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Abstract In this study, an attempt is made to determine
seismic velocity structure of the crust and upper mantle
beneath the Shillong-Mikir Hills Plateau in northeast India
region. The principle of the technique is to relate seismic
travel times with crustal thickness above the Conrad and
Moho discontinuities. Broadband digital waveforms of the
local earthquakes make a precise detection of the seismic
phases possible that are reflected at these discontinuities.
The results show that the Conrad discontinuity is at 18-20
(£0.5) km beneath the Shillong-Mikir Hills Plateau and
the Moho discontinuity is at 30 £ 1.0 km beneath the
Shillong Plateau and at 35 + 1.0 km beneath the Mikir
Hills.

Keywords Conrad and Moho discontinuities -
Reflected seismic waves - Shillong and
Mikir Hills Plateau - Travel time

Introduction

The Shillong-Mikir Plateau (SMP) in the northeast region
(NER) of India, latitude (25 to 28°N) and longitude (89 to
94°E), is seismically one of the most active zones in the
world where 16 large (M > 7.0) earthquakes and one great
Mg = 8.7 earthquake of June 12, 1897 (Oldham 1899)
occurred during the last ~ 110 years since 1897. The 1897
great Shillong earthquake caused extensive destruction in
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the region killing about 1,540 lives with a property loss of
$30 million (Tillottson 1953). The region lies in the seis-
mic zone V of India (BMTPC 2003). The zone V is the
maximum rating zone in the national seismic zoning map
of India. The SMP is part of the Indian shield, which is
separated out from the peninsular shield, and moved to the
east by about 300 km along the Dauki fault (Evans 1964).
The gigantic E-W trending Dauki fault separates the pla-
teau to the north and the Bengal basin to the south (Kayal
2001; Fig. 1). The mighty river Brahmaputra, on the other
hand, separates the plateau from the Himalaya to the north.
The E-W segment of the river at the northern boundary of
the plateau is named Brahmaputra fault (Nandy 2001). The
Mikir massif, a part of the Shillong massif, moved to the
northeast along the ~300 km long NW-SE trending
Kopili fault (Baruah et al. 1997; Nandy 2001; Kayal 2001).
Several hundred earthquakes (M > 4.0) are recorded
during the past few decades in the region. In addition to the
national network run by the India Meteorological Depart-
ment (IMD), the North-East Institute of Science and
Technology-Jorhat (NEIST-J), the National Geophysical
Research Institute, Hyderabad (NGRI-H) and several uni-
versities established analog networks since 1982. These
stations are now upgraded to broadband digital stations
with global positioning system (GPS) timing since 2001.
Many authors (e.g., De and Kayal 1990; Mukhopadhyay
et al. 1995; Gupta et al. 1984; Kayal and Zhao 1998; Rai
et al. 1999; Baruah 1995; Sitaram et al. 2001) have studied
the crustal structure in the region using the analog data
recorded before 2001. With the recent broadband wave-
form data, the Moho discontinuity is studied by receiver
function analysis (Kumar et al. 2004; Mitra et al. 2005;
Ramesh et al. 2005). They infer a gentle dipping Moho
reaching a depth of 48 km to the north of SMP. Based on
gravity and seismological data, Nayak et al. (2008) suggest
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Fig. 1 Map showing the major
tectonic features of the study
region. The Great earthquakes
of 12 June, 1897 is shown by a
larger red star. The red circles
represent the epicenters of the
selected earthquakes. To the
right, different magnitude
ranges of the epicenters are
defined: Mp(A) is the average
duration magnitude. The digital
broadband seismic stations are
shown by green triangles. The
major tectonic features such as
the Dauki Fault, Dhubri Fault,
Kopili Fault, Oldham Fault,
Main Central Thrust and Main
Boundary Thrust are also
indicated. Each station is
numbered as in Table 1; Inset
map of India indicating the
study region. Alongside the
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that the Moho beneath the Shillong Plateau is at shallower
depth of about 35 km.

