no plate boundary at 
all10–15. Several frontline evidences that include arc mag-
matism and metamorphism16,17, occurrence of ophiolitic 
rock sequence18, surface as well as subsurface expression 
of fold and thrust belt-associated structures11,12,19, gravity 
anomalies20, tomographic images21,22 and palaeo-
geographic reconstruction8,23, confirm that subduction 
occurred in geological past, but whether it is still active 
in recent times is a debatable topic. Another question in 
this context is how the relative plate motion between the 
India and Sunda plates is accommodated across IBW re-
gion – whether it is localized, partitioned or distributed? 
Recent GPS measurements5,24 across the Sagaing/Shan 
Scarp Fault system of Myanmar suggest that SF accom-
modates about 20 mm/year through right-lateral strike–
slip motion of the plate convergence of about 36 mm/yr 
between India and Sunda plates. Due to lack of sufficient 
geodetic measurements and their analysis, it is not known 
where and how the remaining plate motion of about 
16 mm/year is accommodated. Our objective is to address 
the above-mentioned unresolved issues in this article. 

Seismo-tectonic studies 

Current seismicity 

The complex geodynamic setting of IBW and adjoining 
regions makes the earthquake occurrence process in this 
region enigmatic. Earthquakes in the IBW and SF  
regions occur in response to the accommodation of the 
India–Sunda plate motion along these two distinct 
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boundaries. Under the accretionary wedge, majority of 
the earthquakes occur in the depth range 30–60 km and 
define an eastward gently dipping (~ 10°–15°) seismicity 
trend surface that coincides with the Indian slab (Figure 
3). The dip of the slab steepens in the eastern direction 
and earthquakes occur to a depth of 150 km, though the 
slab can be traced up to the 660 km discontinuity21.  
Although these features are similar to a subduction zone, 
the nature of the earthquakes and our recent analysis of 
their focal mechanisms suggest that these earthquakes are 
of intra-plate type. They occur on steep planes within the 
Indian plate, and the nodal planes of these earthquakes 
are mostly oblique to the strike of IBW. The derived ori-
entation of maximum principal stress (σ1) is in the  
NNE–SSW direction and the sense of motion on the 
nodal planes implies a northward relative motion with  
respect to the Sunda plate (Figure 3). Presence of a few 
intra-plate earthquakes with normal faulting mechanisms 
in IBW are also generally consistent with the derived 
maximum principal stress (σ1). Some of them represent 
earthquakes in outer rise. Thus, these earthquakes and the 
stress state derived from the inversion of the earthquake 
 
 

 
 

Figure 2. Reconstruction of the Sunda land region at 35, 23, 15 and 
5 Ma based on Hall8. At 35 Ma, India–Asia collision was underway and 
extrusion of Indo-China began by sinistral movement along the Red 
River Fault (R) and sinistral movement along the Three Pagodas–Mae 
Ping Faults (T). There was sinistral movement on the Ranong–Klong 
Marui Fault (K) system. At 23 Ma, collision with Australia started in 
East Indonesia and widespread plate reorganization began. The Red 
River Fault remained sinistral, but movement direction changed to dex-
tral on the Three Pagodas–Mae Ping Faults. Dextral movement on the 
Sumatra Fault (Sm) began. At 15 Ma, movement on the Red River 
Fault ceased. Dextral movement on the Sumatra (Sm) and Sagaing (S) 
Faults was linked via extension in the Andaman Sea. At 5 Ma, there 
was dextral movement on the Red River Fault, the Sumatra Fault and 
Sagaing Fault and oceanic spreading was underway in the Andaman 
Sea. 

focal mechanisms do not support active subduction across 
IBA, which is also consistent with the predominant 
northward motion of the India plate with respect to the 
Sunda plate along this north-south-oriented plate bound-
ary25 and the GPS measurements presented in the present 
article. In the SF region, earthquakes occur through right 
lateral strike–slip motion along the north-south-oriented 
plane and the stress state is consistent with the plate  
motion across the SF25. 

Historical seismicity 

Kundu and Gahalaut25 compiled a catalogue of major 
earthquakes in IBA and SF regions (Figure 1)12,26–29. 
 
 

 
 

Figure 3. A depth section across the Indo-Burmese Wedge (IBW) 
and Sagaing Fault showing the seismicity, earthquake focal mecha-
nisms (east-west vertical cross-sectional projections) and topography. 
Note the steep nodal planes of the earthquake focal mechanisms which 
are not consistent with the gentle dip of the seismicity trend under the 
IBW. 
 

