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Study on the numerical simulation model for quantitative evaluation on effect factors of

multi-branch pinnate borehole gas extraction in high-gas thick coal seams
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Abstract: The multi-branch pinnate borehole gas extraction technology has the potential to address the inefficiency of
traditional gas extraction methods in thick coal seam with high gas-containing. The study focuses on the 2308 working face
of GJH mine and develops a continuous equation to quantitatively describe the gas drainage process of multi-branched
pinnate borehole in coal seams. Utilizing numerical simulation methods, the effect of multi-branched pinnate borehole
parameters on gas drainage effectiveness were systematically studied. The results indicate that the angle between the
branches and the main borehole, branch length, branch hole spacing, and the number of branches are critical factors affect
extraction effectiveness, and these factors are mutually influence for each other. The acute angle between the minor
branches and the main borehole can rapidly decrease coal seam pressure in a short period. As a result, the length of the
branches increases. The spacing between branch openings and the number of branches are considered as secondary factors.
Increasing the spacing between branch openings can improve cumulative gas production per unit length of drilling, but it
may lead to a reduction in drainage range. A larger branching angle can extend the drainage range, but at this point, branch
spacing and quantity become the primary influencing factors. Decreasing branch spacing can improve drainage efficiency,
although it may lead to an excessive number of branches; The research can offer valuable insights for the engineering of

multi-lateral pinnate drilling in high-gas-content thick coal seams under similar geological conditions.

Keywords: High-gas; thick coal seam; multi-branch pinnate borehole; CBM extraction; numerical simulation

INTRODUCTION

Gas extraction in coal mining areas serves as a crucial
technical method for addressing gas disasters and harnessing
coalbed methane (CBM) resources. Integrating gas extraction
technology into coal mine safety, ecological conservation, and
enhancement of the energy structure holds considerable
significance (Chen et al. 2017; Duan et al. 2012; Wang et al.
2012). Traditional gas drainage methods are not well-suited
for managing gas in thick coal seams with high gas
concentrations, posing problems such as high drainage
expenses, substantial engineering requirements, lengthy
construction timelines, low gas capture rates, limited effective
drainage sections, inadequate economic returns and the
creation of blind extraction zones (Fan ef al. 2018; Hu ef al.
2015). In contrast, the application of multi-branch borehole
extraction technology utilizing directional drilling has seen
widespread adoption in the CBM development within
extremely thick coal seams. This approach can expand the
pressure relief control zone of borehole extraction, decrease
the spatial demands of drilling sites, enhance gas capture rates
and productivity, prolong the lifespan of extraction boreholes,
and effectively address issues related to blind extraction zones
typically encountered with traditional drilling techniques (Mu
etal . 2021;Duanetal. 2012; Ranetal. 2021).

Various scholars have conducted theoretical and
engineering research on developing coalbed methane through
multi-branch drilling from the surface, yielding diverse
academic insights and engineering reference data. However,
there is relatively less research on the extraction of coal seam
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gas through multi-branch drilling in underground operations
due to limitations between underground boreholes. Some
scholars demonstrated the improvement in extraction
efficiency of pinnate branch wells, even under very low
permeability conditions in coal seams (Zhang et al. 2021).
Other scholars, through numerical simulation studies,
highlighted the substantial impact of multi-branch horizontal
well structures on coal seam gas extraction efficiency (Ren et
al. 2014). Key factors affecting the effectiveness of coalbed
methane development include the well layout method of
multi-branch horizontal wells, such as the number of main
wellbore and branch wells, direction, length of the main
horizontal section, number of branches, angle between
branches and main branches, spacing, and length of branch
wells (Huang et al. 2019; Yang et al. 2019; Zhu et al. 2019).
Common multi-branch structures include configurations like
a single main borehole with multiple symmetrical branches, a
single main borehole with multiple asymmetrical branches,
double main boreholes with multiple symmetrical branches,
and multiple main boreholes with multiple symmetrical
branches (Keim ef al. 2011; Wang et al. 2020; Jiang et al.
2016; Yang et al. 2019). Within the same production area and
similar mining environments with geological reservoirs, coal
seam physical properties, and discharge management
systems, various key parameters such as main borehole
length, branch length, branch number, branch angle, and
branch spacing in different horizontal sections will influence
gas extraction efficiency and overall harvesting outcomes
(Jiang et al. 2013; Shi et al. 2020). Fan et al. observed that coal
seam gas pressure decreases gradually during the extraction



process, with faster pressure drops near the wellbore (He ez al.
2023). The cumulative gas production of the coal seam is
proportionate to the increase in branch length, with the choice
of branch number dependent on wellbore utilization and
extraction time. Moreover, a larger angle between the branch
and main borehole, as identified by Ren et al. 2014, can
expand the lateral influence range and enhance gas
production; however, an excessively large branch angle may
lead to reduced gas production, underscoring the importance
of selecting the optimal angle (Ren ef al. 2014). Furthermore,
inadequate spacing between branch openings can also lead to
decreased extraction efficiency.

Previous studies have shown that higher extraction
efficiency in multi-branch drilling is associated with longer
main boreholes, increased number of branches, and shorter
spacing between branch openings (An et al. 2019; Fan et al.
2018; Gong et al. 2024). In the actual production process,
various factors such as the physical properties of the coal
reservoir, construction cost, ease of construction, and
technical equipment level come into play. Setting the branch
angle and spacing too small may result in an inadequate
effective drainage area, which limits the utilization of the
potential benefits of multilateral wells. Conversely, if the
branch angle or spacing is excessively large, it could impede
effective inter-well interference between adjacent wellbores,
leading to prolonged drainage cycles and reduced efficiency
(Fan et al. 2022; Wang et al. 2017; Zhang et al. 2020). The
design requirements for multi-branch drilling technology vary
depending on the coal seam conditions, indicating that a fixed
multi-branch drilling structure is not universally suitable for
all types of coal seams. Therefore, selecting the right multi-
branch drilling parameters is essential for enhancing
development efficiency and maximizing economic benefits.
Numerical simulation technology plays a crucial role in
optimizing the selection and design parameters for coalbed
methane (gas) discharge. By conducting simulations and
comparative analyses, it enables the provision of a scientific
decision-making basis for potential prediction, economic
benefit evaluation, and the optimization selection of drainage
parameters (Fan et al. 2022; Wang et al. 2017; Zhang et al.
2020). Li utilized COMSOL Multiphysics software,
incorporating the elasto-plastic softening model and Darcy's
flow theory, to model the evolution of coalbed methane
pressure distribution over extraction time (Li 2019). By
establishing a correlation between extraction time and radius,
they succeeded in pre-determining the extraction radius, thus
minimizing the necessity for on-site validation. Further
research is needed to explore the factors influencing the
discharge of underground multi-branch pinnate boreholes in
extra-thick and high-gas coal seams, as well as their drainage
effects.

This paper constructs a continuity equation to
quantitatively describe the coal seam gas discharge process
with multi-branch pinnate boreholes, drawing on the research
background of high gas, thick coal seams, and gas geological
conditions in the GJH well field. By utilizing numerical
simulation methods, we systematically analyze the effects of
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branch-to-main borehole angle, spacing between branch
openings, number of branches, and branch length on coal seam
gas drainage pressure, effective drainage volume, and gas
production. The study also discusses the factors influencing
the performance of multi-branch pinnate boreholes in draining
extremely thick and high-gas coal seams. Furthermore, the
optimization of their parameters is explored, providing a
crucial reference for the construction of multi-branch pinnate
boreholes in similar geological conditions.

COAL SEAM GAS GEOLOGICAL CONDITIONS

The GJH minefield, situated in the northern part of Linyou
County, Shaanxi Province, China, primarily exploits the No. 3
coal seam of the Yan'an Formation within the Middle Jurassic
System, characterized as low-metamorphic bituminous coal
(Fig. 1). The thickness of the coal seam varies between 0.55
and 26.83m, with an average thickness of 10.46m, and it is
buried at depths spanning 500 to 746m, with an average depth
of 572m. The immediate roof of the coal seam consists of
black sandy mudstone, averaging 1.00m in thickness, while
the immediate floor is composed of black carbonaceous
mudstone, with an average thickness of 3.5m. Specifically, the
2308 working face has been specifically engineered for the
extraction of coal from the No. 3 coal seam, with a projected
strike length of 1000m and an inclination length of 200m. Data
obtained from the assessment of fundamental coal seam gas
characteristics reveal an average coal seam gas content of
6.61m’/t at the working face, coupled with an average coal
seam permeability coefficient of 0.0339m’/MPa’.d (Table 1).
The absolute methane outflow rate on the working surface is
measured at 37.98 m’/min, while the relative outflow rate is
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Fig. 1. Well field geographical location map and stratigraphic column chart.



3.52 m’/t. Likewise, the absolute carbon dioxide outflow
volume is 3.49 m’/min, with a relative outflow volume of 0.32
m’/t. Itis a thick coal seam that can drain high gas content.

QUANTITATIVE ASSESSMENT AND NUMERICAL
SIMULATION MODEL OF MULTI-BRANCH
PINNATE BOREHOLES FOR GAS EXTRACTION
FACTORS

Numerical model establishment
Basic assumptions

According to the coal seam gas occurrence and migration
characteristics, before establishing a mathematical
quantitative characterization model for underground multi-
branch borehole gas discharge, the following assumptions are
made:

)

Coal is regarded as a poroelastic medium material
composed of matrix pores and cracks.

2) CH, is approximately an ideal gas and conforms to the

ideal gas equation of state.

3) CH, migrates from the matrix pore surface to the cracks
and diffuses according to Fick's law. The migration of

CH, in the fracture system conforms to Darcy's law.

4) The adsorption and desorption of CH, gas in coal can be

quantitatively characterized by the Langmuir equation.

5) The adsorption and desorption process in coal and rock
mass is a constant-temperature process, that is, the
temperature change caused by gas adsorption and

desorption is not considered.

6) Ignore the effect of temperature on the dynamic viscosity

of gases.
Coal seam gas content equation

The gas content of coal refers to the total amount of gas
contained in unit volume of coal. The main component of gas
is CH,. CH, gas mainly exists on the matrix pore surface in an
adsorbed state, a small amount exists in the crack space in a
free state, and a very small amount exists in a solid solution
state. The very small amount of CH, gas present in solid
solution can be approximately ignored.

1) Adsorbed gas content in coal matrix

The volume of CH, gas existing in the adsorbed state in coal is
often quantitatively characterized by the Langmuir equation.
The equation expression is:

)

Where, ¥, = Langmuir volume constant in m’/kg
P, =Langmuir pressure constant in MPa

P=coal matrix CH, gas pressure (MPa)
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According to the Langmuir equation, the adsorbed gas content
in the matrix can be further expressed as:

— VLPm

m, PP, PaPs

)
Where, m, = the mass of adsorbed gas existing in the coal pore
system per unit volume in kg/m’

¥, = Langmuir volume in m’

P, =Langmuir pressure constant in MPa
p,=apparent density of coal in kg/m’

p.=standard The gas density in the state in kg/m’
P_=CH, gas pressure in the coal matrix pores (MPa)

2) Free gas content in coal
According to the ideal gas equation of state, the density of gas
in coal cracks under standard conditions can be expressed as:

M

c

P RT

P, 3)
Where, M, =molar mass of methane molecules in kg/mol
R=1deal gas constant in J/(mol-K)

T'=coal seam temperature in K

P.=CH, gas pressure in the crack in MPa

The mass of free gas existing in cracks in unit volume of coal is:

m; = Q¢ (4)

Where, m,=the mass of free gas existing in coal cracks per unit
volume in kg/m’ ¢, = the crack rate of coal in %

Combining Eq.3 and E.4, the mass of free gas in unit volume
of coal cracks can be obtained as:
M

m; = ¢, ——P;

RT ©)

It can also be obtained that the free gas content in unit volume
of coal pores can be calculated by Eq.6:

C

RT

mZ = (pm m (6)

Where, m, = free gas mass existing in the coal pores per unit
volume in kg/m’

@,,=porosity ofthe coal in %
P =CH, gas pressure in the coal matrix pores in MPa.

3) Total mass of gas present in unit volume of coal

Combining Eq.2, Eq.5, and Eq.6, the total mass of gas in unit
volume of coal can be obtained as:
_ VLPm Mc

—Pm +P, Pa v,

+¢m£{‘Pm+¢f%Pf

R (7

Coal seam gas diffusion equation

Gas diffusion in coal seams is dominated by gas phase



diffusion, which can be characterized by the Fick diffusion
equation. The diffusion driving force is the concentration
difference between gas phase gas in the pores of the coal
matrix and in the cracks, and the adsorbed gas in the coal
matrix is the mass source. The mathematical representation
formula of the mass exchange flux between the fracture
system and the coal matrix system is:

(Q.=Do.c,-c) ®)

Where, O, = mass exchange rate of unit volume of coal matrix
and fracture system in kg/(m’-s)

D= gas diffusion coefficient in m*/s

.= matrix shape factor inm”

c,,= Gas concentration in kg/m’

c,= gas concentration in the fracture system in kg/m’

The mathematical representation equation of coal matrix
shape factor is:

3

7 )
L

c

Where, L =crack spacing inm.

According to the ideal gas equation of state, the calculation
formula for the gas concentration in the cracks and the gas
concentration in the matrix is:

M

G=orh (10)
M

c,. =—P

mCRTT an

The relationship between coal matrix shape factor and gas
diffusion coefficientis as shownin Eq.12:

1
T=—= 12

oD (12)
Where, r=adsorption time ins.
By combining Eq.8,Eq.10,Eq.11,and Eq.12, we can get:

M
=" (p -P 13
QS TRT ( m f) ( )

Where, M is the molar mass of methane molecules, kg/mol,;

R=ideal gas constant in J/(mol-K)

T'=coal seam temperature in K

P, =CH, gas pressure in the matrix pores in MPa

P =pressure in the cracks CH, gas pressure in MPa.

Since the adsorption and desorption of gas in coal seams is a
dynamic equilibrium process, according to the law of
conservation of mass, the decrease in gas in the coal matrix
pores over time is equal to the increase in gas in the cracks, and
itcan be obtained:

oP, M

ot tRT

(Pa-F)

(14)
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Combining Eq. 7 with Eq. 14 and simplifying it, the governing
equation of coal matrix pore gas pressure changing with time
is obtained:

oF, _
o

oDV, (P,-B)(P,+P)

15)
VBTP ch +(0me (Pm +1)L)2

Coal seam gas seepage equation
Since the migration of free gas in coal seam fissures follows
the law of conservation of mass, it can be obtained:

%(wfpf)=-V(pr)+Qs (-0, (16)

Where, V'=gas seepage velocity in the crack inm/s.

Combining Darcy's law and the ideal gas equation of state, the
governing equation for the change of gas pressure in the crack
with time can be obtained:

o | p %

k,
— =V|—=PVP
¢ o "o [,U A

1
0o 07
T
Eq. 7, Eq. 15 and Eq. 17 are combined to obtain the
characterization equation describing the adsorption/
desorption-diffusion-seepage continuous process of multi-
branch pinnate borehole extraction of coal seam gas.

Geometry establishment and boundary condition setting

According to the engineering conditions and geological
conditions of the 2308 working face of No. 3 coal seam in the
GJH mine field, and considering the boundary influence, a
three-dimensional model of the multi-branch plume borehole
was established. The overall size of the model is 1100m
(length) x 200m (width) x 18m (height). The model is shown
in figure 2. The model is divided into three layers from top to
bottom. The first layer is the roof, with a height of 1m. The
second layer is the coal seam with a height of 10m. The third
layer is the base plate, with a height of 7m. The extraction coal
seam area is from x=0 to x=1000. The drainage borehole
slopes upward from the point (-100, 0, -7) on the floor to the
point (0, 0, 0) and enters the drainage coal seam horizontally.
The length of the horizontal main borehole in the drainage coal
seam is 1000m. The diameter of the drainage borehole is
94mm. There is no flow around the coal seam, the initial gas
pressure of the coal seam is set to 0.6MPa, and the borehole
Dirichlet boundary conditions and Darcy's law pressure
conditions are both set to 16KPa, which is the drainage
negative pressure.

Aiming at the multi-branch pinnate borehole discharge
coal seam gas adsorption/desorption-diffusion-seepage
continuous process equation, multi-physics coupling
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Fig. 2. Multi-branch drilling model diagram



Table 1. Measured values of basic parameters of coal seam No. 3 in the study area.

Parameter name The measurement results Average value

Parameter name The measurement results Average value

Coal seam gas 0.58~0.61 0.60
pressure (MPa)

Coal seam gas 6.45~6.70 6.61
content (m’/t)

Moisture M, 3.54%~4.85% 3.98%
(dimensionless)

Ash content A, 4.06%~12.76% 9.18%
(dimensionless)

Volatile matter V 24.53%~35.97% 31.88%
(dimensionless)

True Density (g/cm’) 1.47~1.52 1.48
Apparent Density (g/cm’) 1.37~1.41 1.38
Porosity (dimensionless) 4.32%~5.61% 4.92%
Solidity coefficient 0.59~1.10 0.95
of coal (dimensionless)

Coal seam permeability 0.0303~0.0425 0.0365
coefficientCem’/MPa’.dg'

Borehole flow attenuation 0.3095j«0.4136 0.3725

coefficient£rad'g’

Initial crack ratio 0.012 0.012
(dimensionless)

Initial permeability 0.12 0.12
(mD)

Single hole diffusion 5.60x10™" 5.60x10™"
coefficient (m?/s)

CH, dynamic viscosity 1.08x10° 1.08x10°
(Pa-s)

CH, gas molecular mass (g/mol) 16 16
Gas state constant (J/mol/K) 8.413510 8.413510
Langmuir pressure 2.02 2.02
constant (MPa)

Langmuir volume constant 28.8436 28.8436
(m’/t)

Drainage hole diameter (mm) 94 94
CH, molar volume under 224 224
standard conditions (L/mol)

Drainage negative 16 16

pressure (kPa)

numerical simulation calculation software is used to solve the
problem, which requires fine grid division, forming a total of
177,691 units. Based on the coal and coalbed methane test
parameters in the study area, the numerical simulation related
parameters set are listed in table 1.

Simulation plan and evaluation reference indicators
Simulation parameter design

The length of the branches, spacing between branch openings,
the angle between the branches and the main borehole, and the
number of branches is key factors that influence the
effectiveness of extraction. In research, it is common practice
to vary only one parameter while keeping other parameters
constant. However, in order to fully explore the impact of
various factors, this article uses orthogonal experimental
methods to quantitatively analyze the impact of each factor on
the extraction effect. In order to comprehensively consider the
impact of various parameters on the sampling efficiency, an
orthogonal experiment was conducted with the branch-to-
main borehole angle, branch length, branch number, and
branch opening spacing as variable factors. Each factor had 3
levels. Based on the existing directional drilling construction
technology performance indicators, the main borehole length
is designed to be 1000m, with symmetrical branches on both
sides of the main borehole. On this basis, an analysis was

spacing between branch openings on the effectiveness of
multi-branch drilling for extraction. By adopting this design
method, in which the main branch length is fixed at a constant
value, analyzing the impact of branch factors on the overall
outcome can effectively mitigate interference from positive
and negative effects among multiple factors. The parameter
design of key factors affecting multi-branch pinnate borehole
extraction is shown in Table 2. According to the orthogonal
table L9 (34), a total of 9 sets of different borehole parameter
tests were designed.

Reference indicators for evaluation of factors affecting
extraction

According to the "Interim Regulations on Coal Mine Gas
Drainage Compliance Standards", when the absolute gas
emission volume from the working face is greater than
30m’/min, the drainage rate should be greater than or equal to
20% and less than 40%. According to the "Regulations on the
Prevention and Control of Coal and Gas Outbursts", the point
where the residual gas pressure after pre-drainage is less than
0.74MPa is the boundary of the effective drainage radius.
Zhou Shining et al., proposed the calculation formula of pre-
draw rate (Zhou 1999):

N

. . . . 18
conducted to investigate the impact of branch angle with the / P, (18)
main borehole, branch length, number of branches, and
Table 2. Parameter design of key factors affecting extraction of multi-branch pinnate boreholes.
Level Test plan Factor 1 Factor 2 Factor 3 Factor 4
Angle (°) Branch length (m) Number of branches (dimensionless) Branch spacing (m)
1-1 28 70
1 1-2 10° 500 24 80
1-3 22 90
2-1 28 70
2 2-2 15° 375 24 80
2-3 22 90
3-1 28 70
3 3-2 20° 275 24 80
3-3 22 90

129



Where 7 is the pre-extraction rate; P, is the residual gas
pressure, MPa; P, is the original gas pressure, MPa.

According to Eq.18, when the original gas pressure is
0.6MPa, in order to meet the drainage rate of 35%, the
effective drainage range is that the post-drainage gas pressure
is less than or equal to 0.25MPa.

SIMULATION RESULTS

Variations in gas pressure characteristics within the coal
extraction area

The time-varying gas pressure cloud map of the coal seam
under different multi-branch pinnate borehole gas extraction
schemes is illustrated in figure 3. In this map, the effective
drainage area is identified as the region where the coal seam
gas pressure is less than 0.25 MPa. Furthermore, figure 3 also
displays the characteristic curve depicting the variation of gas
pressure over time at the top of the coal seam for various multi-
branch pinnate borehole gas discharge schemes.

As the gas drainage time for the multi-branched pinnate
drilling increases, there is a decreasing trend in coal seam gas
pressure around both the main drilling and branch drilling, as
indicated by figure 3. The analysis also reveals that the area in
which the coal seam gas pressure equals or is less than 0.25
MPa is continuously expanding. The most pronounced
reduction in coal seam gas pressure is observed at the point
where the main borehole intersects with the branch borehole.
Over time, the region with coal seam gas pressure <0.25 MPa
gradually extends from this intersection to the branch

borehole near the coal seam boundary, eventually forming a
contiguous zone.

Based on the monitoring results of gas pressure at the top
of the coal seam, all nine scenarios exhibit a rapid initial
decrease in CH, pressure followed by a slowing rate of
decline. Specifically, in schemes 1-1, 2-1, and 3-1, the coal
seam top gas pressure reaches 0.25 MPa at approximately 310,
560, and 630 days, respectively, meeting the requirements for
effective extraction pressure. In schemes 1-2, 2-2, and 3-2, the
effective drainage pressure requirement of 0.25 MPa at the
coal seam top is expected to be reached at approximately 370,
480, and 640 days, respectively. In schemes 1-3 and 2-3, the
gas pressure at the top of the coal seam drops to 0.25 MPa at
around 370 and 560 days, respectively, fulfilling the effective
drainage pressure requirement (as illustrated in Fig.4).
Conversely, in Scheme 3-3, the CH, pressure in the coal seam
has been declining slowly and has not yet reached the required
pressure.

Characteristics of variations in effective sampled volume

In figure 5, the variations in the effective extracted volume of
the coal seam as extraction time increases are depicted as the
coal seam pressure reaches the drainage standard. The three
borehole structures, each characterized by a branching angle
of 10° and a branching length of 500m, exhibit similar trends
in their effective drainage volume variations. The effective
drainage volume demonstrates a pattern of gradual increase
followed by rapid growth, and eventual deceleration in the rate
of increase, resembling an "S-shaped" curve. Notably, within
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Fig. 3. Cloud diagram of coal seam gas pressure changing with time.
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Fig. 4. Characteristic curve of gas pressure changing with time at the top of
coal seam.

the first 200 days of extraction, the changes in effective
extraction volume across the three structures are comparable,
but diverge thereafter, with a tendency to stabilize post-400
days. Scheme 1-2 and Scheme 1-3 exhibit analogous features
in the increase of effective drainage volume after 200 days of
drainage; however, Scheme 1-2 experiences a slowdown in
the rate of increase post-400 days, while Scheme 1-3 shows a
similar deceleration after 450 days.

For the three borehole structures with a branch length of
375m and an angle of 15° between the branch and the main
borehole, the effective drainage volumes all indicate a gradual
increase over time, with the final effective drainage volumes
converging. Conversely, the structures characterized by a
branch and main hole angle of 20° and a branch length of
275m show noticeable fluctuations in effective drainage
volume. Specifically, the structure featuring a branch opening

spacing of 70m and a branch number of 28 exhibits markedly
higher effective drainage volume in comparison to the other
two structures, demonstrating a slow but consistent growth
trajectory.

Characteristics of gas extraction volume variation

After analyzing the calculation results of coal seam gas
pressure and volume changes for each drainage plan, the
cumulative gas production in the drainage area and the
cumulative gas production per unit length of the borehole are
further calculated and analyzed to optimize the optimal
drainage plan. The figures depicting the cumulative gas
production in the drainage area and the cumulative gas
production per unit length of the borehole are shown in figure
6, respectively.

It is evident from the data presented in the figure that the
cumulative gas production in the drainage area corresponds
closely to variations in the effective drainage volume over
time, suggesting that the effective drainage volume is a key
factor influencing cumulative gas production. Figure 6
illustrates that drilling structures characterized by a branching
angle of 10° and a branch length of 500m display a distinctive
"S-shaped" curve pattern in cumulative gas production per
unit length. This pattern indicates a gradual rise, followed by a
phase of rapid growth, and ultimately a slowdown in the rate of
increase. The extraction processes of Scheme 2-3 and 3-1
exhibit a similar early-stage increasing trend, with Scheme 2-3
eventually surpassing Scheme 3-1 in cumulative gas
production per meter after 300 days of extraction. Both
schemes then demonstrate a relatively uniform growth rate,
culminating in reaching their respective maximum values
sequentially. Meanwhile, the configurations of scheme 2-1
and 2-2 also follow a similar growth trajectory characterized
by an initial gradual increase, a subsequent sharp surge, and a
reduction in amplitude resembling a minor "S" shape. Despite
having a lower curvature than the drilling structures with a
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Fig. 5. Effective drainage volume change curve.
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Fig. 6. Cumulative gas production in the drainage area and cumulative gas production per unit length of boreholes; (a) Cumulative gas production in the drainage
area; (b) Cumulative gas production per unit length of boreholes in the drainage area.

branching angle of 10° and a branch length of 500m, the final
cumulative gas production per meter of Scheme 2-1 and 2-2
surpasses that of the structures with a 10° branching angle.
Conversely, for options 3-2 and 3-2, the changes in cumulative
gas production per meter are similar to the changes in
cumulative gas production and effective drainage volume,
yielding less favorable outcomes.

DISCUSSION

The influence of branch angle and length on extraction
effect

Changes in branch angles influence branch lengths, which
ultimately impact the drainage effect. Branch angles and
branch lengths are factors that cooperatively affect the
drainage effect. According to figure 7, a spacing of 70m
between branch boreholes results in higher gas production per
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Fig.7. Changes in cumulative gas production of three horizontal unit length
boreholes when factors 3 and 4 are fixed; factor 3 is Number of

branches; factor 4 is Branch spacing.
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unit length of drilling with increased branching angles and
decreased branch lengths. At this point, the spacing of the
branch openings plays a dominant role, leading to a strong
synergistic effect between them. An increase in branching
angle promotes a higher gas production rate per unit length of
drilling. However, limitations at coal seam boundaries result
in a decrease in the length of branch drillings as the angle
increases. When the branch opening distance exceeds 70m,
the main influencing factors are the branch angle and branch
length. The gas production per unit length of the lateral drilling
increases as the branch angle increases. However, as the angle
reaches a certain threshold, the cooperative interaction
between adjacent lateral wells diminishes, resulting in a
decline in gas production per unit length of the lateral
wellbore.

When the spacing between branch openings is short, the
branches are relatively close to each other. At this time, the
influence of branch angle and length is lower than the impact
caused by the spacing between small openings. Therefore, it
may be possible to increase the branch angle further to expand
the drainage area. However, this may also lead to a higher
number of branches. On the other hand, when the spacing
between branch openings is large, the dominant factors are the
branch angle and length. Increasing the angle beyond a certain
point has negative effects, causing a decline in gas production
per unit length of the borehole. Thus, it is advisable to limit the
increase in the branching angle and avoid excessively long
branch lengths.

The impact of branch quantity and spacing on extraction
efficiency

Figure 8 illustrates how alterations in branch opening spacing
and the quantity of branches affect the outcome, assuming the
branch angle and length remain constant. The branch angle
and length are the main influencing factors when the branch
angle is 15° or less, showing strong synergistic effects
between branches. As the distance between branch openings
widens, the number of branches decreases while the gas



production per meter increases. At this stage, the spacing
between branch openings and the number of branches become
secondary factors influencing the outcome. Increasing the
branch angle and branch opening spacing appropriately can
enhance the extraction effect, leading to reductions in branch
length and branch number.

After analyzing the findings above, when the branch
angle is small, the secondary influencing factors are the
spacing between branch apertures and the number of
branches. The spacing between branch openings has
increased, leading to fewer branches and an enhanced
drainage effect. However, this might lead to a constraint in the
drainage area. Conversely, with a large branch angle, the
primary influencing factors are the branch opening spacing
and the number of branches. A wide branch opening spacing
negatively impacts drainage efficiency. Therefore, decreasing
the spacing between branch openings is essential for
enhancing drainage effectiveness, it may lead to the issue of
excessive branching.

Comprehensive impact assessment

Based on the above analysis, there exists an interactive
relationship between the angle between the branch borehole
and the main borehole, the length of the branch, the spacing
between the branch openings, and the number of branches.
When the branch boreholes have a small angle from the main
borehole, they are situated closer to each other, resulting in a
strong synergy between the drill holes. Consequently, a rapid
decrease in a portion of the gas pressure in the coal seam to a
very low level occurs in a short period, although its effective
control range is limited. The spacing between branch openings
and the number of branches is significant factors, albeit
playing a secondary role. Increasing the spacing between
branches can enhance the extraction effect while reducing the
number of branches can lead to cost savings. Conversely, if the
angle between the branch borehole and the main borehole is
excessively large, the distance between branch openings and
the number of branches becomes more influential. Failure to
reduce the distance between branch openings hinders the
formation of effective synergy among the drillings, resulting
in limited effective control range and gas production.
Consequently, for optimum pressure reduction effect, time
efficiency, cost-effectiveness, effective range, and gas
production, it is advisable to opt for a structure featuring a 15°
angle between the branches and the main borehole, a branch
length of 375m, 22 branches, and a branch opening spacing of
90m. The cumulative gas production corresponding to this
configuration is displayed in figure 9. Analysis of the figure
reveals a relatively gradual growth in cumulative gas
production within the initial 300 days of extraction, with
growth slowing down notably by the 650th day. By employing
this scheme, extraction operations can be sustained until the
650th day.

CONCLUSION

According to the established mathematical representation
model of gas discharge in multi-branch boreholes in ultra-
thick coal seams, it is concluded that:
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Fig. 9. Cumulative gas production change curve of the optimal scheme.

1) Asthedrainage time increases, the coal seam gas pressure
decreases nonlinearly. It will show a rapid downward
trend in the early stage of drainage, and the rate of
pressure decrease will also decrease as time goes by.

2) When the branch angle is small and both the branch angle
and branch length remain constant, the opening spacing
and the number of branches become secondary factors.
Increasing the spacing between branch openings has the
potential to enhance the cumulative gas production per
unit length of boreholes and improve drainage
effectiveness, although with a limited drainage range.
Conversely, when the branch angle is large, the primary
factors influencing outcomes are the branch opening
spacing and the number of branches. A significant
increase in the branch opening spacing could result in
diminished drainage effectiveness. As a solution, a
smaller branch opening spacing is necessary to achieve



superior extraction results; however, this approach may
lead to an issue of excessive branching.

3) When the number of branches and branch spacing is
constant, and the branch spacing is small, the branching
angle and branch length become less crucial factors in the
analysis. Increasing the branching angle leads to a rise in
the cumulative gas production per unit length of the
drilled well, thereby enhancing extraction efficiency.
Nevertheless, an issue of excessive branch numbers
exists. Conversely, when the branch spacing is extensive,
the main influencing factors are the branch angle and
branch length. A substantial rise in the branch angle could
detrimentally affect the drainage effect. Thus, it is
essential to regulate the angle between the branch and the
main hole to enhance the drainage effect at this juncture.

Critical factors that influence the extraction effect include
the angle between the branches and the main borehole, the
length of the branches, the spacing between branch
openings, and the number of branches. Among these
factors, the angle and length exhibit a synergistic
relationship, whereas spacing and number also
demonstrate a synergistic interaction. Increasing the size
of these four factors does not necessarily enhance the
effectiveness of coal extraction. A small angle may lead to
a narrow effective area and wasted synergistic effects
between branches, while a large branch angle necessitates
a smaller spacing to ensure that the branches can generate
synergistic effects and achieve the objective of multi-
branch extraction. Accordingly, the optimal drilling plan
for this model entails a 15° angle between the branch
borehole and the main borehole, a branch length of 375m,
a spacing between branch openings of 90m, 22 branches
in total, and an extraction period of approximately 650
days.

4)

Nomenclature

¥, Langmuir volume constant (m’/kg)

V, Volume of adsorbed CH, in coal (m’/kg)

P Coal matrix CH, pressure (MPa£'

P, Langmuir pressure constant (MPa)

m, The mass of adsorbed gas present in the pore system of coal
perunit volume (kg/m")

p,Apparent density of coal (kg/m’)

p, Gas density under standard conditions (kg/m")

P, CH, gas pressure in coal matrix pores (MPa)

p; The density of gas in coal fractures under standard
conditions (kg/m’)

m,Mass of free gas in coal fractures per unit volume (kg/m")

¢, The fracture rate of coal (£¥)

M_Molar mass of CH, molecule (kg/mol)

R Ideal gas constant (J/(mol-K))

T'Coal seam temperature (K)

P.CH, gas pressure in cracks (MPa)

m, Mass of free gas in coal pores per unit volume (kg/m")

¢,, The porosity of coal (£¥)

0. Mass exchange rate between unit volume coal matrix and
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fracture system (kg/(m’-s))

D Gas diffusion coefficient (m’/s)

o, Coal matrix block shape factor (m™)

¢,, CH, gas concentration in the matrix (kg/m’)

¢,CH, gas concentration in fracture systems (kg/m’)

L Spacing between fractures (m)

7 Adsorption time (s)VGas seepage velocity in cracks (m/s)
k, Effective gas permeability (m’)

u Methane viscosity (Pa-s)
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Partial transformation of coesite to quartz in eclogitic garnets of the Tso Morari complex,
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Abstract: The coesite bearing Tso Morari eclogites are one of the only Ultra High Pressure (UHP) complexes identified in
the Indian Himalayas representing the leading edge of the subducted Indian continental plate to mantle depths before being
exhumed back. Raman microspectrometric analyses in mapping mode on silica inclusions within garnets were carried out to
identify and record coesite-quartz transformation. Quartz inclusions in garnets are sub-rounded to elliptical and occur as
single crystals as well as polycrystalline aggregates. Coesite with a-quartz (peak 464 cm™) is recognized optically and
confirmed through Raman spectroscopy (peak at 521 cm™). Partial to complete transformation of coesite to a-quartz are
recorded through Raman analyses in mapping mode; 95 volume% to as low as 1volume% respectively. Combination of
petrographic, mineral chemistry, Raman mapping data along with prior experimental work clearly point to near complete
transformation of a-quartz to coesite between temperatures 700-800 °C at 2.8 GPa pressures. Retrograde reactions of
coesite to a-quartz can be envisaged between 600 — 700 °C. Experimental as well as studies carried out on natural samples
clearly point to factors such as pressure vessel effect along with fast exhumation rates being instrumental in partial

preservation of coesite in these eclogite samples.

Keywords: Coesite - quartz transformation, garnets, Raman mapping, Tso Morari Complex, Ladakh

INTRODUCTION

Presence of coesite (Coes 1953), the densest form of silica in
metamorphic rocks, has been instrumental in changing
prevailing ideas about the limits of metamorphism leading to a
whole new concept of 'ultra-high pressure' metamorphic
facies (e.g. Coleman & Wang 1995). Discovery of relict
coesite and microdiamonds as inclusions in mineral phases
like garnets and zircons are key indicators of subduction to
UHP depths (>100 kms) (Chopin 1984; Smith 1984; Sobolev
& Shatsky 1990; Chopin & Sobolev 1995, Burov et al. 2014).
The Tso Morari crystalline complex in Ladakh, NW
Himalayas, India is classic example of a continent — continent
collision known to expose high pressure to ultra-high-pressure
metamorphic rocks bearing coesite (Ernst & Liou 1999; Fig
1). Discovery of this high-pressure SiO, phase in metamorphic
rocks encouraged scientists to undertake novel experiments to
better constrain the thermodynamic and kinetic features of
Si0O, phase transitions and to model their natural occurrences
(e.g. Chopin 1984; Gillet et al. 1984; Van Der Molen & Van
Roermund 1986; Zinn ef al. 1997a; Angel et al. 2001; Perrillat
et al. 2003; Lathe et al. 2005; Mosenfelder et al. 2005;
Guiraud & Powell 2006).