No study is, however, made to estimate the Conrad and
Moho discontinuities using reflected phases of the local
earthquakes recorded by the broadband network in the
region. Picking up or precise reading of reflected phases in
the analog records of earlier seismic network was difficult.
With the advent of digital seismic network, precise detec-
tion of reflected phases, however, it is possible to estimate
the crustal discontinuities (e.g., Sanford and Long 1965;
Mizoue 1971; Sanford et al. 1973; Rinehart and Sanford,
1981; Mizoue and Isao Nakamura 1982; Nakajima et al.
2002). In the present study, we have utilized the broadband
seismic waveforms of the local earthquakes to estimate
depths of the Conrad and Moho discontinuities. This has
been done by estimating travel times of the reflected seis-
mic waves. Results of this study are highlighted here and
shed new light on the crustal structure beneath the SMP.

Tectonic setting

The NER India comprises distinct geological units, like the
Himalayan frontal arc to the north, the highly folded Indo-
Burma mountain ranges to the east, the Brahmaputra
alluvium in the Assam valley and the Shillong-Mikir
massif between these two arcs, and thick sediments of the
Bengal basin to the south (Fig. 1). Seismotectonics of the
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region has been the subject of several studies (e.g., Tap-
ponnier et al. 1982; Kayal and De 1991; Kayal 1996, 2001;
Angelier and Baruah 2009; Nandy 2001). Bilham and
England (2001), based on geodetic and GPS data, proposed
a ‘pop-up’ tectonic model of the Shillong Plateau, and
argued that the 1897 great earthquake was produced by a
south dipping hidden fault at the northern boundary of the
Shillong Plateau; they named it as the ‘Oldham fault’ that
extends from a depth of about 9 km down to 45 km. They
further suggested that the Shillong plateau earthquakes are
caused by the ‘pop-up’ tectonics between the Dauki fault
and the Oldham fault (Fig. 1). Recent seismicity and tec-
tonics of the region have been reviewed by Kayal et al.
(2006); Kayal (2008); Rajendran et al. (2004); Baruah and
Hazarika (2008). Prominent geological units of the NER,
however, remain geophysically less studied due to inac-
cessibility of the terrain.

Data analysis and results
Data

We selected 177 best located local earthquakes recorded
during 2001-2008 by the broadband seismic network
(NEIST-J and NGRI-H) in the region (Fig. 1). These
events are recorded with higher signal-to-noise ratio and
have clear direct and reflected phases. In addition to the
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NEIST-J and NGRI-H network data, the data of the IMD,
Gauhati University, Manipur University and Mizoram
University are incorporated for precise determination of
hypocentral parameters. All broadband seismic stations are
operated both in continuous mode and trigger mode, and
the seismograms are recorded at 100 samples per second.
The recorded seismograms have been corrected by using
instrument response based on the eloctrodynamic constant,
critical damping, natural frequency of seismometers and bit
weight of unit gain of each recording unit for all stations.
Table 1 shows the digital stations with the abbreviations
used. About 230 seismograms are used for the selected 177
events; epicenters and seismic stations are shown in Fig. 1.
Precision of hypocenter determination depends not only
on the distribution of the recording stations but also on
velocity structure between source and stations, particularly
in an area where lateral heterogeneities are extreme (Okada
et al. 1970). We have determined the epicenters using the
HYPOCENTER location software of Lienert et al. (1986)
based on the crustal velocity model of Bhattacharya et al.
(2005). Uncertainties involved in the estimates of epicen-
ters show that about 85% of the events are located with an
error of 0-2 km in depth and epicenter, and the error in
origin times is of the order of 0-0.5 s. The source receiver
distance of the selected events ranges from 35 to 120 km.
Duration magnitude (Mp) of these events is estimated in
the range 1.7-5.2, and focal depth mostly at 3—15 km.