 

 
 

Figure 4. (a) Historical Govindaji temple and the accompanying 
structure, the Beithoub, in the Kangla palace, Imphal was damaged dur-
ing the 1869 Cachar earthquake. Other historical temples in the region 
did not appear to have suffered any damage from the earthquakes. 
However a small tilt (~ 4°) was observed at the Madan Mohonji temple 
(b and c) which may not necessarily be ascribed to the earthquake. 
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Figure 5. Historical temples in Silchar (South Assam) region. Note extensive ruins of the Khaspur king’s ward (b) and 
two temples (a and d) at Taligram. Due to restoration work at other two temples (c, e and f ), damage assessment is not 
possible. f, Singhdwar, note the extensive tilt. The observed tilt in (a) and ( f ) appears to be due to local site affects. 

 
 
We excluded earthquakes occurring in the Shan Plateau 
and Red River Fault region as they are linked with the 
tectonics of the Tibet Plateau extrusion due to the India–
Eurasia convergence. Although there are a few unverifi-
able reports of earthquake occurrence as early as 1548 in 
Tripura, Assam or Bangladesh27,29, there are large uncer-
tainties in the earthquake location. We find that the cata-
logue is probably reliable only after 1762. 
  We studied historical earthquakes by exploring the 
damage to historical monuments and temples in Silchar, 
Imphal and adjoining regions of Manipur valley (Figures 
4 and 5). The 10 January 1869 Cachar–Manipur earth-
quake was the most severe earthquake in the available 
2000 years of written historical records of Manipur30,31. 
Earlier, Manipur was an independent kingdom31, which 
was ruled by Meitei kings since 35 CE. Kangla (now  
Imphal) in Manipur valley was the capital of the princely 
state and the historical records were maintained in The 
Cheitharol Kumpapa, The Court Chronicle of the Kings 
of Manipur30,31. In these records, occurrence of only the 
1869 earthquake which caused damage in the Cachar valley 
near Silchar and Manipur valley near Imphal, has been 
mentioned. We visited more than 12 historical temples, 
the oldest among them being about 400 years. We did not 
find much evidence of damage in the Manipur and Ca-
char valleys due to the 1869 earthquake (Figures 4 and 
5). The damage was mainly confined to small pockets, 
e.g. the Kangla palace in Imphal. At other places the old 
historical structures did not suffer damage either due to 
the fact that they were small and massive or the site con-
ditions were better. Lack of evidence of occurrence of 
great earthquakes in the historical records and absence of 

occurrence of inter-plate earthquakes in the IBA demand 
careful analysis of how the plate motion in this region is 
accommodated and what is the seismic hazard due to the 
great earthquakes in IBW. 

GPS measurements of crustal deformation 

Methodology 

To quantify plate motion, GPS measurements of crustal 
deformation in IBW were initiated in 2004 with the estab-
lishment of 26 survey-mode and three permanent GPS 
sites (Figure 6). The survey-mode sites have been occu-
pied annually from 2004 till 2011. Twenty-six campaign-
mode GPS sites in IBW were occupied annually for 3–4 
days. GPS data from these sites, including 20 IGS sites 
during 2004–2011 were processed using the GAMIT/ 
GLOBK software, version 10.4 (refs 32–34). The station 
coordinates and their rates are estimated in the ITRF-
2005 reference frame. These data were processed on a 
daily basis producing loosely constrained station coordi-
nates and satellite orbits. These were further combined 
with loosely constrained solutions of globally distributed 
nearby IGS station data available from the Scripps  
Orbital and Positioning Analysis Centre (SOPAC; 
http://garner.ucsd.edu). Using the GLOBK software,  
position estimates and velocity stabilization in ITRF-2005 
were achieved. The coseismic and post-seismic displace-
ments due to the 2004 Sumatra–Andaman earthquake  
(M 9.2) are negligible24 and hence ignored. We have rep-
resented the velocities in the India fixed reference frame 
using the Euler rotation pole of the stable Indian plate, 
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proposed by Banerjee et al.35. Further, in order to repre-
sent the entire plate circuit, we have combined our well-
constrained GPS measurements with result obtained from 
the Myanmar region5. The result obtained from Myanmar 
network has been derived from only two campaigns 
(1998 and 2000 respectively) and hence may not be accu-
rate, specially for those sites which are isolated. Hence, 
motion from these isolated sites is ignored. In order to 
bring similarity in the reference frame representation, 
transformation from ITRF-2000 to ITRF-2005 is applied 
using velocity field comparison and combination version 
1.01 (VELROT) for the data incorporated from the 
Myanmar network5. 

Observations 

The following observations can be made from the GPS 
measurements in the region (Figure 7). 
 