Several studies by earlier workers (e.g. Mosenfelder &
Bohlen 1997; Perrillat et al. 2003; Mosenfelder et al. 2005;
Guiraud & Powell 2006 and references therein) have helped
understand SiO, phase transitions better by taking into
consideration different factors such as rates of exhumation,
cooling, retrograde reactions, fluid influx, deformation of the
host rocks etc. Over the last two decades, several studies
focussing on various parameters have been carried out on
these coesite bearing eclogites and adjoining areas, adding to
the wealth of information already available on UHP
metamorphic and associated rocks (Berthelsen 1953; Guillot
et al. 1997; Steck et al. 1998; Sachan et al. 1999; O'Brien &
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Sachan 2000; Mukherjee et al. 2003; Sachan et al. 2004;
Epard & Steck 2008; Konrad-Schmolke et al. 2008; Singh et
al. 2013; St-Onge et al. 2013; Palin et al. 2014, 2017,
Chatterjee & Jagoutz2015; Wilke ef al. 2015; Jonnalagadda et
al. 2017 2019; Kumar et al. 2019; Sen et al. 2019; Bidgood et
al. 2020; Imayama et al. 2023). Coesite inclusions in garnets
from the Tso Morari eclogites were first reported by Sachan et
al. (2004), redefining the minimum pressure attained by these
rocks to at least 2.8 GPa. Sachan et al. (2004) presented
characteristic Raman spectra of various quartz inclusions
ranging from monomineralic quartz, bimineralic
quartz+coesite and monomineralic coesite within garnet.
Recent studies by Bidgood et al. (2020) used EBSD and
misorientation analysis of matrix-scale palisade quartz in the
Polokongka La granite to quantitatively define
crystallographic characteristics of quartz transformation after
coesite.

Given the above background information already
available and studies undertaken in this area, the present study
revisits the quartz/coesite inclusions in the Tso Morari
eclogites providing a detailed study on seven monocrystalline
silica inclusions within host garnet exhibiting characteristic
quartz-coesite as well as coesite-quartz transitions. This has
been identified optically and confirmed through Raman
spectrometry in mapping mode. Through this contribution, we
aim to highlight the efficacy of the Raman mapping technique
as a robust tool to delineate and distinguish between the
different silica phases and comment on patterns and extent of
coesite — quartz transformation recorded during exhumation
of the Indian continental crust and its subsequent implications
onultra-high-pressure metamorphism.

GEOLOGICAL SETTING AND SAMPLE
DESCRIPTION

The coesite bearing eclogites form a part of the Tso Morari



Table 1. Representative Electron Probe Micro Analyses of porphyroblastic garnets in eclogites of the Tso Morari Complex.

Mineral Garnet Garnet Garnet Garnet
Domain Outer Rim Mid Rim Inner Rim Inner Rim  Outer Core Core Core Rim Rim Rim Rim
SiO, 39.17 38.93 38.45 38.91 38.95 38.24 38.33 39.12 38.78  38.19  38.23
TiO, 0.03 0.04 0.06 0.06 0.62 0.18 0.20 0.05 0.03 0.03 0.03
ALO, 22.54 22.07 22.37 22.28 21.73 21.51 21.69 22.22 2230 22,12 22.05
FeO 2491 30.81 28.65 28.62 26.00 28.16 27.55 23.24 27.91 30.65  30.96
MnO 0.29 0.35 0.41 0.44 0.92 0.71 0.78 0.28 0.41 0.30 0.37
MgO 6.42 4.36 5.19 5.24 3.65 2.61 2.93 6.94 5.48 4.33 3.82
CaO 8.47 6.22 6.74 6.64 10.61 10.41 10.40 8.72 6.95 6.29 6.41
Na,O 0.01 0.02 0.04 0.03 0.02 0.05 0.03 0.01 n.d. 0.03 0.01
K,O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
Cr,0, 0.06 0.03 0.02 0.02 0.02 0.05 0.04 0.01 0.01 0.04 0.01
NiO n.d. 0.01 n.d. 0.02 0.01 n.d. 0.03 n.d. 0.02 n.d. n.d.
Total 101.9 102.8 101.9 102.2 102.5 101.9 101.98 100.6 101.8 101.9 101.8
Alm 51.80 65.45 60.24 60.77 55.28 59.23 57.98 49.11 58.86 64.92  66.34
Pyp 24.42 16.68 20.10 20.02 13.83 10.14 11.35 26.42 21.05 16.78 14.89
Grs 22.64 16.90 18.19 18.04 28.37 27.97 27.96 23.63 18.81 17.06  17.58
Spes 0.63 0.76 0.90 0.95 1.98 1.57 1.72 0.61 0.89 0.66 0.82

complex (TMC), situated in the Ladakh region, NW
Himalayas (Fig. 1). The complex which has been studied
extensively, is elongated; dome shaped and occurs as a doubly
plunging anticline with a dip of 10° towards the NW with an
overall thickness of less than 7 km (de Sigoyer et al. 2004).
Detailed stratigraphic relations between the different
lithostratigraphic units of the complex as well as petrographic
descriptions of eclogite enclaves have been provided initially
in de Sigoyer et al. (1997) and more recently by Jonnalagadda
et al. (2017, 2019) and are summarized here for ready
reference. Eclogites occur as boudins or lenses within the
metasediments of the lower Puga and overlying Tanglang La
Formations which form the core of the complex. The eclogites
are marginally sheared, exhibit sharp contacts, concordant to
discordant relationship with the host metasediments. The
eclogites - are medium to coarse grained consisting of garnet,
omphacite, phengite and amphibole, and accessories phases
like epidote (mainly zoisite), quartz/coesite, rutile, zircon,
sphene, magnetite and carbonates (Fig. 2A,B). Inclusions of
Na—Caamphibole, zoisite, rutile + magnetite within the garnet
cores represent the pre-UHP stage resulting from
metamorphism of a mafic protolith and constitute the first
preserved prograde association of minerals. Garnets (0.5-
1.5mm) are colorless to light pink, typically euhedral
idiomorphic grains and contain numerous inclusions
concentrated at the cores.Chemically, garnet porphyroblasts
are almandine rich (Alm,,Grs+Adr,Prp,Sps,) and display
zoning from core to rim, with Ca and Mn rich cores and Mg
rich rims indicative of garnet growth during prograde
metamorphism (Table 1; Jonnalagadda et al. 2017). Matrix
amphiboles and those rimming garnet boundaries are
winchites whereas inclusions of bluish-green coloured
amphiboles within the garnet cores are Na—Ca—amphiboles
represented by ferro-kataphorite, kataphorite and taramite
(Jonnalagadda et al. 2017).

Pale coloured omphacite and quartz/coesite are
observed within the mantle region of the garnets, consistent
to earlier reports by Sachan et al. (2004). Retrogressed
eclogites exhibit varying degrees of amphibolite- and
greenschist-facies retrogression represented by
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Fig.1. A) Regional Geological map of the Himalayas showing different
tectonic boundaries (after Yin 2006). The study area has been
demarcated by a black box. B) Field photographs of eclogites boudins
within the quartzo felspathic gneisses of the Puga Formation.



Fig.2. A)Photomicrographs of the eclogites of the Tso Morari complex exhibiting euhedral, idiomorphic garnets along with other minerals. B) Close-up view of
the eclogite sample showing presence of euhedral garnets along with omphacite, phengite and carbonate grains (BCN).

development of symplectitic association of Na poor
clinopyroxene + plagioclase after omphacite, breakdown of
phengite to biotite and aluminous calcic — amphiboles (e.g.
pargasite) replacing the earlier, high pressure sodic- calcic
or sodic amphiboles.

Quartz inclusions in garnets are sub-rounded to elliptical
and occur as single crystals as well as polycrystalline
aggregates. Coesite, being a high-pressure polymorph of SiO,,
can be optically recognised by characteristic features viz. 1)
high refractive index, low birefringence 2) polycrystalline
quartz pseudomorphs, 3) palisade quartz textures and 4) radial
cracks patterns extending into the host mineral (Chopin 1984;
Hirajima et al. 1990). In the present sample, coesite/quartz
grains are lensiod to elliptical in shape, 0.2—0.4 mm in length,
transparent and display a strong anisotropic halo around them.
Some grains are subhedral and display truncated boundaries.
Majority of the grains contain a central core of fine-grained
polycrystalline quartz with a radial rim of palisade quartz
texture typical of coesite — quartz transition. Fractures
radiating from the margins of the inclusions into the host
garnet are commonly observed. The fractures are concentrated
at the corners rather than starting from the long edges of the
grains. Many of the cracks are relatively short and terminate
before reaching the edge of the host garnets, whereas another
set of more extensive cracks cut through the whole rock and
appear independent of the cracks around the inclusions (Fig.
3A). For other mineral inclusions within garnet, fracturing of
the host garnet observed is negligible. The observed textural
characteristics in the quartz inclusions are indicated to be
features associated with decompression, often considered a
diagnostic for identification of coesite (Chopin 1984).

ANALYTICAL TECHNIQUES
Raman Spectrometry

Preliminary characterization of quartz inclusions in garnet
was performed using an optical microscope and subsequently
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confirmed by Raman microspectrometry. Raman micro
spectrometry was carried out on the area of interest firstly
using point analyses of both coesite and o -quartz (Fig. 3A, B),
and subsequently in mapping mode using a Confocal
RAMAN imaging system Alpha 300RAS microspectrometer
(WITec GmbH, Ulm, Germany). A fiber coupled diode laser of
532 nm with maximum output power after single mode fiber
coupling of 50 mW was used for data acquisition. The data was
collected using a multimode fiber into an ultrahigh throughput
lens-based spectrometer (UHTS300) with 300 mm focal
length and two gratings 600 g/mm & 1800 g/mm, both blazed
at 550 nm. The UHTS300 spectrometer is connected with a
peltier CCD detector cooled down to -65°C with better than
90% QE in the visible excitation. Raman imaging was done
using a Zeiss 10X; 0.25 NA, Zeiss 20X;0.5NA, Zeiss
50X;0.75NA and Zeiss 100X;0.9 NA air objective. Raman
signal was collected in the spectral interval with a spectral
interval of 200 — 3000 cm-1 with a spectral resolution of 4 cm-
1. Several 20 x 20 mappings for exposed quartz inclusions in
garnet with a total of 10,000 spectra were acquired using
WiTec control software and analysed with the WiTec project
plus software with an integration time of 15s per spectrum.

RESULTS

Optical recognition of coesite was done for most grains and
confirmed through Raman spectroscopy. Characteristic
Raman peaks of o -quartz were located at 464 cm-1 (at
ambient pressure), with less intense peaks at 125, 207, 269,
824 cm-1. Coesite spectra are dominated by peaks at 205, 269,
and the characteristic 521 cm-1 peak (at ambient pressure;
Sharma et al.1981; Boyer et al. 1985; Hemley et al. 1986). At
times, in addition to the coesite peak at 521 cm-1, a-quartz
peaks at 465 cm-1 and 206 cm-1 are noticed in the coesite
spectra. Raman spectra of all inclusions are observed to lie
close to the 1st order peak of Si probably indicating that in
addition to coesite, optically undetectable quartz maybe
present within the inclusions. Depth profiling from the surface
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Fig.3. A.Photomicrographs of coesite inclusions in host garnets B. Coesite inclusions exhibiting characteristic radial cracks extending into host garnets. Note
the presence of thin rim of palisade quartz on the interior of the inclusion.

down through the sample could not be attempted, as the
sample preserving the silica phases were prepared as a normal
petrographic section glued with canada balsam, proving to be
amajor limitation for more detailed studies.

Raman analyses in mapping mode were carried out on 7
inclusions within the host garnet to observe silica phase
distribution within the inclusions. Analysed grains display
presence of both quartz phases i.e. coesite and o -quartz in
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varying proportions (Fig. 4A-F). Images obtained during
systematic Raman mapping across the inclusions clearly show
presence of low-pressure alpha quartz occurring as rims with
high-pressure coesite in the centre (Fig. 4B-F). This
association of coesite being rimmed by o -quartz can be
attributed to conversion of high-pressure quartz to its low-
pressure phase during decompression upon exhumation. All
grains are typically surrounded by a network of radial
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Fig. 4. Raman mapping images with characteristic Raman peaks of the silica inclusions showing the presence of coesite-quartz transformation.
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fractures associated with volume expansion. Figure 4A
depicts two grains, one rather rectangular in shape while the
smaller one more rounded. Both these grains show the
presence of coesite forming an envelope around the a-quartz.
The coesite layer does not form a continuous envelope but is
truncated at the boundaries allowing for o -quartz to be in
direct contact with the host garnet. This peculiar situation
where the o -quartz is observed in the inner part with the
coesite located on the outside indicates transformation from a
low pressure to high pressure commonly observed during
prograde metamorphism. In order to quantify the volumetric
proportions of polymorphs in the area of interest, a light
statistical image processing software ImagelJ 1.54f (Schneider
et al. 2012) was employed. All images clearly show the
varying proportions of coesite ranging from 95 volume %
(Fig. 4C) to as low as 1 volume % (Fig. 4D) indicating partial
to nearly complete transformation of coesite to o -quartz.

DISCUSSION

Raman spectroscopy has proved to be a robust tool providing
direct information on molecular and crystal structure well
suited to distinguishing polymorphs (Tuschel 2019).
Identification of minute crystals in terrestrial as well as extra-
terrestrial materials and inclusions in optically transmissive
host phases can be easily carried out by this method (e.g.
Smith 1984; Wang et al. 1993; Gillet et al. 1994; Hochleitner
et al. 2004; Zedgenizov et al. 2014). Although the use of
Raman microspectroscopy has been instrumental in
identification of coesite and /or diamond inclusions in host
minerals thereby confirming evidence of Ultra high-pressure
metamorphism (UHPM) (e.g. Boyer et al. 1985; Sobolev &
Shatsky 1990; Tabata ez al. 1998). Raman mapping is clearly a
step ahead wherein not only identification of key UHP mineral
phases but degree of phase transformation can be understood
effectively without the need for elaborate experimental setups.

Coesite to a-Quartz transformation

Evidence of UHP metamorphism preserved in rocks sampled
at or near the earth's surface yield important information about
not only about peak P-T conditions but also about the possible
nature of exhumation of the subducted crust from great depths.
Coesite to quartz transformation can be effectively used to
delineate the exhumation process that the subducted crust may
have undergone. Experimental studies detailing the kinetic
reactions involved in quartz - coesite phase transitions have
been provided by several workers like Babich ef al. (1989),
Zinnet al. 1995; 1997a, 1997b; Mosenfelder & Bohlen (1997)
and Perillat et al. (2003). Results of such experimental studies
have helped understand the relative influence of nucleation
and growth during formation of silica phases and at times can
be extrapolated to natural samples, provided the temperature
range investigated in both setups is uniform. Experiments
carried out by Perillat et al. (2003) indicate transformation of
a-quartz to coesite and vice-versa to occur at different
temperatures and pressures across variable degrees.
Significant observations reported are that kinetics for
prograde and retrograde reactions are different with prograde
a-quartz-coesite transformation occurring more or less one

141

order magnitude faster than coesite-a-quartz transformations.
In the present study, Raman mapping data together with earlier
generated geothermometric calculations carried out on co-
existing stable mineral pairs (detailed in Jonnalagadda et al.
2019) have been compared with experimental work of Perillat
etal. (2003) to comment on coesite-quartz transitions.

Petrographically, distinct textural features detailing
progressive stages of coesite to quartz transformation have
been provided by Gillet ef al. (1984) and Wain ef al. (2000)
and are summarized here. At the beginning of re-equilibration
(Stage 1), coesite is surrounded by a thin rim of polycrystalline
quartz with radial extensions (palisade texture). This texture is
believed to form prior to decompression and exhumation of
the host rock. Stage 2 is represented by more diffused quartz,
usually related to large radial fractures in host garnet on
further re-equilibration. Continued recovery produces
polycrystalline quartz aggregates forming a mosaic texture
(Stage 3). The size of quartz grains may progressively increase
forming monocrystalline inclusions (Stage 4).

Optically, the Tso Morari eclogites display micro textures
similar to those described above indicating that texturally
coesite to quartz transformation corresponding to all 4 stages
are present in the studied samples (Fig. 3). Moreover,
petrography and mineral chemistry of the whole garnets
within the eclogites reveal that the garnets are compositionally
heterogenous with Ca — Mn rich cores and Mg rich rims
(Jonnalagadda et al. 2017 and references therein) indicating
early nucleation and garnet growth during subduction. The
first preserved prograde association of minerals found as
inclusions in garnet cores (Na-Ca amphibole, zoisite, rutite-
magnetite) are formed due to metamorphism of a mafic
protolith and represent the pre-UHP stage. Inclusions of
omphacite and coesite within garnet outer rims (with high Mg)
defines the UHP stage. Temperatures constrained using co-
existing stable mineral assemblages for the whole garnets
from the Tso Morari eclogites reveal peak temperatures of 768 °C
at pressures of 2.65 GPa (see Jonnalagadda ef al. 2017 for
details). The P-T data calculated on the present natural
samples along with Raman mapping images from this study
correspond well with earlier experimental data exhibiting near
complete transformation of a-quartz to coesite between
temperatures 700-800 °C at 2.8 GPa pressures (see Table 1 in
Perillatet al. 2003).

Retrograde reactions of coesite to o-quartz transform
over a range of non-uniform pressures from 2.9 GPa to 2.2
GPa and temperatures from 1010°C to 600 °C respectively
with variable degrees between 90% at 700 °C to complete
transformation at 600°C according to Perillat ef al. (2003).
Temperatures of 614-675 °C were constrained for garnet
interiors using co-existing stable mineral assemblages of
phengite+garnet rims for the present samples (Jonnalagadda
et al. 2017). The presence of main quartz band (464cm- 1) in
coesite inclusions, (Boyer ef al. 1985) can be used to conclude
that a thin sub-micron envelope of quartz could be present
around coesite inclusions, tracing the initial stage of coesite-
quartz transformation (Korsakov et al. 2007). At the above



calculated temperatures, partial transformation of coesite to o-
quartz is envisaged as relict coesite inclusions with well-
developed radiating fractures in the garnet rims are preserved
due to the volume increase during exhumation. Furthermore,
Raman mapping of these studied inclusions are consistent
with the above observations and show partial transformation
of coesite to a-quartz. All the above observations clearly show
that coesite undergoes partial transformation to a-quartz
between 600 — 700 °C confirmed by textural studies and
Raman mapping consistent with experimental studies carried
out by previous workers (Perillat et al. 2003)

Implications for UHP metamorphism

Coesite, a key polymorph of silica used to identify Ultra high-
pressure metamorphism of the subducting crust is known to
occur as inclusions in various host minerals like garnet,
pyroxene, kyanite, titanite, zircon, rutile and diamond etc.
with differing structural and elastic properties. Chopin (1984)
identified four major factors imperative for the survival of
coesite viz. pressure vessel effect, reaction kinetics,
exhumation rates as well as low fluid infiltration rates during
exhumation (e.g., Hacker & Peacock 1995). Inclusions in
strong, rigid and robust host minerals like garnet and zircon is
necessary for survival of coesite as the host mineral can exert
an overpressure on the inclusion during exhumation. Raman
spectroscopy and synchrotron XRD data clearly show that
internal pressures as high as 3.6 GPa being exerted on coesite
crystals in diamond (Parkinson & Katayama 1999; Sobolev et
al. 2000). High bulk modulus for host minerals (K0 =150 GPa
for pyrope and 227 GPa for zircon) should ideally increase the
pressure vessel effect allowing the inclusion to reach the
coesite-quartz equilibrium at lower temperatures (Perillat et
al. 2003). Most experimental studies undertaken to explain the
pressure-vessel effect are carried out on coesite inclusions
within pyrope garnet or zircon, however the Tso Morari
eclogites have coesite inclusions within spessartine-
almandine rich garnets, low in pyrope-grossular contents
(Perillat et al. 2003; Mosenfelder et al. 2005). Garnet with
differing compositions may result in changing rheological
properties of the host mineral which may affect the extent of
coesite-quartz transformation. Earlier studies by Korsakov et
al. (2007) show that although rheological properties of zircon
and garnet are contrasting, the values of overpressure for
coesite inclusions from the same sample remain the same. In
the present samples, the maximum Raman shift of the main
coesite band (521 cm™ at ambient pressure) does not exceed
521 cm’, with the maximum Raman shift of the main quartz
band (464 cm™ at ambient pressure) located at 465-467 cm’.
Pressures calculated using calibration equations for coesite
(P(GPa) = (v-521)/2.9; Hemley 1987) and quartz (P(GPa) =
(v—464)/9; Schmidt and Ziemann, 2000) show a maximum of
overpressure values that remain constant at 2.2-2.9 GPa
(521cm™) between temperatures of 600-700 °C. It is important
to note here that calculation of overpressure values may be
affected by the lattice-preferred orientation of quartz sub-
grains within the quartz shell indicating a crystallographic
control on the coesite-quartz transformations (Langenhorst &
Poirier 2002). The preferred orientation may affect the Raman
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shift and the calibration of [Hemley 1986 and Schmidt &
Ziemann 2000] can than hardly be applied for pressure
estimates. Taking into consideration the above observations:,
the results derived on natural samples are consistent with
experimental work of Perillat ez al. (2003) which show that
pressure vessel effect plays a critical role in coesite-quartz
transformation above temperatures of 400 °C with reaction
kinetics acting as the controlling factor at lower temperatures.

CONCLUSIONS

e  UHP eclogites of the Tso Morari complex preserve silica
inclusions that are identified optically and confirmed

through Raman spectroscopy in mapping mode as coesite.

Raman mapping clearly show presence of low-pressure o
-quartz occurring as rims with high-pressure coesite in the
centre. Image Analyses (Schneider et al. 2012) reveals
that coesite is present in varying proportions ranging from
53 volume% to as low as Ivolume% indicating nearly
complete transformation to o -quartz.

P-T data calculated on the Tso Morari eclogites
(Jonnalagadda ef al. 2017) along with Raman mapping
from this study, show near complete transformation of a-
quartz to coesite between temperatures 700-800 °C at 2.8
GPa pressures and coesite partially transforming to o-
quartz between 600 — 700 °C. The above results derived
on natural samples are consistent with experimental work
carried out by previous workers (Perrillat et al. 2003;
Mosenfelder et al. 2005) indicating that factors like
pressure vessel effect along with high exhumation rates
play a critical role in coesite-quartz transformation well
above temperatures 0f400 °C.
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Abstract: The morphometric analysis of a river reveals any change in the tectonic/climatic regimes experienced by the
region. These morphometric parameters can be utilized to assess the geodynamics of both tectonically active regions and
relatively stable regions. In this study, we compare two such contrasting regions, the Himalaya and the central Indian
forebulge, to understand how tectonic forces shape the landscapes differently in these two regions. The Himalayas are
continuously uplifting due to the northward movement of the Indian plate, and as aresult the Indian plate has flexured due to
loading of the Himalayas and given rise to the central Indian forebulge. This central Indian forebulge undergoes slow uplift
and migration as the Himalayan Mountain front advances. Therefore, the rivers flowing through the Himalayan region
experience high rates of uplift, whereas the forebulge rivers experience a very slow uplift rate. In this study, we measure and
compare the basin morphometric parameters, such as the normalized steepness index (Ksn), precipitation-weighed
normalized steepness index (KsnQ), concavity, hypsometric integral (HI), and basin gradient, with the existing erosion
rates. We find that the rivers in the Himalayas show a higher steepness index, local relief, and erosion rates, suggesting a
dominance of active tectonics. Conversely, the forebulge rivers show a low steepness index, erosion rates, and moderate HI
values, suggesting an equilibrium between erosion and uplift. Comparisons reveal that the primary control on the evolution

ofrivers in both regions is tectonics, with climate playing a secondary role.

Keywords: Himalaya, central Indian forebulge, Normalized steepness index (Ksn), Concavity, Himalayan rivers

INTRODUCTION

The collision of Indian and Eurasian plates has resulted in the
formation of one of the highest and most tectonically active
mountain belts in the world, the Himalayas. The subduction of
the Indian plate beneath the Eurasian plate also resulted in the
flexural uplift of Indian plate, parallel to the Himalayan
orogeny; this uplifted area has been termed as the central
indian forebulge (CIF), and the topographic expression of it is
manifested in the form of the central Indian plateau (Bilham ez
al. 2003; Bilham 2004). The subduction of the Indian plate
also led to the development of a foredeep region that is filled
by the sediments deposited by the rivers originating both from
the Himalayas and the central Indian forebulge. This provides
a unique setting of the rivers originating in rapidly uplifting
areas (i.e., the Himalayas) and slowly uplifting areas.

The longitudinal profile of a river is its life story, written
on its slopes. It reveals information about the erosion,
sediment transport, and depositional processes. It is
influenced by the tectonic and climatic processes (Gilbert
1877; Kirby & Whipple 2001; Whipple 2004; Wobus et al.
2006; Whittaker 2012; Adams et al. 2020). It is for this reason
they have remained one of the most studied topics in fluvial
geomorphology (e.g., Gilbert 1877; Hack 1973; Merritts et al.
1994; Keller & Pinter 1996; Sklar & Dietrich 1998; Leopold et
al. 2020; Goren et al. 2022; Khan et al. 2021). Several
morphometric indices, such as Ksn, concavity, chi, Stream-
Length gradient index, etc., have been developed based on the
longitudinal profile of a river. The longitudinal profiles of the
Himalayan rivers have always remained an important topic of
research because they reveal significant insights into how
tectonics and climatic processes influence these rivers (e.g.,
Seeber & Gornitz 1983; Sonam & Jain 2018). In contrast, the
longitudinal profiles of rivers in the central and peninsular
India are less investigated. However, it has been established
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that in a slow/quiescent tectonic setting (such as the cratons
and their interiors), the topographic metrics (viz., slope, relief,
normalized steepness index, and river profile) can indicate the
bedrock erodibility, climate variability, and isostatic
adjustments (Jansen et al. 2010; Gallen 2018; Peifer et al.
2021; Zondervan et al. 2020).

The Himalayas and central Indian forebulge regions are
two contrasting regions that experience different types of
geodynamic and geomorphic processes (Fig. 1). The
Himalayas are characterized by compressional tectonics, with
active thrust faulting resulting in the formation of high-relief
topography, steep gradients, deep valleys, and high-altitude
terrain (Thakur 1987; Yin 2006; Owen 2014); in contrast, the
CIF experiences extensional tectonics, related to the flexural
uplift of the Indian plate resulting in the formation of
extensional faults (Agarwal ef al. 2002; DeCelles & DeCelles
2001; DeCelles 2011). In general, the forebulge regions
experience slow uplift rates and have geomorphic features like
escarpments, canyons, and low-relief plateau regions
(Flemings & Jordan 1989,1990; Catuneanu 2019). In the
Himalayas, higher river slopes result in a higher stream power,
which leads to a higher bedrock erosion rate. The Himalayas
also experiences frequent landslides (Gerrard 1994),
glaciation, flash floods (Kumar ez al. 2018; Sarkar & Singh
2022) and intense monsoonal precipitation, leading to a
dynamic geomorphic system. On the other hand, CIF is
affected by slower tectonic movements, slow river incision,
and low erosion rates (e.g., Lupker et al. 2012), which are
guided by the thrust formation and southward migration of the
Himalayan mountain front. The regions of the Himalayas and
CIF are influenced by the subsurface basement ridges present
on the Indian plate (Valdiya 1976; Gahalaut & Kundu 2012;
Godin & Harris 2014; Divyadarshini & Tandon 2022;
Kandregula et al. 2024; Manglik et al. 2025). The basement
structure affects the flexural response of the Indian plate to the
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Fig. 1. Map showing the basins analysed in this study. The blue shaded basins
are central Himalayan basins and are named as H1= Yamuna, H2 =
Ganga, H3 = Sharda, H4 = Karnali, H5 = Narayani, H6 = Kosi. The
green shaded basins are central Indian forebulge basins and named as
C1=Chambal, C2 =Sindh, C3 =Betwa, C4=Ken, C5 =Tamas (Tons),
C6 = Sone, C7 = Narmada. The yellow shaded region is a subtle
structural/morphological feature present in the Indian plate known as
the forebulge.

loading of the Himalayas, influencing both uplift and
subsidence patterns (Godin ez al. 2023). By using geomorphic
indices, such as hypsometric integral (HI), steepness index
(SL), and others, we can decipher the effects of these tectonic
forces and surface processes.

Geomorphic indices like hypsometric integral (HI) and
steepness index (Ksn) help analyze these tectonic processes
and surface dynamics, offering new perspectives on the
geodynamic and geomorphic evolution of both regions. In this
study, we compare the morphometric indices in the Himalayas
and the central Indian forebulge region (Fig. 1) with the
objective of identifying differences in the role of tectonic and
climatic forces in landscape development and adjustment of
river profiles in two contrasting regions. In addition, slow
tectonics in the forebulge region would mean dominance of
climatic forces, but do we observe the same pattern in the
central Indian forebulge? Therefore, in order to seek answers
to these questions, we analysed the river basins flowing in the
central parts of the Himalayas (west to east - Yamuna, Ganga,
Sharda, Karnali, Narayani, Kosi) and the forebulge (west to
east - Chambal, Sindh, Betwa, Ken, Tamas or Tons, and Sone).
We conducted morphometric analysis such as the normalized
steepness index (Ksn), precipitation weighed steepness index
(KsnQ), hypsometric integral, and concavity for these basins.
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STUDY AREA

The river basins analysed in this study drain two major
geological regions of India:1) the Himalayan catchments
which drains the central Himalayas (spanning between
Uttarakhand to Nepal), and 2) catchments, which drain the
central India plateau or the central Indian forebulge region. We
analysed six major basins of the central Himalayan region (CH
basins) and the six basins of the central Indian forebulge (CIF
basins). The following sections explain the geology of the CH
and CIF basins.

The geological features of the Himalayan region and the
Central Indian Forebulge (CIF) are different (Fig. 2) due to
tectonic forces, but both are influenced by the convergence of
Indian-Eurasian plates. The average rate of convergence is
~40 mm/yr, increasing from 35 mm/yr to 50 mm/yr eastwards
(Bilham et al. 1997; Freymueller et al. 1996; Jade et al. 2017).
Similarly, the uplift rates along the Himalayan front also vary,
in the northwest, uplift rates range from 4-6 mm/yr (Kumar et
al. 2006; Wesnousky et al. 1999); in central regions (Nepal),
the front is uplifting at the rate of around 10 mm/yr (Lavé &
Avouac 2001), followed by similar rates of 10—15 mm/yr in
the Eastern Himalaya (Burgess ef al. 2012; Berthet et al. 2014;
Bouscary et al. 2024).

This orogenic system is a result of complex deformation
over geological time, with distinct lithologies separated by
continental-scale thrust faults. These include the South-
Tibetan Detachment System (STDS), Main Central Thrust
(MCT), Main Boundary Thrust (MBT), and Main Frontal
Thrust (MFT), which separate the area into different litho-
tectonic units: Tethys Himalaya, Higher Himalaya, Lesser
Himalaya, and Sub-Himalaya (Fig. 3a; Heim & Gansser 1939;
Gansser 1964; LeFort 1975, 1996; Thakur 1987). The Indus-
Tsangpo Suture Zone (ITSZ) marks the collision boundary
between the two plates, which is characterized by ophiolites
and high-pressure metamorphic rocks such as blueschist and
eclogites (Corfield ef al. 1999; 2001). The Tethys Himalaya
consists of fossiliferous marine sedimentary rocks deposited
from the Neoproterozoic to the Eocene (Heim & Gansser
1939; Garzanti ef al. 1986, 1987; Gactani & Garzanti 1991).
The Higher Himalaya is marked by high-grade metamorphic
assemblages, with altitudes ranging from 3000 to 8848 m
(Hodges et al. 1992, 1996; Godin et al. 2001; Hubbard &
Harrison 1989; Coleman 1998). It is separated from the Lesser
Himalaya, which is composed of low to medium-grade
greenschist metamorphic rocks, ranging in age from the
Paleoproterozoic to Lower Paleozoic (LeFort 1975; Valdiya
1980). The Sub-Himalaya features Cenozoic deposits,
including the Siwalik Supergroup (Kumar et al. 2003;
Sangode et al. 2003; Raiverman 2007), which are thrust over
the Indo-Ganga plains along the MFT, the most active thrust
and extends for approximately 2400 km (Lavé & Avouac
2000; Nakata 1972; Gansser 1964; Yeats & Lillie 1991). The
MFT ruptured around 2 million years ago and remains as an
immature thrust system in the eastern Himalayas
(Wesnousky et al. 1999; Mukul 2000; Thakur ef al. 2014;
Deyetal 2022).



Fig. 2. Photographs showing the Himalayan (a and b), and the central Indian forebulge (¢ and d) landscapes.

In contrast, the Central Indian Forebulge is a low-relief
region bounded by the Indo-Gangetic plains in the north, the
Central Indian Tectonic Zone in the south (comprising Son-
Narmada-Tapti fault systems), the Aravalli ranges in the west,
and the Rajmahal traps/Garo Gap in the east (Fig. 3b). The
region contains the Meso-Neoproterozoic Vindhyan
Supergroup rocks, Cretaceous basaltic rocks from the Deccan
volcanism, and surrounding tectonic units, including the
Archean Bundelkhand Granitic Complex and the Gondwana
Group (Ramakrishnan & Vaidyanathan 2008; GSI12018). The
major geological structures include the Great Boundary Fault,
a NE-striking reverse fault marking the western limit of the
study area, and the Son-Narmada fault system (SNF), which
divides the Indian shield into northern and southern cratonic
blocks (Valdiya 2016). The SNF is an E-W striking fault
system located south of the study area and mainly comprises
deep grabens, with the Narmada River flowing through one of
them (Yellur 1968; Murty et al. 2004). The Central Indian
Forebulge region has not been extensively studied in terms of
uplift rates, and therefore, data regarding the uplift/
exhumation rates of this region are currently unavailable.

So, the Himalayas have complex, tall mountain ranges
and thrust faults because of the ongoing collision of
continents, whereas the CIF has a low-relief area influenced
by the loading of the Himalayas and older tectonic structures
like the Great Boundary Fault and SNF.

METHODS

To compare the role of tectonics and climate in controlling the
channel morphometry in the Central Indian Forebulge and
Central Himalayas, we have calculated various morphometric
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parameters using the SRTM digital elevation model having a
spatial resolution of 90 m. We have used the Topographic
Analysis Kit, or TAK tool (Forte & Whipple 2019), which is a
MATLAB-based tool that utilises and combines the
algorithms of TopoToolbox (Schwanghart & Scherler 2014)
for advanced geomorphometric analysis. TAK enables the
users to calculate the intricate channel and basin
morphometric parameters such as the normalized steepness
index (Ksn), concavity, gradient, Chi coordinate values,
hypsometric integral etc. These parameters have been widely
used to assess the impact of tectonics on fluvial systems
(Keller & Pinter 2002; Kirby & Whipple 2012; Clementucci et
al. 2022, etc.).

Ksn and KsnQ

The Ksn, or Normalized Steepness Index gives valuable
information on local erosion rate in river reaches (Cyr et al.
2010). DiBiase et al. (2010) have shown a positive correlation
of erosion rate with Ksn, similar to the predictions of Gilbert
(1877). Previous studies (Kirby & Whipple 2001; Snyder et al.
2003; Wobus et al. 2006; DiBiase et al. 2010) have suggested
that an ideal channel profile can be constrained to a single Ksn
value under uniform boundary conditions, whereas deviations
point towards differential uplift rates, lithologic contrasts, and
precipitation rates (Allen ez al. 2013; Gallen 2018; Zondervan
et al. 2020; Adams et al. 2020; Peifer et al. 2021). Therefore,
we investigate the variation in the steepness index to constrain
these parameters along Central Himalayan catchments and
Central Indian Forebulge catchments.

We used the SRTM Digital Elevation Model (DEM) with
a 90-meter spatial resolution to derive the Ksn values for the



Fig. 3. Geological map ofthe (a) central Indian Himalayas and (b) central Indian forebulge, showing various lithological units and faults observed in the region. In
figure (a), HFT = Himalayan Frontal Thrust, MBT = Main Boundary Thrust, MCT = Main Central Thrust, ITS = Indus-Tsangpo Suture and basin
boundaries are shown as red. In figure (b) red line marks the drainage divide between the Ganga and the Narmada River tributaries.

watersheds that drain the study area. Within the tool TAK, we
used a commonly accepted theta value (concavity index) of
0.45 to calculate the Ksn metrics.

Additionally, it has been established that incorporating
the variability of precipitation in the calculation of the
steepness index can help in near accurate prediction of erosion
rates and rock uplift rates (Leonard ez al. 2023). Since KsnQ is
sensitive to changes in rainfall, it can be used to isolate the
impact of climate in river channels where uplift rates and
lithological variability are homogeneous. For example, if a
catchment with homogeneous lithology is experiencing a
steady uplift rate and higher precipitation, then it will grow
less steep and show low Ksn values (Adams et al. 2020).
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To compute the rainfall sensitive topographic metrics
KsnQ, we utilized the SRTM DEM of 90 m spatial resolution.
We extracted the daily precipitation grids of the CHIRPS
datasets, which are provided by the ClimateSERV server
(https://climateserv.servirglobal.net/map), and calculated the
mean annual rainfall (in meters/year) for the study area. Then
we input the DEM and precipitation datasets in TAK to
calculate the stream networks and precipitation weighed Ksn
or KsnQ (Forte & Whipple 2019; Adams et al. 2020; Leonard
etal 2023).