Reflections from the Conrad discontinuity

Prominent phases after the first P- and S- wave arrivals are
observed in the seismograms for shallow crustal earth-
quakes. These phases are interpreted as reflected P (PxP)
and reflected S (SxS) waves, respectively, at the Conrad
discontinuity. The PxP and SxS phases are detected at the
critical distance ranges. Amplitudes of these phases are

Table 1 Station names along with abbreviations

No Station Abbreviations Latitude Longitude Elevation
(m)
1 Jogighopa JPA 26.239  90.575 42
2 Manikganj MND 25924  90.676 40
3 Nangalbibra  NGL 25472 90.702 330
4 Gauhati GAU 26.152  91.667 69
University
5 Shillong SHL 25.566  91.859 1,590
6  Bhairabkunda BKD 26.890 92.115 210
7 Rupa RUPA 27.203  92.401 1,470
8  Seijusa SIA 26.938  92.999 150
9  Tezpur TZR 26.617 92.783 140
10 Dokmok DMK 26.216  93.062 200

diagnostic and sometimes even larger than those of the first
arrivals, which suggest that these phases are generated at a
sharp velocity (or density) boundary. A few examples of
seismograms and travel time plots at a station JPA are
illustrated in Fig. 2a, b, respectively. The Fig. 2a indicates
the sharp reflected phases in all the seismograms with
arrival time differences from 5.1 to 7.4 s. Gradual increase
in travel time of these phases with distance depicts reli-
ability of the identified phases. These prominent reflected
phases are observed only in the seismograms of shallow
crustal (depth < 15 km) earthquakes. The SxS reflections
are well identified on the horizontal component seismo-
grams rather than vertical one. Particle motions of these
later reflected phases (PxP and SxS) arrived at the stations
as compressional and as shear waves, respectively. Ana-
lytical results of the particle motions of the reflections at a
station JPA are exemplified in Fig. 3.
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Fig. 2 a Examples of vertical component seismograms recorded at

JPA (Jogighopa) station. b Plots of travel time versus S—P time for P,
PxP, S and SxS phases
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Fig. 3 a P- and S- wave
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Travel time curves of the PxP and SxS phases are
interpreted in terms of depth of the Conrad discontinuity,
and the average velocities of the P and S waves in the
upper crustal layer are also estimated. Theoretical travel
time for a reflected ray from the reflector is calculated by
using the relation of Rinehart and Sanford (1981):

2, 2
T (2H, :/h) +9 0

where, H, is the depth of the reflector, & is the depth of
focus for the event, ¢ is the epicentral distance and V is the
average velocity in the upper crust.

About 48 earthquakes from the Shillong Plateau and 30
earthquakes from the Mikir Hills Plateau are used for the
travel time analysis to estimate the Conrad depth. The S-P
intervals of the earthquakes are in the range between 4.8
and 8.8 s. The reflected PxP phases from the Conrad dis-
continuity are observed after 0.6—1.4 s of the first P arrival,
and the SxS phases are observed after 1.0-2.6 s of the first
S arrival in Shillong Plateau, and 0.7-2.0 s and 1.3-2.8 sin
the Mikir Hills Plateau, respectively. The Conrad discon-
tinuity is estimated at a depth of 18 £ 0.5 km beneath the
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Shillong Plateau and at 20 4+ 0.5 km beneath the Mikir
Hills Plateau.

Theoretical travel time curves for both the PxP and SxS
reflections from the Conrad discontinuity at a depth (H;)
18 £ 0.5 km in the Shillong Plateau and at 20 £ 0.5 km in
the Mikir Hills Plateau are shown along with the obser-
vational data in Fig. 4a, b, respectively. Generally, it is
observed that only one combination of (k) and (H;) pro-
duces the theoretical curves that fit the PxP and SxS data
equally well. The curves of each reflected phases are given,
one for a 3-km depth of focus (%), the other for a 13-km
depth of focus. The theoretical curves were computed using
the P wave velocity of 5.88 km/s and S wave velocity of
3.53 km/s, respectively, for the Shillong Plateau, and
5.99 km/s and 3.55 km/s for the Mikir Hills Plateau. The
theoretical curves envelope both PxP and SxS data
(Fig. 4a, b) in about the same way, so that little adjustment
is possible in the values of (h) and (H;). Assuming the Vp
and Vg for the lower crustal layer as 6.49 km/s and
3.76 km/s, respectively, for the Shillong Plateau, and
6.84 km/s and 4.0 km/s, respectively, for the Mikir Hills
Plateau, the critical distance (A;) and angle of emergence
are computed and shown in Table 2.
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Fig. 4 a and b Observed and theoretical travel times of PxP and SxS
versus S—P time. Two curves for the reflections at the depth H; (solid
lines) is given, one for the minimum, the other for the maximum
depth of earthquake focus A