(1) Estimated velocity at all these sites in ITRF-2005 is 

in the NE direction, which varies in magnitude from 
45 to 55 mm/year. Slower velocity is observed at 
sites in the eastern Manipur and eastern Nagaland 
regions. 

(2) The estimated motion at these GPS sites with India 
fixed reference frame increases in the eastern direc-
tion and is predominantly in the SW direction (Figure 
7). There appears to be sudden change in the magni-
tude of the motion near the longitude 93–93.5°E, 
which corresponds to a known fault, CMF. In the 
 

 

 
 

Figure 6. GPS networks in the IBW and Sagaing Fault region5,24. 
Filled circles represent the earthquakes in the region. Permanent sites 
are marked by an asterisk. CCF, Chittagong Coastal Fault. 

 Imphal valley region, it marks the western margin of 
the valley itself. One of the immediate interpreta-
tions from these observations is that the CMF is a 
dextral strike–slip fault. It is probably one of the 
older thrust sheets of this fold-and-thrust belt which 
is now possibly reactivated in the dextral strike–slip 
motion. 

(3) It is observed that the motion at other GPS sites, e.g. 
at Kolkata and Bhubaneswar, which should represent 
the Indian plate motion, is almost similar to that at 
the westernmost site at MAMT, from where the site 
motion increases gradually and there appears to be 
jump at CMF. Thus the CMF may be considered as a 
plate boundary fault between India and Burma 
plates. 

(4) GPS measurements5 in the Myanmar region clearly 
suggest that the Sagaing/Shan Scrap Fault system 
absorbs about ~ 20 mm/year through dextral strike–
slip motion out of the 36 mm/year India–Sunda rela-
tive plate motion. 

(5) A prominent fault, referred to as the Kopili Fault is 
located between the Shillong Plateau and Mikir hills, 
the two main topography features of the region. The 
approximately northwest-southeast-oriented linea-
ment is considered to be seismically active and extends 
up to the Himalaya in the north36. The two GPS sites, 
GWHT and TZPR, separated by a distance not more 
than 120 km, are located on the either side of this 
fault (Figure 7). The two sites on either side of the 
Kopili Fault show differential motion of about 
2.9 ± 1.5 mm/year and imply dextral motion on the 
northwest-southeast trending fault which is consis-
tent with the available focal mechanism of earth-
quakes from the region36. 

(6) We did not find any significant motion across KLF 
and KBF, the two most prominent faults in IBW 
(Figure 7). 

Preliminary conclusions 

The velocity estimates in ITRF-2005 suggest that the 
eastern block moves slower than the western block. It  
becomes clearer in the velocity estimates with reference 
to the Indian plate. The sites in the western block move 
slower, as if they are located on the Indian plate. Ideally 
speaking, the velocity of the westernmost sites (i.e. 
MAMT, KASH, etc.) should be zero in India fixed refer-
ence frame. Such residual velocity at these sites may be 
explained, either due to error in estimation of the Euler 
pole for Indian plate which was used to theoretically pre-
dict the velocity at these sites, or due to influence of  
motion of sites on the eastern block due to contribution 
from the not so perfect elastic/rigid motion. 
 Sites in the eastern block show significant south to 
southwestward motion with respect to the Indian plate.
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Figure 7. Velocity of sites in the IBW and Sagaing Fault4 region in ITRF2005 (left panel) and Indian reference frame 
(right panel). MFT, Main Frontal Thrust; SF, Sagaing Fault; KF, Kopili Fault; KLF, Kaladan Fault; CMF, Churachandpur–Mao 
Fault; KBF, Kabaw Fault; DF, Dauki Fault. 

 
 
This is the motion which was expected from this region. 
We further recall that with respect to the Sunda plate, the 
Indian plate moves northward at a velocity of 36 mm/ 
year, out of which about ~ 20 mm/year is accommodated 
across SF in the east; hence the remaining motion of 
about 16 mm/year should be accommodated in IBW 
through dextral motion. With respect to the Indian plate, 
this motion will be towards south to south-southwest. 
Since the motion is almost parallel to the mapped faults 
in the region, it may be suggested that motion occurs pre-
dominantly through dextral strike-slip manner and no or 
very little dip–slip motion occurs in the region. It sup-
ports the hypothesis that there is no subduction across 
this margin. 
 Now it is time to pose the big question, ‘Where and 
how is this motion occurring?’ Looking at the velocity 
plots (Figure 7), the two blocks in IBW appear to be dis-
tinctly demarcated by the CMF. It appears to be equiva-
lent of the Lelon Fault mapped in Myanmar9. The fault 
can also be well-traced in the satellite imageries (A. K. 
Saraf and J. D. Das, unpublished37). We have further  
explored the location and characteristics of the CMF 
through field studies (Figure 8). The SRTM topographic 
map demarcates a well-defined topographic front west of 
the Imphal valley in the Manipur region (Figure 8), which 
is the location of the CMF. In this region there is an east-
west trending road, which crosses the north-south-
oriented fault zone area, maintained by the Border Road 
Organization (BRO). However, the stretch of the road in 
the fault zone is badly damaged, despite several attempts 
by BRO to repair it. The width of the fault zone is not 
more than 350–400 m and the deformation appears to be 
localized in that region. Field investigations further pro-