Concavity

The concavity of a river simply suggests how quickly a
channel loses its gradient flowing downstream. Concavity of



river channels can give useful insights about the role of
tectonics/climate on the fluvial morphology. Concavity is
positive for a concave-up channel, negative for a convex-up
channel, and zero for a channel with a constant slope. Tectonic
activity significantly influences the concavity of river profiles.
For instance, in the Siwalik Hills, variations in uplift rates
correlate with changes in channel concavity, suggesting that
upliftdrives erosion patterns (Kirby & Whipple 2001).

Whipple (2004) characterized concavity (h) into four
types: (i) low concavities (<0.4), associated with either short,
steep drainage influenced by debris flow or with a downstream
increase in incision rate or rock strength, commonly related to
knickpoints; (ii) moderate concavities (0.4-0.7), associated
with actively uplifting bedrock channels in homogeneous
substrates experiencing uniform (or near-uniform) rock uplift;
(iii) high concavities (0.7—1.0), associated with a downstream
decrease in rock uplift rate or rock strength; and (iv) extreme
concavities (negative or >1), associated with abrupt
knickpoints due to either pronounced along-stream changes in
substrate properties or spatial/temporal differences in rock
uplift rate, including transitions from incisive to depositional
conditions (Lee & Tsai2010).

Hypsometric Integral

We also calculated the Hypsometric Integral (HI) of the CH
and CIF basins. This geomorphic index is used to analyse the
distribution of elevation within a catchment area (Strahler
1952; Keller & Pinter 2002). The values can lie between 0 and
1, where the values greater than 0.5 indicate the majority of the
catchment area has high elevation, and lower values indicate
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the catchment with the majority region in lower elevation
values. Given uniform lithology and precipitation, the
hypsometric integral can act as a proxy for the dominance of
either tectonic uplift (high value) or climatic erosion (lower
value) in the catchment (Keller & Pinter 2002). Later studies
(Hurtrez et al. 1999) stressed the importance of the catchment
size. They argued that HI as a proxy for uplift or erosion
dominance works well for the smaller catchments; however its
efficiency as a proxy is affected by the high erosion rates in the
larger catchments.

RESULTS

The results of various morphometric parameters (Ksn, KsnQ,
concavity, hypsometric integral, mean channel gradient, local
relief, and rainfall gradients; Table 1) are explained below.

Ksn and KsnQ

The steepness index values for the CH catchments (H-1 to H-
6) vary between 0 and 14930 (Fig. 4a), whereas for the CIF
catchments the values are observed to be between 0 and 2267
(Fig. 4b). Within the CH catchments, there is an increase in the
Ksn values from south-to-north. This particular south to north
increase in steepness index values is observed in all of the CH
catchments (H-1 to H-6). But interestingly, in the H-6
catchment (Kosi River catchment), the Ksn values first
increase south to north but sharply decrease further towards
the north. We observed that the regions north of the Main
Boundary Thrust primarily exhibit higher Ksn values. In the
CH catchments, the basin-averaged Ksn values don't show any
east-to-west variation (Fig. 6e). The basin H-4 (428.31) shows

=

Fig. 4. The Ksn calculated for CH basins and CIF basins are shown in figure (a) and (b) respectively. The KsnQ calculated for CH and CIF basins is shown in (c)
and (d) respectively. Note that the difference between Ksn and KsnQ values for CIF and CH basins are large (a-b and c-d), but the difference between the

Ksn and KsnQ values of the same basins is not very significant.



the highest basin mean Ksn value, while the adjacent basins
(H2-419.44, H3-394.4, and H5-394.89) located in the central
part of the CH basins shows similar values. Interestingly, the
mean basin Ksn values are lowest for the H1-330.70
(westernmost) and H6-327.92 (easternmost) basins.

In the CIF basins, the Ksn values are mostly observed in
the range of 0-30, but extremely high values are also visible
along certain channel segments. Basin mean Ksn values
increase from basin C1 (westernmost) to C6 (easternmost).
The basin mean Ksn of C1 is 16.2, higher than adjacent basins
C2-C3, but lower than the central basins C4 (20.1), C5 (22),
and easternmost C6 (31.5).

The precipitation weighed steepness index, or KsnQ
values, are comparatively higher than Ksn values for both CH
and CIF basins (Fig. 4c and d). In the regions where Ksn values
are high, the KsnQ values are also high, i.c., the dispersion of
Ksn and KsnQ values are similar within the channel segments.
KsnQ values for CH basins vary in the range of 0-17758, and
for the CIF basins, they vary between 0 and 2630.
Interestingly, the KsnQ values for both CIF and CH basins are
slightly higher but do not show any correlation with the
extreme precipitation gradient observed along the Himalayas
or the low precipitation gradient in the central Indian
forebulge (Fig. 5).
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Fig. 5. Map showing the KsnQ plotted with the rainfall contours for (a) CH basins and (b) CIF basins. Note that in both the cases higher KsnQ values are not related

to areas with high precipitation rates.
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Concavity

Concavity index values for CH basins decrease from H1 to H6.
Basin H1 showed concavity of 0.642, and H6 shows a value of
0.19 (Fig. 6d). The concavity values for CIF basins vary
between 0.509 (C1) in the west and 0.455 (C6) in the east (Fig.
6d). The concavity values for basins lying between C1 and C6
are lower than 0.455.

Hypsometric Integral (HI)

The values of the hypsometric integral for CH basins vary
between 0.29 and 0.44 (Fig. 6a). The variations in CH basins
show an increase from H1 (westernmost) to H6 (easternmost).
The HI for the H1 basin is 0.34, which increases to 0.38 (H2),
0.34 (H3), 0.42 (H4), and 0.33 (HS5) and reaches up to 0.44 for

the H6 basin. The results of Himalayan catchment are
counterintuitive as they show most of the basins are erosion
dominated implying material added to the catchment due to
uplift is less than the material removed from the catchment.
The CIF basins, on the other hand don't show any east-west
variations for HI values. The HI value for basin C3 is the
highest, i.e., 0.45, which lies in the central part of the CIF. The
HI values for basins C2 (0.41) and C4 (0.4) are also relatively
high. In general, it shows that the uplift and erosion are in
balance.

Mean Channel Gradient

The mean channel gradient for CH basins varies between 0.39
and 0.53 (Fig. 6b). The westernmost basins, H1-H4, show
higher gradient, whereas H5 (0.48) and H6 (0.39) show a
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Fig. 6. Maps showing the calculated morphometric parameters of CH and CIF basins (a) hypsometric integral, (b) mean basin gradient (given in m/m), (c) erosion

rates, (d) concavity, () basin mean Ksn, and (f) drainage area.
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Fig.7. Maps showing (a) elevation distribution, (b) local relief (given in m), (c) precipitation distribution in the Himalayas; (d) elevation distribution, (e) local
relief (given in m), and (f) precipitation distribution in the forebulge region.

relatively lower gradient. In basins H1 to H4 we observe
gradient values of 0.46, 0.52, 0.525, and 0.53, respectively. It
can be inferred that there exists a west-to-east decrease in
mean basin gradient values. On the contrary, we find that the
CIF basins show a very low, mean channel gradient varying
between 0.02 and 0.06. The westernmost C1-C2 basins have a
gradient of 0.024 and 0.021, respectively. Whereas, for basin
C4 we observed a gradient of 0.032 and basin C6
(easternmost) displayed the highest mean gradient value of
0.063. We find that there exists west-to-east increase in the
mean basin gradient values for the CIF basins.

Local Relief

As expected, the local relief for the CH basins is significantly
higher than the CIF basins. The local relief for CH basins is
10-5801 m (Fig. 7b), and for CIF basins it lies between 4 and
403 m (Fig. 7¢). The local relief values for CH basins are
highest in the central part of their respective basins, and they
reach a maximum average value for the H5 basin (2125 m, Fig.
7b). On the other hand, CIF basins, because of a flatter
topography, show low values (Fig. 7e). The basins show
higher local relief and slope along the escarpments and
canyons, which are ubiquitous in CIF.
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Rainfall Variations

The mean annual rainfall for CIF and CH shows extreme
variations. In CH basins, the mean annual rainfall varies
between 0.02 and 4.9 m/year (Fig. 7c), which is almost double
that of the CIF basins, which receive rainfall in the range of
0.59-2.77 m/year (Fig. 7f). A north-to-south rainfall variation
across the CH basins shows an overall increase, while a similar
increasing trend is also observed from west to east along the
CH basins. On the other hand, CIF basins do not show any
significantrainfall pattern.

DISCUSSION

It has been established that river systems are efficient
recorders of tectonic and climatic perturbations. The changes
in slopes (tectonic influence) or discharge (climatic influence)
of river systems generally result in the changes in steepness
and gradient of the river profiles (Kirby & Whipple 2001;
Whipple 2004; Wobus et al. 2006; Whittaker 2012; Adams et
al. 2020; Seybold et al. 2021). The impacts of such changes
are transmitted to the entire landscape as the tributary systems
and hillslopes react to the base level fall/increase in the main
river (e.g., Seagren & Schoenbohm 2019; Gailleton et al.



Table 1. Morphometric parameters and erosion rates for the Himalayan and central Indian forebulge basins.

Region Basin Name Hypsometric Drainage area Ksn mean Gradient mean Concavity Erosion rates
Integral (Km’) (mm/yr)

craton Betwa 0.447 43924 14.78 0.024 0.136 NA

craton Tamas 0.348 17759.914 22.09 0.029 0.325 NA

craton Sindh 0.411 28012.14 15.7 0.021 -0.128 NA

craton Ken 0.396 28878.905 20.13 0.032 0.234 NA

craton Sone 0.365 68059.95 31.53 0.063 0.455 0.04

craton Chambal 0.272 141880.25 16.2 0.024 0.509 0.007

craton Narmada 0.325 94062.25 29.56 0.059 0.442 NA

Himalayas Ganga 0.379 23055.82 419.44 0.52 0.407 2.6

Himalayas Karnali 0.418 45415.42 428.31 0.526 0.373 1.5

Himalayas Kosi 0.435 58274.01 327.92 0.39 0.19 1

Himalayas Narayani 0.326 36316.35 394.898 0.48 0.453 2.1

Himalayas Sharda 0.339 15016.158 394.4 0.525 0.454 NA

Himalayas Yamuna 0.34 11288.634 330.704 0.46 0.642 0.7

2021). The process ultimately results in the changes in the

topography and morphometric parameters of the river basin.

Therefore, by analysing the morphometric parameters of a

basin, useful inferences can be made. We analyze the results of

morphometric parameters (Table 1) calculated to infer the ———

dominant processes in shaping the two contrasting regions in

the subsequent discussion. However, before discussing the

tectonic and climatic influence on the river systems, we assess ———

the correlation between the morphometric parameters.

In both the Himalayan and cratonic catchments, there is a
strong positive correlation between the Ksn, basin mean
gradient, and average relief (Fig. 8a and b). This outcome
aligns with expectations, given that these parameters are
dependent on the elevation variations present in the area. On
the other hand, there is a significant inverse correlation
between concavity and the hypsometric integral in both the
Himalayas (1> = -0.93) and cratonic catchments (12 = -0.75)
(Fig. 8a and b). The expectation aligns with the understanding
that increased concavity correlates with enhanced erosion. In
cratonic catchments, concavity exhibits moderate positive
correlations with basin mean Ksn and relief, with 1> values
ranging from 0.50 to 0.51. Catchment erosion rates exhibit
weak correlations with the majority of variables in the CH
catchment, where a moderate correlation with average relief'is
observed (r> = 0.54). The analysis shows that the hypsometric
integral has either weak or no correlation with most
morphometric parameters in both Himalayan and cratonic
catchments, suggesting that it does not depend on other
morphometric factors.

Response of River profiles to Tectonic and Climatic
Variability

Effects of Climatic Variability

The Himalayan catchments receive more precipitation than
the basins that drain the forebulge, resulting in higher
discharge and higher stream power, which brings the channel
gradient to equilibrium (Fig. 7c and f).

To assess the influence of climate, we calculated KsnQ
(the product of river steepness and precipitation). Although
this calculation is based on present-day precipitation values,
we surmise that past precipitation patterns were similar to
current distributions. This would mean that regions
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Fig.8. Correlation matrix showing correlation coefficient values for various
morphometric parameters and erosion rates for, a) CIF catchments, b)
CH catchments.

experiencing higher precipitation today likely exhibited
similar conditions in the past. We find that the difference
between the KsnQ and Ksn values within CH and CIF basins is
minimal (Fig. 4 a-d). Our finding implies that there is limited



influence of climate on river steepness; this was also observed
when we plotted precipitation contours over KsnQ values in
the CIF and CH basins (Fig. 5). These observations suggest
limited climatic influence on the morphometric parameters of
theriver systems of CIF and CH.

Effects of Regional Tectonics

Rivers in the regions of slow tectonic uplift generally exhibit
gradual adjustments in their longitudinal profiles and
sediment transport mechanisms. In contrast, rivers subjected
to active tectonics respond more dynamically and often
exhibit features indicative of rapid adjustment (Schumm
1986; Kirby & Whipple 2012; Whittaker 2012). The tectonic
uplift often results in the formation of knickpoints—sharp
changes in river gradient that can cause imbalance in sediment
transport and create local erosion features (Whipple & Tucker
1999). Kirby & Whipple (2012) suggested that because of
tectonic forcing, rivers may experience a feedback loop where
increased uplift leads to intense channel bed incision that
further modifies the river's morphology.

Uplift rates along the Himalayan front show a systematic
increase from the northwestern part to the eastern part (Table
2). In the northwest, the uplift rate ranges from 4 to 6 mm/yr
(Kumar et al. 2006; Wesnousky et al. 1999), while in Nepal,
the front is uplifting at the rate of around 10 mm/yr (Lavé &
Avouac 2001), followed by similar rates of 10—-15 mm/yr in
the Eastern Himalaya (Burgess ef al. 2012; Berthet et al. 2014,
Bouscary et al. 2024). The eastward increase in the uplift rate
well aligns with the erosion rates, which range from 1 to 2.6
mm/yr. In contrast, the erosion rates in the central Indian
forebulge region vary between 0.04 and 0.007 mm/yr (Lupker
et al. 2012; Rahaman et al. 2017), indicating extremely low
upliftrates.

Despite this, various geophysical studies have questioned
the tectonic stability of the CIF region (Bilham et al. 2003;
Bilham 2004; John & Rajendran 2008; Godin ef al. 2023). The
sedimentological, geochemical, geophysical, and structural
works in this region have argued that this region shows
indications of neotectonics, possibly related to the Quaternary
period (Agarwal et al. 2002; Srivastava et al. 2003; Bilham
2004; Gibling et al. 2005; Sinha ez al. 2009; Ghosh et al. 2019,
2021; Godin et al. 2023). In general, it is challenging to detect
the imprint of tectonics/neotectonics on a forebulge because
the upliftis very slow and their tectonic signals get eroded with
time.

Morphometric Indicators

Our results highlight that the rivers flowing in CIF show
comparatively lower values for steepness index, precipitation-

Table 2. Uplift rates for the Himalayan region.

averaged steepness index, and gradient when compared with
the CH rivers, as anticipated. However, the values for
concavity and hypsometric integral are similar to the CH
catchments. The concavity and hypsometric integral are
considered as good indicators to identify the dominance of
either tectonics or climate in a region, with higher values
suggesting the dominance of tectonics in the region (Chen et
al. 2003; Seybold et al. 2021). We observe that most of the
basins in both regions show values between 0.3 and 0.45,
indicating that the catchments are either in equilibrium or they
are dominated by erosional processes. Interestingly, some of
the basins of CIF also show HI values ranging from 0.4 to 0.5,
suggesting that the catchments are in equilibrium. The
relatively higher HI values suggest that this region is uplifting
atarate that is either faster than the rate at which the sediments
are eroded in the catchments or equal to the uplift rate.
However, another factor that influences HI is lithology. It has
been suggested that the lithology can potentially produce the
false signals of tectonics in a stable region (Lifton & Chase
1992; El Hamdouni et al. 2008). The CIF rivers flow over
sandstones, orthoquartzites, granites, limestones, basalt, etc.
which have higher rock strength; as a result, they are harder to
erode. Therefore, we surmise that both tectonics and lithology
play an important role in the region.

On the other hand, the Himalayan rivers flow over
lithologies such as phyllites, quartzites, gneisses, schists,
limestones, etc., and the region is rapidly uplifting. Still, the HI
values are mostly low, indicating that erosion dominates over
uplift. It could be due to the fact that various physiographic
units of different elevations are considered together in this
analysis. For example, the Higher Himalayas have an
elevation between 3000 and 8848 m whereas the Lesser
Himalayas generally have an elevation between 1500 and
3000 m, and the Sub-Himalayas have an elevation between
350 and 1500 m (Yin 2006). When we consider all these
physiographic units together in a catchment, the value is
derived assuming that all the units were at higher elevation in
the beginning and a large volume is removed from the Sub-
Himalaya and the Lesser Himalaya;, thus we get low values.
Therefore, the HI results from CIF and CH may not be suitable
for direct comparison.

The concavity values of the CIF rivers are relatively lower
than the CH rivers, pointing towards a dominant tectonic
influence in the Himalayan basins. Interestingly, tectonics and
climate cannot explain the very high concavity values
observed in the CIF basins C1 and C6. This could be due to the
presence of large river dam and reservoir systems (namely the
Jawahar Sagar, Rana Pratap Sagar, and Gandhi Sagar Dams),
as well as the lithological variation from softer Quaternary

Region Uplift Rate Derived From

References

NW Himalaya 4-6 mm/yr

>6.9 +/- 1.8 mm/yr

Strath Terrace (Ghaggar, Markanda, Shahjahanpur, and Kosi River)
Piedmont Rivers Khajnawara and Shahjahanpur Rao

Kumar et al. 2006
Wesnousky et al. 1999

(Between Yamuna and Ganga)

Central Himalaya
NE Himalaya

10 - 15 mm/yr
8.4 - 14.6 mm/yr

Terrace (Baghmati, Bakeya, Narayani, Ratu)
Terraces across Bhalukpong thrust (NE Himalayas)

Lavé & Avouac 2001
Burgess et al. 2012




Fig.9. Diagram showing location of the knick point observed on the longitudinal profile on the Google Earth Image. Inset image shows the longitudinal profile of
the Chambal River showing a flatter low gradient region in the same stretch where these dams are present. Two major reservoirs can be observed on the
Google Earth image. White lines show the drainage network and on the reservoir it shows flow trajectory.

alluvium to harder Proterozoic sedimentary rocks in these
basins. This observation suggests that lithology and
anthropogenic activities, such as dams, have influenced the
concavity of the CIF channels (Fig. 9). This is in agreement
with several other studies where such controls have been
highlighted (e.g., Duvall et al. 2004; Lima & Flores 2017,
Mudd et al. 2014, 2018; VanLanigham et al. 2006; Zhou et al.
2021).

The Himalayan rivers exhibit up to 10 times higher
steepness indices (Ksn) than the CIF basins. We attribute this
difference to the lithological contrasts and varying uplift rates
of the two regions. We noticed that the northern and central
regions of all of the CH basins showed higher Ksn values. This
region comprises of Higher Himalayan crystallines and Lesser
Himalayan meta-sedimentary sequences. The lithologies in
these sequences exhibit higher strength and lesser erodibility.
The Ksn values for the CIF basins also correlate with the lower
uplift and erosion rates observed in this region. There are
regions like escarpments, canyons, and waterfalls related to
high Ksn values in the CIF. We surmise that the lithological
variability in this region explains these higher Ksn values
related to escarpments and canyons.

The results of the morphometric indices highlight the
complex interplay of tectonics, climate, lithology, and
anthropogenic activities in shaping their river profiles and
geomorphic parameters.
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Role of Subsurface Ridges

The subducting Indian lithosphere consists of multiple NE-
SW oriented subsurface ridge systems and associated faults
(Gahalaut & Kundu 2012; Godin & Harris 2014; Godin et al.
2019; Divyadarshini & Tandon 2022; Fig. 10). The Delhi-
Sargodha ridge lies in the west, the Faizabad ridge is observed
in the central part, and the Munger-Saharsa ridge is found in
the east (Fig. 10). Associated with these ridge systems are
many NE-SW oriented (unnamed) subsurface faults, which
are linked with the seismicity in the Indo-Ganga plains,
cratonic interiors, and the dynamics of the Himalayas (Bilham
2004; Gahalaut & Kundu 2012; Godin & Harris 2014; Duvall
et al. 2021; Kandregula et al. 2024; Manglik et al. 2025). A
study based on the morphometric analysis of the Ken basin
(C4 basin in this study) of central India suggested the link
between the reactivation of the subsurface Faizabad ridge fault
system, landscape development in central India, and the
Himalayan orogeny (Godin et al. 2023). This study
highlighted the role of activation of the Pokhara subsurface
fault system (SE of Faizabad ridge) during Plio-Quaternary
period and its impact on the upliftment of the Vindhyan suite
of rocks. We observed that the river systems flowing west of
the subsurface Faizabad ridge are generally incised in their
alluvium, whereas the river systems on the east are aggrading
and avulsive in their respective floodplains (Fig. 10).
Interestingly, the mean Ksn, gradient, and hypsometric
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Fig.10. Map showing the relationship between the basins investigated in this study and the basement structures (Godin & Harris 2014). Subsurface ridges, such
as the Delhi-Haridwar Ridge (DHR), Faizabad Ridge (FR), and Munger-Saharsa Ridge (MSR), are overlain by the Ganga sediments. Note that the
convergence rate and uplift rate, in the Himalaya and subsidence velocity along the Himalayan front increases towards east (Dingle e al. 2016; Lavé &

Avouac 2000; Kumar ez al. 2010; Burgess et al. 2012).

integral are high for the CIF (C3, C4) and CH (H4, HS) basins
present over this ridge (Figs. 6, 10). Whereas the contrast
between the lower erosion rates, relief, and high basin mean
Ksn of the H4 basin suggests a strong tectonic influence.
Therefore, we suggest that the Faizabad ridge, which is
connected to both the Himalayan and forebulge river systems
can also act as a prominent link controlling the forebulge and
Himalayan tectonics, affecting the drainage on either side (C3,
C4 and H4, HYS). This observation leads us to conclude that the
interconnectedness between forebulge dynamics and
Himalayan tectonics guides the geomorphic process in these
regions.

CONCLUSIONS

River systems record the tectonic and climatic shifts in the
form of their gradient, steepness, concavity, and discharge. In
this study, we investigated rivers in the rapidly uplifting
Himalayas and the rivers on the very slowly uplifting central
Indian forebulge. Comparison of the data from two
contrasting regions suggests the following:

e The high values of the normalized steepness index and

local relief, and the low values of the hypsometric integral
in the Himalayan rivers highlight the dominance of
tectonic uplift in shaping their profile.
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The HI values and low Normalized Steepness Index in CIF
basins suggest a near-equilibrium state between uplift and
erosion.

High Ksn values (like H6) and patterns of channel
gradients show that local lithology and structures affect the
CH basins.

The steepness indices and rainfall gradients do not show
any correlation, suggesting tectonics as the primary driver
oflandscape evolution in both regions.
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Abstract: On the early morning of 28" April, 2021, a large earthquake of magnitude M, ~6.1, origin time 07 h 51 min 25.0 s
of IST (Indian Standard Time), jolted the Dhekiajuli sub-division, Sonitpur district, Assam, India. This event, occurred in
the central part of the Brahmaputra river basin, not only shook the basin, but was also widely felt in the entire Northeast India
region (NER). The epicenter is within the Kopili fault zone at 26.781°N, 92.457° E, with a focal depth of 40 km as per Global
Centroid Moment Tensor (GCMT) solution. This earthquake is the largest event in NER after the 3" January 2016, Mw~6.7
Tamenglong (Manipur) earthquake (Gahalaut ez al. 2016). As per the media reports and macroseismic survey, this
earthquake can be assigned a maximum intensity of VIII in the meizoseismal area. The damage distribution shows an
asymmetric and heterogeneous pattern. The isoseismal map pertinent to this event shows an E-W trend intensity distribution
with an elongation towards the WSW direction along the Brahmaputra basin. This earthquake caused significant damage to
poorly built buildings and old framed structures up to 150 km from the epicenter zone. We summarize the damage reports of
macroseismic field surveys, media reports and graphically represent the damage in the form of isoseismal map for the
carthquake. The seismic intensity decreased sharply with distance from the epicenter. The egg-shaped isoseismal pattern
might have been controlled by local geological conditions, focal mechanism and different seismic moment-rate releases
along the propagating rupture. As the epicentral region is located in the foredeep of the great Himalayan thrust belt region, as
well as along with fast-growing urbanization on the alluvial plain of the Brahmaputra basin, as such the risk of severe
seismic hazard is of high concern, and warrants further scientific and policy involvement.

Keywords: Intensity, Kopili fault zone, isoseismals, Seismic hazard

INTRODUCTION

The Kopili fault zone (KFZ) is a transverse structure that cuts
across the Himalayan thrust system that slips dextrally at the
rate of 2-3mm/year, and cuts MBT on its northern edge, while
reaches the Naga Schuppen belt to its southern margin (Fig. 1)
(Nandy 2001; Dasgupta & Nandy 1982; Nandy & Dasgupta
1986, Biswas et al. 2007; Barman et al. 2014; Vernant et al.
2014). The 28" April, 2021 Mw 6.1 earthquake that occurred
in the Dhekiajuli region (henceforth referred as Dhekiajuli
earthquake) is within 20 km periphery of KFZ and around 30
km away from Main Boundary thrust (MBT). Since the
epicentral region is located in a sparsely populated area with
sporadic building structures, the effects of this earthquake on
built environ is relatively less. The shaking was very intense,
and the vibrations were felt on the whole of the NER (Biswas
2021; Bhadran et al. 2022; Dey et al. 2022; Joshi et al. 2023).
Apart from all major cities in NER, the earthquake was also
felt and reported in many distant cities like Kolkata, Patna,
Siliguri, Thimphu (Bhutan), Chittagong (Bangladesh), Sylhet
(Bangladesh), and Mandalay (Myanmar) (Table 1). In the
Dhekiajuli region, people stayed out-door for almost 2 days in
the fear of the possibility of the occurrence of similar large
aftershocks. The liquefaction and ground fissures were
observed at many localities (Figs. 2, 3). The landslides have
been observed at few locations around the outer Himalayan
terrain (Suppl. Fig. S1). The United States Geological Survey
(USGS) assigned the Dhekiajuli earthquake a maximum
intensity of VII. Two persons lost their lives with ten persons
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severely injured during this earthquake (The Indian Express,
28" April, https://en.wikipedia.org/wiki/2021 Assam
earthquake). This multi-hazardous 28" April, 2021 earthquake
was also described by various authors (Halder ez al. 2021;
Sitharam 2021; Joshi et al. 2023).

This earthquake was followed by 18 aftershocks (M>2.5)
within 24 hours; with M 4.3 being the largest aftershock
(https://riseq.seismo.gov.in/riseq/earthquake; Biswas 2021).
Plenty of tremors were also felt by local people in the
epicentral region, which continued for the next 7 months. The
aftershock sequence with 79 events of M>2.5 was recorded by
the National Center for Seismology, Govt. of India (Fig. 1).
Although, no aftershock has M > 5.0, still people were alerted
for several weeks. In the present work, we will discuss the
damage pattern, intensity distributions of the Dhekiajuli
earthquake, and probable rupture propagation of this
earthquake.

THE GEOTECTONIC SETTING AND SEISMICITY
OF KFZ

The NER (North Eastern Region) of India is squeezed
between the Indo-Myanmar subduction zone and the Eastern
Himalayan counterpart to the north, making it highly
susceptible to frequent earthquake occurrences. This region
comprises of complex tectonics like; subducted regions,
collision zone associated with elongated flood plains,
plateaus, fold belts that merge with many active faults and
lineaments. Some of the active faults in the NER are Main



ERTRL BRI (Ve b
B

2

Latitude ("N}

P!

e Ty

o 1Al

O 3040

O A5

() & el
I ."-._._ 3 Farrshooks
L= M == hil

@ Anerdescks

Fig. 1.

43 T
Longitude (“E}

Seismotectonic map of KFZand its neighboring tectonics with major faults. Significant historical earthquakes and seismic activity in the year 2021
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Central Thrust (MCT), Main Boundary Thrust (MBT), Dauki
fault (DF), Lohit Thrust, Churachandpur Mao fault and KFZ
(Kopili Fault Zone), DT (Disang Thrust), NT (Naga Thrust)
which can produce large earthquakes (Fig. 1). Due to such
complex tectonics and frequent earthquakes, NER is
considered to have the highest seismic hazard and have been
assigned zone V in the seismic zoning map of India (BIS
2002). The NER have experienced two great (M, 8.7 in 1897
and M 8.61in 1950) and 17 large (Mg 7.0) earthquakes in the
last century (Kayal 2008). The Brahmaputra valley basin, in
the heart of NER, with thick sedimentary layer on its top, has
the potential of amplifying the ground motions during a large
earthquake. Furthermore, many cities with rapid urbanization
and dense populations are notably situated in this stretched
basin, which altogether increases the seismic risk in this
region.

The KFZ is constituted by Neogene-Quaternary sediments
that were directly deposited over the Archean to Proterozoic
basement gneisses (Nandy 2001). The KFZ, which bisects the
Brahmaputra basin, is an approximately 300 km long and 50
km wide NNW-SSE trending zone, a transverse tectonic
feature to the Himalayan arc (Dasgupta & Nandy 1982; Kayal
2008). This zone is flanked by two tributary rivers of the
Brahmaputra, namely the Kopili and the Kalang, that cause
broad topographic depression in the area. It has thick layer of
sediments with thickness up to 1.0-1.5 km that decreases to
~700 m in the southern parts of the Kopili depression towards
the Naga Schuppen belt (Singh ef al. 2005; Saikia et al. 2017;
Saikia 2019). The KFZ is characterized by 10 to 15 km broad
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topographic depression that separates two Precambrian
massifs, namely the Mikir Hills (MH) Massif and the Shillong
Plateau, which are located on each side of this fault and divide
the whole Brahmaputra basin into two blocks; Shillong block
and Assam block, which rotates clockwise relative to Indian
plate (Barman et al. 2014; Vernant et al. 2014). Despite a
topographic depression, there is no surficial signature of KFZ
that has been documented till now. Based on the
seismotectonic analysis, the epicentral map of the KFZ shows
the highest activity in the northern part as compared to the
southern part (Sharma et al. 2018). Kayal et al. 2012 inferred
that the earthquakes in the southern KFZ at Mikir hill (MH)
region are caused by long and deep-rooted Kopili fault
explicitly transverse to the Himalayan trend (Fig. 1).
Historically, this highly active zone has experienced 2 large
carthquakes (Mw 7.4, 1869 Cachar Earthquake and Mw 7.2,
1943 Mikir hill earthquake) and innumerable sizeable (M >
4.0) ecarthquakes since catastrophic Cachar earthquake
(Ambraseys & Douglas 2004; Kayal 2008). There have been
some other significant earthquakes in the KFZ, including a
1941 Ms 6.5 earthquake in the Tezpur region, which caused
significant damage to the Brahmaputra valley (Kayal 2008).
Another large earthquake, Mw 6.1, 2009 Bhutan earthquake
occurred near MBT in the northern edge of KFZ (Kayal et al.
2010). From the study of fault slip rate, moment rate, and
seismic activity; the KFZ can produce an earthquake with a
maximum magnitude of 7.6 Mw in the near future (Sharma &
Baruah 2017).



MEDIA REPORTS AND MACROSEISMIC
INVESTIGATIONS

The field observations was observed from 6" May to 8" May,
2021 covered only certain localities of the Dhekiajuli sub-
division due to COVID-19 pandemic restrictions. We have
taken care to azimuthally cover the maximum number of
localities to present a reasonably good picture of the impact of
the main shock. The survey started with severely affected
places; afterwards some low-intensity regions of the nearby
township were covered. Accordingly, the survey comprised of
19 field survey locations; some 14-information obtained from
personal communication with local residents and covered
some other 46 sites through print media (Table 1).
Additionally, this earthquake was felt in many cities of

Tablel: Earthquake felt reports of various places:

neighboring countries, like Bhutan, Bangladesh, and
Myanmar within 700 km periphery. As per preliminary
investigation from macro- seismic field data, the isoseismal
map depicts the maximum intensity 8 on the basis of EMS98
intensity scale in the Dhekiajuli subdivision (Fig. 4). From the
field survey, it is found that the northern and the southern sides
ofthe epicentral zone suffered much less damage compared to
the regions at similar distances towards the eastern and
western sides. All the field felt reports are mostly within ~150
km radial distance from the epicenter, can be seen in epicentral
track intensity map; while all other intensities distribution of
distant places within NER, obtaining from mainly print media
are also plotted in regional distributions of intensity map.