Table 2 Critical distance and angle of emergence

Observations Critical distance Angle of emergence

(km) A (degree)
Shillong Plateau 70.62 km for h =3 km  64.95°
49.22 km for h = 13 km
Mikir Hills Plateau 66.97 km for h = 3 km  61.13°

47.06 km for h = 14 km

Reflections from the Moho discontinuity

We have analyzed the reflected P (PmP) and reflected S
(SmS) waves at the Moho discontinuity, and used their
travel times for estimation of the Moho depth. These
reflected PmP phases are observed at a time interval of 0.8—
2.2 s after the first P arrival and the SmS phases at a time
interval of 1.5-3.2 s after the first S arrival in the Shillong
Plateau. The respective time intervals are 1.4-2.3 s and 1.9-
3.5 s in the Mikir Hills Plateau. These phases are observed
at an epicentral distance 75—-120 km in both the plateaus for
the shallow crustal earthquakes (depth < 15 km) only.
Amplitudes of these phases are diagnostic, and sometimes
larger than those of the first arrivals, which suggest that the
phases are generated at a sharp velocity or density discon-
tinuity. A few examples of the seismograms and travel time
plots at a station TZR are illustrated in Fig. 5a, b, respec-
tively. An example of the analysis of the particle motions of
the reflections from the Moho discontinuity is shown in
Fig. 6. About 50 earthquakes in the Shillong Plateau and 70

in the Mikir Hills Plateau are used. Particle motions of these
phases are compatible with the compressional and shear
waves, respectively (Fig. 6).

Depth of the Moho discontinuity is estimated by using
the travel time (7) and epicentral distance (A) relation of
Mizoue (1971):

2H, — h 2H
r= Vi (lsos i W coz in @)
A = (2H| — h)tani; + 2H, tan i, (3)
and
sin iy _ sin i ()
Vi V,

where, V| and V, denote the velocities in the upper and
lower layers of the Earth’s crust with thickness of H; and
H,, respectively. Let i; and i, be the incident angles of a
seismic ray at the interfaces at a depth of H, and H,,
respectively. Then we obtain a theoretical travel time curve
for the reflected waves from the Moho discontinuity for
a given crustal model assuming a focal depth h less
than H;.

As mentioned earlier, the upper crustal P-wave
velocity (Vpy) 5.88 km/s and S-wave velocity (Vg)
3.53 km/s in the Shillong Plateau and 5.99 km/s and
3.55 km/s in the Mikir Hills Plateau are considered.
The estimated depths of the Conrad discontinuity 18 £
0.5 km in the Shillong Plateau and 20 £ 0.5 km in the
Mikir Hills area are used. The time—distance relations are
calculated considering H; = 20 &+ 0.5 km, since a seis-
mic ray is reflected from the Moho discontinuity in the
Mikir Hills area pertaining to the earthquakes being used
in this study. After this evaluation, the combination of
(H») and (h) values will intend to produce a theoretical
travel time curve which is fitted to the PmP and SmS data
equally well when assuming the most probable velocity
values of (V,) designated as (Vp,) for the P waves and
(Vgo) for the S wave.