vide us some interesting signatures regarding active  
nature of the fault zone. Within this stretch of 300–
400 m, we identified several landslide zones, tight folds, 
pulverized material, well-exposed fault gauge and breccia 
units and associated fault surface (Figure 8). All these 
evidences suggest that the deformation here is very  
intense and localized in a narrow zone. Interestingly, not 
a single major, moderate or small earthquake has been 
reported from the CMF region either in the global earth-
quake catalogues or in the available local earthquake 
catalogue (India Meteorological Department). However, 
it may be possible to detect relatively lower magnitude 
events through installation of a local seismic network. 
 We believe that this fault accommodates the dextral 
strike–slip motion (as discussed above and shown in Fig-
ure 7), which in geological time, acted as the thrust fault. 
Another point to ponder is whether the motion is seismic 
or aseismic. The velocity with reference to the Indian 
plate suggests that the increase in velocity in the eastward 
direction is sudden, rather being gradual. A gradual  
increase in velocity will indicate strain accumulation, 
whereas the sudden increase like a ‘jump’ will indicate 
aseismic motion across the boundary. We explore this in 
subsequent sections. 

Estimation of strain rate from GPS-derived  
velocity 

Fitting a strain model to GPS-derived displacement/ 
velocity data (i.e. inverse strain modelling) is the first-
order qualitative interpretation of the data. GPS-derived 
velocities in India fixed reference frame (Figure 9) 
clearly show that velocity on either sides of the CMF is
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Figure 8. Field study in the Churachandpur–Mao Fault (CMF) zone, near Churachandpur. a, Digital Elevation Model of the 
IBW, showing topographic front marking CMF. The two nearest GPS sites to CMF are also indicated. b, General structural map of 
the CMF zone. c, Two cross-sections (A–A′ and B–B′) are shown. Location of CMF is the valley area (red bold line) is also shown. 
d, Composite field photograph of the CMF zone. The winding road is shown by white arrow. The CMF location is marked by red 
arrow. e, Fault gauge and breccia are shown. The signboard ‘sinking area’ by the Border Road Organization (BRO) marks the 
eastern limit of the fault zone. 

 
 

 
 

Figure 9. Horizontal principal strain rate axes derived from the GPS 
displacement rate, estimated in a regular grid according to the distance 
weighted approach. Note the highly deformed strain ellipse near the 
CMF. BOB, Bay of Bengal. 

significantly different. This evidence motivates us to  
further analyse the strain rate across CMF. We have esti-
mated the horizontal 2D strain rate principal axes and 
their directions on a specified grid, by weighting data. It 
is performed using SSPX (a Macintosh, Cocoa/Universal 
application)38 computer program, by applying the dis-
tance-weighted approach on a regularly spaced grid to esti-
mate the strain using all GPS sites. The advantage of this 
application is that SSPX works equally well for small  
deformation (i.e. infinitesimal strain) and for large defor-
mation (i.e. finite strain) associated problems. The data 
points from each station are weighted by their distance 
from the grid node, by defining a constant, α, which 
specifies how the effect of a station decays with distance 
from the node38,39. Each datum is weighted by a factor W: 
 
 W = exp[– (d2/2α2)], 
 
where d is the distance between the node and a station. 
Stations within 1α distance contribute more than 67% to 
the least squares solution, whereas those at greater than 
3α contribute less than 1% (ref. 39). We have used 25 km 
grid spacing and distance weighted algorithm with 
α = 30 km. The value of α is chosen so that it yields
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Figure 10. A profile perpendicular to the CMF (approximately in the east-west direction) showing fault parallel 
site velocity. Red dashed curve is the simulated velocity profile (rms misfit ~ 0.15 mm/year) due to locking on 
CMF at a rate corresponding to the dextral strike–slip motion of 16 ± 2 mm/year. The continuous blue curve (rms 
misfit ~ 0.08 mm/year) corresponds to the relative motion of 16 mm/year across the IBW, largely accommodated 
on CMF with very low friction of 0.18. (Inset) Partitioning of the India–Sunda plates, motion on CMF in the IBW 
and Sagaing Fault (SF). 