A) Media based reports on 28" April, 2021 Mw 6.1 Dhekiajuli Earthquake

SI. No. Location Coordinates Report EMS-98  Source
scale
1. Bhairabkunda 26.8900°N, Strong tremor, ground cracks observed, duration is about VI The Arunachal Times, PTI
92.1150°E a minute, some part of Bhairabkunda hill was collapse
and occurred massive landslide (Fig. 3)
2. Tezpur 26.6739° N,  Cracks in the middle of the road developed, building and Vil Asomiya Pratidin, Aamar
92.8577° E boundary walls were damaged (Photo 2, 3) Ashom, The Telegraph, The
Indian Express, Khabar
3. Nagaon 24.7936° N,  Building tilted and cracks developed (Photo 4), 1 persons VII Asomiya Pratidin, Aamar
88.9318° E injured, 1 person died due to heart attack which could be Ashom, The Telegraph, Khabar
indirectly related to the earthquake
4. Guwahati 26.1445° N,  Governments offices, Hospital, Apartments, Shopping Malls VI Asomiya Pratidin, Aamar
91.7362° E damages. Hotel Vivanta also reported damages in glass panels Ashom, The Telegraph, Dainik
and cracks developed in the walls (Photo 5), 1 person died due Janambhumi, PTI, Niyomia
to heart attack which could be indirectly related to the earthquake Batra, Khabar, The Indian
Express
S. Morigaon 26.2600° N,  Shaking for 20 sec. cracks developed in cultivation field, cracks VI Asomiya Pratidin, Niyomia
92.2630° E in concrete wall and som mud houses damages Batra, DD Northeast
5. Narayanpur 26.9518°N,  Major cracks developed in different parts of the region and VI AsomiyaPratidin, Niyomia
93.8592° E liquefaction observed in the cultivated lands (Photo 6) Batra, DD Northeast
6. Shillong 25.5788° N,  People felt a moderate tremor for about 20-30 sec. but not visible V The Shillong Times, Asomiya
91.8933°E damages at the ground Pratidin, The Telegraph
7. Papum pare, 27.0844° N,  Strong tremor accompanied by cracks developed in some v The Arunachal Times
Arunachal 93.6053° E buildings in Itanagar and Kameng Dist.
Pradesh
8. West Bengal 26.5215° N,  People felt strong tremors in Jalpaiguri, Alipurduar, Coochbehar  III PTI, Aajkal, Anand Bazar
(Jalpaiguri, 88.7196° E and Darjeeling district but no damage was reported Patrika
Siliguri,
Coochbehar etc.)
9. Bihar (Patna) 25.5941° N,  People felt moderate tremors in some parts but no damage I Bihar Samachar, Dainik
85.1376° E was reported Bhaskar, PTI
10. Bangladesh (Sylhet) 24.8949°N,  Moderate tremor felt along its northern margin, no 111 The daily Prothom Alok, PTI
91.8687° E observable damages
11. Darrang 26.4523° N,  Strong felt for 30 sec, cracks developed in the walls, 6 persons VII Asomiya Pratidin, The
92.0273° E injured, mud houses damaged. telegraph, Khabar
12. Lumding 25.7516° N,  Moderate shaking for 10 sec., no damages v AsomiyaPratidin, Karbi
93.1729° E Anglong Today
13. Jorhat 26.7509° N,  Moderate shaking for about 30 sec. felt by all. Visible cracks in \Y% Dainik Janambhumi, Asomiya
94.2037° E old and mud houses well visible, Tiles of old and poor Pratidin, Agradoot, Khabar
construction falls down. (Fig. 4)
14. Thimphu (Bhutan) ~ 27.4712° N,  Weak shaking for about 10 sec. No damages v Bhutan Times, Bhutan Today,
89.6339° E PTI
15. Dimapur 25.9091° N,  Moderate vibration for approx. 15 sec. v The Nagaland Post, PTI
93.7266° E
16. Imphal 24.8170° N,  Moderate shaking for 15-20 sec., no damages v Manipur Daily, Door Darshan
93.9368° E Northeast
17. Agartala 23.8315° N,  Weak shaking for only a few sec. v Tripura Today, PTI

91.2868° E




18. Tinsukia 27.4886° N,  Moderate shaking for 10-15 sec. v Asomiya Pratidin, Khabar,
95.3558°E Dainik Janambhumi, Aajir
Ashom
19. Dibrugarh 27.4728°N,  Moderate shaking for 10-15 sec. \% Asomiya Pratidin, Khabar,
94.9120° E Dainik Janambhumi, The
Telegraph, PTI
20 Golaghat 26.5240°N, Strong shaking for 30 sec, felt by all. Cracks visible in old VI Asomiya Pratidin, Khabar, The
93.9631°E concrete pakka construction, some old houses substantial Telegraph, Dainik Janambhumi,
damaged PTI
21. Kohima 25.6751° N,
94.1086° E weak shaking for 10-15 sec, felt by many. v The Nagaland Post, PTI
22. Karimganj 24.8649° N,  Moderate shaking, no damages, , felt by many. v Asomiya Pratidin, PTI
92.3592° E
23. Diphu 25.8465° N,  Moderate shaking for about 15 sec. felt by all, cracks in old \% The Hill Times, Karbi Anglong
93.4299° E concrete houses Today, Asomiya Pratidin
24. Hooghly 22.9012° N,  Light shaking, no damages 1 PTI, Aajkal, Anand Bazar
88.3899° E Patrika
25. Kalimpong 27.0594° N,  Weak shaking for only a few sec. 1 Kalimpong Times, PTI,
88.4695° E Himalayan Times
26. Baksa 26.6935° N,  Moderate shaking for 15 sec. felt by all, cracks in some \% Asomiya Pratidin, Khabar
91.5984° E concrete houses, visible cracks in mud houses.
27. Jowai 25.4509° N,  Light shaking for about 10-15 sec, felt by all v Asomiya Pratidin, The Shillong
92.2089° E Times
28. Katihar 25.5541° N,  Very weak shaking only for a few sec. 11T Dainik Bhaskar
87.5591°E
29. Hailakandi 24.6811° N,  Shaking for 20 sec, felt by all. Visible cracks on weak and \Y Asomiya Pratidin, The
92.5638° E old constructions Telegraph
30. Barpeta 26.3216° N,  Moderate shaking for about 20 sec, felt by all. \% Asomiya Pratidin, Khabar
90.9821° E
31. Numaligarh 26.5885° N,  Moderate shaking for about 20 sec, visible cracks on old VI Asomiya Pratidin, Khabar,
93.7486° E concrete and mud houses Dainik Janambhumi
32. Kishanganj 26.0982° N,  ELight shaking for 10 sec, felt by a few persons 111 Dainik Bhaskar
87.9450°
33. Malda 25.0108°N,  Very light shaking for only a few sec. 111 Dainik Bhaskar
88.1411° E
34, Majuli 27.0016° N,  Moderate shaking, no damages, some cracks in mud
94.2243° E houses, felt by all \% Asomiya Pratidin, Khabar,
Dainik Janambhumi
35. Rangpo 27.1761° N,  Light shaking for about 10 sec. v Sikkim Express, PTI,
88.5287° E Himalayan Times
36. Kolkata 22.5726° N,  Very light shaking for less than 5 sec. 1 The Telegraph, Anand Bazar
88.3639° E Patrika, The Statesman
37. Tura 25.5141° N,  Shaking for 10-15 sec, felt by some v The Shillong Times, PTI
90.2032° E
38. Bagdogra 26.6986° N,  Light shaking for few seconds 111 Anand Bazar Patrika, PTI
88.3117°E
39. Biratnagar (Nepal)  26.4525° N,  Very light shaking only for a few sec. II PTI, Kathmandu Post
87.2718° E
40. Chittagong 22.3569° N,  Weak shaking for 10-15 sec, felt by some v Bangladesh Pratidin, PTI
(Bangladesh) 91.7832°E
41 Lhasa (Tibet) 29.6524°N, Very light shaking, felt by a few peoples 1 PTI
91.1721°E
42 Sikkim 27.3799N, Weak shaking for 10 sec, felt by a few peoples 1 Sikkim Express, PTI,
88.5857E Himalayan Times
43 Durgapur 24.4843N, Weak shaking for 10 sec, felt by a few peoples 111 PTI, Aajkal, Anand Bazar
(West Bengal) 88.7448E Patrika
44 Tawang 27.3909N, Shaking for 10-15 sec, felt by some peoples, ceiling fans v The Telegraph, The Arunachal
91.8597E and other hanging objects oscillates Times
45 Haflong 25.1643N,
93.0124E Moderate shaking for about 15 sec, felt by all. \% Asomiya Pratidin, Khabar
46 Hehkam (Myanmar) 24.8516N, Mild shaking for some seconds, felt by some v PTI
95.0701E
B) Survey based reports
SI. No. Location Coordinates Report EMS-98 scale
47 LOKD college, 26.7050°N, 92.498°E Gov. structure, jolting for 40 sec, hard to stand stable, cracks in VIII
Dhekiajuli houses, visible rupture in paddy fields
48 Natun Chirajuli 26.6872°N, 92.4836°E People heard explosion sound before jolting, breaking of glass objects, VIII
cracks in grounds as well as private buildings, hard to stand stable.
49 NumBagari 26.6752°N, 92.4955°E People heard explosion sound before jolting, mud house collapsed, Vil

hard to stand still, well developed cracks in roads and paddy fields.
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50 Dhekiajuli Bagan 26.7188°N, 92.4755°E People heard explosion sound before jolting VIII
51 Thelamara 26.7069°N, 92. 4272°E Jolting about 40 sec. hard to stand stable. VIII
52 Tiulip Bagan 26.6972°N, 92.4469°E People heard explosion sound before jolting, 3 person injured due to VIII
tinsheet roof falling
53 Surjyapur 26.7297°N, 92.4677°E Strong shaking for a minute, visible cracks and mud houses damaged. VI
54 Bagaribari Gaon 26.6766°N, 92.5002°E Jolting about 40 sec. hard to stand stable, visible cracks in paddy fields, VIII
hard to stand stable
55 Thelamara 92.5555°N, 26.6927°E Jolting about 40 sec., 2 people injured, hard to stand stable. VIII
56 Palash PatherGoan ~ 92.4647°N, 26.7130°E Jolting about 40 sec. Hard to stand stable. VIII
57 Turipum Gaon 26.6304N, 92.4180E Strong shaking for a minute, well devolped cracks in concrete houses VIII
58 BhoiraGuri Gaon 26.6926N, 92.3703E Strong shaking , walls fallen down of old and weak houses VIII
59 Mazbat 26.8128N, 92.2667E Jolting about 40 sec. Hard to stand stable. VIII
60 ChapaiRoumari Gaon 26.8502N, 92.3703E Jolting about 40 sec. Hard to stand stable. VI
61 Maidangpur 26.8564N, 92.4657E Jolting about 40 sec. Hard to stand stable. VIII
62 Mainapur 26.9434N, 92.6149E Jolting about 40 sec. Hard to stand stable. VI
63 Tiulip Bagan 26.6978N, 92.4469E Jolting about 40 sec. Hard to stand stable. VI
64 Joynagar Gaon 26.7047N, 92.4597E Jolting about 40 sec. Hard to stand stable. VI
65 Dhekiajuli Bagan 26.7197N, 92.4775E Jolting about 40 sec. Hard to stand stable. VIII

C) Personal communication based reports

SI. No. Location Coordinates Report EMS-98 scale

66 Morigaon 26.8900°N 92.1150°E Ground cracks are visible in many localities, shaking continue for nearly 20s Vil

67 Rowta 26.6739° N, 92.8577° E Peoples felt the shock outdoor and indoor. Plasters fell down in some houses VI

68 Rangapara, 24.7936° N, 88.9318° E Peoples felt the shock outdoor and indoor, shaking ground for 20 sec VI

69 Baihata, 26.1445° N, 91.7362° E Hanging objects moves, ground shake for nearly 20 sec \%

70 Udalguri 26.9518°N, 93.8592° E Ground vibrates intensly for 20 sec. Glass windows cracks, hanging objects Vil
oscillates significantly

71 Jakhalabondha 25.5788°N, 91.8933° E People felt the shock indoor as well outdoor, shaking continues for more
than 10 sec\

72 Jagiroad 27.0844° N, 93.6053° E Everyone felt the shock, ground vibrates \%

73 Bokakhat 26.5215°N, 88.7196° E Vibration felt everywhere for 10 sec. v

74 Rupa 25.5941° N, 85.1376° E Vibration felt everywhere for 10 sec. v

75 Bomdila 24.8949° N, 91.8687° E Mild vibration felt people inside home 111

76 Silchar 24.8333°N, 92.7789°E Vibration felt everywhere for 10 sec v

77 Tinsukia 24.4886°N, 95.3558° E Vibration felt everywhere for 10 sec v

78 Kohima 25.6751°N, 94.1086° E Mild vibration felt people inside home I

79 Aizwal 23.7307°N, 92.7173° E Mild vibration felt people inside home I

Isoseist VIII of around 12 c¢m in the area near to the epicenter (Fig. 2). The

The isoseist VIII covered almost 800 square km in the
Dhekialjuli sub-division. Some old houses in Dhekiajuli
completely turned into rubbles. The glass windows and clay
objects of many residential buildings were completely broken.
The earthquake caused widespread surficial deformation; as
many mud houses and old construction suffered considerable
damages. The ground deformation, with ground fissures,
cracks, sand-blow fountain formation, and soil liquefaction
were observed everywhere in this region (Fig. 3). Long cracks
in highways were visible at many places with a maximum slip

cracks are visible in many concrete buildings (Suppl. Fig. S2).
Many sand-dykes were seen in paddy fields. Many individuals
found it difficult to remain upright during the intense shaking.
In newly constructed houses, plasters fell, water pipes were
damaged and roads in the region have cracks. One senior
citizen panicked and fell unconscious during the earthquake
and did not survive. Although, there is no causality of
livestock, as the earthquake was in the morning time, all were
freed in the open field.

Fig.2. Example of fractures and cracks occurring in many places around the Dhekiajuli region. The falling of bricks walls in the Dhekiajuli is shown in image B,

collecting from Press Trust of India (PTL, 29 April, 2021).
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Isoseist VII

The isoseist VII has more or less irregular shape and covers an
area of about 8,000 km” and the major axis of the isoseist is
aligned in the ENE-WSW direction. The Tezpur and Nagaon
cities, which are ~30 km and ~45 km distant from the
epicenter, and many towns, like Morigaon, Darrang, and
Udalguri fall on VII isoseist. Considerable damage to mud
houses, long cracks in concrete walls and joints, cracks in
national highways, and tilting of multistory buildings were
observed (Suppl. Fig. S2). The spillage of water from buckets
and water tanks was also seen during the earthquake. In
Tezpur, people felt intense shaking that lasted for 20 s -25 s,
and it was hard to stand still. Some parts of wall plaster, bricks,
and roof tiles fell, windows were broken, a few small and
weakly built walls collapsed, pipes were damaged, and objects
fell off from their position.

Isoseist VI

The isoseists VI covers major cities, Guwahati, Itanagar, and
towns like, Rowta, Rangapara, Baihata, Jakhalabondha,
Jagiroad that suffered moderate damages. More than 10 towns
and 2000 villages felt shaking equivalent to intensity VI. The
maximum damages were seen in the capital city of Guwahati,
Assam state. Many high-rise buildings, like multistory hotels,
and residential apartments suffered considerable damages,
like long cracks, falling tiles, destroyed roofs, tilting of the
building, etc. Long visible cracks were seen in Government, as
well as private buildings in many localities, although no
injuries happened due to these damages. At few places, weak
and old-constructed churches, Temples, Hospitals, and RCC
residential buildings suffered considerable damage. Swinging
of fans, breaking of windows glass, and tiles falling from walls
were reported from many places.

Isoseist V

The isoseist-V covered cities like Jorhat, Dibrugarh, Itanagar,
Silchar, Shillong, and many small towns like Bokakhat, Rupa,
Bomdila, etc. Some landslides were also seen in
Bhairabkunda and Rupa (Suppl. Fig. S1). The indoor people
felt shaking, hanging objects swing considerably, and glass
windows rattled. Domestic livestock got uneasy and
frightened. The older and poorly built structures suffered some
damage (Suppl. Fig. S1). The ground-shaking lasted for
around 15 sec and all were alerted by the sudden shock.

Isoseist IV

The isoseist IV area follows a similar pattern to isoseist V. The
region pertaining to isoseist [V felt vibrations for 10-15 sec,
but apparently, no damages occurred in this region. The
damages were only seen because of diverse types of
residential houses, but also due to the presence of buildings on
different types of outcropping like heterogeneous rocks and
Quaternary sediments. Mild shakings was felt at some places
like Diphu, Haflong, Dimapur, Tinsukia (Assam), Kohima,
Imphal, Aizwal, Thimphu, (Bhutan), Sylhet (Bangladesh),
etc. Although Diphu (~110 km from epicenter) and Haflong
town (~148 km) are located at a shorter distance from
Dhekiajuli than Guwahati and Jorhat city, no damages were

165

reported and the ground shaking was also less, which can be
attributed to the rocky outcrops at many places.

As per MSK-98 scale, the damage expected from the
intensity scale is ascribed on Table 1 and we correlate the
degree of observed damage with the MSK scale. On mapping
the isoseists, it became evident that they are not circular or
even elliptical, but are egg-shaped with the narrow end
pointing approximately WSW indicating that the intensity of
the shock was greater at the ENE-WSW end of this line than at
the NNW-SSE end. This implies that a slip might occur in the
northern edge of KFZ, in ENE-WSW along the Brahmaputra
valley, in which the highest intensity was observed within the
neighborhood of Dhekiajuli region.

The 28" April, 2021 Dhekiajuli earthquake left imprints
of damage in different parts of Assam with massive
liquefaction in and around Dhekiajuli. The earthquake-
affected regions were examined for ground failure effects like
liquefaction, lateral spreading, water level changes, and
development of wide fissures in open paddy fields and along
the roads. Certain embankment failure was observed at several
places. A good number of sandblasting and watering like
phenomena is observed in different parts near the epicentral
region (Fig. 3). Some fissures were up to a meter wide and tens
of centimeters deep were seen, exposing liquified soil.
Bhadran et al. 2022 reported 15 cm offset around the
epicentral track. There were also substantial number of small
fissures and ground cracks were observed in al00 sq. km area
around the epicentral region. In the present earthquake, lateral
displacement causing building collapses were less, since very
few masonry buildings, and constructions were observed in
the Dhekiajuli region. Recent study by Joshi et al. 2023
described the site amplification and liquefaction models of
28" April, 2021 earthquake in detail as well as showed spatial
schematic model of the source zone within the Brahmaputra
valley.

DISCUSSION AND CONCLUSION

The earthquakes along the KFZ follow NW-SE structural
trend and it is found that the entire crust is seismogenic in
nature (Bhattacharya ef al. 2008). From the hypocentral
distribution of events along the KFZ, it is observed that
seismicity extends to 45 km depth, reaching the uppermost
mantle, with 40 km average crustal thickness of the
Brahmaputra basin (De & Kayal 1990; Bhattacharya et al.
2008; Kayal & Zhao 1998; Saikia ef al. 2022). As the
Dhekiajuli earthquake occurred at lower crust (~40 km), there
was relatively less destruction. The damage distribution is
very heterogeneous and isolated, which favors the deeper
depth ofthe KFZ.

The KFZ with steep dip, nearly 75 towards NE, is very
active owing to its transverse tectonics is the causative fault of
the Dhekiajuli earthquake and has a prolonged history of many
big to large earthquakes (Kayal 2001; Kayal 2008, Kayal et al.
2012; Bhattacharya et al. 2008; Dey et al. 2022). Focal
mechanism solutions for well-constrained events in this fault
zone yielded strike-slip solutions with high angle dip



Fig. 3.

Photographs of soil liquefaction in the form of sand dykes and sand boils along with ground cracks occurred aftermath of the 28" April 2021 Dhekiajuli

earthquake. The open ground crack image is collected from PTL, 28" April, 2021.

(Dasgupta et al. 1987; Kayal et al. 2012; Sharma et al. 2018).
The fault plane solutions obtained from Dey et al. 2022 shows
the Dhekiajuli earthquake is of reverse strike-slip nature
having nodal planes, NP-1 (strike 335, dip 69 and slip 1340)
and NP-2 (strike 85, dip 47 and slip 280) and can be correlated
to the source properties of KFZ earthquakes, wherein the 28"
April, 2021 earthquake was triggered along a high angle
dipping thrust plane trending NW-SE. The hypocentral
location of the mainshock is obtained from NCS, New Delhi,
where 14 stations from NER used to derive the location along
with more than 10 stations outside NER
(riseq.seismo.gov.in/riseq/earthquake/archive). The four
sizeable aftershocks of the Dhekiajuli earthquake also show a
strike-slip mechanism having nodal plane striking in the NW-
SE direction (GCMT solution, Dey et al. 2022). It is also seen
that the region had several moderate earthquakes showing
reverse strike-slip mechanisms with nodal plane striking in
NW-SE directions.

We observed that the Dhekiajuli earthquake caused more
seismic damage more towards the Western and Eastern of the
KFZ along the Brahmaputra valley plain, which is obvious
due to the thick sedimentary layer of the Brahmaputra basin
that also generated ground liquefaction along the valley (Fig.
4). Recent ground motion prediction study of Choudhury ez al.
2021 inferred that observed ground accelerations are
relatively high in the Brahmaputra basin due to the thick
sedimentary cover, which is accountable for amplified ground
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motion. This earthquake is well recorded at TZR broadband
seismograph station, which is located at around 45 km
distance from the epicenter. From the derived empirical
scaling equations of the ground motion prediction study of
Choudhury et al. 2022 we observed peak ground acceleration
0.0149 g in the TZR broadband seismic station. It is observed
that relatively less damages are observed towards the north
due to Himalayan thrust faults and south by the Naga-Disang
Thrust, Naga hill range. The damage pattern of the 1950 Great
Assam earthquake is also towards Brahmaputra valley and
lesser damage towards the East, North, or South due to the
presence of a continuous Himalayan orogeny belt (Mathur
1953, Poddar 1950). One of the major reasons for the
relatively less damage during this earthquake is the fact that
the earthquake is a deep-focus earthquake, so the impact of the
shock got reduced though it is widely felt. Also, the epicentral
region is sparsely populated, and all the life stocks and peoples
are outdoors in the early hours of morning time.

METHODOLOGICAL LIMITATIONS AND SCOPE

The mapping methodology that we adopted during the course
of the study yields effective insights into the intensity
distribution and damage patterns associated with the Mw~6.1
Dhekiajuli earthquake. Notwithstanding, we must
acknowledge certain limitations to enhance the
comprehensive understanding of the findings and their
potential applicability to similar seismic events.
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Mapping Constraints: The approach of intensity mapping
largely depends on the availability and accuracy of ground-
truth data from field surveys and media reports. Because of
COVID-19 restrictions, we had limited access to potential
damaged areas which hampered the resolution of our intensity
map. Consequently, this constraint may affect the
representation of the intensity distribution, especially in
sparsely populated or remote regions where fewer field data
points were available.

Sensitivity to Tectonic Settings: It is well established that the
Kopili Fault Zone (KFZ) and surrounding areas, because of
their diverse tectonic settings, influence the propagation of
seismic waves and the resulting intensity distribution. Apart
from this, differences in subsurface structures, such as
sediment thickness and fault geometries, can lead to localized
amplification or attenuation that may not be fully captured ina
generalized mapping model. Since the Brahmaputra valley is
recognized as a highly heterogeneous tectonic zone
encompassing these traits, our methodology may have limited
sensitivity to these variations.

Limitations in Attenuation Modeling: Although our
mapping provides an empirical view of intensity attenuation
across the region, modeling attenuation in such a complex
tectonic setting remains challenging. The non-uniform
attenuation patterns, potentially driven by variations in
lithology and fault dynamics, are not fully accounted for in this
study. Future work incorporating more refined attenuation
models with site-specific amplification factors would improve
the robustness of these findings.
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Fig. 4. The Regional Intensity distribution of the Dhekiajuli earthquake according to EMS-98 scale.
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Considering these methodological limitations, future studies
could benefit from integrating high-resolution geophysical
data and near-field strong-motion records to refine the spatial
intensity patterns and attenuation characteristics. Despite
these constraints, the present study provides a valuable
foundation for understanding the seismic hazard in the KFZ
and underscores the need for further research to enhance
predictive models for similar tectonic environments.

CONCLUSION

The macro-seismic study carried out after the Dhekiajuli
earthquake led us to present the following specific points:

e The intensity of the mainshock can help us to well
demarcate the regions with different intensities, like VIII,
VIL VI, V,and IV so on. The maximum intensity is VIII in
the epicentral region, which covers an area of ~800

square km.

There were numerable aftershocks clustering around the
main shock for a week, including two aftershocks of M
3.9 and M 3.7, suggesting the triggering of multi-sources
in the region for the release of seismic energy.

Intensity attenuation in the seismic zone demonstrates
asymmetry in the intensity distribution concerning the
distance from epicenter location. The regions located on
soft sediments of Brahmaputra Valley basin experienced
higher shaking compared to hilly outcrop regions.

By studying and evaluating the damage pattern, it is hard
to find the rupture propagation, as whether it is along the
KFZ or transverse to KFZ or along the hidden



Brahmaputra fault or any other hidden tectonics. The
near-field strong motion data can provide clear image of
rupture dynamics, require for extensive study of the
Dhekiajuli earthquake and KFZ.
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Appendix: Supplementary Figures

Suppl. Fig. S1. A landslide occurred at Bhairabkund, near to MBT as a post-earthquake effect of the Dhekiajuli earthquake. The bottom penal shows the fallen of
walls of old construction in rural locality of Jorhat, around 200 km away from the epicenter

Suppl. Fig. S2. Damage scenario in residential constructions at Tezpur town, nearly 30 km away from epicenter of the mainshock.
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Abstract: Granite emplaced into Lansdowne klippe of Garwal Lesser Himalaya occur as small, isolated body that rests over
the Krol Formation of the Garhwal nappe. Field investigation and petrography show that Lansdowne Granite (LG) and
Lansdowne Granite Gneiss (LGGn) are medium to coarse-grained rocks, composed of plagioclase+K-
feldspar+quartz+biotite+tmuscovites+tremolite+sphene+tapatite and zircon, exhibiting porphyritic and perthitic texture.
Dynamic recrystallization in quartz and feldspar phenocrysts caused grain size reduction and asymmetric strain softening.
The geochemical composition shows an affinity to high-K calcic-alkali to shoshonite series. Its peraluminous
characteristics reflect a syn-collisional to post-orogenic tectonic setting and S-type nature. The LG and LGGn are enriched
in LREE and relatively depleted in HREE, with prominent negative Eu anomalies with high Th-U, Y, and Pb contents, and
low Ba, Sr, Ti, and Nb contents. The Rb/Sr versus Rb/Ba ratios indicate an origin from clay-poor, plagioclase-rich

greywacke..
Keywords: Lansdowne Granite, Lansdowne Granite Gneiss, Petrography, Geochemistry, Peraluminous granite, S-type
granite
INTRODUCTION metamorphites. Both rock types have been grouped into a

The Himalaya is subdivided, above the basal Indo-Gangetic
plain, into the Sub-Himalaya, Lesser Himalaya, Greater
Himalaya, Tethys Himalaya, and Trans-Himalaya. The Lesser
Himalaya is separated from the Higher Himalaya by a tectonic
lineament, the Main Central Thrust (MCT; Fig. 1A). There are
several klippen in the Kumaun-Garhwal region of the Greater
Himalayan crystallines overlying the thrust sheets i.e., Tons,
Ramgarh and Berinag thrust. These klippen are situated above
the low angle fault correlated with MCT (Celerier ef al. 2009;
Valdiya 1980b). One of them is the Lansdowne klippe situated
in the Garhwal Himalaya (Fig. 1B). The Himalayan granites
are categorized into Proterozoic (2200-1800 Ma; 1400-1200
Ma), Early Palacozoic (600-500 Ma), Trans Himalayan
plutonic complex (103-40 Ma), and collision-related Tertiary
leucogranites (30-12 Ma) based on their age and tectonic
setting (Islam 2005). The Lesser Himalayan belt,
predominantly situated in south, forms a discontinuous mass
composed of both gneissic and non-gneissic granite (Le Fort ez
al. 1986).

The study area lies in the district of Pauri Garhwal, Lesser
Himalaya, Uttarakhand. It lies between Latitude N29°40'0" to
N29°51'30" and Longitude E 78°39'30" to E 78°41'30" in
Geological Survey of India toposheet no. 53K/9. An isolated
and small LG and LGGn body occurs around Lansdowne
town. It rests over the Krol Formation of the Garhwal nappe.
The LGGn forms a sheet thrust over Lansdowne
metamorphites and is preserved as a synclinal outlier (Gupta
19764, b). The previous work on the Lansdowne region has
been done by Auden (1937) who suggested that the LG
intruded into the underlying metamorphites before the
formation of Garhwal thrust (pre-Miocene). Vishnoi (1971)
claborated about the geology of the area. Shanker and
Ganesan (1973) considered LG an intrusive into underlying
metmorphites (chandpurs / chails) (Fig. 2A&B). Rupke
(1974) showed a sharp and rootless contact of gneiss with the
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tectonic unit called Amri unit. Gupta (1976a) revealed that the
LGGn is thrusted over the underlying metamorphites and
called the tectonic contact the Lansdowne thrust. Shah & Patel
(1978) forwarded a contrasting view and suggested a
metasomatic origin for these gneisses based on their chemical
analysis with metamorphites. Elsdon & Gupta (1981), based
on petrochemical studies of the LGGn, indicate an initial
magmatic origin with pronounced gneissosity due to later
deformation.

Recently, Mishra et al. (2021), distinguished three
different age groups of Chail granites, Lesser Himalaya
crystalline sequence in Garhwal region. Paleoarchean (3.5
Ga), Neoarchean (2.78 Gaand 2.62 Ga), and Paleoproterozoic
(2.1 Ga) depicting their magmatic origin based on
geochemical characteristics. In the present study we aim to
conduct petrographic studies and geochemical analyses of the
LG and LGGn to understand their origin, tectonic settings,
and magmatic evolution.

GEOLOGY AND FIELD RELATIONSHIP

The Lansdowne Formation comprises low-grade
metasediments recognized within the Garhwal Nappe, and the
formation can be divided into two distinct members: the lower
Bijni and the upper Amri, which correspond to the Bijni
quartzite and Amri phyllite, respectively (Auden 1937; Fuchs
& Sinha 1978). In the Garhwal nappe the Bijni member is the
lowest litho-unit, which lies above the sedimentary rocks of
the Krol nappe and comprises quartzites, phyllites and schists
(Auden 1937). The Amri phyllite is correlated with the
Chandpur phyllite of the Chail nappe (Saklani 1993).
Tectonically, the overlying Amri member is the Lansdowne
Formation, marked by the Amri thrust (Valdiya 1980a). This
region has been identified as Lansdowne metamorphic
(Gupta 1976a, b) and Lansdowne crystalline (Valdiya 1980a).
The Garhwal nappe includes deformed phyllite and schist,
topped by a small exposure of LGGn. Furthermore, there is an
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evidence of granite intrusion in metasediments in Lansdowne
area (Kumar & Daundhiyal 1980). A prominent tectonic
contact is present between the LGGn and Lansdowne
metasedimentary rocks, where the LG has metamorphosed
into LGGn, leading to further deformation into augen gneiss
and mylonite (Gupta 1976a, b).

The LG is an isolated and small pluton located around
Lansdowne town (Fig. 3A). It is medium to coarse-grained,
primarily composed of K-feldspar, plagioclase, quartz,
muscovite, biotite, and tourmaline. Euhedral to subhedral
feldspar and quartz phenocrysts, varying in size up to 1-2
inches in length, exhibits porphyritic texture (Fig. 3B). In
certain areas, the LG shows greisen alteration due to chemical
weathering, imparting a dark appearance (Fig. 3C). LGGn
displays porphyroblasts of segregated feldspar, quartz and
mica minerals, exhibiting augen structure (Fig. 3D). Its
contact with phyllite depicts the close proximity to the
Lansdowne thrust (Fig. 3E). It was intruded by thick quartz
veins, extending up to 10-12 meters oriented in northeast-
southwest direction (Fig. 3F).
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ANALYTICAL METHOD

Petrography is carried out using a polarized light microscope
(LEICA DM4 P) at the Department of Geology, Kumaun
University Nainital. Thin section preparation and whole rock
major oxides were analysed by X-Ray fluorescence (XRF)
spectrometry at Wadia Institute of Himalayan Geology,
Dehradun, Uttarakhand. Whole-rock major and trace element
analysis was conducted with Wave Dispersive-X-ray
Fluorescence (WD-XRF) using the Bruker-Tiger S8
instrument. Bulk analysis of rock samples was performed
using homogenized fine powder and pressed powdered
pellets made using polyvinyl alcohol. All were transferred
into the die of the pellets preparation machine and pressed
using a hydraulic pressure of 2000 kg/cm’. The procedure
uses the software SPECRAplus program QUANT to assist in
editing quantitative analytical programs to evaluate and
optimizing calibration.

PETROGRAPHY

The LG plagioclase crystals are medium to coarse-grained



Fig.3. A. Outcrop of granite pluton LG, B. Leucocratic medium to coarse grained LG showing porphyritic texture. C. LG, rock showing dark appearance on the
exposed surface. D. Porphyroblasts of segregated feldspar and quartz with mica creating foliation plane in LGGn. E. Contact of LGGn and phyllite
determining the Lansdowne thrust. F. Thick quartz vein intrusions extend several meters in the LGGn.

exhibiting porphyritic and perthitic texture. In Section LG6
plagioclase phenocryst enclosed with subhedral to anhedral
quartz intense sericitization occurred in the core of the crystal
(Fig. 4A). The K-feldspar crystals are characterized by
carlsbad and cross-hatched twinning with inclusions of zircon
and apatite (Fig. 4B). Section L-13 exhibits coarse-grained
interstitial micro perthite enclosing fine to medium-grained
subhedral and highly sericitized plagioclase. In section L-6
quartz crystals are subhedral to anhedral, medium to coarse
grained, colourless and highly fractured. They often exhibit
interstitial space and show wavy extinction. Quartz contains
inclusions of titanite (sphene), zircons, muscovite, and
epidotes (Fig. 4C). Biotite in section JH-1 is associated with
plagioclase, orthoclase, quartz, muscovite, and titanite. It
appears segregated into interstitial spaces (Fig. 4D).

In LGGn, section L-39 exhibits alternate bands of quartz
and muscovite (Fig. 4E). Section L-22 shows K-feldspar
porphyroblasts showing dextral shear sense in LGGn.
Fractures in the K-feldspar are filled by secondary quartz (Fig.
4F), depicting its transformation to megacrysts during post-
magmatic deformation (Vernon 2004).

In section JH4, tourmaline is an accessory phase found as
clusters of zoned, fractured, and coarse to medium-grained
crystals (Fig. 4G). In section L-39 both muscovite and biotite
define the foliation and the resulting gneissosity (Fig. 4H).
Plagioclase crystals are normally zoned and shows albitic
twinning (Fig. 41).

WHOLE ROCK GEOCHEMISTRY

The whole rock geochemical data (major, trace, and REE
elements) of LG (N=6) and LGGn (N=18) is given in

174

supplementary data table 1. The LG shows homogeneous
Si0, (69.47-70.72 wt.%), and moderate variation in Al,O,
(16.76-17.18 wt.%), Na,O (3.75- 4.32 wt.%) and K,O (4-93-
5.38 wt.%). The values for Fe,03, CaO, MgO, P205, MnO,
and TiO, are 0.99-1.27 wt.%, 0.55-0.69 wt.%, 0.14-0.21
wt.%, 0.28-0.33 wt.%, 0.03 wt.% and 0.10-0.14 wt.%,
respectively. The variations for Ba, Rb, Cr are 147-193 ppm,
364-395 ppm and 60-135 ppm, respectively. There are
moderate variations in Sr (54-69 ppm), Zr (38-57 ppm), Pb
(38-59 ppm), Zn (42-60 ppm), Ni (13-16 ppm), Ga (20-24
ppm), Y (34-37 ppm) and Nb (10-16 ppm) and considerably
low contents of Co, Sc, V, Th, U and Cu contents (3-5 ppm, 1-3
ppm, 7-10 ppm, 4-7 ppm, 2.0- 2.6 ppm and 8-12 ppm),
respectively.

For LGGn the values of SiO, are 68.30-72.71 wt.%,
moderate variation in ALO, (16.19-17.77 wt.%), low Na,O
(3.59-4.47 wt.%) and K,O (4.04-5.42 wt.%). The contents of
Fe,O,, CaO, MgO, P,0, MnO, and TiO, are 0.86-1.14 wt.%,
0.50-0.77wt.%, 0.14-0.25 wt.%, 0.28-0.42 wt.%, 0.03-0.05 wt.%
and 0.09-0.16 wt.%, respectively (Table 2). They exhibit high
variations in Ba (79-222 ppm), Rb (301-488 ppm), and Cr
(21-188 ppm), moderate in Sr, Zr, Pb, Zn, Ni, Ga, Y, and Nb
(25-70 ppm, 38-59 ppm, 31-62 ppm, 32-74 ppm, 10-24 ppm,
20-28 ppm, 31-46 ppm and 11-22 ppm) and considerably low
amounts of Co (3-8 ppm), Sc (1-4 ppm), V (5-14 ppm), Th (4-
9ppm), U (2.0-2.8 ppm) and Cu (4-13 ppm).

Geochemical data shows that the LG and LGGn plot are
within the granite field in Na,0+ K,O versus SiO, diagram
(Fig. 5A). In the normative parameters of Q-ANOR
(Streckeisen & Le Maitre 1979) diagram, they fall into the



Fig.4. A. Coarse-grained plagioclase phenocryst enclosed within subhedral to anhedral quartz in LG. Sericitization is intense in the core of the crystals. B. The
Kfs crystals are characterized by carlsbad and polysynthetic (cross-hatched and carlsbad) twinning with tiny inclusions of zircon and apatite. C. Highly
fractured subhedral to anhedral quartz crystals contain inclusions of titanite (sphene). D. Biotite crystals appear as mafic segregate and occupy interstitial
spaces. E. LGGn showing alternate bands of quartz and muscovite. F. K-feldspar porphyroblasts showing dextral shear sense G. A high-relief tourmaline
found as clusters of zoned and fractured. H. Muscovite and biotite defined foliation. I. Normal zoning in plagioclase reveal sodic nature and exhibits
albitic twinning.

alkali feldspar granite field (Fig. 5B). They exhibit distinct
ferroan trends (Fig. 6A). Most of the samples show alkalic
composition while, a few fitting in the alkalic-calcic field
(Fig. 6B), and depicting a peraluminous nature (Fig. 6C). The
K,O versus SiO, binary plot, defines them in the high K calc-
alkaline to shoshonite magma series (Fig. 7A). In the AFM
plot all the samples fall in the calc-alkaline field towards the
alkaline corner (Fig. 7B). The chondrite-normalized (Anders
& Grevesse 1989) REE patterns show moderate LREE
enrichment (La/Sm),=2.66-3.12) with highly depleted HREE
(Gd/Yb),=4.63-5.11) resulting in a significant fractionated
pattern ((La/Yb),=16.94-20.35) (Fig. 8A), with moderate to
high negative Eu anomalies (Eu/Eu*=0.29-0.92). In
primitive mantle normalized (McDonough and Sun, 1995)
multi-elemental variation diagrams (Fig. 8B), LG show
prominent negative anomalies for Ba, Sr, Ti, and Nb, a slightly
negative anomaly for Yb, positive anomaly for Th-U and Y, a
very prominent positive anomaly for Pb. The chondrite
normalized REE patterns indicates a very high degree of
LREE to HREE fractionation (La/Yb,=14.63-21.48),
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prominent negative Eu anomalies (Eu,/Eu,*=0.24-0.73), and
almost inclined HREE patterns (Gd,/Yb,=3.46-5.40) in
LGGn. In the primitive mantle-normalized spider diagrams
(McDonough and Sun, 1995), LGGn show prominent
negative anomalies for Ba, Sr, Ti, and Nb, a slightly negative
anomaly for Y, a positive anomaly for Th-U, and a very
prominent positive anomaly for Pb.

DISCUSSION

The mineral assemblage of the LG and LGGn, including K-
feldspar, plagioclase, quartz, muscovite, biotite, tourmaline,
sphene, zircon, and apatite corresponds to S-type granite
(Chappell & White 1974, 1992; Mishra et al. 2021). Perthitic
texture from exsolution between two intergrowth feldspars
suggest sub-solvus conditions. Slow cooling and late
crystallization of magma give rise to the porphyritic texture of
the rock. Carlsbad and albite twinning in plagioclase and
perthite in K- feldspar suggest slow magma cooling and
changing chemical compositions during fractional
crystallization (Winter 2014).



Table 1. Whole-rock (wt. %), trace element (ppm) and REE (ppm) analysis of LG from Lansdown klippe.