The theoretical travel time curves for the PmP and SmS
reflections with H, = 15 km, Vp, = 6.84 km/s and
Vs> = 4.0 km/s in the Mikir Hills area are drawn in Fig. 7.
Similarly, the theoretical travel time curves for the PmP
and SmS reflections in the case of H, = 12 km,
Vpy = 6.49 km/s and Vg, = 3.76 km/s in the Shillong
Plateau area are depicted in Fig. 8. In both plateaus, two
curves for each reflected phases are given, for # = 3 km as
well as for 4 = 15 km corresponding to the upper and
lower limits of the focal depths of the earthquakes used. It
is observed that the theoretical curves envelope the
observed data (Figs. 7, 8). The critical distance (Ac), at
which the reflected phases are generated, is estimated by
the following relation (Telford et al. 1990):
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Fig. 5 a Examples of vertical a
component seismograms with
PmP and SmS recorded at TZR
(Tezpur) station. b Plot of the
travel times versus epicentral
distance for P, PmP, S and SmS
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where H is the depth of the Moho, h is the focal depth, V;
and V, are the velocities of the upper and lower layer of the
Earth’s crust, respectively. The estimated depths of H,
(18 £ 0.5 km) and H, (12 & 0.5 km) beneath the Shillong
Plateau, and H; (20 £ 0.5 km) and H, (15 £ 0.5 km)
below Mikir Hills Plateau allow to estimate the critical
distances (A,) for reflections at the Moho discontinuity;
these are 69.6 and 76.8 km, respectively. In this estimation,
we assumed the Pn (Vp3) velocity 7.34 and 7.70 km/s for
Shillong and Mikir Hills Plateau, respectively. The corre-
sponding angle of emergence is 53.24° in the Shillong
Plateau and 50.07° in the Mikir Hills Plateau.
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The crustal reflections (PxP, SxS, PmP and SmS) are
investigated to estimate crustal thickness beneath the SMP.
It is observed that the Shillong Plateau earthquakes with S—
P interval of 4.8-8.8 s produce two sharp phases; one
follows the direct P phase after 0.6—1.4 s, and the other
follows the direct S phase after 1.0-2.6 s. Similarly, the
events of S—P interval 4.8-8.8 s at the Mikir Hills stations
produce two sharp arrivals, one follows the direct P phase
after 0.7-2.0 s and the other follows the direct S after 1.3—
2.8 s. These phases are identified as the PxP and SxS from
the Conrad discontinuity. Further, it is observed that the
reflections of the P and S phases, PmP and SmS, respec-
tively, from the Moho discontinuity follow the direct P
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Fig. 6 a The P- and S-wave

HYP:03/11/25 04h04m45.25s 25,7678 92.6292 121 M=29

reflections from the Moho
discontinuity are denoted as
PmP and SmS. b Particle
motions of the P, PmP, S and
SmS phases in the radial and
vertical plane are shown
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Fig. 7 Observed and theoretical travel times of PmP and SmS versus
epicentral distances. Two curves for the reflections from the Moho
discontinuity (solid lines) are given, one for the minimum and the
other for the maximum depth of earthquake focus &

after 0.8-2.2 s and the direct S after 1.5-3.2 s, respec-
tively, in the Shillong Plateau. In the Mikir Hills, these
phases follow the direct P-wave after 1.4-2.3 s and the
direct S wave after 1.9-3.5 s. These prominent phases are
observed at an epicentral distance of about 75-120 km in
both the Shillong Plateau and Mikir Hills Plateau.

The time—distance relations for the PxP and SxS reflec-
tions estimate the Conrad discontinuity at 18 4 0.5 km
depth in the Shillong Plateau and at 20 £ 0.5 km depth in the
Mikir Hills Plateau. The depth of the Moho discontinuity is

SHILLONG PLATEAU

Travel times (sec)

Epicentarl Distance (km)

Fig. 8 Observed and theoretical travel times of PmP and SmS versus
epicentral distance. Two curves for the reflections from the Moho
discontinuity (solid lines) are given, one for the minimum and the
other for the maximum depth of earthquake focus &

estimated using the PmP and SmS; itisat 30 &= 1.0 kmin the
Shillong Plateau and 35 &£ 1.0 km in the Mikir Hills Plateau.
The crustal model obtained in the present study is shown in
Figs. 9 and 10. The critical distance and the angle of emer-
gence in this case are 59.9 km and 64.9° and 57.9 km and
61.1° for the Conrad reflections in the Shillong and Mikir
Hills Plateau, respectively. Similarly, the critical distance
and the angle of emergence for Moho reflections at the
Shillong and Mikir Hills Plateau are 69.6 km and 53.2° and
76.8 km and 50.1°, respectively. Itis suggested that there are
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Fig. 9 Travel time curves of the crustal model, Shillong Plateau.
A, = critical distance for the Conrad reflection, ¢; = Critical emer-
gent angle for the Conrad reflections, A, = critical distance for the
Moho reflections, e, = critical emergent angle for the Moho
reflections