 
 
maximum variation in the parameter of interest with 
minimum number of insignificant nodes, where the abso-
lute value of the magnitude is less than the 1σ uncer-
tainty. W is represented as a diagonalized matrix and 
included in the inversion as40 
 
 a = [MTWM]–1MTWb, 
 
where a, b and M are the unknown model parameter,  
displacement/velocity and matrix representing initial or 
final positions of the stations (i.e. the design matrix)  
respectively. 
 Figure 9 shows the estimates of stain ellipses, with 
maximum shear strain rates and rotational strain rates es-
timated on the rectangular grid. From this strain analyses 
the following salient features are documented. 
 
(i) Maximum shear stain rate (0.165 μ strain/year with 

azimuth of ~ 31°) is observed along the CMF (Figure 
8). Moreover, the trend of the right lateral shear 
strain direction also coincides with the general trend 
of the surface-mapped CMF. However, the maximum 
value of extension rate and shortening rate is less 
compared to the maximum shear strain rate. Thus the 

GPS-derived stain rate suggests that the CMF actu-
ally accommodates a considerable amount of relative 
motion in IBW through dextral motion. 

(ii) GPS-derived strain rate and the general trend of the 
right lateral shear plane are consistent with the general 
trend of the Kopili Fault (Figure 9). 

Modelling of GPS data 

We resolved the Indian reference frame velocity esti-
mates into the CMF parallel and CMF normal compo-
nents. We find that there is no significant variation in the 
fault perpendicular motion across the CMF, implying that 
there is no subduction across the CMF or any other fault 
in the IBW. However, significant increase in the fault 
parallel velocity from west to east implies that the slip 
along the CMF is accommodated through dextral strike–
slip manner, either through stick and slip behaviour or 
through aseismic creep (Figure 10). We assumed the 
steeply dipping CMF to be locked and the plate boundary 
interface further downdip to be slipping freely. Although 
the simulated strain accumulation curve41 corresponding 
to a downdip fault width of 25 km and a dextral slip defi-
cit rate of 16 mm/year on a very steep fault with dip as 
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80° simulates the overall pattern in the fault parallel  
velocity, it fails to simulate the sudden jump at CMF 
(Figure 10). These estimates were derived using the grid 
search method. 
 The sudden jump in the velocity may actually imply 
that the deformation across CMF may be due to aseismic 
slip involving very low friction. To test this, we used a 
finite element method (ANSYS software) in which fric-
tion may vary on the CMF. ANSYS employs the New-
ton–Raphson approach to solve nonlinear problems. In 
this method a load is subdivided into a series of incre-
ments applied over several steps. Before each solution the 
Newton–Raphson method evaluates the out-of-balance 
load vector, which is the difference between the restoring 
forces and the loads corresponding to the element stresses 
and the applied loads. 
 In our model, the CMF is considered as a steeply dip-
ping fault, which joins the plate boundary interface  
between the Indian plate and Burma sliver (Figure 11). 
We considered a two-layer model in which the upper 
layer represents IBW, whereas the lower layer represents 
the Indian plate. The material in both the layers was con-
sidered to be perfectly elastic. On the basis of the seis-
micity data25 and seismological studies related to  
receiver function42, the wedge thickness was considered 
as 25 km. The friction on the CMF in the wedge (in the 
upper layer) was allowed to vary, while on the plate 
boundary interface in layer 2, it was assumed as zero  
(actually it was considered as 0.05, to avoid singularity) 
to simulate the steady aseismic slip. The entire model 
covers a tetrahedron prism with horizontal dimensions of 
375 km (along the east-west direction) × 200 km (along 
north-south direction) and a depth extent of 45 km. The 
model is composed entirely of four-node tetrahedron 
solid structural elements, and consists of 54,039 elements 
with 11,214 active nodes. The mesh was refined at the 
frictional contact surface and consists of 1106 active 
nodes at the surface. All elements deform elastically and 
 
 

 
 

Figure 11. A generalized model of the simulation. U corresponds to 
the site velocity of the easternmost GPS site, MORE. 