S.N. 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Sample No. L13 L15 L16 L19 L21 L45 JH2
SiO, 69.50 70.72 70.19 69.47 70.15 69.79 69.35
TiO, 0.12 0.12 0.10 0.13 0.14 0.12 0.09
AlLO, 17.18 16.83 16.98 16.98 16.76 16.96 17.00
Fe,0, 1.27 1.29 0.99 1.38 1.48 1.31 1.16
MnO 0.03 0.03 0.03 0.03 0.03 0.03 0.05
MgO 0.19 0.18 0.14 0.20 0.21 0.18 0.15
CaO 0.69 0.55 0.63 0.65 0.63 0.63 0.53
Na,O 4.17 3.75 4.32 3.81 3.82 4.28 4.14
K,0 5.15 5.15 5.38 5.02 5.18 4.93 4.75
PO, 0.33 0.30 0.28 0.33 0.33 0.32 0.42
LOI 1.48 1.81 1.46 1.60 1.65 1.35 .50
TOTAL 98.63 98.92 99.04 98.00 98.73 98.55 97.64
A/CNK 0.27 1.34 1.21 1.32 1.31 1.26 1.32
A/NK 1.38 1.43 1.31 1.45 1.41 1.37 1.42
Mgt 95.83 94.83 95.45 95.59 95.45 95.45 91.38
Fe,0,/(Fe,0,+MgO) 0.87 0.88 0.88 0.87 0.88 0.88 0.89
Norm

qtz 24.71 28.61 23.71 27.34 27.38 25.32 26.74
crmn 4.28 4.81 3.58 4.89 4.51 4.20 5.05
or 30.43 30.44 31.79 29.67 30.61 29.14 28.07
ab 35.28 31.73 36.56 32.24 32.32 36.22 35.03
an 1.27 0.77 1.30 1.07 0.97 1.04 0.00
hy 0.47 0.45 0.35 0.50 0.52 0.45 0.37
ilm 0.06 0.06 0.06 0.06 0.06 0.06 0.11
hm 1.27 1.29 0.99 1.38 1.48 1.31 1.16
ru 0.09 0.09 0.07 0.10 0.11 0.09 0.03
ap 0.78 0.71 0.66 0.78 0.78 0.76 0.95
TRACE

ELEMENTS (PPM)

Ba 167.00 193.00 171.00 178.00 183.00 147.00 79.00
Rb 365.00 366.00 364.00 368.00 377.00 395.00 438.00
Sr 69.00 63.00 68.00 61.00 63.00 54.00 34.00
Y 35.00 35.00 34.00 35.00 36.00 37.00 46.00
Zr 50.00 57.00 38.00 51.00 54.00 49.00 41.00
Nb 14.00 13.00 10.00 15.00 16.00 16.00 20.00
Cr 135.00 104.00 59.00 89.00 94.00 60.00 25.00
Ni 13.00 13.00 16.00 14.00 15.00 16.00 24.00
Co 5.00 3.00 3.00 5.00 3.00 4.00 4.00
Sc 2.00 2.00 2.00 3.00 1.00 2.00 0.90
\Y% 9.00 9.00 7.00 8.00 10.00 7.00 5.00
Cu 8.00 9.00 12.00 9.00 8.00 8.00 7.00
Pb 48.00 49.00 59.00 42.00 42.00 38.00 35.00
Zn 52.00 51.00 42.00 57.00 61.00 60.00 67.00
Ga 23.00 21.00 20.00 22.00 22.00 24.00 26.00
Th 6.00 6.00 4.00 7.00 7.00 6.00 5.00
U 2.30 2.40 2.00 2.30 2.60 2.50 2.20
RATIO

Rb/Sr 5.29 5.8 5.35 6.03 5.98 7.31 12.88
Rb/Ba 2.19 1.9 2.13 2.07 2.06 2.69 5.54
CaO/Na,0 0.17 0.15 0.15 0.17 0.16 0.15 0.13
Mol. A/CNK 0.27 1.34 1.21 1.32 1.31 1.26 1.32
RARE EARTH ELEMENTS (PPM)

La 13.72 16.15 7.58 9.69 13.72 11.32 9.31
Ce 27.53 36.92 16.13 22.40 30.06 24.82 20.96
Pr 3.18 3.84 1.71 2.26 3.24 2.71 2.23
Nd 10.49 13.57 5.87 7.85 10.81 9.21 7.83
Sm 2.98 3.62 1.52 2.19 3.15 2.60 2.19
Eu 0.56 0.63 0.46 0.38 0.47 0.33 0.20
Gd 2.84 3.63 1.50 222 3.19 2.48 2.15
Tb 0.49 0.63 0.25 0.40 0.55 0.41 0.39
Dy 243 3.07 1.27 1.93 2.60 1.93 1.82
Ho 0.30 0.37 0.16 0.24 0.31 0.25 0.22
Er 0.70 0.85 0.35 0.58 0.71 0.53 0.50
Tm 0.08 0.10 0.04 0.07 0.08 0.07 0.06
Yb 0.50 0.60 0.26 0.40 0.52 0.42 0.35
Lu 0.07 0.08 0.04 0.05 0.07 0.05 0.05
>REE 65.88 84.05 37.13 50.65 69.47 57.14 48.26
LaN/SmN 2.89 2.80 3.12 2.77 2.73 2.72 2.66
Gd/Yb 4.66 5.00 4.80 4.63 5.11 4.88 5.03
Eu/Eu* 0.59 0.53 0.92 0.53 0.45 0.39 0.29
LaN/YbN 18.84 18.64 20.35 16.94 18.40 18.65 18.20
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Table 2. Whole-rock (wt. %), trace element (ppm) and REE (ppm) analysis of LGGn from Lansdown klippe.

S.N. 1 2 3 4 5 6 7 8 9
Sample No. BV1 EL JH1 JH4 JH6 KG L4 L6 L22
SiO, 69.47 68.38 70.04 71.46 71.56 68.58 69.71 69.00 68.30
TiO, 0.13 0.15 0.11 0.14 0.10 0.14 0.10 0.12 0.15
AlLO, 17.07 17.42 16.92 16.24 16.35 17.77 17.04 17.34 17.64
Fe,O, 1.41 1.66 1.21 1.65 1.14 1.51 1.03 1.32 1.52
MnO 0.03 0.03 0.03 0.04 0.04 0.03 0.03 0.03 0.03
MgO 0.21 0.31 0.16 0.21 0.14 0.22 0.15 0.18 0.22
Ca0O 0.64 0.77 0.61 0.58 0.50 0.50 0.58 0.61 0.63
Na,O 3.94 3.79 447 3.86 4.12 3.59 4.10 3.99 3.72
K,0 4.96 4.79 4.71 4.18 4.60 4.65 5.36 4.94 5.01
P,0; 0.32 0.32 0.38 0.33 0.37 0.32 0.28 0.34 0.36
LOI 1.65 1.75 1.49 1.64 1.66 2.29 1.84 1.92 2.14
TOTAL 98.18 97.62 98.64 98.69 98.92 97.31 98.38 97.87 97.58
A/CNK 1.32 1.36 1.25 1.37 1.30 1.51 1.25 1.34 1.39
A/NK 1.44 1.53 1.36 1.49 1.39 1.62 1.36 1.46 1.53
Mg# 12.96 15.74 11.68 11.29 10.94 12.72 12.71 12.00 12.64
Fe,0,/(Fe,0,+MgO) 0.87 0.84 0.88 0.89 0.89 0.87 0.87 0.88 0.87
Norm

qtz 26.80 26.80 25.55 32.39 29.76 29.41 24.68 26.28 26.83
crn 4.82 5.37 4.27 5.10 4.57 6.69 4.11 5.13 5.81
or 29.31 28.31 27.35 24.70 27.19 27.48 31.68 29.19 29.61
ab 33.34 32.07 37.82 32.66 34.86 30.38 34.69 33.76 31.48
an 1.08 1.73 0.54 0.72 0.06 0.39 1.05 0.81 0.77
hy 0.52 0.77 0.40 0.52 0.35 0.55 0.37 0.45 0.55
ilm 0.06 0.06 0.06 0.07 0.09 0.06 0.06 0.06 0.06
hm 1.41 1.66 1.21 1.65 1.14 1.51 1.03 1.32 1.52
ru 0.10 0.12 0.08 0.10 0.06 0.11 0.07 0.09 0.12
ap 0.76 0.76 0.90 0.78 0.88 0.76 0.66 0.81 0.85
TRACE ELEMENTS (PPM)

Ba 160.00 222.00 109.00 91.00 110.00 167.00 191.00 159.00 167.00
Rb 388.00 301.00 463.00 409.00 488.00 372.00 386.00 401.00 377.00
Sr 59.00 70.00 46.00 34.00 44.00 47.00 62.00 55.00 59.00
Y 37.00 31.00 41.00 39.00 42.00 36.00 36.00 38.00 36.00
Zr 51.00 59.00 44.00 55.00 38.00 55.00 45.00 51.00 54.00
Nb 16.00 13.00 17.00 22.00 16.00 18.00 11.00 17.00 17.00
Cr 21.00 66.00 26.00 60.00 31.00 46.00 78.00 23.00 21.00
Ni 16.00 10.00 17.00 18.00 17.00 15.00 15.00 16.00 15.00
Co 3.00 8.00 6.00 3.00 6.00 4.00 8.00 3.00 8.00
Sc 1.40 2.60 2.30 1.40 1.60 2.10 2.60 1.20 1.20
\% 9.00 14.00 7.00 8.00 6.00 9.00 6.00 8.00 10.00
Cu 10.00 7.00 4.00 12.00 6.00 11.00 9.00 9.00 9.00
Pb 44.00 42.00 36.00 31.00 43.00 61.00 48.00 41.00 38.00
Zn 61.00 55.00 59.00 74.00 59.00 64.00 43.00 58.00 63.00
Ga 26.00 21.00 27.00 28.00 20.00 25.00 22.00 26.00 22.00
Th 7.00 8.00 6.00 9.00 4.00 9.00 6.00 7.00 8.00
8] 2.00 2.70 2.50 2.80 2.20 2.00 2.50 2.40 2.80
RATIO

Rb/Sr 6.58 43 10.06 12.03 11.09 7.91 6.22 7.29 6.39
Rb/Ba 243 1.36 4.25 4.5 4.44 2.23 2.02 2.52 2.26
CaO/Na20 0.15 0.2 0.14 0.15 0.12 0.14 0.14 0.15 0.17
Mol. A/CNK 1.26 1.36 1.25 1.37 1.30 1.51 1.25 1.34 1.39
RARE EARTH ELEMENTS (PPM)

La 13.91 13.44 9.33 14.24 5.99 16.38 11.30 17.27 9.38
Ce 31.43 28.33 16.98 31.99 6.71 33.39 25.40 36.71 18.59
Pr 3.31 3.07 2.26 3.44 1.59 3.83 2.74 4.05 2.21
Nd 11.50 10.50 7.11 11.85 4.08 12.77 9.35 13.60 7.34
Sm 3.21 2.73 2.25 3.32 1.56 3.52 2.52 3.80 2.22
Eu 0.44 0.58 0.28 0.26 0.20 0.44 0.52 0.52 0.35
Gd 3.08 2.64 2.11 3.29 1.50 345 245 3.61 2.26
Tb 0.53 0.47 0.38 0.55 0.27 0.57 0.41 0.61 0.40
Dy 2.56 2.39 1.82 2.63 1.25 2.60 2.03 3.02 2.00
Ho 0.31 0.32 0.22 0.32 0.16 0.32 0.25 0.36 0.26
Er 0.73 0.80 0.50 0.79 0.34 0.77 0.58 0.83 0.59
Tm 0.08 0.10 0.07 0.10 0.05 0.10 0.07 0.10 0.07
Yb 0.52 0.63 0.38 0.56 0.26 0.53 0.43 0.57 0.44
Lu 0.07 0.08 0.05 0.08 0.04 0.07 0.06 0.08 0.06
>REE 71.69 66.08 43.72 73.44 23.99 78.73 58.12 85.16 46.17
EwEu* 0.43 0.66 0.39 0.24 0.39 0.38 0.63 0.42 0.48
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Table 2. Continue table 2...

S.N. 10 11 12 13 14 15 16 17
Sample No. L23 L25 L30 L31 L33 L35 L37 142
SiO, 69.28 72.71 70.58 70.67 70.27 68.99 70.22 70.20
TiO, 0.12 0.11 0.13 0.12 0.12 0.12 0.16 0.11
ALO;, 17.45 16.19 16.76 16.68 16.95 17.22 16.62 16.76
Fe,O, 1.28 0.86 1.44 1.28 1.31 1.33 1.78 1.14
MnO 0.03 0.05 0.04 0.03 0.03 0.04 0.04 0.03
MgO 0.18 0.19 0.19 0.18 0.19 0.19 0.25 0.16
CaO 0.57 0.56 0.64 0.63 0.59 0.61 0.66 0.60
Na,0 3.96 4.34 4.09 3.94 4.09 4.12 3.65 3.94
K,0 5.42 4.04 5.02 4.88 491 4.80 4.47 5.18
P,O; 0.29 0.38 0.36 0.32 0.32 0.34 0.35 0.35
LOI 2.05 1.74 1.53 1.39 1.40 1.66 1.56 1.41
TOTAL 98.58 99.43 99.25 98.73 98.78 97.76 98.20 98.47
A/CNK 1.30 1.30 1.27 1.28 1.29 1.33 1.39 1.28
A/NK 1.41 1.41 1.38 1.42 1.41 1.44 1.53 1.39
Mg# 12.33 18.10 11.66 12.33 12.67 12.50 12.32 12.31
Fe,0,/(Fe,0,+Mg0) 0.88 0.82 0.88 0.88 0.87 0.88 0.88 0.88
Norm

qtz 24.84 31.60 26.95 28.37 27.05 26.03 31.09 26.93
crn 4.73 4.57 4.30 7.54 4.60 4.95 542 4.42
or 32.03 23.88 29.67 28.84 29.02 28.37 26.42 30.61
ab 33.51 36.72 34.61 33.34 34.61 34.86 30.89 33.34
an 0.93 0.30 0.82 1.04 6.84 0.81 0.99 0.69
hy 0.45 0.47 0.47 0.45 0.47 0.47 0.62 0.40
ilm 0.06 0.11 0.09 0.06 0.06 0.09 0.09 0.06
hm 1.28 0.86 1.44 1.28 1.31 1.33 1.78 1.14
ru 0.09 0.05 0.09 0.09 0.09 0.08 0.12 0.08
ap 0.69 0.90 0.85 0.76 0.76 0.81 0.83 0.83
TRACE ELEMENTS (PPM)

Ba 205.00 80.00 146.00 155.00 153.00 140.00 134.00 160.00
Rb 379.00 411.00 408.00 362.00 397.00 393.00 386.00 399.00
Sr 67.00 25.00 59.00 59.00 56.00 50.00 49.00 59.00
Y 35.00 39.00 38.00 35.00 37.00 37.00 36.00 38.00
Zr 46.00 44.00 53.00 48.00 50.00 48.00 58.00 46.00
Nb 14.00 18.00 17.00 14.00 16.00 16.00 20.00 15.00
Cr 158.00 280.00 188.00 25.00 61.00 55.00 68.00 44.00
Ni 15.00 13.00 18.00 15.00 19.00 19.00 13.00 15.00
Co 7.00 6.00 7.00 8.00 8.00 7.00 5.00 6.00
Sc 3.00 3.50 2.60 1.70 2.00 2.70 1.80 2.00
\ 4.00 6.00 7.00 8.00 7.00 8.00 10.00 6.00
Cu 10.00 4.00 9.00 11.00 13.00 13.00 8.00 7.00
Pb 53.00 11.00 59.00 55.00 41.00 36.00 34.00 62.00
Zn 54.00 32.00 62.00 54.00 59.00 59.00 70.00 51.00
Ga 24.00 22.00 26.00 23.00 25.00 25.00 24.00 21.00
Th 5.00 6.00 7.00 5.00 5.00 5.00 8.00 6.00
U 2.30 2.40 2.00 2.00 2.00 2.10 2.70 2.50
RATIO

Rb/Sr 5.66 16.44 6.92 6.14 7.09 7.86 7.88 6.76
Rb/Ba 1.85 5.14 2.8 2.34 2.6 2.81 2.88 2.5
CaO/Na,O 0.14 0.13 0.16 0.16 0.14 0.15 0.18 0.15
Mol. A/CNK 1.30 1.30 1.27 1.28 1.29 1.33 1.39 1.28
RARE EARTH ELEMENTS PPM

La 8.00 9.32 11.26 9.64 11.32 12.22 10.69 11.54
Ce 15.35 18.65 24.94 21.20 25.11 27.61 23.97 24.99
Pr 1.85 2.20 2.72 2.28 2.75 2.97 2.58 2.75
Nd 5.97 7.06 9.14 7.73 9.43 10.02 8.77 9.46
Sm 1.67 1.99 2.57 2.12 2.60 2.74 2.41 2.62
Eu 0.40 0.19 0.38 0.40 0.33 0.39 0.31 0.44
Gd 1.62 2.00 2.57 2.16 2.57 2.72 2.42 2.59
Tb 0.29 0.32 0.46 0.38 0.43 0.47 0.43 0.46
Dy 1.45 1.57 2.26 1.86 2.17 2.28 2.06 2.24
Ho 0.18 0.19 0.28 0.24 0.26 0.28 0.26 0.27
Er 0.46 0.46 0.66 0.53 0.61 0.64 0.58 0.61
Tm 0.05 0.05 0.08 0.07 0.08 0.08 0.07 0.08
Yb 0.32 0.35 0.46 0.39 0.44 0.50 0.41 0.44
Lu 0.04 0.05 0.06 0.05 0.06 0.07 0.05 0.06
>REE 37.64 44.39 57.85 49.04 58.16 62.98 55.01 58.53
Eu/Eu* 0.73 0.28 0.45 0.57 0.39 0.43 0.38 0.52
LaN/YbN 17.41 18.55 17.10 17.11 17.66 16.99 17.88 18.24
LaN/SmN 3.01 2.94 2.74 2.85 2.73 2.80 2.78 2.76
GdN/YbN 4.20 4.75 4.65 4.58 4.78 4.52 4.84 4.87
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feldspar syenite, (7) Syenite, (8) Monzonite, (9) Monzodiorite, (10a)
Diorite, (10b) Gabbro after (Streckeisen & LeMaitre 1979).

Geochemical analysis indicates that Lansdowne magma
originated from substantial fractional crystallization, as
supported by Elsdon & Gupta (1981).

In the Rb vs. (Y + Nb) tectonic discrimination diagram
the data fit in the syn-collision granite fields, while the Y vs.
Nb discrimination diagram determines post-collision granite
fields (Fig. 9 A & B), resulting from crustal anataxis in the
collisional zone. Similarly, R1-R2 [R1=4Si4+-11(Na++K+)
2(Fe3++Ti4+), molar; R2=6Ca2++2Mg2++Al3+ molar]
tectonic discrimination diagram indicates a syn-collision
tectonic setting. In the ACF [AI203-CaO-(FeO+MgO)]
diagram the LG and LGGn falls into S-type granite field (Fig.
10A&B). The homogeneous nature of S-type granite suggests
that the melt rises through the crust or involves contaminating
its source, incorporating sediments from the subduction zone,
resulting in the peraluminous character for calc-alkaline
granites (Rao & Sharma 2009). Geochemical evidence
suggests that a subduction-related magmatism occurred in the
Garhwal Himalaya during the Paleoproterozoic, as suggested
by Mishraetal. (2021).

S-type peraluminous melts originating from clay-rich
sources, deficient in plagioclase, typically exhibit a low
CaO/Na20ratio (<0.3). Conversely, melts derived from clay-
poor sources, rich in plagioclase, display a high CaO/Na20
ratio (>0.3) (Sylvester 1998). The present study determines
low CaO/Na20 ratios (0.12-0.18) corresponding (except few)
to psammites (meta-greywacke) domain of Lachlan fold belt
(Fig. 11A). S-type, granites originating from crustal melt are
untainted by any influence from the mantle (Castro et al.
1999, Ghani et al. 2013, El-bialy & Omar 2015). Molar
A/CNK value of LG and LGGn felsic rock with high (ASI>1)
illustrate S-type granite formed from metasedimentary
sources (Chappell & White 1974).

Additionally, the Rb/Sr and Rb/Ba higher ratio with
increasing trend determines a clay-rich source, and the Rb/Sr
and Rb/Ba lower ratio with decreasing trend determines a
clay-poor source (Condie 1993). Most samples originate from
immature psammitic sources, such as meta-greywackes,
indicating the anatexis of crustal blocks accreted within
collisional zones and prevalent in the convergent plate
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tectonic discrimination diagram shows syn- collision type of
tectonic setting. B. The ACF diagram determines S-type granite field
(Chappell & White 1992).

margins of the Himalaya (Vielzeuf & Montel 1994 and
Sylvester 1998).

The LG and LGGn are strongly differentiated granites,
and Rb, Ba, and Sr trace elements (Fig. 11 B), suggest that
they are highly differentiated granites (Ahrens et al. 1952;
Taylor et al. 1956). Strongly differentiated granites explain
the increasing ratio of the Rb/Sr and the rapidly decreasing
ratio of the Ba/Rb in a linear trend (Bouseily & Sokkary
1975).

Both LG and LGGn are in erosional remnants of the
thrust sheet that overlies the Chail Nappe of the Garhwal
Himalaya. The geochemical data determines that they have an
affinity to S-type granite, showing syn-collision to post-
orogeny tectonic settings, and its evolution is related to partial
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strongly differentiated granite field of the given data (Bouseily &
Sokkary 1975).

melting of continental crust derived from metasedimentary
source. These findings are similar to those reported by Mishra
etal. (2021) for the Chail Group in the Garhwal Himalaya.

CONCLUSION

e Field observations and petrography reveal that the LG and
LGGn are leucocratic and porphyritic rocks with similar

composition and texture.

Geochemical data of the LG and LGGn show rocks of
calc-alkali to shoshonitic and ferroan composition.



Peraluminous characteristics depict a syn-collisional to
post-orogeny tectonic setting.

e The partial melting of recycled crustal material determines
its felsic composition.
e The Lansdowne klippe may be an erosional remnant of a

large, sub-horizontal thrust sheet. This thrust sheet is
associated with the Main Central Thrust (MCT) hanging
wall, as described by Heim & Gansser (1939).
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Abstract: The Siang Valley of northeast Himalaya is one of the most seismotectonically active area that lies within the
Eastern Himalayan Syntaxis (EHS). In this study the Focal Mechanism Solutions (FMSs) are determined and estimated
FMSs are used to understand the existing stress field in the region. The depth distribution of seismicity ranges up to a focal
depth of 60 kilometers, with a higher concentration in the upper crustal part. We estimated 18 FMSs using P-wave first
motion for the events having a magnitude (M, ) ranging from 3.5 to 5.4, showing normal, thrust and a combination of strike-
slip mechanism which follows the major tectonic feature/faults in the region. From the analysis of stress inversion, it is
observed that the direction of the highest compression (P) axis is SSE, indicating the presence of a radial compressional
stress regime in the western part of Siang Valley. In the eastern part of Siang Valley, a predominant transtension stress regime
is observed and P axis is oriented in the SSW direction. The Siang Valley and adjoining region, the estimated maximum
principal stress (1) shows a trend towards the SSW direction. The stress regime index (R') indicates a strike slip with
reverse faulting occurring in this region. The FMSs and stress tensor outlined in our study provide valuable insights for
developing a more comprehensive understanding of the seismotectonic implications in this area. This information is

beneficial for evaluating seismic hazards and related geodynamic activities.

Keywords: Focal mechanism solutions, Stress tensor, Siang Valley, Eastern Himalayan Syntaxis

INTRODUCTION

The Eastern Himalayan Syntaxis (EHS) of Arunachal
Pradesh, NE India, is one of the most seismotectonically
dynamic region. In Northeast India, a convergence was
observed among three significant tectonic plates, namely
Indian, Eurasian, and Burmese. This phenomenon
encompasses the presence of two primary mountain ranges; in
the north are the Himalayas, and in the southeast are the Indo-
Burmese Ranges, accompanied by a significant intraplate area
in Northeast India. There is an agreement on the presence of
north-south compression triggered by the collision of plates
between India and Eurasia. The specifics regarding the
directional variations in compression and the nature of
alignments of seismotectonic stress patterns, still need to be
more adequately understood. The absence of clarity is notably
evident in the Assam syntaxis region, where the meeting point
of the two primary mountain ranges occurs near the
coordinates 28°N and 96°E. Previous studies have emphasized
the importance of continental collision in this scenario
(Molnar & Tapponnier 1975; Mitchell 1981; Curray et al.
1982; Tapponnier et al. 1982, 1986). The Himalayan range
represents the largest orogenic belt globally, where one
continental crust subducts beneath another continental crust.
This geological phenomenon has been extensively studied (Le
Fort 1975; Nandy 2001; Zhao et al. 1993; Mitra et al. 2005).
The amalgamating structures constituting a complex geo-
tectonic framework (Curray et al. 1982) exert pressure on the
northeastern sector of the Indian plate, resulting in
deformation (Chen and Molnar 1990; Kayal 1991; Bilham &
England 2001). From a broader perspective, the Arunachal
Himalaya encompasses the furthest eastern section of the
Himalaya, situated between longitudes 91°30 E and 96°E,
encompassing the EHS. The Indian plate is gently dipping to
the north beneath the Himalayas (Zhao et al. 1993; Mitra et al.
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2005). The northeastern syntaxis of the Himalaya delineates
the region in which the Himalayan arc undergoes a significant
southward trend, situated proximate to the eastern boundary
shared by India and China. Seismic activity is notably
influenced by the intraplate deformation within northeastern
India and the eastern Himalayan syntaxis caused by the
collision of India with Eurasia and the subduction of India
beneath Burma. Earlier studies (Bilham 2006; Thingbaijam et
al. 2008; Kayal et al. 2006) have documented that Namche
Barwa massif (NB), a prominent dome-shaped formation
marking the termination of the Himalayan Arc in the east,
exhibits substantial seismicity (Khattri et al. 1983). This
region is seismically active (Das Gupta & Nandy 1982; Gupta
etal. 1984; Kayal & De Reena 1991; Baruah et al. 1997; Kayal
1998; Rajendran et al. 2004; Bilham 2006; Kayal et al. 2006;
Thingbaijam et al. 2008), with the remarkable exception of the
Assam Gap (Khattri et al. 1983).

EHS and its surrounding area have encountered two big
seismic events namely, 1947 Ms 7.7 Lang earthquake and
1950 Ms 8.6 Zayu earthquake along with several minor
tremors, predominantly clustered in the northeastern region
which were mainly concentrated in the north eastern part of
the EHS. In contrast, fewer earthquakes have occurred in the
western part of the EHS and in the Namche Barwa (NB) area
(Yang et al. 2018). The spatial distribution and characteristics
of the shallow and intermediate earthquakes suggest
subduction and collision of the crust in the upper part of the
Himalayan arcuate range (Priestley et al. 2008). Therefore,
studying of these earthquake will provide more insights of
seismicity around EHS. Seismicity is usually concentrated in a
narrow zone of about 50-70 kilometers wide, traversing along
the Main Central Thrust (MCT) in EHS, which is one of the
major fault systems in the Himalayas. The other two are the
Main Boundary Thrust (MBT) and the Himalayan Frontal



Thrust (HFT) in this region (Ni & Barazangi 1984). The
geometry and friction of the Main Himalayan Thrust (MHT)
play a significant role in controlling seismic ruptures and
stress interactions. The seismic activity in the Siang Valley is
notable, with earthquakes manifesting in various zones at
depths ranging from 5 to 45 km (Rai et al. 2024). The
determination of seismotectonic stress regimes within a
region is performed through the analysis of FMSs of
earthquakes. This analysis provides new perspectives on the
active tectonics of the region and facilitates the evaluation of
geodynamic implications. Typically, the focal mechanism
solution pertains to the fault orientation, the seismic slip with
respect to the plate motion and stress release patterns. Rastogi
et al. (1973) ascertained 11 FMSs for earthquakes that
occurred in the Assam-Myanmar region by utilizing P-wave
first-motion direction data. Their findings indicated that the
primary modes of deformation observed in the region are
associated with thrust faulting. Chandra (1978) calculated a
total of eighteen FMSs for the seismic events in the Himalayan
region by employing P-wave first motion data. The findings
revealed a predominant thrust faulting pattern in the northeast
region of India. Pal et al. (2024a) studied the source parameter
and seismotectonic analysis in the Siang Valley region of
northeastern Himalaya. The investigation into the focal
mechanism solution by Hazarika et al. (2022) and the stress
inversion study by Kamra et al. (2023) was executed in the
northeastern sector of the eastern Himalayan Syntaxis.

In our present study, using the recently acquired seismic
data, i.e. more data compared with previous studies,
evaluation of FMSs using P- wave first polarity method with
the depth section across the Siang window and stress tensor
inversion has been applied using focal mechanisms of events
that occurred in the Siang Valley, NE Himalayas. We focused
on investigating the trend of the primary stress axes to
comprehend the local-regional stress field in the region which
are divided into two sub-region.

GEOLOGY AND TECTONICS

Siang Valley is located in the eastern part of the Himalayas,
where the Himalayan arc bends sharply southward. The
tectonic setting of Siang Valley is complex and involves
different tectonic units and fault systems. A large antiform
structure called the Siang antiform, dominates the Siang
Valley, which exposes the Lesser Himalayan Crystalline
Sequence (LHCS) (Fig. 1) The LHCS is a representation of a
metamorphic belt consisting of gneisses, schists, quartzites
and marbles, situated within the eastern flank of the Siang
antiform (Gururajan & Choudhuri 2003; Misra 2009); the
LHCS's boundaries are delineated by Trans-Himalayan
tectonic units, specifically the Tidding suture zone and the
Lohit plutonic complex (LPC). The centre of the Siang
antiform is characterized by sedimentary rocks of the
Mesozoic era (Singh 1993). In the Siyom Valley, which is a
tributary of the Siang River, the LHCS is structurally detached
from the Lesser Himalayan Sequence (LHS) by the Main
Central Thrust-I (MCT-I) at a lower structural level;
nevertheless, it is in juxtaposition with the Higher Himalayan
Crystalline Sequence (HHCS) along Main Central Thrust-II
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(MCT-1I) at a higher structural level. MCT-1 and MCT-II are
prominent thrust faults responsible for accommodating crustal
shortening and thickening in the Himalayan region. The MCT
and MBT depict the primary tectonic characteristics observed
in the Eastern Himalayan region. The Main Central Thrust
(MCT) has been identified as a significant intracontinental
ductile shear zone, which is linked to an inverted metamorphic
zone that is thought to have formed since the mid-Tertiary
period, shows minor recent movements as well (Valdiya
1980). Acting as a demarcation line, the MCT divides two
distinctive geological terrains - the Lesser Himalaya situated
to the south and in the north higher Himalayan Crystallines.
The primary geological division differentiates the lesser and
sub-Himalayan areas by the Main Boundary Thrust (MBT),
acknowledged for its continuous high seismic activity leading
to devastating earthquakes. This prominent thrust belt
emerged during the Pliocene epoch and remained dynamic
throughout the Pleistocene era (Valdiya 1980). The Assam
syntaxis zone is situated within the easternmost part of the
Himalayas, representing a significant tectonic region where
the convergence of the Himalayan arc, Burmese arc, and
Mishmi block occurs, featuring thrust trends in the NW-SE
direction as evidenced by the Lohit and Mishmi thrusts (Fig.
1). It is worth noting that this particular zone was the focal
point of the major earthquake of 1950 as documented (Poddar
1950).

METHODOLOGY
Seismic Network and Data

The Wadia Institute of Himalayan Geology (WIHG)
Dehradun has installed a network comprising 8 broad-band
Seismic (BBS) stations in the Siang Valley, Northeast India,
with the primary objective of investigating the Seismotectonic
attributes of the region. The initiation of the seismic stations'
operations occurred in December 2018, as documented by
Yadav et al. (2021). Positioned on top of Granitoids rocks, the
Gelling (GLNG) seismic station is the most northerly station,
while the Jengging (JNGG) station is located on the gneissic
rocks of the Lesser Himalayas. The Mariyang (MRNG) and
Yingkiong (YINK) seismic stations are positioned on the
Yingkiong formation (Acharyya & Saha 2013). The Along
(ALON) station is located on the sequences of the Lesser
Himalayas, whereas the Padu (PADU) and Boleng (BLNG)
stations are found on the Miri Quartzite. The Pasighat (PASI)
seismic station, the station furthest to the south, is situated on
the alluvial sediments of the Brahmaputra River Basin. The
BBS stations are furnished with a three-component Trillium
Compact-120 sensor and Centaur digitizer. The instrument is
configured with a compact flash memory card intended for the
continuous recording of data of 100 samples per second (SPS).
A sensitivity of 1500 V/m/s is demonstrated by the digitizer.
These seismic stations operate independently and are
furnished with GPS receivers to ensure accurate time
synchronization.

The SEISAN analysis software by Havskov & Ottemoller
(1999) was utilized to examine and distinguish the P and S-
phases for the purpose of determining the hypocentral
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Fig. 1. Geology and Tectonic map of the Siang Valley in the Eastern Himalayan Syntaxis of the northeast Himalaya (modified after Yadav et al. 2021). The

installation of broad band Seismic stations by WIHG is denoted by red triangles on the map. Various significant tectonic features such as the MBT, MCT,
STDS, ITSZ, Lohit Thrust, Walong Thrust, and Mishmi Thrust can be identified in the region. The rivers in the area are represented by blue lines.

parameters of the earthquake. The hypocentral parameters are
computed using the HYPO71 software, which was created by
Lee & Lahr (1975). For the computational studies of seismic
events, a five-layer velocity model (Table 1) introduced by
Raoof et al. (2017) with Vp/Vs ratio of 1.74 is employed. The
seismic events are identified, processed, and relocated to
produce a Seismological catalogue of Siang Valley within the
geographical coordinates of 27.75°- 29.25°N Latitude and
94.5°-96°E Longitude (Fig. 2). The uncertainties in epicenter
locations range approximately +5 km, with the Root Mean
Square (RMS) value varying from 0.2 to 0.5 seconds.

Focal Mechanism Solution

FMSs are determined from the P wave first motion polarity
using the FOCMEC application, as elaborated by Snoke et al.
(1984). The package contains programs for determining and
displaying double-couple earthquake focal mechanism. Input
data are polarities (P, SV, SH) and/or amplitude ratios (SV/P,
SH/P, SV/SH). The application performs an efficient,
systematic search of the focal sphere. Application have been
made to finding best constrained fault plane solutions for suits
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of earthquakes recorded at local to regional distances and
using recorded polarities and relative amplitudes to produce
waveforms synthetics (Snoke 2003). Employing the lower
hemisphere equal area projection, the P and T axes
correspondingly represent the directions of compression and
tension. Within this framework, the compressional quadrant is
illustrated by the shaded region on the focal sphere, while the
dilatational quadrant remains unshaded. The determination of
fault geometry by employing P-wave first motion data using
FMS presents a direct approach, hinging on the polarity

Table 1. /D velocity model of northeast India used for the
present study (Raoofetal. 2017).

Depth to the bottom layer Vp(km/s) Vs(km/s)
0 5.57 3.18
5 5.65 3.22
10 5.78 3.30
20 6.25 3.57
30 6.89 3.93
40 791 4.52
50 8.30 4.74
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Fig. 2a. Plot depicting seismicity in and around Siang window and Focal Mechanism Solutions of selected events. Depth cross-section along A-B. Green triangles
are BBS station. Varying red dots are corresponding size of earthquake events and green dots are earthquake events used for focal mechanism solutions
(beach balls). The major tectonic characteristics depicted on the map include the North Pasighat Thrust (NPT), Main Frontal Thrust (MFT), Main
Boundry Thrust (MBT), Main Central Thrust (MCT), Bomdo Thrust (BT), Ramgarh Thrust (RT) and Lohit Thrust (LT).
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Fig.2b. Plot(modified after Salvi ez al. 2021) depicting Depth projected FMSs along section line A-B, highlighting the seismicity with respective depth. Tectonic
features are Main Frontal Thrust (MFT), Main Boundry Thrust (MBT), Main Central Thrust (MCT), Ramgarh Thrust (RT).
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variation displayed by the initial P-wave arrival across seismic
stations positioned in distinct back azimuth relative to an
earthquake. Specifically, the first motion can manifest as
either compression, indicating movement towards the station,
or dilatation, signifying movement away from it. The initial
movement could be observed as compression, denoting an
approach towards the station, or as dilatation, indicating a
departure from it. Subsequently, upon arrival of a P wave at a
seismograph station from beneath the Earth, the vertical
component of the seismogram records an initial motion that is
either rising or falling, representing compression or dilatation,
respectively. The data necessary for determining the focal
mechanism is gathered by collecting information on the first-
arrival polarities and their azimuth from various recording
stations. The process of establishing the solution for the focal
mechanism using data on the first-arrival polarities needs a
back-azimuthally distributed stations. In this study, eighteen
events, as showing the data for representative catalogue in
table 2, are selected with high-precision location parameters, a
clear record of P-wave first motion polarity and a number of
seismic stations.