significant lateral as well as depth variations of the velocity
structure beneath the study region. The complexity arises not
only due to the geologic setting but also due to the complex
regional tectonic stresses, a NS stress from the collision
zone at the Himalayan arc and an E-W stress from the sub-
duction zone at the Burmese arc (Kayal 1996; 2001).
Several investigations have been made to estimate
crustal thickness and 1-D velocity structure in the area
using time—distance plot (e.g. Kayal and De 1987 and De
and Kayal 1990). The velocity structure for the upper and
middle crust of the western Shillong massif indicates P and
S wave velocities of 5.9 + 0.2 and 3.4 £+ 0.1 km/s (Mu-
khopadhyay et al. 1997). These values are in conformity
with the velocity model obtained in this study. 3D velocity
structure has also been studied by local earthquake
tomography (LET) in the area (e.g., Kayal and Zhao 1998;
Bhattacharya et al. 2008). These studies have revealed a
reasonable velocity model and crustal heterogeneities for
improving earthquake locations. All these studies were
based on first arrival of P and S wave data of the analog
networks operated before 2001. The digital seismograms,
recorded by the recent upgraded broadband network since
2001, are fruitfully utilized to identify the reflected phases,
and this study enabled us to estimate the Conrad discon-
tinuity as well as the Moho discontinuity with a fair degree
of precision. The Conrad discontinuity in the crust has been
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Fig. 10 Travel time curves of the crustal model, Mikir Hills.
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emergent angle for the Conrad reflections, A, = critical distance for
the Moho reflections, e, = Critical emergent angle for the Moho
reflections

reported by several investigators in some parts of the world
(e.g., Mizoue 1971; Horiuchi et al. 1982; Zhao et al. 1990,
1992) but unlike the Moho discontinuity, the Conrad dis-
continuity is not a diagnostic sharp discontinuity every-
where. In south and central India, several DSS (deep
seismic sounding) surveys have been carried out, and the
results show 2D velocity structure with a diagnostic Moho
discontinuity along all the profiles but the sharp Conrad
discontinuity only at places are reported (Kaila and Sain
1997). In our investigation, the broadband seismograms of
the local shallow crustal earthquakes have been very useful
to identify the sharp Conrad discontinuity.

In a recent teleseismic receiver function analysis with
the broadband seismograms, the Moho depth beneath the
Shillong Plateau has been estimated by Mitra et al. (2005)
and Kumar et al. (2004). The Moho depth is also estimated
by gravity modeling, constraining the model with the well-
located hypocenters (Nayak et al. 2008). Their investiga-
tions estimate the Moho depth at ~30 km beneath the
Shillong Plateau, which is in good agreement with our
study. Further, Kumar et al. (2004) reported the presence of
Moho interface in the Mikir Plateau at 35 4+ 3 km below
the Tezpur (TZR) station and at 34 &+ 4 km below the
Dokmok (DMK) station. Their results are also in good
agreement with our study.



Int J Earth Sci (Geol Rundsch) (2011) 100:1283-1292

1291

Conclusion

We estimated the Conrad and the Moho depths beneath
the SMP using the travel times of direct and reflected
phases from 177 shallow (depth < 15 km) crustal earth-
quakes. The PmP and SmS phases are critically observed
at an epicentral distance of about 75-120 km. It is found
that only one combination of focal depth /& and crustal
depth H reproduces the theoretical curves that match
the observed travel time data of the reflected phases. The
estimated Conrad depth is 18 + 0.5-20 £ 0.5 km and
Moho depth is 30 & 1.0-35 £ 1.0 km in the study
region. The Moho depth observed in this study is in good
agreement with the previous receiver function and gravity
studies. The Conrad discontinuity in the SMP is first
reported in this study based on reflected phases observed
in the broadband seismograms. For Conrad discontinuity,
the average critical distance and the corresponding angle
of emergence are ~60 km and 64° in the Shillong Pla-
teau, and ~58 km and 61° in the Mikir Hills Plateau,
respectively. Similarly, the critical distance and angle of
emergence for the Moho reflections at the Shillong and
Mikir Hills Plateau is ~70 km and 53°, and ~76 km and
50°, respectively.
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