follow Coulomb friction failure criterion. The force for 
the Coulomb friction is 
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where ut is the tangential displacements, μ the friction 
coefficient and K is the stiffness coefficient. 
 The model is subjected to gravity, which compressed 
the model and established an initial stress state. The bot-
tom of the model was constrained to zero displacement in 
the vertical direction, and the model sides were not per-
mitted to move vertically (fixed in Y direction). All other 
nodes were given two DOF, i.e. in X and Z directions. 
Thus, the velocity of the western part (i.e. representing 
the Indian plate) of the model is fixed to zero. We im-
posed a velocity of 18.6 mm/year towards 222°N on the 
eastern edge of the model which corresponds to the site 
velocity at MORE, the easternmost site of our network 
located at the eastern margin of the wedge. The free sur-
face is fully deformable. All velocity constraints are im-
posed on the model edges as described above and no 
constraints are imposed on elements within the model. 
Pore fluid pressure was assumed to be hydrostatic.  
Results were considered along an east-west profile on the 
surface passing through the centre. 
 We find that the resulting velocity estimates across the 
wedge using a friction coefficient of 0.18 on the CMF 
provides better fit in the data and simulates the velocity 
jump reasonably well (Figure 11). The boundary condi-
tions, e.g. dimension of the model, depth of the top sur-
face of the Indian plate, geometry of the fault and far-field 
applied displacement at the eastern and western margins 
of the model, have been constrained from various data 
and observations. The result of low friction is quite ro-
bust and does not vary with slight change (e.g. 10%) in 
these boundary conditions. The very low friction coeffi-
cient and the jump in the fault parallel velocity imply 
aseismic slip on the CMF. Low frictional behaviour on 
the CMF appears to be related to the fault gauge. From 
the above, we summarize that out of the 36 mm/year of 
India–Sunda plate motion, 16 ± 2 mm/year (about 43%) 
is accommodated through dextral motion along the CMF 
in the IBW and 20 ± 3 mm/year (about 57%) is accom-
modated along SF5,24 (Figure 10). However, the motion 
across the CMF is aseismic, whereas it is through stick 
and slip behaviour across SF. 

Discussion 

GPS measurements in IBA have led to some major  
advancements in understanding the geodynamic complexity 
of region, viz. in assessing seismic hazard in the region 
and understanding long-term plate motion across this
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Figure 12. Fault parallel and fault normal motion along east-west profile in the IBW and Sagaing Fault (SF) region. There is no apparent 
jump in the fault normal velocities across the two tectonic features, implying that there is no subduction along this margin. The jump in 
fault parallel velocity in the IBW and SF region is simulated with aseismic slip of 16 ± 2 mm/year along CMF and seismogenic slip of 
20.3 ± 3 mm/year along SF5,24. (Inset) Partition of the India–Sunda plate motion along CMF in IBW and SF. Lower panel shows the  
geometry of the faults. Dashed portion of the fault at depth (or plate boundary interface) denotes stable sliding. KLF, Kaladan Fault; KBF, 
Kabaw Fault; MCB, Myanmar Central Basin. 

 
 
hitherto complex plate boundary region which had no or 
limited geodetic data. 

Implication of aseismically slipping boundary:  
seismic hazard assessment 

From the available historical records of the past several 
years, it appears that no great earthquake has occurred in 
the IBA region, or more specifically on the CMF. The 
great 1897 Shillong Plateau and 1950 Assam earthquake 
occurred in the Shillong Plateau and Himalayan region 
respectively. Therefore, they are not linked with the tec-
tonics of the IBA region. In the history of more than 500 
years, only two strong earthquakes appeared in the IBA 
region, the 1869 Cachar earthquake and the 1762 Arakan 
earthquake. However, a careful study of the damages 
caused by the 1869 earthquake suggests that this was not 
a great or even major earthquake as the damage due to 
this earthquake was confined in a small regions where 
unconsolidated sediments were present (see the earlier 
section). On the other hand, Cummins43 reported the 1762 
Arakan earthquake as a great tsunamigenic earthquake. 
The effects of the earthquakes were mostly found to be 
highly exaggerated44. It is now considered that this earth-
quake probably did not cause any major tsunami44 and 
was probably only a major earthquake45. 

 Modern seismological history of the past 50 years indi-
cates that the earthquakes in IBW occur at depths greater 
than 40 km on steep fault planes within the subducted In-
dian plate and are thus considered as intra-plate earth-
quakes. Even the largest 1988 Indo-Myanmar border 
earthquake (M 7.1), occurred at 90–100 km depth regime. 
The contact surface between the basement of the outer IBW 
and the Indian plate is non-seismogenic. The CMF, which 
accommodates a large part of the India–Sunda plate motion, 
is not associated with any earthquake and slips aseismically 
and joins the contact surface between the Indian plate and 
the IBW. Slip on the deeper parts of the contact surface 
occurs through stable sliding. Thus the motion between 
the India and Sunda plates is accommodated in the IBA 
through slip on the CMF occurring aseismically and does 
not contribute to the strain accumulation. It implies that 
the earthquake hazard in the IBA region due to great and 
major inter-plate earthquakes is extremely low. However, 
we acknowledge this fact that strong intra-plate earth-
quakes that generally occur at depths greater than 50 km, 
may cause damage in the sediment-filled valley regions, 
such as the Cachar and Imphal valley in the Indian and 
Sylhet trough and Chittagong in Bangladesh, where 
sediments are unconsolidated. 
 In the seismic hazard zonation map of India, the entire 
NE Indian region has been classified in seismic zone V, 
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the highest seismic hazard zone. This is primarily due to 
the fact that the great 1897 Shillong Plateau and 1950  
Assam earthquakes occurred in the region. We are of the 
opinion that it is correct to classify the Shillong Plateau 
region and the Arunachal Himalaya region in seismic 
zone V. However, in view of our studies, putting the  
region along IBA (i.e. the states of Nagaland, Manipur, 
Lower Assam and Mizoram) in seismic zone V, is not 
appropriate and the proposed high seismic hazard in the 
region needs to be downgraded. 