Stress Tensor Inversion

Stress inversions of earthquake events were primarily
conducted based on the distribution of FMSs, through which
we get two sub-regions. For the stress inversion analysis 46
focal mechanisms, with magnitudes ranging from 3.2 to 8.7
were utilized. The construction of the database commenced
with the collection of focal mechanisms derived from
waveform modelling and the P-wave first polarity method, as
documented in Pal et al. (2024b) along with ISC data
(http://www.isc.ac.uk/isc-(ISC - EHB) data (ehb/) by Engdahl
(1998) for an additional solution in the present study,
culminating in the compilation of the earthquake focal
mechanism database. Earthquake focal mechanism solutions
were evaluated for the events recorded in the vicinity of Siang
Antiform. Stress tensor analysis serves as a technique
employed to examine the stress state in rocks by utilizing

fault-slip data or earthquake focal mechanisms. This approach
facilitates the comprehension of the tectonic evolution and
deformation history of a specific area. The methodology for
determining stress orientations was conducted following the
Vavrycuk (2014) technique (STRESSINVERSE code), which
builds upon the works of Michael (1984, 1987). His method is
linear and iterative stress inversion and used in MATLAB
environment. To deduce the regional stress tensor from
earthquake FMSs (strike, dip, and rake) in the area, with the
optimal stress tensors determined through stress inversion
methodology. The current studies focus on delineating the
alignment of the 3 primary stress axes, i.e. 61, 62, and 63, with
a hierarchical relationship of 61 > 62 > 63. The assessment of
stress attributes via focal mechanism inversion is based on the
hypothesis of stress homogeneity across the source region,
enabling the evaluation of the prevailing stress status within
the study region. The methodology involves determining the
optimal fit of regional principal stress orientations. The
optimal stress tensor alignment can be determined (Gephart &
Forsyth 1984) by assuming fault slip occurs along the
direction of maximum resolved shear stress at the time of an
earthquake (Bott 1959). The shape ratio R is characterized as
the relationship between the intermediate stresses considered
about the maximum and minimum horizontal stresses, thereby
influencing the configuration of the stress ellipsoid.
Therefore, we determined the orientations of the three
principal stress directions 61, 62, and 63, along with the shape
ratio R, which characterizes the configuration of the stress
ellipsoid as:

02 - o3
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All stress inversions are designed to determine the
optimal stress tensor that corresponds to the provided focal
mechanisms. This stress tensor is symmetric, which means it
consists of only six independent components. The inversion
technique introduced by Vavrycuk (2014) incorporates a

Table 2. Computed parameters of focal mechanism solutions for the events used in the present study. NSS: Normal with Strike-
Slip Fault, RSS: Reverse with strike-slip Fault, N: Normal Fault, SS: Strike-Slip fault, R: Reverse Fault.

S.  Date Time Latitude Longitude Depth Magnitude Strike Dip Rake P-axis (°) T-axis (°) Type of
No. (dd/mm/yyyy) (h:m:s) (°N) (°E) (Km) M,) ©) ©) ©) Az. PL Az. PL fault
1 17/01/2019 04:47.6 28.62 94.84 28.9 3.5 218 52 -37 904 504 934 57 NSS
2 15/03/2019 30:20.5 28.9 95.2 30.7 3.5 240 33 42 1839 19.6 587 582 RSS
3 02/07/2019 08:35.7 27.85 95.16 40.6 5.4 180 28 -89 2675 729 892 17 N
4 14/07/2019 48:20.2 28.11 95.09 108.8 3.7 132 68 36 257.1 69 3531 405 RSS
5 10/12/2019 16:51.3 28.23 95.53 32.8 3.6 85 68 55 199.9 157 3122 533 RSS
6 02/02/2020 27:06.0 29.02 94.72 10 4.2 354 82 50 114.3 26 228 394 RSS
7 26/02/2020 50:17.2 28.42 95.1 9.2 3.7 60 60 90 150 15 330 75 R
8 18/03/2020 20:28.1 28.95 94.7 4.1 3.9 251 82 50 11.4 26 125 394 DSS
9 17/04/2020 23:03.5 28.48 95.22 15.2 3.5 240 62 -89 1524 73 3292 17 N
10 29/04/2020 41:51.9 28.91 94.77 10 3.8 180 60 -89 92.7 75 2092 15 N
11 09/09/2020 42:48.0 28.58 95.2 9.8 3.8 252 70 -89 170 85 3412 5 N
12 04/11/2020 21:57.1 28.53 95.25 32 3.5 240 71 30 8 6 102.1 343 SS
13 10/12/2020 29:52.5 28.42 94.8 48.6 3.5 240 66 -89 152 69 3292 21 N
14 06/05/2021 38:42.5 28.7 94.91 42.6 4.6 65 54 37 9.4 4.1 2746 494 SS
15 06/05/2021 10:14:53  28.54 94.76 3255 43 255 80 35 22 16 1222 314 SS
16 14/10/2021 36:27.1 28.54 95.02 21 4.4 96 78 -31 50.5 302 1476 12 NSS
17 31/10/2021 38:07.3 28.44 94.98 36.3 4 276 77 -2 217.1  50.1 3441 26.6 NSS
18 10/12/2021 03:29.5 28.87 95.04 37.8 43 188 52 -89 103.7 83 2772 7 N
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constraint for fault instability to differentiate actual fault slips
from the provided data and to assess fault orientations;
consequently, it requires multiple iteration steps. Throughout
the iterations, the inversion evaluates the given auxiliary nodal
planes, and utilizing the Mohr-Coulomb criterion, the
identification of the true fault planes is conducted (Michael
1984; Zoback 2010; VavryCuk 2014). It identifies the most
unstable nodal plane as the true fault plane. This method of
stress inversion can select the real fault plane based on the
constraints of fault instability, thereby defines an optimal
stress tensor. Typically, it requires 3 to 4 iterations. Initially,
the inversion assesses the orientations of principal stresses and
the shape ratio without any predefined fault planes,
subsequently identifying the actual fault planes using the
Mohr-Coulomb criterion. These processes are reiterated until
the outcome aligns with the most accurate solution. The
inversion results encompass a stereogram that illustrates P and
T axes, a stereogram that depicts primary stress axes along
with their precision, a graphical depiction of R values, and a
visualization of Mohr circles (Figs. 3, 4 and 5). We
investigated the tectonic style further using the stress regime
index (R') values. The R' values come from shape ratios
depending on which principal axes have the largest plunges.
The aim of this investigation was to identify the dominant
tectonic regime related with the seismic events in the area and
ascertain the direction of the stress field in two specific zones
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located on the eastern and western limbs of the Siang antiform,
where seismic activities are more prevalent in the western
sector. Additionally, we combined the dataset from these two
regions and identified the overall prevailing stress regime in
Siang Valley and surrounding area in the EHS.

RESULTS AND DISCUSSIONS
Focal Mechanism Solutions

Table 2 lists the FMSs, and the plotted beach balls in figure 2a.
In the Siang Valley and adjoining region, the FMSs primarily
exhibit thrust mechanisms along with a combination of strike-
slip mechanisms; the dipping planes oriented in the northeast
exhibit similarities with the orientations of the primary
tectonic faults and the subduction of the Indian plate. Despite
this, the FMS of certain seismic events indicates extensional
deformation within a compressional setting, implying a
complex subsurface deformation pattern. In the eastern part of
the Siang Antiform (Table 2, Fig. 2a), event no. 2 is located
near the Lohit thrust, exhibiting a reverse with a strike-slip
mechanism. Event no. 5 occurred north of the Pasighat thrust,
also showing a reverse with a strike-slip mechanism, while
event no. 9 is situated near the Bomdo thrust in the core of the
Siang window, this event displays a low dipping normal fault
mechanism with a focal depth of 15.2 kilometers. The source
zone of the 1950 earthquake indicates a dextral strike-slip

(b)

(d)

o eperae

o o4 e (18 |

Fig.3. Plot depicting outcomes of stress analysis performed in the western limb of Siang Window, (a) Plot showing P and T- axes with principal stress axes, the
red circles marked the P- axes and T- axes by the blue cross; (b) Mohr's circles with position of fault instability (blue plus signs); (c) red, green, blue circles
representing confidence limit of principle stresses sigma 1, 2, 3 direction, respectively; (d) histogram of shape ratioi.e. R.
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marked the P- axes and T- axes by the blue cross; (b) Mohr's circles with position of fault instability (blue plus signs); (c) red, green, blue circles
representing confidence limit of principle stresses sigma 1, 2, 3 direction, respectively; (d) histogram of shape ratio R.
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movement of the plate to the north of the Lohit thrust on the
eastern side of the Siang Valley (Ben-Menahem et al. 1974).
Events no. 11 and 12 are close to each other and show dipping
normal fault and strike-slip with reverse faulting, yet there is a
significant difference in focal depth of 15.2 km and 3.2 km,
respectively. Event no. 18 is comparatively deeper, showing
normal faulting with a 37.8 km focal depth. The epicentre of
Event no. 6 and 8 occurred north of the Siang antiform which
shows reverse with strike slip mechanism with varying focal
depth, while Event no. 10 shows low dipping normal faulting.
The western part of the Siang window, which is more
seismically active than the eastern part, has more number of
carthquakes (events no. 1, 4, 7, 13, 15, 16 and 17, Table 2).
Events no. 16 and 7 lie in the core of the Siang antiform, and
show normal fault with strike slip and reverse fault mechanism
while these epicentres are far away from each other. The
deepper event 4 demonstrates a reverse with a strike slip fault
mechanism. In contrast event number 17 exhibits a shallow
focus normal with strike slip mechanism, both event (4 & 17)
located on the Bomdo thrust with varying epicentre positions.
Events 1 and 13 are situated along the Ramgarh thrust,
displaying normal faulting at different focal depths. Event 15,
along the MCT, displays a strike-slip mechanism up to a focal
depth of 32.5 kilometers. Event 3, close to the MFT,
showcases normal faulting. Chouhan & Srivastava (1975)
analyzed the FMSs of seismic events in the northeastern
region of India. Utilizing data on first-arrival polarities, they
specifically focused on two-years. The findings of the study
suggested the presence of strike slip faulting in the northern
part and thrust type faulting in the southern part of the
Myanmar ranges. According to Panthi et al (2013), the
dominant seismotectonic state in the Eastern Syntaxis regions
displays a thrust mechanism, with instances of both normal
and strike-slip faulting indicating compressional forces in the
vicinity. Additionally, the present study results show that the
main mechanism of energy release in the Eastern Himalayan
region is mainly linked to thrust faulting, along with a
combination of strike-slip mechanisms. The determination of
the orientations of the P and T axes is derived from focal
mechanism solutions (Table 2), facilitating the understanding
of the stress distribution in the Siang Valley. By analyzing
FMS, it is possible to ascertain the azimuth and dip angles of
both the P- and T- axes.

Depth distribution of seismicity

The Northeastern Himalayan region exhibits a wide
occurrence of seismic events ranging from moderate to high
magnitude earthquakes within the crust (0-60 km depth). An
identifiable grouping of seismic occurrences is specifically
observed in the western part of Siang Antiform and Namche
Barwa region. A detailed analysis of the depth distribution of
earthquake epicentres has been carried out beneath this
specific region by employing a north-south-oriented profile
A-B (Fig. 2a & b) that divide the Siang Antiform into two
sections and traverse through tectonic structures such as the
Walong thrust, Lohit thrust, MCT, MBT, Bomdo thrust,
Ramgarh Thrust, and the main frontal thrust. The depth
distribution of earthquakes along section A-B is graphically
represented with depth-projected FMSs along with major
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tectonic features and faults (Fig. 2b). The MCT, MBT, and
MFT exhibit a dip in the northwest. Seismic activity is
predominantly situated between the MFT and MBT within the
depth section, while a noticeable cluster of earthquakes is
evident in the upper crust extending up to a depth of 40 km.
Earthquakes in the Eastern Himalayan region exhibit a high
concentration within a specific area delineated by the MFT
and MCT, thereby unveiling complex imbricate configuration
in the frontal part of the Arunachal Himalaya. The frequency
of earthquakes in the lesser Himalayan domain is closely tied
to predominantly thrust motions along the MBT and MFT
(Gupta et al. 2015). The spatial distribution of hypocenters at
various depths aligns with previous research, indicating
significant seismic activity in the western and eastern part of
Siang Antiform, and Namche Barwa regions, respectively.
Seismicity in the western portion of the Siang Valley is more
pronounced in comparison to the other parts of the valley (Pal
et al. 2024a). In the depth projection view (Fig. 2b), FMS
close to the tectonic feature RT (event 10) shows strike-slip
fault and near MBT, events 7, 9, 16 and 1 are normal and
reverse with a combination of strike-slip mechanisms. Deeper
earthquakes (events 5, 17, 14, 2 and 18) show thrust with
strike-slip combination.

Stress Tensor Inversions Analysis

Stress Inversion is carried out on both the Western and Eastern
sides of the Siang window in the Siang Valley, Arunachal
Himalaya. The current stress distribution in this area is
determined by utilizing focal mechanism data from these two
distinct regions. In the process of inversion insights of
significant value regarding the alignment of the primary axes
of maximum compression (P), extension (T), and neutral (B)
are elucidated through the utilization of inversion parameters.
The outcomes derived from the inversion procedure, as
depicted in figures 3, 4 & 5, encompass four distinct elements
denoted as a, b, ¢, & d. These components exhibit the focal
sphere that showcases the P and T axes, the optimal principal
stresses, the Mohr circle, the stereographic projection
portraying the principal stresses alongside their associated
uncertainties, and a histogram that presents the shape ratios.
The Mohr circle diagram's depiction helps to demonstrate the
reliability of the results and the results of the stress inversion
(Fig. 3b, 4b & 5b). Blue crosses were assigned to the possible
orientations of fault slips (one slip direction belongs to each
seismic event). If these crosses were located near the largest
Mohr circle, that is between ol and 63, their corresponding
direction could be considered unstable and identified as that of
the real fault plane. These solutions must be analyzed in
relation to the P axes that are perpendicular to the dilatational
quadrants. If the orientations of the 1 and P axes align, then
S, Vectors can be identified. Consequently, we can infer the
type of tectonic regime that may be associated with the
earthquakes.

In the western portion of the Siang Valley region, twenty-
five focal mechanism solutions were utilized for the inversion,
where three events, including the Mw 5.9 Mechuka
Earthquake (Yadav ef al. 2021), occurred along the MCT
resulting in extensive surface ruptures. The primary alignment
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the BBS station locations of recorded events. The maximum horizontal
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of the maximum compression (P) axis is oriented towards the
SSE direction (represented by red circles), with the azimuth of
ol identified as N176.30 (approximately towards the South),
illustrated in figure 3a, c. Upon utilizing the obtained
inclinations of 61 (red dots), 62 (green dots), and 63 (blue
dots), the dominant tectonic regime is established. In the
western portion of the Siang Valley region, the plunges of 1,
02, and 63 measured approximately 41.6°, 4.5°, and 47.9°,
respectively. These values suggest that the 61 axis tends to be
oriented nearer to the horizontal plane and the 62 axis is
horizontal, while the 63 axis is near to the vertical, indicating a
prevailing compressional stress regime within the area. A
histogram depicting shape ratios has been developed based on
the realizations (Fig. 3d). The peak observed in this histogram
represents the optimal R-value, determined to be 0.82 for the
western part of Siang Valley region. Through the assessment
of the stress regime index (R'), incorporating the maximum
plunge axes and R-value, valuable insights can be gained
regarding the primary regional tectonic stress regime
currently active in this geographical area (Delvaux et al. 1997;
Czirok 2016). Three relations can be provided:

1. If ol is oriented vertically, the resultant R' equals R,

demonstrating an extensional tectonic stress regime.

If 62 is oriented vertically, the resultant R' equals 2 - R,
suggesting a strike-slip or transverse tectonic stress regime.

. If 63 is oriented vertically, the resultant R' equals 2 + R,
indicating a compressional tectonic stress regime.

Consequently, the value of R is ascertained with
variations falling within the 0-3 range, indicating a radial
extension at 0 to radial compression, at 3, tectonic conditions.
Thus, R' equals 2.82, signifying the presence of a reverse type
of faults and a radial compression tectonic setting. The
determination of the predominant horizontal stress S,...
orientation is dependent on the azimuth and plunge of the
principal stress axes (Zoback 1992). The S, azimuth in this
area is calculated at 176.30°N (P-axes azimuth). Therefore,
we conclude from here that earthquakes in the western part of
Siang region are mostly exposed to thrust with strike-slip
faulting, and the direction of S, is towards almost south (Fig. 6a).

hmax

In the eastern part of the Siang Valley region, twenty-one
fault plane solutions were used in the inversion process. The
focal mechanism of the 1950 earthquake in Assam signifies
the presence of a single strike-slip fault system, while
subsequent seismic events suggest a combination of oblique
motion-thrust faulting alongside a notable strike-slip
component. In the eastern region, 1 and ¢3 exhibit nearly
horizontal orientations, as indicated in Fig. 4c, with azimuths
of 205.30° and 295.70°, respectively, while 62 is positioned
close to vertical. The calculated shape ratio values R (0.73)
(Fig. 4d) and R' (1.27) propose the prevailing strike-slip
tectonic regime in this area. The azimuth of the maximum
horizontal stress, S, in this zone, is N 205.30°,
corresponding to a south-southwest orientation (Fig. 6a).

We further amalgamated the moment tensors of the
eastern and western sections of the Siang Valley region and
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conducted stress inversion analysis on the complete dataset.
Our results (Fig. 5, Table 3) indicate that the 61 (37.2°) and 63
(20.8°) axes are oriented close to the horizontal, while the 62
(45.4°) axis shows more proximity to the vertical position
(with the highest plunge angle), suggesting a prevailing strike-
slip regime within the Siang Valley area. The principal stress
ratio (R) calculated for the integrated dataset equates to 0.75,
whereas the R' value is determined to be 1.25. The combined
dataset examination shows that the region is largely
characterized by prominent strike-slip movements, with the
primary stress direction ¢l pointing towards N194.30°
(SSW), almost due south. The direction of S, ., is SSW in this
case (Fig. 6b). All the stress inversion parameters for the
western, eastern and combined analysis of the study area are
listed in Table 3. In contrast to the findings of Kamra et al.
(2023), distinct patterns can be observed in the S, values
across different tectonic regions. Specifically, in the Shillong
Plateau, a predominant northerly orientation indicates evident
compressional forces. Conversely, the Mikir Hills display a
northeast trend, suggesting a transtension regime. Moving to
the eastern Himalayan zone, the S, . orientation shifts to
SSW, indicating a prominent strike-slip regime and in the
Indo-Burma zone, the S, values align in a northeast
direction, highlighting a clear compression regime.

CONCLUSIONS

The studies of FMS and stress inversion in seismically active
regions of the Siang Valley within the EHS are conducted.
This study was prompted by the occurrence of swarm
earthquakes almost annually in the EHS locality. The spatial
distribution of seismicity indicates groupings in the eastern
and western parts of the Siang valley, as well as in the Namche
Barwa vicinity within EHS, reaching depths of up to 60 km.
The region of the Eastern Himalayas is primarily
distinguished by the prevalence of reverse, strike-slip and a
combination of both fault types. In the western sector of the
Siang Valley, reverse faulting has a prevalence of with strike-
slip characteristics. These faults are characterized by dip
angles ranging from low to moderate. The data derived from
the FMSs is utilized to gain insights into widespread
contemporary tectonic regime in the area. In the NE Himalaya,
stress tensor analysis has been applied to various structures,
such as the MBT, MCT and Lohit thrust. The region is
subdivided into two subareas, and forty-six fault plane
solutions were used. It is found that the western side of the
Siang Valley region shows radial compression; however, the
eastern side shows a clear strike-slip regime. The azimuth of
S, 18 N176.3° on the western side and N205.3° on the eastern
side. The inversion of the combined data set shows the clear
strike-slip with maximum principal stress (cl) oriented in
N194.3°. The stress regime in the region is predominantly
transverse, with a sub-horizontal maximum principal stress
axis (c1) oriented to SSW, consistent with the India-Eurasia
plate convergence. The elevated seismicity observed in this
area is attributed to the northward and eastward displacement
of the Indian plate towards the Eurasian and Burmese plates,
respectively.
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Abstract: Tripura state in northeast NE India falls in the high-risk zone V in the seismic zoning map of India. In this study,
we select the city Udaipur, Tripura, for seismic hazard analysis. Characterization of soil is much essential for seismic hazard
risk studies in any developing urban city like Udaipur. We conducted Multichannel Analysis of Surface Waves (MASW)
experiments at 15 selected locations in the city area to estimate shear wave velocity (V,) of the subsurface soil / weathered
layer. The dispersion data of the recorded Rayleigh waves (R-wave) were inverted using a Genetic Algorithm (GA) to obtain
shear wave velocity profiles of the investigated sites. In addition, Standard Penetration Test (SPT-N) using, bore logs at
these sites, and its proximity, were obtained from the government drilling agencies. These data are used to develop
correlation equations by nonlinear regression. The results are then compared with the established correlations for soil
characteristics. The V;, ranges from 130-400 m/s in most of the sites except at Bhubeneswari Temple (site no 2) and
Kaluadhepa SB School (site no 6), where V , reaches up to 445 m/s and 425 m/s respectively. A V,, map for the city area is
prepared and average dynamic characterization is examined, which reveals susceptibility of site-effects and liquefactions in
some parts of the study area. These results are much useful for seismic hazard risk analysis and for seismic design and
engineering considerations for urban development in the study area.

Keywords: Site characterization, V,,, MASW, SPT bore log, earthquakes, seismic hazard risk

INTRODUCTION

Dynamic site characterization of subsurface soil profiles is
essential for evaluating site response for earthquakes. The
characteristics of soil profiles significantly impact the
transmitted seismic waves, and consequently, the structures
that stand on the soil surface. Site characterization involves
studying subsurface soil profiles to understand their dynamic
behaviour. Engineers and seismologists estimate how the soil
would respond to future triggered earthquakes by evaluating
parameters like shear wave velocity, damping characteristics
and soil layering. Shear wave velocity is a most significant
factor for evaluating dynamic site response. The average shear
wave velocity for the top 30 m of soil is referred to as V,
which is used in seismic site categorization by National
Earthquake Hazards Reduction Program (NEHRP).
According to the NEHRP guidelines, local site conditions are
expressed through average V_, and average Standard
Penetration Test-N (SPT-N) values. Based on these
parameters, sites are classified.

Shear wave velocity is vital in various aspects of
earthquake engineering, including dynamic stability analysis,
seismic hazard assessment and ground shaking estimation.
One of the critical applications of V, is computing shear
modulus (G,,,) in low-strain condition. The G, represents
stiffness of the soil at minor strains. It is a critical input
parameter for analysing the dynamic stability of sub structures
and super structures. Different soil types and conditions
exhibit varying ground motion amplification and attenuation
levels. By incorporating the V,, profiles into hazard
computation engineers can estimate PGA at the surface at a
particular location and evaluate its potential impact on
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structures. Velocity of shear wave (V,) of soil samples may be
measured using different laboratory test methods, like (i)
Ultrasonic Pulse test, where an ultrasonic pulses are sent
through a soil sample to measure shear wave velocity, (ii)
Resonant Column test, where a soil sample is placed in a
cylindrical column and subjected to vibrations on increasing
frequency, and (iii) Piezoelectric Bending Element test, where
piezoelectric sensors are attached to a soil sample to generate
and receive shear waves. It is essential to note that the soil
samples represent a small volume, and it may not fully capture
the site-specific soil behaviour. In-situ measurements
overcome these limitations of laboratory tests. In-situ tests
are conducted directly in the ground at the site of interest,
providing a more precise representation of the soil properties
compared to laboratory tests. These are particularly useful for
obtaining V_measurements that reflect actual conditions of the
soil in its natural state.

In-situ MASW (Multichannel Analysis of Surface
Waves) and SPT (Standard Penetration Test (SPT) are often
used for seismic hazard microzonation. These in-situ
measurements provide valuable insights into the subsurface V
distribution, which is crucial for seismic site characterization,
foundation design, liquefaction assessment, and other
geotechnical and seismic engineering applications. Many
researchers used SASW (Spectral Analysis of Surface Waves)
technique to generate shear wave velocity profiles (e.g.
Nazarian et al. 1983, Ganji et al. 1997) but it requires
experience and judgement for precise V,,, estimate (e.g. Wulff
2016). The MASW method, however, has gained popularity in
recent years, that provides more precise and reliable shear
wave velocity results (e.g. Park & Elrick 1998, Xia et al. 1999,



Parketal. 1999,2002, Zhang et al. 2004 and Xu et al. 2006). et al. 2022). Till date no such geophysical investigation has
been carried out for the Udaipur city area in Tripura, northeast
India. So, an investigation has been carried out to establish a
relationship between SPT-N and V| for this city area and
generate V ;, map for the study area. The MASW experiments
are carried out at 15 selected sites in the city area. The SPT-N
data are obtained for the boreholes drilled in to these sites from
the Public Works Department (PWD), Government of Tripura.
These results are used to develop relationships between Vs
and N,,, and to prepare a V_,, map for the city area. These
results are highlighted and discussed in this paper.

In India, Boominathan computed V,, for Chennai city
area with SPT-N using the relations provided by the Japan
Road Association (1980) (Boominathan et al. 2007). MASW
experiments was conducted in Bangalore city for developing
relationships between V,, and N, (Sitharam & Anbazhagan
2007). In 2008, Hanumantharao & Ramana established
relations between SPT-N and V_ for different soils, like sandy
and silty sand /sandy silt in Delhi (Hanumantharao & Ramana
2008). For Agartala city a relationship was developed between
V., observed SPT and corrected SPT values for the
characterization of the sites (Sil & Sitharam 2013). A GEOLOGY AND SEISMIC ACTIVITY
nonlinear regression power model was applied to develop a
relation between V, and SPT-N using different bore hole data
around Kolkata city (Chatterjee & Choudhury 2013).
Microtremor survey was conducted in Amravati city, Andhra
Pradesh to develop the relationship between V, and N (Kumar

Udaipur, then (14" to 18" century) capital city of Tripura state,
with its rich cultural and historical heritage of temples and
landmarks, is situated in the Valley of Gomati River, the
largestriver in Tripura Fig. (1b). Hills and mountains surround
the city and are part of the Tripura Sundari Hill range. The
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Fig. 1a. Seismotectonic map of NE India showing major tectonic features and large earthquakes (Inset: Seismic zoning map of India).
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region around Udaipur primarily comprises rocks of the
Surma Group and Tipam Group, which are part of the Bengal
Basin sedimentary sequence. These formations consist of
sandstone, siltstone, shale and clay deposits, primarily formed
during the Cretaceous and Paleogene. The geological and
geomorphological features, by the erosive action of the rivers
and rains, shaped the region into valleys, floodplains and
terraces. The southern part of Tripura, including Udaipur, is
characterized by extensive alluvial plains created by the build-
up of sediments carried by rivers over thousands of years.
These fertile plains support agriculture and are a significant
factor in the region's economy. The city of Udaipur is located
at an approximate elevation of 18 m above mean sea level.
Ground water table is near to the surface (at ~0.5 m -1 m) in the
central part of Udaipur city, but it goes deeper (~8 m) farther
from the central part.

Seismically Tripura lies in the high-risk zone-V in the
seismic zoning map of India, and it experienced severe
shaking, damages and liquefactions by several large and great
carthquakes in NE India (e.g. Nandy 2001, Kayal 2008). The
NE Indiaregion is buttressed between the Himalayan collision
zone to the north and the Indo-Burma subduction zone to the

east. The Tripura state is affected by several large M, > 7.0 and
two great earthquakes (M, > 8.1) in the recent past.
Chronologically, these are: the 1869 Cachar earthquake (M,
7.4) at the Kopili fault in Assam, the 1897 Shillong great
earthquake (M, 8.6, revised M, 8.1) in Meghalaya, the 1918
Srimangal (M, 7.6, revised M, 7.1) earthquake in Bangladesh
(Bengal Basin) and the 1930 Dhubri (M, 7.1, revised M, 7.0)
earthquake in Assam, 1943 Earthquake around Kapili fault
(Mw 7.2) and most recently the 2016 Manipur earthquake (M,
6.7) on the Kopili fault (Fig. 1a). The 1897 great earthquake
M, 8.1) with maximum intensity (Modified Mercalli
Intensity scale) X-XI and ground acceleration 1g in Shillong
produced an east-west trending fissure ~152 m long and 45 m
wide in Agartala, Tripura, and ground acceleration in Agartala
was equivalent to 0.13g. The 1918 Srimangal earthquake on
the Sylhet fault in the Bengal Basin, with maximum intensity
X (RF Scale), caused ground subsidence at many places with
development of long fissures and sprouting of sand and water
causing damage to several masonry structures in Tripura. The
1930 Dhubri earthquake struck in Assam and the shock was
severely felt all over the area with movement of objects and
damage to buildings in Tripura. The most recent January, 2017
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Fig. 1b. Udaipur city area showing selected site locations for MASW survey. Sites: 1) KBI School Ground 2) Bhubeneswari Temple 3) Science City 4)
Chandrapur Sports ground 5) Udaipur Railway Station 6) Kaluadhepa SB School 7) Tripura Sundari School 8) East R.K. Pur H.S School 9) Bhagini
Nivedita H.S. School 10) Netaji Subhash Mahavidyalaya 11) Ramesh H.S. school 12) Tripura Sundari Temple 13) Veterinary Hospital 14) Hariananda

School 15) Khilpara H.S. school.
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M, 5.7 shallow (depth ~30 km) earthquake in Tripura, about
75 km northeast of the Agartala city, caused damages to the
mud-houses, fissures on the ground and liquefaction in the
cultivated field (Das et al. 2019). Thus, the Tripura area is
much close to the past large earthquake source zones like, the
Sylhet fault in Bengal Basin (Bangladesh) and the Shillong
plateau pop-up tectonics source zone in Meghalaya, ~300 km
long Kopili fault zone in Assam and close to the Indo-Burma
subduction zone to the east ((Kayal 2008). Also figure la
shows the recent seismicity of last 10 years around the state
Tripura.

FIELD INVESTIGATIONS
Geophysical Investigation (MASW)

MASW is a non-destructive, non-invasive testing method that
provides information on the mechanical characteristics of in-
situ soils and rock formations. It involves analysis the
Rayleigh waves (R-wave) on a multichannel system to get the
dispersion characteristics. Regardless of its cost and time
efficiency, itis a non-invasive procedure fully implemented on
the ground surface and covers the subsurface depth in such a
manner so that it can continuously provide enhanced coverage
similar to Ground Penetrating Radar (GPR) and Resistivity
Survey. MASW mainly consists of a collection of
multichannel seismic data either in active or passive mode
followed by construction of dispersion curve indicating the
variation of phase velocities of the different frequency
component and production of 1-D and 2-D velocity models.

Methodology: The MASW system used in the current
investigation is equipped with 24 geophones of 4.5 Hz
capacity. The multichannel technique enables imaging
dispersion characteristics of surface waves. This is
accomplished using a wave field-transformation approach,
such as the Fast Fourier Transform (FFT), which turns the
multichannel record into a picture in which specific dispersion
patterns may be identified. In case of multimodal dispersion,
where more than one phase velocities exist for a single
frequency, fundamental modes are the slowest and the ones
having faster velocity are called as of higher modes of a
different level.

To generate surface waves (R- waves), a 10 kg
sledgehammer is used. When the sledgehammer strikes a 30
cm x 30 cm steel plate, it generates surface waves and are
recorded by the geophones. To avoid any effects from the far
and near field, this test is repeated within different ranges:
3.0m, 6.0m, 12.0m and 24.0m from the 24th geophone. Ten
shots are taken at each location to create a mean shot collect
file. This averaging helps to minimize uncertainty or errors
associated with individual shots. The recording duration of the
active survey is kept at 4 s, which may be shortened, if
required. The same 48-channel linear array is used for the
passive data recording, and the ambient noise for each site.
The data acquisition process is conducted using a Vibrascope
software which records the multichannel stacked data in V-
scope format. These are then exported into SEG2 or SEGY
format for dispersion analysis and inversion. MASW field set
up and recorded data is shown figures 2a and 2b respectively.

Fig. 2a. MASW field set up.
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Fig. 2b. Recorded MASW data with recording parameter.

Data Processing: The f-k spectrum generated from the
MASW data are used to pick up the dispersion curve by
selecting different modes of vibration according to their
energy accumulation. Analyzing the dispersion patterns,
dispersion curves can be obtained that show the relationship
between phase velocity and frequency. This curve provides
insights into the V, variations with depth. We analyzed the
dispersion curves in the various frequency ranges for different
sites. The lowest frequency captures the lower end of the
dispersion curve, while the highest frequency provides
information about the higher end of the dispersion curve.
Derived f-v curves are then inverted using Genetic Algorithm
(GA) to develop the Shear Wave velocity profile. Variations of
V., with depth can be derived from the phase velocities and
dispersion properties. Such profiling of V., is crucial for
assessing the subsurface conditions, evaluating soil
properties, and assessing site response during seismic events.
A detail data processing flow chart is presented in figure 3. A
typical dispersion (f-v) curve, lithologs, S-wave velocity
variation and a 2-D velocity model are illustrated in figures 4a,
4b and 4c respectively.

Geotechnical Investigation

We obtained legitimate and credible geotechnical SPT data
from the 15 borehole locations at the investigated sites or near
to its proximity (PWD Tripura, 2023, pers. Comm.). The SPT
involves driving a split-spoon sampler into the soil using a
standard driving weight dropped from a specified height. The
sampler is pushed into the ground, and the number of blows
needed to move the sample from 15 cm to 45 c¢cm is recorded.
This blow counts, known as the N-values, show soil resilience.
The SPT-N data are then corrected using several corrections
like overburden, size, diameter etc to get N,. Figures 5 and 6
illustrates an example of borehole details along with lateral
lithological variation based on borehole for Ramesh H.S.
school (site no 11) and khilpara H.S. school (site no 15).
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Fig. 6. Shows borehole details along with lateral lithological variation based on borehole for Khilpara H.S. school (site no 15).

ESULTS AND DISCUSSION

A total of 15 locations shown in figure 1b are selected in the
study area to determine the shear wave velocity of the soil
formations using the MASW survey. We obtained SPT-N data
at these specific locations; some are in proximity to the
MASW sites. These data are then analysed to understand
relationship between the Shear Wave velocity and SPT N
value (both Corrected and uncorrected). The correlation

between V_ and N, is illustrated in figure 7. The relationship
developed by multiple regression for different types of soils in
the study area is presented in table 1.

The results obtained in the present study are compared
with previous results (Fig. 8). In this comparison, it is
observed that the equations given previous researchers (Imai
& Yoshimura (1970), Ohba & Toriumi (1970),
Hanumantharao & Ramana (2008), Ohsaki and Iwasaki
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Table 1. Correlation between V. ,, and N, for soil formations, Udaipur city area.

Type of soil Equation Coefficients (with 95% confidence bounds) R’ RMSE
(byax=)

For all type of Soil V,=67.01(£9.03) N, "9 a=67.01(57.98, 76.05) 0.78 18.5
b =10.3022(0.2617, 0.3426)

For sandy type of Soil V,=62.1 (£12.92) N, 529 a=62.1(49.18, 75.02) 0.8198 16.94
b=0.3327 (0.2741, 0.3913)

For clay type of Soil V,=91.26 (£6.28) N, "' a=91.26(84.98,97.53) 0.8319 4.299
b=0.167 (0.1377, 0.1963)

For all type of Soil V. =112.7 (£8.8) N"1Hee a=112.7(103.9, 121.6) 0.7153 17.3

b=0.1314 (0.1101, 0.1527)

(1973), Kiku et al. (2001), Imai (1977), Imai & Tonuchi
(1982), Seed & Idriss (1981), Sil & Sitharam (2013), Kiku et
al. (2001), Hanumantharao & Ramana (2008), Sisman 1995)
tend to overestimate the shear wave velocity values compared
to Udaipur city area. It may, however, be noted that our
correlations show fair agreement with correlation provided by
Sil & Sitharam (2013) for the Agartala city area in Tripura,
where geologic conditions are much the same. Table 2
presents a comparative analysis of shear wave velocities (V)
derived from MASW field tests with those estimated using
empirical correlations based on SPT N-values. The results
show a strong agreement between the measured and calculated
V. values across different soil types and depths at multiple
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locations. This validates the reliability of using SPT-based
correlations in areas where MASW data may not be available,
and supports their integration in site characterization for
seismic hazard assessments.