Long-term plate circuit between India and  
Sunda plates 

We have combined the results of GPS measurements with 
those from the SF region in Myanmar5. The results of 
crustal deformation from the central and northern part of 
the SF region have been derived from only two survey-
mode GPS measurements. However, since several sites  
 
 

 
 

Figure 13. Cluster analysis of GPS-derived regional velocity. Four 
different clusters are identified irrespective of regional networks2–4 and 
presence of major active fault biasness. Major cluster gaps are high-
lighted by red arrows. 

have been occupied in the region, the estimate of slip rate 
of about 20.3 ± 3 mm/year across SF may be considered 
reliable. Thus, out of the India–Sunda plate motion of 
about 36 mm/year, 20.3 ± 3 mm/year (i.e. about 57%) is 
accommodated through dextral motion on SF (Figure 12), 
which is currently locked. We propose that the remaining 
motion at about 16 ± 2 mm/year (i.e. 43%) is accommo-
dated through dextral motion along the CMF in an aseismic 
manner (Figure 12). It also implies that the CMF is the 
present active plate boundary fault or deformation front. 
 It has been suggested that in the Sumatra region, the 
motion between the India and Sunda plates is partitioned 
between the arc normal motion in the frontal arc and arc 
parallel motion in the back arc, i.e. on the Sumatra Fault 
system12,46. In the Andaman–Nicobar region the motion 
in the frontal arc becomes oblique. The motion in the 
back arc is accommodated through strike–slip and normal 
motion on the Andaman Sea transform rift system, which 
joins with SF in the north. It has been suggested that 
there is no segmentation between FBW in the north and 
 
 

 
 

Figure 14. Implication of cluster analysis. Note the major active 
faults are separating the three GPS velocity clusters (i.e. clusters_2–4) 
of the Indo-Burmese arc (IBA) region. 
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Andaman–Sumatra subduction zone in the south, as the 
motion in the two regions can be explained by a single 
Euler pole47. Such an Euler pole predicts predominant 
strike-slip motion in IBW, which is consistent with the 
motion derived from GPS measurements. Thus it is  
appropriate to use term ‘partitioning’ of the India–Sunda 
plate motion between the CMF and SF. In this context, it 
is logical to propose that the deformation front of the  
India–Burma plate boundary is at the CMF in IBW. 

Subduction to strike–slip transition 

In the context, it is appropriate to analyse the exact nature 
of the plate boundary in the IBA. We acknowledge this 
fact that structural transitions from subduction systems to 
transform faults on oblique or hyper-oblique convergent 
plate boundaries are often poorly surveyed or overlooked 
because of lack of direct evidences. However, detailed 
tectonics studies of such transitions are necessary to iden-
tify clearly the modalities of transfer of relative plate  
motion from transform plate boundary to subduction  
interface. Approximately 25 such subduction to 
 
 

 
 

Figure 15. Schematic illustration showing how applied forces (F) and 
lithospheric rheology (μ, η) influence GPS velocity field of the Indian 
subcontinent. The transition from global plate kinematics through  
continental block models to continuum models is also shown51. Hypo-
thetical GPS clusters are shown below. Fcr, Collision resistance; Ftr, 
Transform resistance; μ, Frictional coefficient for crustal faults; η,  
Viscosity of lithosphere; SI, Stable Indian plate; GFR, Godavari Failed 
Rift region; KW, Koyna–Warna region. 

strike–slip transition domains were reported during the 
1999 Penrose Conference; for example, both ends of Alpine 
Fault, New Zealand, northern and southern Carribean, the 
Scotia Sea, northern California, the western Aleutian, 
Taiwan, Japan and Kamchatka (http://people.uncw.edu/ 
grindlayn/revabstr_vol.pdf). Here is another example 
where there is a transition from subduction (in the Anda-
man–Sumatra region) to the transform plate boundary (in 
the IBA). However, IBA is anomalous in the sense that 
here the transition from subduction to strike–slip is not 
only in space, but also in time. As discussed earlier, there 
are evidences of subduction and presence of a subducted 
slab under IBA. But the present GPS measurements and 
their analysis and the earthquakes in the region clearly 
suggest that this boundary at present acts as a transform 
fault boundary. 