The velocity models are used to project the nature of
materials as per the NEHRP classifications, identified by
inverting the f-v curves. The lithologs are constructed, which
are found to be in compliance with local geology and
geomorphology within 800 m of radial distance. In the
lithologs, it is observed that in most of the sites the upper top
layers consist of softer materials which are highly
heterogeneous, and is dominated by the sandy layer of higher
strength. While analyzing the dispersion spectra of the event



shots, it is seen that resolution of the spectra is much distinct in
the frequency range beyond 15 Hz, which signifies of softer
materials with less compact interparticle bonding. The
MASW conducted in Udaipur city reveal distinct variations in
shear wave velocity across different locations. Hariananda
School ground (site no 14) exhibits significant S-wave
velocity changes after 10 Hz, reaching up to 450 m/s, with
softer layers observed in the top 9 m and stiffer layers below 17
m. At Kaluadhepa School (site no 6), similar characteristics
are noted with sandy soil up to 20 m and higher velocities up to
425 m/s at 30 m depth. KBI School Ground (site no 1), near
Jagannath Dighi, features very soft soil with low S-wave
velocity up to 18 m, transitioning to stiffer sandy layers below.
Khilpara School ground (site no 15) shows low S-wave
velocity due to saturated loose soil, with soft layers up to 6 m
and V,,, reaches up to 257 m/s, while Ramesh School Ground
(site no 11) also shows the same subsoil characteristics like
KBI school ground. Netaji Subhash Mahavidyalaya (site no
10), an excavated football ground, shows higher shear wave
velocity in shallow depths due to compacted soil, with
significant increases up to 412 m/s at 30 m depth. Science City
(site no 3), situated by the Gomati River, has soft soil in
shallow layers, with significant shear wave velocity changes
after 8 Hz and harder strata below 15 m. Bhagini Nivedita
School (site no 9) in central Udaipur exhibits increasing shear
wave velocities above 12 Hz, with Vs reaches upto 365 m/s at
30 m. Udaipur Railway Station (site no 5), located in a lowland
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area, exhibits wide variation in shear wave velocity, with
softer layers up to 15 m and stiffer layers below. Tripura
Sundari Temple (site no 12) and Tripura Sundari School (site
no 7) show similar characteristics with softer elements in
shallow depths and stiffer layers below 16 m and 10 m,
respectively. Udaipur Veterinary Hospital (site no 13) also
shows soft soil conditions in the top layers, with increasing
velocities at greater depths. The low V| values attribute to
loose clay or fully saturated sandy layers. The velocity models
generated for each site have different depth information
depending upon the dispersion curves. However, as per the
requirement of geotechnical studies, the lithologs are
constructed down to a depth of 30 m. V, is the parameter used
for engineering design codes and for describing amplification
of seismic waves near the ground surface. Based on the
MASW test and velocity models presented, the Shear wave
velocity at 30 mt depth (V) is estimated (Table 3), and a
contour map is presented in figure 9. other geophysical
methods, such as Electrical Resistivity Tomography (ERT)
and Seismic Refraction, verify MASW and SPT results by
identifying layer boundaries, material stiffness, and saturation
levels. Techniques like GPR, HVSR, and Downhole Seismic
Tests provide detailed velocity profiles, site resonance
frequencies, and shallow subsurface features for cross-
checking.
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Fig. 8. Comparisons of V_and SPT-N correlations for all soils in Udaipur city area with known global correlations.
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Table 2. Comparative analysis of S-wave velocities derived from MASW data with velocities obtained from SPT N-V, Corelation.

Site No  Site Type of Soil Depth Vs (in m/s) from Vs (in m/s) calculated from
MASW Field Test SPT N and Vs Corelation
15 Khilpara H.S. School Sand 2.175 122 94.90
15 Khilpara H.S. School Clay 3.725 131 114.08
15 Khilpara H.S. School Clay 5.675 140 122.93
15 Khilpara H.S. School Sand 7.225 145 155.52
15 Khilpara H.S. School Sand 8.825 156 174.00
15 Khilpara H.S. School Sand 10.425 160 187.30
15 Khilpara H.S. School Sand 12.225 175 202.58
15 Khilpara H.S. School Sand 13.725 182 224.27
15 Khilpara H.S. School Sand 15.225 190 240.97
15 Khilpara H.S. School Sand 16.825 196 247.86
15 Khilpara H.S. School Sand 18.515 220 249.68
15 Khilpara H.S. School Sand 20.165 224 252.73
11 Ramesh School Clay 0.5 135 125.76
11 Ramesh School Clay 1.225 135 135.45
11 Ramesh School Clay 3.175 130 128.47
11 Ramesh School Clay 4.925 130 128.33
11 Ramesh School Clay 6.675 135 138.92
11 Ramesh School Clay 8.225 140 153.60
11 Ramesh School Clay 10.275 155 158.50
11 Ramesh School Clay 12.175 165 140.44
11 Ramesh School Sand 13.725 172 176.15
11 Ramesh School Sand 15.225 180 191.13
11 Ramesh School Sand 16.825 188 184.91
11 Ramesh School Sand 18.225 200 197.55
11 Ramesh School Sand 19.51 220 217.95
9 Bhagini Nivedita H.S. School Sand 2.275 135 114.17
9 Bhagini Nivedita H.S. School Sand 3.625 140 126.71
9 Bhagini Nivedita H.S. School clay 5.925 145 138.71
9 Bhagini Nivedita H.S. School clay 7.325 155 146.50
9 Bhagini Nivedita H.S. School clay 9.175 150 137.75
9 Bhagini Nivedita H.S. School Sand 10.925 175 188.14
9 Bhagini Nivedita H.S. School Sand 12.425 180 209.94
9 Bhagini Nivedita H.S. School Sand 13.825 210 215.24
9 Bhagini Nivedita H.S. School Sand 15.425 229.9 234.92
9 Bhagini Nivedita H.S. School Sand 16.87 247.6 232.36
1 KBI School Ground Clay 0.75 128.8 125.89
1 KBI School Ground Clay 1.725 128.8 125.89
1 KBI School Ground Clay 3.25 128.8 125.41
1 KBI School Ground Clay 4.725 144.2 149.10
1 KBI School Ground Clay 6.225 161.8 13522
1 KBI School Ground Clay 10.725 180.9 130.20
1 KBI School Ground Clay 13.725 195 137.15
1 KBI School Ground Sand 15.225 226.7 205.12
1 KBI School Ground Sand 16.725 220 211.05
1 KBI School Ground Sand 18.225 220 214.89

Table 3. Distribution of average V_,,for different sites, in the Udaipur city area.

Site No  Place Lat Long VS30 in (m/s) NEHREP classification
1 KBI School Ground 23.53545 91.48861 300 D
2 Bhubeneswari Temple 23.54006 91.27069 445 C
3 Science City 23.54403 91.49593 307 D
4 Chandrapur Sports ground 23.49462 91.49073 395 C
5 Udaipur Railway Station 23.51038 91.48121 257 D
6 Kaluadhepa SB School 23.52661 91.52203 425 C
7 Tripura Sundari School 23.52889 91.50616 326 D
8 East R.K. Pur H.S School 23.5321 91.50484 325 D
9 Bhagini Nivedita H.S. School 23.54217 91.48871 365 C
10 Netaji Subhash Mahavidyalaya 23.54931 91.46792 412 C
11 Ramesh H.S. school 23.53602 91.48699 285 D
12 Tripura Sundari Temple 23.51122 91.49941 300 D
13 Veterinary Hospital 23.53181 91.49862 300 D
14 Hariananda School 23.5416 91.50096 370 C
15 Khilpara H.S. school 23.52721 91.47353 257 D
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Fig. 9. Map showing distribution of average shear wave velocity (Vg;,) in m/s for the Udaipur city area.

CONCLUSIONS

The Udaipur city in Tripura state, historically and culturally is
an important and rapid developing city in NE India. This city is
growing fast for its high potential in tourism. New
infrastructure and development projects are flourishing; study
of soil characteristics is the need of the hour as the city falls in
high seismic risk zone. The estimated shear wave velocity (V)
by MASW studies at 15 selected sites for different depth in the
city area are correlated with the SPT (N,,) values. These
correlations are useful to determine V_ for the whole city area.
Further, shear wave velocity at 30 metre depth (V,,, is the key
parameter to assess seismic vulnerability, local site effect,
seismic design etc for urban development. The central part of
the city is classified as site class D. The sites nos. 2, 4, 6, 9, 10,
14 are classified as class C. The V_, lies between 250- 360
m/s, and up to 445 m/s for some of the places. Dispersion
curves and reconstructed lithologs show clay soil or loose
sandy layer with less V_ down to 10 m depth in the central part
of'the city, which makes it much vulnerable and susceptible for
soil liquefaction. A geospatial map of V,,is generated for the
Udaipur city. This V,, contour map can be used to assess the
seismic hazard risk, which will be helpful to the designers and
site engineers to construct various infrastructure projects in
the city.
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Abstract: An ophiolitic mélange exposed along the Shyok River in the NW part of the Shyok Suture Zone was studied to
obtain micropaleontological and geochemical data from blocks of radiolarian chert and to enable a better understanding of
age and nature of this mélange. The mélange includes blocks of ultramafic rocks, gabbro, basalts, pillow lavas and
radiolarian cherts within both serpentinite and phyllite matrix. Micropaleontological investigation of cherts yielded Lower
Cretaceous (lower Aptian) radiolarians. High SiO,/(Si0,+Al,0,+Fe,0,) ratios and the Fe-Al-Mn ternary plot indicate that
these biogenic cherts were deposited far from any hydrothermal source. Major and trace element abundances and their
relationships suggest an open ocean environment for the studied radiolarites.

Keywords: Radiolaria, Lower Cretaceous, ophiolitic mélange, Shyok suture zone.

INTRODUCTION

The Shyok Suture Zone (SSZ) is a major tectonic zone
exposed to the west of the Karakoram Fault (KF) and the E-W
trending Indus Suture Zone (ISZ) to the south (Fig. 1a, b). It
lies north of the Ladakh Batholith and was first characterized
by Gansser (1980). Subsequently numerous other works
concerned with the study of this region have been published
(e.g., Tahirkheli et al. 1979; Brookfield & Reynolds 1981,
1990; Chandra ef al. 1999, 2023; Rai 1982; Thakur & Misra
1984; Srimal 1986; Hanson 1989; Borneman et al. 2015;
Pundiretal. 2020; Sakturaetal. 2021,2022,2023; Lakhan et
al. 2022; Gautam ez al. 2023; Martinetal. 2023). The SSZ in
the NW Himalayan region contains relics of the Tethyan
ophiolites and ophiolitic mélange masses that stretch for more
than 500 km from west to east (Srimal 1986; Saktura et al.
2021; Lone et al. 2023a). This suture zone extends through
the Shyok-Nubra region in Ladakh and into the northern areas
of Pakistan (Fig. 1a) where it is known as Northern Suture
Zone (NSZ) (Coward et al. 1986; Robertson & Collins 2002).
To the east, across the Karakoram Fault it correlates with the
Mesotethyan Bangong-Nujiang suture zone in Tibet.

The SSZ comprises two main ophiolitic belts i.e., the
Shyok Ophiolites and Saltoro Ophiolites and associated
ophiolitic mélanges exposed in the northwestern part of the
Nubra-Shyok Valley (Rai 1983: Srimal 1986, Lone et al.
2023a). The Shyok Ophiolites exposed in the NW region are
important for understanding the geodynamic evolution of the
SSZ. Numerous geochemical and geochronological studies
have been carried out by many researchers in last twenty-five
years (Chandra et al. 1999, 2023; Rolland et al. 2002; Thanh
et al. 2012; Bouihol ef al. 2013; Borneman et al. 2015;
Saktura et al. 2021; Sivaprabha et al. 2022; Lone et al.
2023b). However, paleontological and geochemical data
about the SSZ are less abundant, particularly from the NW
part. Radiolarian chert is widely used in stratigraphic,
paleontological and geochemical investigations along other
Tethyan sutures in the region (Danelian & Robertson 1997;
Kojima et al. 2001; Ziabrev et al. 2003, 2004; Rojay et al.
2004; Babazadeh & De Wever 2004; Aitchison & Davis 2004;
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Gonciioglu ef al. 2006; Zyabrev ef al. 2008 and Tekin et al.
2012). Radiolarian age data obtained from cherty rocks are
important for constraining the chronology of tectonic events
(Baxteretal. 2009).

Three blocks of radiolarian chert are exposed in the
ophiolitic mélange of the Shyok Ophiolite (Lone et al. 2023a,
b). In this paper we present the first report of radiolarian
fossils in a chert block associated with this ophiolitic mélange.
We discuss the geology, new fossil data, whole-rock chemistry
and depositional setting of the radiolarian chert. Available
geochronological data from igneous lithologies in the SSZ
suggest a Jurassic to Late Cretaceous age or possibly as late as
Eocene (Petterson & Windley 1985; Coward et al. 1986,
Robertson & Collins 2002; Rolland et al. 2002; Khan et al.
2009; Burg 2011; Thanh ef al. 2012; Bouihol ef al. 2013;
Borneman et al. 2015; Saktura ef al. 2021). Thus, any new
paleontological data will enable us to constrain the age of
Shyok Suture Zone. We compare our results with the
published data from elsewhere along the Mesotethyan suture
in Tibet where it is referred to as the Bangong-Nujiang suture
(Baxter et al. 2009; Wang et al. 2023), the Neotethyan Indus
Yarlung Tsangpo Suture Zone (Upadhyay & Sinha 1993;
Baxter et al. 2010; Cui et al. 2021a, 2021b; 2023; He et al.
2024) and Naga Ophiolite (Baxter ez al. 2011; Ayyamperumal
et al. 2021) as well as the Andaman Ophiolite (Jafti et al.
2020), representing the easternmost fringe of the Tethyan belt,
extending south of eastern Himalayan syntaxis.

GEOLOGICAL SETTING

The geology of the Trans-Himalaya has been broadly divided
into the Neotethyan Indus Yarlung Tsangpo Suture Zone
(IYTSZ), the Mesotethyan Shyok and Bangong-Nujiang
Suture Zones (SSZ) and the Karakoram/Qiangtang blocks and
Trans-Himalaya/Lhasa blocks from south to north (Fig. 1b;
Thakur 1981; Thakur & Rawat 1992; Searle et al. 1988). The
IYTSZ represents a collage of diverse lithologies
documenting the closure of the Neo-Tethys Ocean from Late
Cretaceous to Early Paleocene time (Frank er al. 1977;
Honegger et al. 1989; Cannat & Mascle 1990; Aitchison et al.



Fig.1. (a) Regional tectonic map of Pamir-Karakoram, Kohistan and Ladakh showing the Indus and Shyok sutures, modified after Gaetani (1997);
(b) Geological map of the Shyok Suture Zone (after Rai 1983), rectangular box shows the study area; (c) Detailed geological map of Bukdang ophiolite
showing the distribution of different lithologies (Lone ez al. 2023a). Star symbols B1 and B2 indicate radiolarian chert sample locations. (GPS locations
B134°49'43.66"N, 077°06'08.88'E; B2 34°49'45.44"N, 077°06'08.60"E)
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2007). The Karakoram block represents the southern margin
of the Asian landmass and lies north of the SSZ. (Desio 1979;
Gergan & Pant 1983; Sinha ef al. 1999; Pundir et al. 2020).
The SSZ incorporates a wide spectrum of lithologies the ages
of which span from at least Late Jurassic to Eocene. It forms an
important Cretaceous-Paleocene suture lying between Ladakh
Batholith in the south and Karakoram block to the north. (Fig.
la, b; Petterson & Windley 1985; Coward et al. 1986;
Robertson & Collins 2002; Thanh et al. 2012; Borneman et al.
2015). In Nubra-Shyok Valley, rocks of the SSZ are
subdivided into the Shyok Volcanics, Saltoro Flysch (Saltoro
Formation), Saltoro Molasse, Shyok Ophiolites and
Ophiolitic Mélange (Fig. 1b; Rai 1991; Upadhyay et al. 1999;
Chandra et al. 1999; Weinberg et al. 2000; Rolland ez al. 2002;
Borneman ef al. 2015; Lone et al. 2023a, b). Saltoro Flysch
mainly consists of phyllites, slates with intercalations of
limestones, shales and sandstones. This sedimentary unit
contains the Jurassic - Cretaceous bryozoans Eoradiolites
gilgitensis, Cyclamina sp., Horiopleura haydeni, Nummulites
sp. and Cheilostomata (Rai 1982; Upadhyay 2001, 2014;
Juyal 2006). The Cenozoic Saltoro Molasse comprises highly
cleaved shales (red and green colored), coarse grained
sandstone and conglomerates. It represents erosional detritus
shed of mountains formed during collision between the Indian
and Eurasian plates along the Shyok Suture. The Shyok
Volcanics are composed of calc-alkaline magmas ranging in
composition from basalt-basaltic andesite-andesitic-dacitic
with continental arc and alkaline arc signatures indicating pre-
India —Eurasia collision (Chandra ef al. 1999; Saktura et al.
2022; Sivaprabhaetal. 2022; Lone etal. 2023b).
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The SSZ is marked by the disrupted occurrence of
ophiolites and ophiolitic mélange extending from Chang La in
the east via Nubra to Bukdang in the west. During the summer
of 2018 and 2019 extensive geological field work was carried
out in and around Bukdang village, where the maximum width
of ophiolites and ophiolitic mélange is exposed hence we refer
to these rocks as the Shyok Ophiolite (Fig.1c). They are also
referred to as the Changmar Complex (Saktura ef al. 2021).
They include the majority of lithologies associated with a
typical ophiolitic suite i.e, ultramafics, mafics, pillow lavas
and pelagic sediments (Fig. 2a). A narrow east-west trending
ophiolitic mélange within the Shyok Ophiolite crops out north
of Chasthang on the Saltoro Hill (Fig. 2b). The ophiolitic
mélange is bounded by the Shyok Ophiolite to the south and
the Saltoro Molasse to the north. Overall, it shows typical
block-in -matrix fabric. Serpentinite, gabbro, basalt and
radiolarian chert, are the main blocks in the mélange, ranging
in size from 5-m’ to several meters. These blocks are
enveloped in the sedimentary matrix represented by sheared
grey to greenish-grey phyllites (Fig. 2c). However, it is
challenging to map the radiolarian cherts due to their
discontinuous outcrop and limited size (about 3m®). These
cherts are best exposed at Chasthang, on the southern slope of
the Saltoro hills. Access to the outcrop is restricted as it lies
near a military zone. The radiolarian chert is massive and
ribboned, reddish-brown color and are highly joined,
fractured and sheared (Fig. 2d). They are transected by mm-
cmscalesilica veins.

Fig. 2. Field photographs (a) Saltoro Flysch overlain by Saltoro molasse facing south from Waris Village, Shyok Ophiolite and Ladakh batholith are seen in the
background; (b) Panoramic view of Shyok ophiolitic mélange facing north from Chastang near Bukdang village; (c) Ophiolitic mélange exhibiting
Block-in-Matrix fabric with blocks of chert lying in matrix of phyllite at Chastang; (d) Ribbon-bedded chert at Chastang.
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MATERIAL AND METHODS

Two samples of radiolarian bearing chert were collected for
micropaleontological investigation from blocks within
sediment-matrix mélange that crops out near Bukdang Village
(Fig. 1lc; Bl 34°49'43.66"N, 077°06'08.88'E; B2
34°49'45.44"N, 077°06'08.60"E). The samples were treated in
dilute hydrofluoric acid (5%) following the standard
methodology of Pessagno & Newport (1972). For taxonomic
identification, better preserved specimens were mounted on
stubs and photographed using a Scanning Electronic
Microscope (SEM, JEOL JSM-6610LV) at the University of
Belgrade, Faculty of Mining and Geology. The identification
and generic names have been updated according to
O'Dogherty et al. (2009, 2017). Radiolarians have been
identified by Prof. Nevenka Djeri¢ (Faculty of Mining and
Geology, University of Belgrade). All radiolarian specimens
reported in this study are deposited in the Faculty of Mining
and Geology, University of Belgrade.

The geochemical analysis of the cherts samples was
conducted using a Bruker S8 Tiger Model X-ray Fluorescence
Spectrophotometer (XRF) at Wadia Institute of Himalayan
Geology, Dehradun, India. For XRF analyses, blanks and
international standard JCh-1 were added to the sample series

for calibration. The analytical procedure for major and trace
elements determination follows Khanna et al. 2009. Rare
Earth Elements (REE) were determined using a PerkinElmer
SCIEX ELAN DRC-e Inductively Coupled Plasma Mass
Spectrometer (IC-PMS). The overall accuracy (relative
standard deviation) for major oxides is below 5% and for
trace elements below 12% with average precision better than
1.5%.

RESULTS
Petrography

In thin section the chert is texturally homogeneous and
contains relatively undeformed radiolarian tests that are
uniformly distributed in a fine-grained matrix primarily
composed of clay minerals or microcrystalline quartz (Fig. 3a,
b). Most of the radiolarian tests are intact and primarily filled
with microcrystalline quartz, however some are also partially
filled with ferruginous material (Fig. 3c). In a few thin
sections, the tests are transected by quartz and hematite-rich
veinlets (Fig. 3d). Thin section observations show penetrative
deformation; as a result, at places microfossils are compressed
and aligned along their long axes, giving them an ellipsoidal
appearance (Fig. 3d).

Fig. 3. Photomicrographs showing (a: plain-polarized-light (PPL), b: cross-polarized-light (XPL) cherts showing uniform distribution of radiolarian tests in a
dark fine-grained matrix (B1 34°49'43.66'"N, 077°06'08.88'E; B2 34°49'45.44"N, 077°06'08.60"E). The intact nature of radiolarian tests is clearly visible;
(c) Deformed radiolarian chert with thin veinlets of quartz and hematite (B1 34°49'43.66"N, 077°06'08.88'E). (d) Radiolarian chert showing radiolarian

tests filled with secondary silica (B2 34°49'45.44"N, 077°06'08.60"E)
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Radiolarian biostratigraphy

Two samples were collected from red chert blocks within the
Shyok Ophiolitic Mélange in the vicinity of Bukdang Village
in Ladakh Trans-Himalaya. The least deformed sample (B2)
was deemed suitable for biostratigraphic analysis. The
radiolarians tests are generally poorly preserved and several
specimens can be determined only as either Nassellaria or
Spumellaria gen. et sp. indet. (Fig. 4). The taxonomic diversity
of radiolarian assemblages is low due to selective and poor
preservation. Radiolarian identification and age assignment

are mainly based on the well-established Jurassic to
Cretaceous biostratigraphic zonations of Tethyan radiolarians
of Baumgartner et al. 1995, which for the cretaceous part is
based on Jud 1994; O'Dogherty 1994. Biostratigraphic data
with Unitary Association (UA) zones are correlated to the
2024 TUGS International Chronostratigraphic Chart (Cohen et
al. 2025). Overlapping age ranges amongst the identifiable
taxa indicate assignment to the Aptian (Fig. 5) (O'Dogherty
1994; O'Dogherty etal. 2017; Ozsvartetal. 2020).

Fig. 4. Lower Cretaceous radiolarians from sample B2 (GPS 34°49'45.44*N, 077°06'08.60“E) the Shyok ophiolitic mélange. Scale bars: =20 um (9), =50 pm (1,
2,4-8,10-17, 19-25), =100 pum (3, 18). (1) ?Tetrapaurinella sp. (2) Crucella sp., (3-5) Acaeniotyle umbilicata (Rist), (6-7) Holocryptocapsa fallax
(Tan), (8) ?Rhopalosyringium fossile (Squinabol) sensu O'Dogherty (1994), (9) Parvimitrella japonica (Nakaseko and Nishimura), (10-14) Crococapsa
asseni (Tan), (15-16) Nassellarian gen. et sp. indet., (17) Trimulus parmatus O'Dogherty, (18-19) Parvimitrella communis (Squinabol), (20)
Parvimitrella sp., (21) Xitus sp. cf. X. spicularis (Aliev), (22) Pseudodictyomitra lodogaensis Pessagno, (23) Dictyomitra sp. cf. D. communis

(Squinabol), (24-25) Archaeodictyomitra mitra Dumitrica
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Fig.5. Chart of stratigraphic ranges of radiolarian species present in sample B2. Age correlations for Lower Cretaceous radiolarian assemblages are based on
recent taxonomic studies and biostratigraphic zonations of Mesozoic Tethyan radiolarians (O'Dogherty 1994; O'Dogherty et al. 2017). Radioliarian
zones are correlated to the 2024 IUGS International Chronostratigraphic Chart (Cohen et al. 2025).

Geochemical characteristics
Major and trace elements

Major and trace element data and selected elemental ratios for
chert samples from the Shyok Ophiolitic Mélange are
presented in table 1. The abundance of silica varies from 75.5-
75.6%. The Si/Sit+Al+Fe+Ca ratio is commonly used in
considerations of the source of the silica in the radiolarian
cherts. Aluminium, Potassium and Titanium serve as
indicators of terrigenous input into radiolarites. In the SSZ
samples the Al,O, content is relatively high and varies from
10.02-10.14 wt.%. This could be due to a contamination of
detrital matter. This may be indicated by a high concentration
of secondary mica (sericite) visible in thin sections. This is
corroborated by high Ba and Sr concentration in comparison
to other elements. Ba ranges from 102-106 ppm and shows
positive correlation with Sr. The Fe,O, concentration varies
from 4.47-4.49 wt.%. The low iron concentration in
radiolarian cherts points to a more significant biological
contribution during the sedimentation, i.e the depositional
area distal from the mid-ocean ridge. This is also supported by
the positive correlation Zn (74-75 ppm) and Cu (43-81ppm).
The chert samples show low values for MnO, TiO, and P,O;
ranging from 0.31-0.34 wt.%, 0.34-0.35 wt.% and 0.05 wt.%
respectively. The loss on Ignition (LOI) values for these chert
samples vary from 3.05-3.22 wt.%.

DISCUSSION

Radiolarian cherts are exposed as blocks within the phyllitic
matrix of an ophiolitic mélange together with mafic and
ultramafic rocks (pillow basalts and serpentinite). A relatively
poorly preserved radiolarian fauna from a radiolarian chert
block from the Shyok Ophiolitic Mélange contains a Lower
Cretaceous (lower Aptian) radiolarian assemblage that can be
compared to similar better-preserved radiolarian faunas which
have been reported from elsewhere in Ladakh, India (Kojima
etal. 2001; Baxter et al. 2010), southern Tibet (Ziabrev ef al.
2003; Li et al. 2013), Malaysia (Jasin & Tongkul 2012) and
Iran (Babazadeh & De Wever 2004; Pirnia et al. 2019;
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Table 1. Whole-rock major and trace element data of
radiolarian cherts from the Shyok ophiolite.

Sample B1 B2
Latitude 34°49'43.66" 34°49'45.44"N
Longitude 77°6'8.88"E 77°6'8.60"E
Major oxides (wt.%)

SiO, 75.70 75.55
TiO, 0.34 0.35
AlO; 10.02 10.14
Fe,0, 4.47 4.49
MgO 1.71 1.68
CaO 1.82 1.51
Na,O 1.70 1.68
K,0 1.61 1.62
MnO 0.34 0.30
P,O, 0.05 0.05
L.O.L 3.0 3.0
Total 100.98 100.36
Al,0,/100-Si0, 0.41 0.41
Fe,0,/100-Si0, 0.18 0.18
MnO/TiO2 1.00 0.86
Al,0,/Al1,0,+Fe,0;, 0.69 0.69
Fe,0,/TiO, 13.15 12.83
Si/Al+Fe+Si+Ca 0.01 0.01
Si/Al+Fe+Si 0.01 0.01
AVAl+Fe+Mn 0.03 0.02
Si0,/Si0,+AlL,0, +Fe,0, 0.84 0.84
Trace Elements (ppm)

Sc 7 7

\% 34 36
Ba 219 216
Cr 111 40
Co 48 81

Ni 41 40
Cu 29 31

Zn 74 75
Ga 5 6

Pb 26 26
Th 5.0 5.0
Rb 83 86

U 2.7 2.0
Sr 106 102
Y 19 19

Zr 78 80
Nb 6 6
U/Th 0.54 0.4
Sc/Th 1.42 1.46
Sr/Ba 0.48 0.47




Ozsvart et al.  2020). These age ranges of the identified
radiolarians are younger than and therefore consistent with the
SHRIMP U-Pb zircon (151.9 + 1.5 Ma) crystallization ages of
the Changmarg Complex (plagiogranite, Fig. 6) from the
Shyok Ophiolite along the SSZ (Saktura et al. 2021).

The formation of radiolarian cherts is not restricted to a
single environment and several depositional associations can
be recognized (Jones & Murchey 1986). The original setting
for radiolarites preserved in mélanges associated with the
development of convergent plate margins can be considered
by evaluating the behavior of major elements such as Fe,O,,
ALQ,, TiO,, MnO and their ratios (Adachi et al. 1986;
Yamamoto 1987; Aitchison & Flood 1990). Using major
element ratio diagrams such as Al1,0,/100-Si0, vs Fe,0,/100-
Si0, (Fig. 7a), Fe,0,/ TiO, vs ALO,/AL,O,+ Fe,O, (Fig. 7b),
Al,0,/(AL,0, + Fe,0,) vs La/Ce, (Fig. 7c) and
100*(ALO,/Si0,) vs 100*(Fe,0,/Si0,) (Fig. 7d) forthe Shyok
radiolarites, a pelagic ocean or continental margin affinity is
indicated. Several researchers (Hein et al. 1983; Ruiz-Ortiz et
al.  1989) have employed geochemical ratios, such as
Si/Si+Al+Fe+Ca=1Ia; Si/Si+Al+Fe = Ib; and Al/Al+Fe+Mn =
Ic, to constrain the nature and depositional environment of the
radiolarites. Ratio Ia is regarded as a significant indicator of
biogenic silica content with respect to aluminosilicates,
calcareous and ferruginous minerals. The Ia values of typical
biogenic silica-rich cherts = 0.8 to 0.9. The samples examined
for this study are chert rich in biogenic silica. According to
Adachi ez al. (1986), the ratios of Al/(Al+Fe+Mn) range from
0.01 for a hydrothermal origin to 0.60 for a biological source,
but the analyzed samples show higher Al/(Al+Fe+Mn) values
with an average of 0.68, indicating a significant biological
contribution. The Al-Fe-Mn diagram indicates the proximity
of the chert samples to the biogenic field (Fig. 8; Adachi et al.
1986; Yamamoto 1987). This is further supported by low
Fe,0,/TiO, ratios (12.97 average) according to Li et al. (2013).
These data are also in agreement with the biogenic origin of
chert, determined using SiO,/ (SiO,+ALO,+ Fe,0,) ratio with
average values of 0.83 (Rangin ef al. 1981). The ratio Ic
shows the relative input of oceanic versus continental detritus
or whether there is a significant submarine exhalative
contribution (Bostrom et al. 1973). Values (Ic = 0.67) for our
samples are comparable to the averages of the chert from the
ophiolitic mélange zone (<0.70), which is regarded as the
average for biogenic hemipelagic chert (Ruiz-Ortiz et al.
1989). The pelagic nature of chert is further supported by Al-
Fe-Mn ternary diagram (Fig. 9; Nohara & Kato 1985). The
MnO/TiO, ratio is generally used to assess the origin of the
chert as MnO is mostly derived from the deep ocean and TiO,
is generally associated with terrigenous input. MnO/TiO, ratio
of chert from marginal seas and continental slope deposits is
always < 0.5, however for the open ocean environment the
ratio is > 0.5 (Adachi ez al. 1986) which is comparable to our
chert (MnO/TiO, = 0.92 average). These geochemical data
correlate well with the data reported from Shergol Ophiolite
Mélange (Upadhyay & Sinha 1993), Andaman Ophiolites
(Jafrietal. 2020), Dajiweng Ophiolite (Cui et al. 2021a) and
Zedong Siliceous Mélange (He ef al. 2024). The Sr/Ba ratios
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of the chert samples (0.5 on average), values below 1 are
related to siliceous rocks that evolved in shallow to deep ocean
environments (abyssal).

Rare Earth Element data of the studied cherts from the
ophiolitic mélange are shown in table 2. The total REE
(XREE) concentration in the cherts sampled from the
ophiolitic mélange varies from 7.18 to 7.64 ppm with an
average of 7.41 ppm and show relatively LREE enrichment.
The NASC normalized REE Values for the studied samples
show arelatively flat distribution curve without significant Eu
and Ce anomalies (Fig. 10). The Ce/Ce* and La,/Ce,ratios are
widely used to determine the depositional environment of
cherts. The Ce/Ce* ratio of cherts is lowest (0.29) near an
ocean ridge, increasing (0.5-0.76) in ocean basin, and is
highest (0.9-1.30) on continental margins (Murray et al.
1994). The studied samples show Ce/Ce* values vary from
0.72-0.77, showing proximity to ocean basin with low input of
terrestrial material. The La,/Ce, ratios of cherts from
continental margins exhibit no apparent fractionation
(La,/Ce,=1), however an ocean ridge has a high ratio (La,/Ce,
>3.5) while intermediate values (2-3) are ascribed to oceanic
basin (Murray et al. 1994). The La,/Ce, ratios of the studied
chert samples from the ophiolitic mélange vary from 1.57 to
1.64, consistent with values characteristic of ocean basin
environments. Geochemical analyses, including discriminant
diagrams and trace element ratios such as La,/Ce,, Ce/Ce*,
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Fig.6. Tectonostratigraphic column for the Shyok Ophiolite.
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where available, is summarized.
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1993), YTSZ (Cui et al. 2021a and He ef al. 2024) and Andaman
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Fig.8.

and Al-Fe-Mn ternary relationships, collectively indicate that
these radiolarian cherts were deposited in a deep ocean basin
setting.

The integration of well-established biostratigraphic and
lithostratigraphic data plays a pivotal role in advancing our
understanding of paleoceanography and paleogeography.
Various studies have proposed different timings for the
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8o Al

Fig. 9. Al-Fe-Mn relation in the chert samples from ophiolitic mélange.
Present study infers normal pelagic sediments. A: high heat flow
oceanic ridge sediments or volcanic sediments, V: Low heat flow
oceanic ridge sediments or volcanic sediments, P; Normal Pelagic
sediments (after Nohara and Kato, 1985). Prior published data on
radiolarian cherts from ISZ (Upadhyay & Sinha 1993), YTSZ (Cui et
al. 2021b and He et al. 2024) and Andaman Ophiolites (Jafti et al.
2020) are also shown for comparison. SO-Shyok ophiolite; SOM-
Shergol ophiolitic mélange, AO-Andaman ophiolite, DO- Dajiweng
ophiolite, ZSM-Zedong siliceous mélange.

opening of the Mesotethyan Ocean (MTO), ranging from the
Late Paleozoic to Mesozoic (Metcalfe 1996; Fan et al. 2017,
Zhang et al. 2007, 2012; Wang et al. 2008). Closure of the
Mesotethyan Ocean in Tibet resulted in collision of the Lhasa
terrane with the Qiangtang terrane along the Bangong Suture.
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Fig. 10. NASC-normalized REE patterns of chert samples from ophiolite mélange. NASC data from McLennan (1989).

Table 2. Rare earth element data of radiolarian cherts from

the Shyok ophiolite.
Sample B1 B2
La 30.74 29.14
Ce 42.71 42.29
Pr 5.26 4.85
Nd 18.04 16.57
Sm 3.95 3.61
Eu 0.71 0.68
Gd 3.16 2.84
Tb 0.45 0.42
Dy 2.44 2.23
Ho 0.41 0.40
Er 1.33 1.21
Tm 0.20 0.20
Yb 1.30 1.29
Lu 0.22 0.20
>REE 110.92 105.93
La/Ce 1.64 1.57
Ce/Ce* 0.72 0.77

Similarly, in Ladakh and Kohistan, the closure of the
Mesotethys resulted collision of the Shyok ophiolite and the
Kohistan Island Arc with the Karakoram block along the
Shyok Suture (Clift e al. 2002, Borneman et al. 2015,
Saktura et al. 2021). The finding of our Lower-Cretaceous
(early Aptian) radiolarians within the ophiolitic mélange
associated with the Shyok Ophiolite provides crucial insights
on the closing history of the MTO. The Shyok Ophiolite
represents dismembered thrust slices of diverse lithologies
lacking lateral continuity and are exposed along the SSZ. The
Shyok Ophiolite sequence consists of ultramafics, gabbros,
pillow basalt, radiolarites and clastic turbidites. The
radiometric ages of the Shyok Ophiolite range from Late
Jurassic to mid-Cretaceous (Saktura ef al. 2021; Borneman et
al. 2015; Thann et al. 2012; Fig. 6). The formation of oceanic
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crust began in the Late Jurassic to Early Cretaceous and was
followed by the late Early Cretaceous deposition of
radiolarites atop/over the pillow basalt. The age of the
overlying Saltoro Molasse comprising of shales and
sandstones is not known but as it contains chert clasts it is
obviously younger than the radiolarites. These Lower
Cretaceous (lower Aptian) radiolarian assemblages together
with the occurrence of Aptian—Albian rudists and orbitolinids
from the Saltoro Flysch (Upadhyay, 2014) along the SSZ
indicate that the Mesotethyan ocean basin in this area had not
yet fully closed in the Aptian (Fig. 11).

CONCLUSION

Detailed fieldwork in and around the Shyok Ophiolite in the
northwestern part of the SSZ, resulted in identification of an
ophiolitic mélange with blocks of serpentinite, basalt, gabbro
and radiolarite. The radiolarian assemblage from a chert block
encapsulated in the Shyok Ophiolitic mélange has an early
Aptian affinity. Geochemical analysis of chert samples from
the study area indicates that they are of biogenic origin and
were deposited far away from any hydrothermal source such
as an active spreading ridge, as shown by the high
Si0,/(Si0,+Al,0,+Fe,0,) ratios and the Fe-Al-Mn ternary
diagram. Further comparison of geochemical characteristics,
including discriminant graphs, trace element ratios, and their
relationships to other lithologies (e.g., basalt, Saltoro Flysch,
and Molasse), indicates that the Lower Cretaceous radiolarite
block is derived from the sedimentary succession that
developed upon Mesotethyan oceanic crust. The presence of
Lower Cretaceous (lower Aptian) radiolarian assemblages
along the SSZ indicate that the final closure of MTO likely
occurred no earlier than the Lower- Cretaceous.