Cluster analysis of regional GPS velocity and  
implication over user-defined model 

Simpson et al.48 suggested that cluster analysis provides a 
simple visual exploratory tool for the preliminary investi-
gation of regional GPS velocity and an indirect way of 
representation of long-term plate circuit. It becomes a  
robust tool for grouping objects with similar properties49. 
This kind of analysis is widely used in many disciplines, 
including taxonomy and genomics. Simpson et al.48 how-
ever, discussed it probably for the first time in the field of 
‘tectonic geodesy’. 
 Following Simpson et al.48, here, we have explored  
the cluster analysis of regional GPS velocity of IBA  
region (Figure 13). In order to represent contrasting be-
haviour between plate interior and plate boundary  
regions, we have also included GPS velocity from stable 
Indian plate regions2–4. It helps us in identifying poten-
tially deforming blocks, usually guided by the distribu-
tion of major identified active faults. Irrespective of the 
network biasness and knowledge of major identified 
faults, we observe that regional GPS velocity forms four 
different clusters (Figure 13). Computed cluster means 
are shown in Figure 14. All individual clusters are sepa-
rated by major gaps highlighted by red arrows in Figure 
13. Note that the velocities defining cluster 1 block in 
Figure 14, are more tightly clustered than those defining 
the other blocks (e.g. clusters 2–4). It suggests greater  
rigidity and lesser amount of internal deformation and 
elastic strain accumulation within the stable Indian plate. 
However, GPS velocities belonging to IBA region clearly 
show greater amount of internal deformation across the 
major identified active faults (Figures 13 and 14). Inter-
estingly, the Shillong Plateau cluster overlaps with clus-
ter 2 possibly because of the influence of Himalayan 
tectonics (Figure 14). Our earlier presented plate circuit 
representation between India and Sunda plates is consis-
tent with this analysis as well (Figure 12). However, the
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Figure 16. An E–W cross-section across IBA and partitioning of plate motion between Indian and Sunda plates. SF,  
Sagaing Fault; KLF, Kaladan Fault; CMF, Churachandpur–Mao Fault; CCF, Chittagong Coastal Fault, KBF, Kabaw 
Fault; MCB, Myanmar Central basin. 

 
different user-defined models (e.g. plate boundary, block 
and continuum models) can be implemented in a slightly 
different way in the cluster analysis (Figure 15). GPS  
velocity is a function of two major components, namely 
force and rheology. Defining models on the basis of  
observed GPS velocity is dependent on which models we 
are accepting. The number of GPS velocity clusters will 
decrease as we approach from ‘block model’ to ‘plate 
boundary model’ to ‘continuum model’ (Figure 15). We 
also suggest that there could be locally deforming iso-
lated pockets within the stable Indian plate, e.g. the  
Godavari Failed Rift region or Koyna–Warna region, that 
can behave in a slightly different manner. We conclude 
that GPS measurements provide potential constraints on 
the spatial distribution of the lithospheric deformation 
process even in complex tectonic domains. 

Conclusions 

Our intensive study, primarily based on GPS measure-
ments, brings the following findings, which resolve some 
of the geodynamic complexities of the IBA region (Fig-
ure 16): 
 
(a) We have found that the CMF, a geologically older 

thrust fault, accommodates motion of about 16 mm/ 
year through dextral strike–slip manner, which is 
about 43% of the relative plate motion between the 
India and Sunda plates. Therefore, CMF is the pre-
sent-day active deformation front or plate boundary 
fault between the India and Burma plates. 

(b) Most of the evidences, which include lack of historic 
and great and major earthquakes on the CMF and  
regions around it, GPS measurements, mathematical 
modelling with significantly lower value of frictional 
coefficient, field investigations, etc. favour aseismic 
behavior of CMF. 

(c) Due to the aseismically creeping/slipping active 
plate boundary in IBW, seismic threat to nearby Mani-
pur, Mizoram, Nagaland, South Assam and adjacent 
regions, due to large interplate earthquakes on CMF 
is very low. 

(d) Finally, we propose that the IBA region is yet  
another classical example of subduction to aseismi-
cally slipping strike–slip plate boundary transform-
ing tectonic domain in the Indian subcontinent. 
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