Fig. 11. Paleogeographic map showing the Mesotethyan Ocean during the mid- Cretaceous (Aptian). Brown, mountains; green, lowlands; light blue, flooded

continents; deep blue, deep ocean (modified after Scotese 2021).
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Abstract: The Trans-Himalaya represents the South Tibetan Thickened Crust. This thickened crust is the product of the
collision between the Indian and Eurasian plates. The trans-Himalaya ranges from the Hindukush mountain to the Tibetan
plateau. It comprised of Karakorum batholith, metamorphosed rocks, migmatite, and mylonites. The main emphasis of our
review is to reveal the role of the fluid in the evolution of the Asian continent crust. This review emphasizes the fluid flux and
its evaluation history (exhumation, metamorphism, and magmatic process).

The Trans-Himalayan rocks are comprised of carbonic, carbonic-aqueous, and aqueous-rich fluids. The aqueous-rich
carbonic fluids, having 70-45% water, were initially entrapped in the Karakoram terrane. This aqueous phase was drained
out from the aqueous-carbonic inclusions during the deformation and partial melting. Henceforth, the monophase pure
carbonic (CO,) fluid was predominantly present in the Trans-Himalayan rocks. The carbonic fluid derived from prograde
decarbonization of the marl carbonate-rich rocks during metamorphism is associated with the subduction—collision

tectonics.

The Karakorum rocks were unearthed from the deepest part of the crust (i.e., 1020 MPa at 670 °C) as well as speedily
exhumed along the isothermal cooling path at 4.5 °C/km rate from 34 Kmto 11 Km (i.e., 1020 MPa to 330 MPa) by losing
105 °C (670 to 565 °C) temperature following crustal thickening of the Asian continent (or South Tibetan Crust) between 18
and 15 Ma. The metamorphic rocks are syn-tectonically placed along with leucogranites along the Karakorum. This further
implies that the Karakorum fault acted as a conduit for fluids. Thus, it can be suggested that the CO, throughout
metamorphism might have been tracked from a deep-seated reservoir through the Karakorum fault.

Keywords: Fluid Inclusion, CO,, Trans Himalaya, Exhumation

INTRODUCTION

The Indian and Asian plates collided during the Eocene period.
This collision resulted in crustal thickening along the northern
Indian plate margin and the southern Asian plate margin
(forming the Hindu Kush, Karakoram Range) Zhao et al.
(2010). The Himalaya were formed at the northern Indian
margin, whereas Trans Himalaya (including the Hindu Kush
mountain Range and the Karakoram mountain Range) was
formed at the southern Asian margin (Fig. 1).

Fluids play a crucial role in nearly all crustal processes,
facilitating the transport of heat and chemical components
through their movement and circulation (Yardley &
Shmulovich 1995). The water and pore fluid pressure
influenced deformed crustal rocks (Gottardi & Hughes 2022).
The mechanical processes for controlling rock deformation in
the subduction zone are affected by pore fluid pressure
(Vrolijk & Myers 1990; Jamtveit et al. 2019; Wang et al.
2020). Quite a few fluid sources, possibly, include internal
fluids produced by metamorphic reactions and partial melting
of the lower crust (Touret & Huizenga 2012). The tectonic
origin of fluids has substantial roles in faulting, magma
generation, hydrocarbon migration, minerals transport, and
metamorphism (Oliver 1986; Miller 2013).

The Trans Himalayan terrane is well-conserved in the
north of the Ladakh batholith (Fig. 1) (Thakur & Misra 1984;
Thakur & Rawat 1992; Rolland 2002; Kharya 2015; Kharya et
al. 2016; Sachan et al. 2016; Singh et al. 2020; Kumar et al.
2022). The Trans Himalayan rocks are mainly comprised of

221

Karakorum batholith, Karakorum metamorphic complex, and
sediments. The calc-alkaline signature of the batholith is
linked to the Tethyan subduction (ages ranging from 120+80
Ma, Searle et al. 1989). The Shyok Suture Zone (SSZ) lies
north of the Ladakh batholith and indicates the subduction
phase of the Neo-Tethyan oceanic crust beneath the Asian
Paleozoic—Mesozoic platform (Srimal 1986; Rolland ef al.
2000) (Fig. 1). The ophiolitic melanges in the Shyok suture
zone consist of serpentinites, shales, limestones, and basic
volcanic (Rolland et al. 2000). Continental sedimentation in
the Shyok suture is characterized by Saltoro molasses, which
comprises shales, sandstones, and conglomerates (Thanh et al.
2012). The southernmost margin of the Asian Plate is put
adjacent to the Shyok Suture zone along the Karakorum shear
zone, which mylonitises the Karakorum batholith (Jain &
Singh 2008).

Here, we present a comprehensive synthesis of fluid flux
in the Trans-Himalaya. This is the first-ever review for the role
of fluids in the Trans-Himalaya in terms of metamorphic
exhumation history and tectonics from our work, as well as
previously published datasets. The current understanding of
the Trans-Himalaya is assimilated into a reliable fluid
progression that interpretations for the exhumation and
tectonic history, in turn, bringing restraints on the Trans-
Himalayan geodynamics.

GEOLOGICAL SETTING

The NW-SE trending Karakoram Range of the Trans-
Himalaya extends ~700 km in length and 100-150 km in



width, forming an arcuate belt between the Afghanistan—
Pakistan border in the west and Tibet in the east (Fig. 1). It is
bounded to the north by the Paleo-Tethyan Rushan—Pshart
Suture Zone (RPSZ) and to the south by the Shyok Suture
Zone (SSZ), which has been reactivated as a major Late
Tertiary backthrust—the Main Karakoram Thrust (MKT)
(Searle et al. 1987). Regional strain is accommodated through
trans-tensional deformation along this zone (Searle ef al.
1998; Valli et al. 2007). The western SSZ is marked by
sinistral strike-slip faults, while its eastern boundary extends
toward Afghanistan and Tajikistan (Buchroithner 1980;
Tapponnier ez al. 1981). The dextral Karakoram Fault defines
the northeastern margin of the terrane.

The crustal thickness of 55 to 70 km combine to form a
single coherent segment (e.g. crustal thickness vaies from 55
Km beneath Karakorum to 70 Km comparable to the Tibetan
Plateau (Chen & Molnar 1983; Hirn et al. 1984; Krestnikov et
al. 1984; Molnar 1984)). Further, Brandon & Romanowicz
(1986); and Agius & Lebedev (2013) suggest the hot, Tibetan
mantle lithosphere and asthenosphere. Caporali (2000)
reported negative gravity anomalies (j 500 mGal) and high
heat flow from the Karakoram terrane, which indicate the deep
roots of the Karakoram region.

The Karakoram terrane is divided into four units (south to
north): 1) Karakoram Fault Zone (KFZ) characterized by
diorite (hornblende-biotite), granite, and granodiorite; 2)

mihistar
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Karakoram Batholith (KB)/ Karakoram Plutonic Complex
(KPC) containing monzogranite, two-mica granite
(Baltoro/Hazan granite); 3) Karakoram Migmatites; 4)
Karakoram Metamorphic Complex (KMC), comprised of
garnet-staurolite schist, amphibolites, and marbles; (Sharma
& Kumar 1978; Thakur & Virdi 1979; Rai 1995; Searle et al.
1998; Jain & Singh 2008; Mukherjee et al. 2012) (Fig. 1).

The northern margin of the Karakoram Range is the
Karakoram Batholith, and the southern end is the Shyok
Suture Zone (SSZ) or Main Karakoram Thrust (MKT), which
is jointly known as Karakoram Metamorphic Complex
(KMC). Metamorphic rocks are well-exposed in the Shyok,
Pangong, and Tangse valleys (India), Baltoro (central
Pakistan), and Hunza Valley (western Pakistan) (Zeitler 1985;
Searle et al. 2010; Baig et al. 2022). The range consists
predominantly of metapelites, metabasites, calc-silicates,
orthogneisses, migmatites, granodiorites, and leucogranites
(Desio 1964; Searle et al. 1989; Rolland et al. 2006a).

South-East Karkaoram Unit

The southeastern Karakoram plutonic complex is comprised
of I- and S-type granodiorites (Reichardt et al. 2010). It is
characterized by quartz monzonite-bearing granodiorites and
garnet-bearing two-mica granite. To the east of this plutonic
complex, KMC is exposed and consists of slate, schist, calc-
silicate, amphibolite and greenschist facies, mylonite, augen
gneisses, orthogneisses, migmatite, metapelites, metabasites,

TITLID

Fig.1. Geological Map of the Trans Himalaya adopted from Adopted from Zanchi et al. (2000); Rolland (2002); Heuberger et al. (2007); Zanchi & Gaetani

(2011).
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and leucogranites and granodiorites (Phillips & Searle 2007).
The U-Pb dating of the zircon from the metamorphic complex
of this region suggested the maximum age of 131 Ma for the
deposition of the sedimentary protolith and also reported the
metamorphism age of 114 Ma, which is similar to the
adjoining metapelites (Singh et al. 2020). This stage of
metamorphosis corresponds to the well-known Cretaceous
period of high pressure and heat within the active continental
boundary of South Asia (Singh et al. 2020). Further, Schérer
et al. (1990) advocate that the Karakoram leucogranites have
two plutonism pulses at 25.5 +0.3/-0.8 and 21.4 +0.3/-0.6 Ma
based on the U-Pb dating of zircon and monazite, and also
suggest the Precambrian material in the magma source for the
formation of the batholith. It was also suggested that the
leucogranites cooled from 750-650°C at 25-21 Ma to 250-
350°C at 6 Ma. After granite emplacement, their cooling
through the Ar blocking temperature in mica and K-feldspar
occurred from 15 to 20 Ma. The metamorphic grade in this
region increases from biotite to sillimanite zone (Chaudhry
1983; Searle et al. 1998). The Karakoram fault is divided into
two branches, namely 1) Tangtse strand (south-western) and
2) Pagong strand (north-eastern). The orthogneisses and
amphibolites were intruded with extensive dike—sill networks
in this region (Searle ef al. 1998; Weinberg & Searle M 1998;
Phillips et al. 2004; Weinberg & Mark 2008). A 10 Km wide
Pagong Metamorphic Complex (PMC) has a sequence of
Staurolite—bearing schists, meta-pelites, meta-psammites,
meta-carbonates, and amphibolites. This metamorphic
complex rapidly exhumed from ~31 km depth (8.5-9.5 Kbar)
and 630-655 °C to 18 km depth (5.5-5.7 Kbar) and 620-630 °C
(Singh et al. 2020). Whereas the migmatite rocks are well
exposed in the Tangtse Gorge area. Which shows alternate
leucocratic, mesocratic, and melanocratic layers. The
newsome or leucocratic containing amphibole. The
newcosome layers are melt-enriched components, whereas
the paleosomes melt-depleted, residual components (Sawyer
2008). The Metatexite shows banding and newsomes diffused
in the paleosomes (mafic layers), which folded as isoclinal
folds. Whereas, metatextite represents parallels shear layering
trimmed by leucogranite dyke. The migmatite was also
rapidly exhumed from 33 km depth (8.5-10.2 Kbar) and 640-
670 °C to 18 km (5.9-5.5 kbar) and 550-670 °C in a similar
fashion to the metamorphic rocks of this area (Kumar et al.
2022).

Central Karkaoram Unit

The Baltoro Valley represents the central Karakoram (in
northern Pakistan) which is mainly comprised of metabasites,
orthogneisses, and amphibolite, intruded by leucogranitic
dyke/veins. The zircon U-Pb age of orthogneiss from this
region is 115-120 Ma (Searle et al. 1990). Further, Ar-Ar
hornblende analysis suggests a plateau age of 90.6 + 1.8 Ma,
indicating a mid-Cretaceous magmatism phase (Searle et al.
1990). The Baltoro Karakoram Batholith is comprised of I-
type granodiorites and monzogranites. It crystallized from 120
to 80 Ma (Rb—Sr whole rock; Debon et al. 1987; Crawford &
Searle 1992). The Baltoro Plutonic Unit (BPU) of the central
Karakoram region is comprised of biotite-monzogranite and
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garnet two-mica leucogranite, which crystallized at 25 -13 Ma
(U-Pb zircon and monazite dating, Parrish, 1989; Scharer,
1990; Searle, 2010). The recent metamorphism episode and
the crustal melting were observed in the Baltro region (the
Bullah and Dassu gneiss domes), which is composed of
sillimanite and K-feldspar- grade migmatites (Rolland et al.
2001; Rolland et al. 2006a; 2006b). U-Pb monazite age of this
migmatite suggested the formation age 5.4+ 0.2 t0 6.7+ 0.5
Ma (Smith 1993; Fraser et al. 2001), which exhumed from the
maximum depth of about 25 km (4-7.5 kbar; Villa et al.
1996). These metamorphic rocks were extended from the
MKT (south) to the BPU of the Karakoram Batholith (to the
north), which shows the increase in metamorphic grade from
the chlorite- to sillimanite-grade

U-PDb zircon, and K-Ar hornblend age of the Karakoram
Batholith (Hushe gneisses) suggest the formation age between
200 and 145 Ma (Searle ef al. 1989). Andalusite- and garnet-
bearing metapelites are associated with the gneisses of this
region and formed by contact metamorphism with subduction
of the Tethys Ocean (Searle ef al. 1989; Searle & Tirrul 1991;
Crawford & Searle 1992). The two main episodes of
metamorphism were recorded in the metapelitic of this unit,
which is very common throughout the complex. This Baltoro
metamorphic complex (BMC) shows amphibolite facies
Barrovian-type metamorphic, similar to the south-eastern
Karakoram (from PMC). It suggests the peak P-T condition of
6-10 kbar and 650-700 C (Bertrand et al. 1988; Allen &
Chamberlain 1991; Villa et al. 1996; Rolland et al. 2001)
between 28-22 £ 0.5 Ma (Fraser et al. 2001; Searle et al. 2010).

North-West Karkaoram Unit

The Hunza Valley represents the north-west Karakoram range,
which juxtaposes various tectonic units. The metamorphic
grade in this region increases northwards with age. The
metamorphic complex is bound by the subduction-related
Hunza Plutonic complex (HPC) to the north of the batholith.
This plutonic complex is comprised of granodiorites and
quartz diorites, which crystallized between 195 + 0.6 and
105.7 + 0.6 Ma (U—Pb zircon age, U-Pb zircon age, Le Fort
et al. 1983; Fraser et al. 2001). The monzogranite and
leucogranite dykes were intruded at 52—50 Ma (Fraser et al.
2001). The plutonic complex and dyke were together
deformed during the southward movement along the Hunza
thrust, which associates with India-Asia continental collision.
The 35 Ma dyke was undeformed and younger. It cut the
plutonic and Hunza metamorphic complexes (HMC) to the
south and indicates this region's minimum thrusting time. The
sillimanite zone metamorphism has been reported from the
norther part of the Hunza Valley, which divided into two
sections: 1) upper sillimanite zone (consisting high-grade K-
feldspar bearing migmatitic) and 2) lower sillimanite zone
(muscovite-bearing lower grade).

The upper sillimanite zone (USZ) juxtaposed against the
lower sillimanite zone (LSZ) along the E-W trending thrust.
U-Pb age of the palacosome monazite from USZ is in the
range of 82.9 + 6.1 to 63.3 = 0.4 Ma at 550 C, corresponding
with the closure of the Shyok Suture (Fraser et al. 2001; Foster



et al. 2004). Whereas newsome monazite suggests the U-Pb
age between 56.3 + 0.3 and 53.4 + 0.3 Ma from the Hunza
Valley migmatites (Fraser et al. 2001; Foster et al. 2004).
Whereas LSZ rocks metamorphosed at a younger time of 44.0
+ 2.0 Ma (U-Pb monazite dating, Fraser ef al. 2001) than the
USZ metamorphism in this section. The kyanite-grade
metamorphic rocks were also reported from this region (Palin
et al. 2012). Younger staurolite-grade rocks that occurred on
the Valley's southern side were metamorphosed at 16.0 = 1.0
Ma (Fraser et al. 2001). The Sumayar granite intruded at about
9.3 £ 0.1 Ma (U-Pb uraninite, U-Pb uraninite, Fraser et al.
2001). This granite is associated with kyanite grade, which
over-thrusting onto the staurolite grade (Crawford & Searle
1993).

RESULTS AND DISCUSSION

Fluids in Trans Himalaya

The fluid inclusion isochores for the various types of rocks
have been recalculated for the entire Karakoram region using
multiple programs. The isochore for two-phase aqueous (H,O-
NaCl) fluid inclusions is calculated using the Package FLUID
5: 'AgSo_NaCl' fluid program of Bakker (2019), and the
modified Haar et al. (1984) equation of state (EoS) used for the
calculation of isochores given by Bakker (2018). The two-
phase aqueous-carbonic (H,0-CO,) inclusion isochores are
drawn using the 'FLUID 1: Bulk and Isoc' program of Bakker
(2003) and EoS used suggested by Duan ef al. (1992, 1996).
The isochores of monophase carbonic (CO,) fluid inclusion
are calculated using the 'Loner SpW' program and the EoS of
Span and Span & Wagner (1996). The fluid inclusion data (i.c.,

eutectic temperature (Te); final ice melting temperature
(Tm.ice); homogenization temperature (Th)) for the
calculation of the isochores have been adopted from previous
works done in Tangse, Pagong, Shyok, Baltoro, and Hunza
Valley. The density in g/cm’) and molar volume (Vm in
cm’/mol) have been calculated from the homogenization
temperature (Th) of various fluid inclusions. Salinity for
aqueous inclusions is calculated from the final ice melting
temperature (Tm.ice) using the freezing point depression
equation of H,0-NaCl is given by Bodnar (1993). The
aqueous and (or) aqueous-carbonic fluids, along with the pure
carbonic fluid inclusions, are omnipresent throughout the
trans-Himalaya. The fluid distrubation in karakoram range is
shown in figure 2. The Fluid inclusion microthermometry data
are summarized in table 1, bar diagram for the data set given in
figure 3, and discussed below.

Role of Fluid for Crustal Deformation

Fluids of various concentrations and compositions are present
throughout the lithosphere (Touret 2001). Fluids preserve the
signature of the rock deformation through mechanical or
chemical (rock-fluid interactions) processes. The tectonically
induced fluid formed by dehydration, melting and degassing
may be transported through fractures/fault zones from deeper
sources. The syn-metamorphic rocks recorded high fluid flow
due to increased porosity and permeability. The high fluid
flow enhances hydrolytic fracture, weakening the mineral
grain boundary and localized strain due to kinetic reactions in
semi-brittle and ductile shear zones (Carter ef al. 1990; Sibson
1994).

Fig. 2. Fluid Distribution map of the Trans Himalaya.
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The Mylonites are present in the Tangtse Valley of south-
east Karakoram region in the Trans Himalaya. Mylonite is
strongly foliated and sheared hornblende-and mica-bearing
granitoid, having well-developed NW-SE trending and
steeply dipping ductile S-C shear fabric (Roy et al. 2010).
These mylonites are quartzofeldspathic in nature. The
presence of biotite, white mica, and chlorite are also noticed.
It represents the crustal deformation in the Karakoram.
Mukherjee et al. (2012) reported the occurrence of monophase
and two-phase fluid inclusions in the Mylonites of this region.
These monophase and two-phase inclusions are primary and
secondary. The secondary fluid inclusions were formed due to
the deformation of the host rock and were trapped in the
fracture planes. The microthermometry measurement of these
mylonites was carried out by Mukherjee et al. (2012) and
suggests the eutectic temperature of the primary and
secondary monophase inclusions -56.5 + 0.5 °C (indicating
CO, fluid; Goldstein 1994). Where, two-phase inclusion
shows the eutectic temperature for both primary and
secondary fluids was -21.6 & 0.8 °C, suggesting H,0-NaCl +
KClI (seeFig. 2).

The primary monophase carbonic (CO,) inclusions
homogenized between -4.5 and -2.0 °C, and secondary
monophase carbonic (CO,) inclusions homogenized from -4
to -3.2 °C. The molar volume (Vm) of carbonic (CO,)
inclusions ranges from 46.9 to 46.2 cm’/mol and 46.5 to 46.3
cm’/mol of primary and secondary fluids, respectively. The
primary and secondary carbonic (CO,) fluid densities are in
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ranges of 0.939 to 0.953 g/cm’ and 0.946 to 0.951 g/cm’,
respectively (see Table 1, and Fig. 3).

The two-phase inclusions show the final ice melting
temperature (Tm.ice) of the primary fluid between -6.1 and -
1.5 °C, corresponding to the fluid's salinity between 9.34 and
2.57 Wt. % NaCl. The homogenization temperature (Th)
ranges from 170 to 270 °C, corresponding to the molar volume
(Vm) of 19.9 to 23.1 cm*/mol and density of 0.968 to 0.794
g/cm’. The secondary two-phase inclusions show Tm.ice
between -9.2 and -2.4 °C, having 13.07 to 4.03 Wt. % NaCl
salinity. These secondary two-phase inclusions were
homogenized between 182 and 300 °C with a molar volume
(Vm) of 20.1 to 24.4 cm’/mol and 0.985 to 0.760 g/cm’ density
(see Table 1, and Fig. 3).

The primary monophase carbonic (CO,) fluids were
entrapped at the maximum depth of ~14 km in mylonites at
610 °C and 436 MPa. The two-phase aqueous (H,0-NaCl)
fluids were entrapped at 335 °C and 300 MPa (~10 Km depth).
This study of secondary fluid inclusions suggests that the
rocks in the Karakoram region of the trans-Himalaya were
deformed and mylonitized a maximum depth of 8 Km at 323
°C and 246 MPa (Fig. 4A). These mylonites were exhumed
gradually to the surface from the maximum depth of ~14 km
(i.e., 436 MPa) following the isochoric cooling path. The
fluids in Karakoram mylonites started entrapped in the
amphibolite phase and continued up to the greenschist phase
(seeFig.4A).



Table 1. Fluid Inclusion Micro-thermometry results along with re-calculated data set to draw the isochores for this study.
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Role of Fluid in Partial Melting of crust

The crustal anatexis plays a significant role during the
continental—continental collision tectonics, influencing the
orogenic crust rheology (Brown 2001; Foster et al. 2001;
Whitney et al. 2003; Vanderhaeghe 2009). Various
geophysical studies carried out by Nelson et al. (1996),
Unsworth et al. (2005), and Caldwell ef al. (2009) advocate
that melt was present in the intermediate part of the crust in the
Tibetan Plateau. The crust was weakening due to the melts at
and around the grain boundary, and melts may have increased
the deformation processes (Sawyer 1999; Rey et al. 2001;
Vanderhaeghe & Teyssier 2001a; b; Rosenberg & Handy
2005). This melt can be increased due to fluid flux melting by
the external source of water (Weinberg & Hasalova2015).

The partial melting is widely known in the Higher
Himalaya and Trans Himalaya (Karakoram Region) in the
Himalayan mountain chain from India and Pakistan which is
marked by the presence of migmatites in the Himalayan
terrane and is reported from the trans-Himalaya by several
workers (Searle ef al. 1989; Searle ef al. 1998; Weinberg &
Searle M 1998; Weinberg et al. 2000; Palin et al. 2012; Sen et
al. 2018; Baiget al. 2022; Kumar et al. 2022).

In this study, we focused on the trans-Himalaya and
examined the Tangse Valley migmatite (India) from south-east
Karakoram and the Hunza Valley migmatite (Pakistan) from
north-west Karakoram. Fluid inclusion research on the
migmatites of the Tangse and the Hunza Valley was conducted
by Kumar et al. (2022) and Baig et al. (2022), respectively.
Kumar et al. (2022) documented the occurrence of both
primary and secondary monophase carbonic inclusions
exclusively from the Tangse region. In contrast, Baig et al.
(2022) noticed the presence of primary monophase carbonic
(CO,) and two-phase aqueous (H,O-NaCl) inclusions in
migmatites from the Hunza Valley.

The Tangse and Hunza Valley monophase carbonic fluid
shows a eutectic temperature of -56.6 + 0.4 °C, suggesting
pure CO, (Mukherjee et al. 2012; Sachan et al. 2016; Singh et
al. 2020; Baig et al. 2022; Kumar et al. 2022). Furthermore,
primary monophase carbonic fluid of Tangse Valley were
homogenized between -30 and -24 °C, having a molar volume
(Vm) of 41.4 £ 0.5 cm’/mol and 1.063 + 0.013 g/cm’ density.
Whereas, the Hunza Valley primary monophase carbonic fluid
was homogenized between 29.8 and 24.1 °C, which shows
very high molar volume (73.1 to 60.8 cm’/mol) and very low
density (0.602 to 0.724 g/cm’) related to the Tangse Valley
migmatites (see Table 1, and Fig. 3). The secondary
monophase carbonic fluid from the migmatites of the
Karakoram region was reported by Kumar ez al. (2022), which
homogenized at -10 + 2 °C with 44.8 + 0.5 cm’/mol molar
volume and 0.983 + 0.010 g/cm’ density. The two-phase
primary aqueous inclusions were also noticed by Baig ef al.
(2022) from the Hunza Valley migmatite of the Karakoram
region, which shows that the final ice melting temperature
between -9.3 and -0.3 °C corresponds to the salinity between
28.98 and 0.53 Wt. % NaCl. These two-phase inclusions show
the homogenization temperature between 140 and 332 °C,
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having a molar volume of 23.1 + 4.6 cm’/mol and 0.881 +
0.228 g/cm’ density (see Table 1, and Fig. 3). The
thermodynamic modeling of the Karakoram migmatites was
carried out by Kumar et al. (2022) from the south-east
Karakoram (Tangse Valley, India) and Palin e al. (2012) from
north-west Karakoram (Hunza Valley, Pakistan) suggested
peak P-T conditions of 670-640 °C at 850-1020 MPa and 660-
640°C at 740-800 MPa, respectively (Fig. 4B).

The fluid inclusion isochores of south-east Karakoram
(Tangse Valley, India) shown in figure 4B, which could not
intersect the peak P-T field given by Kumar et al. (2022) and
lies at alower P-T'space. Further, it was presumed by Kumar et
al. (2022) that the two-phase aqueous-carbonic (H,0-CO,)
fluid was initially present in the system at the time of
entrapment, which contains about 45% water. These two-
phase aqueous-carbonic fluids intersect the peak P-T
condition. However, the two-phase aqueous-carbonic fluid is
not present in the system due to the preferential leaching of the
aqueous phase from the system and goes into the melt during
anatexis. Henceforth pure carbonic (CO,) inclusions remained
in the system. The combined thermodynamic modeling and
fluid inclusion study of the south-east Karakoram (Tangse
Valley, India) suggests that the migmatites of this region were
exhumed from ~ 34 Km to 17 Km depth (i.e., 1020-500 MPa)
rapidly following an initial isothermal cooling path (with a
drop of 50 °C). Further, it gradually exhumed to the surface
from 17 Km depth (i.e. 500 MPa and 610 °C) following an
isochoric cooling path.

The fluid inclusion isochore of north-west Karakoram
migmatites from Humza Valley is shown in figure 4C. It
preserves two-phase aqueous and low-density monophase
carbonic fluid inclusions, intersecting aqueous fluid between
550 and 186 °C at 206 — 50 MPa. The aqueous and/or carbonic
isochores are not cross-cut the peak P-T condition of the
Hunza Valley of 660-640 °C at 740-800 MPa (Palin et al.
2012). Palinet al. (2012) suggested that these migmatites were
melted due to the excess H,O present in the system. Therefore,
we presumed that aqueous-carbonic (H,0-CO,) inclusions
were initially present in the host rock. These two-phase
aqueous-carbonic inclusions were rich in the aqueous phase
(~70 %) (figure 4C).

The aqueous phase was segregated from the inclusions
and subsequently released into the melt, resulting in the
absence of aqueous-carbonic inclusions in the Hunza Valley
migmatite. Palin et al. (2012) reported the presence of excess
H,O in melt and considered it in the thermodynamic modeling
of this area. This excess H,0O was derived, which originated
from the internal sources of the fluid inclusions. Additionally,
these migmatites exhibit an initial isothermal decompression-
driven cooling path ~26 Km to ~6.5 Km, followed by an
isochoric cooling path from ~6.5 Km to the surface. This P-T
evolution closely parallels that documented in the
southeastern Karakoram migmatites of the Tangtse Valley,
India.

Migmatites from both the southeastern (Tangtse Valley,
India) and northwestern (Hunza Valley, Pakistan) regions of



the Karakoram terrane show evidence of exhumation along an
isothermal cooling path. This is indicated by the presence of
various re-equilibrated fluid inclusion microtextures, such as
'C' shape, and 'hooked' shape inclusions (Baig et al. 2022;
Kumar et al. 2022). Thermodynamic modeling suggests that
migmatization temperatures ranged between 640 and 670 °C
(Palin et al. 2012; Kumar et al. 2022). The host rocks of these
migmatites contain aqueous—carbonic fluid inclusions,
comprising 45-70% aqueous phase by volume (Fig. 4).
During the process of anatexis, the aqueous component was
selectively removed, facilitating partial melting and resulting
in an excess of H,O in the melt. As a result, both migmatite
suites exhibit elevated H,O content. Their exhumation
occurred rapidly, with a temperature decrease of
approximately 70 °C and H,O loss from a maximum depth of
around 34 km (~1020 MPa, 670 °C) to about 10 km (~300
MPa 600 °C), followed by continued decompression to the
surface (Figs. 4 B&C).

Role of Fluid in Metamorphic Complex

Metamorphic rocks are prominently exposed throughout the
entire northwest-southeast-trending Karakoram Range, which
extends from Tangtse in the southeast to Hunza in the
northwest, aligning with the magmatic arc. These rocks have
undergone upper amphibolite facies conditions, as evidenced
by the presence of key index minerals such as kyanite and
sillimanite (Searle et al. 1989; Fraser et al. 2001; Streule et al.
2009; Searle et al. 2010; Palin ef al. 2012; Sachan et al. 2016;
Singh et al. 2020). The peak metamorphic conditions reached
approximately 950—850 MPa at temperatures ranging from
630 to 655 °C, with retrograde paths indicating conditions of
570-550 MPa at 630-620 °C (Singh ez al. 2020). The
metapelites in this region is relatively low, 800-show lower
pressure-temperature ranges: 800-300 MPa at 650-565 °C
(Sachan et al. 2016) and 725-605 MPa at 605-585 °C (Streule
et al. 2009). These metamorphic assemblages, particularly
amphibolites and metapelites, constitute the Karakoram
Metamorphic Complex (KMC).

Fluid inclusion studies in the Karakoram Metamorphic
Complex (KMC), particularly in the southeastern region
encompassing the Pangong-Tso and Tangtse Valley in India,
have been explored by Sachan et al. (2016) and Singh et al.
(2020). These studies have identified both primary and
secondary monophase carbonic inclusions within
amphibolites and metapelites, characterized by eutectic
temperatures ranging from —56.9 to —56.6 °C, indicative of
pure CO, compositions. Additionally, amphibolites are found
to contain secondary two-phase aqueous—carbonic inclusions
that exhibit similar eutectic temperatures, suggesting the
presence of H,O—CO, fluid mixtures (Singh et al. 2020).

Primary carbonic inclusions demonstrate
homogenization temperatures between —24 and —6 °C, with
molar volumes of 43.8 £ 1.9 cm’/mol and densities of 1.006 +
0.044 g/cm?® (Table 1, and Fig. 3). In contrast, secondary
carbonic inclusions have lower densities and homogenize at
temperatures ranging from 14 to 21 °C, exhibiting molar
volumes of 55.4 + 2.3 cm?/mol and densities of 0.796 + 0.034
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g/cm’ (refer, Table 1, and Fig. 3). Secondary aqueous-carbonic
inclusions show carbonic-phase homogenization (ThCO,)
between 10 and 25 °C, with overall homogenization
temperatures (Th) ranging from 257 to 325 °C (Table 1, and
Fig. 3). The similarity in Th CO, values between monophase
and two-phase inclusions indicates their coeval development
during metamorphism.

The notable absence of primary two-phase aqueous-
carbonic inclusions is interpreted as a result of selective H,0O
loss during deformation, with the fluid components likely
incorporated into hydrous minerals within the amphibolites.
Singh et al. (2020) suggested that a primary H,0-CO, fluid
was initially trapped, undergoing subsequent modifications
during the processes of deformation and metamorphism.

P-T estimates indicate that the KMC experienced
exhumation along an isothermal decompression-driven
cooling path from approximately 31.5 km depth (950 MPa,
655 °C) to around 11 km (330 MPa, 565 °C), corresponding to
a rapid exhumation rate of about 4.4 °C/km-significantly
steeper than the average geothermal gradients recorded in the
Himalayas (Fig. 4D). This exhumation was followed by an
isochoric cooling path to the surface, underscoring a complex
exhumation history intertwined with fluid evolution related to
deformation and partial melting processes.

Role of Fluid for the Exhumation of the Tibetan Plateau

The ~700 km-long Karakoram terrane is characterized by a
complex variety of lithological units, including batholiths,
migmatites, mylonites, metapelites, and high-grade
metamorphic rocks. These units have undergone amphibolite
facies metamorphism, as extensively documented by various
previous studies (Streule ef al. 2009; Mukherjee ef al. 2012;
Palin et al. 2012; Reichardt & Weinberg 2012; Sachan et al.
2016; Singh et al. 2020; Kumar et al. 2022).

Migmatites demonstrate the most significant evidence of
deep exhumation, with peak conditions approximately 1020
MPa and 670 °C, indicative of lower crustal environments
(Figs. 2B—C). In contrast, other metamorphic rocks show
exhumation occurring from about 950 MPa at 630 °C (Fig.
4D), while mylonites indicate shallower crustal exhumation at
roughly 436 MPaand 610 °C (Fig. 4A).

Fluid inclusion results throughout the Karakoram terrane
reveal that the initial metamorphic fluids were primarily
aqueous—carbonic (H,0-CO,) in composition, with H,O
constituting 45-70% of the fluid volume, while CO, accounted
for the remainder (Fig. 4). These fluids were initially trapped
as two-phase H,0-CO, inclusions within the host lithologies.
However, during deformation and anatexis, there was a
progressive loss of the H,O phase, resulting in a predominance
of monophase carbonic inclusions (CO,-rich) throughout the
terrane.

In the migmatites, the H,O phase was incorporated into
the melt during the anatexis process, promoting enhanced
partial melting. In contrast, in other metamorphic units,
aqueous (H,0) components became integrated into hydrous
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Fig.4. Recalculated Fluid Inclusion (FI) isochores of the various fluid present in the Trans-Himalaya along with the mineral PT dataset; SLV: Solid-Liquide-
Vapor line of the Aqueous fluid; T: Temperature in deg Celcius (°C); P: Pressure in Kilo Bar (Kbar) and Mega Pascal (MPa). (A) FI isochores of the fluid
present in the Trans-Himalayan Maylonites. (B) FI isochore of the fluid present in the Eastern Karakoram (Tangtse Valley, India) Migmatite of Trans-
Himalaya. (C) Fl isochore of the fluid present in the Western Karakoram (Hunza Valley, Pakistan) Migmatite of Trans-Himalaya. (D) FI isochore of the
fluid in the Karakoram Metamorohic Complex or Trans-Himalayan metamorphic rocks.
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mineral phases during ductile deformation, particularly within
amphibolites and metapelites (Figs. 4B—C).

The Karakoram terrane underwent rapid exhumation
along an isothermal decompression-driven cooling path, with
acalculated cooling rate of approximately 4.5 °C/km based on
fluid inclusion data (Table 1, Figs. 3, 4). This exhumation path
spans depths from ~34 km (1020 MPa, 670 °C) to ~11 km (330
MPa, 565 °C), corresponding to a temperature reduction of
about 105 °C (Figs. 4B-D). Following this, exhumation
continued along an isochoric cooling trajectory to the surface
(Figs. 4A-D). Notably, this initial cooling rate is significantly
steeper than the average Himalayan geothermal gradient,
estimated at ~90 °C/km (Chandrasekharam 2000),
highlighting the tectonothermal uniqueness of the Karakoram
exhumation regime.

CONCLUSION

The first detailed review, recalculation and reinterpretation of
fluid-inclusion data of igneous, metamorphic and mylonitized
rocks from Trans-Himalaya. The following are the inferences
drawn from this study.

e  The Karakoram Migmatites and metamorphic rocks were
initially formed with two-phase aqueous-rich carbonic

fluid.

The rocks of eastern Karakoram consist of about 45-55%
water in the aqueous-carbonic fluid. Concomitantly, the
western Karakoram rocks comprised ~70% water in an
aqueous-carbonic fluid.

These aqueous phases were preferentially drained out
from aqueous-carbonic fluid inclusions during anatexis
and metamorphism. This aqueous phase went to the
hydrous minerals from the aqueous-carbonic fluid
inclusion due to preferentially drained out the aqueous
phase after marl carbonate-rich rocks.

The pure carbonic (CO,) fluid largely occurs in the Trans
Himalaya, which may be derivative from prograde
decarbonization of the marl carbonate-rich rocks.

The Trans-Himalaya were rapidly exhumed from the
innermost part of the crust along the isothermal cooling
path from the maximum depth of 34 Km (i.e. 1020 MPa)
resulting in the thickening of the South Tibetan Crust
between 18 and 15 Ma.

Karakorum fault acted as a carbon conduit in the form of
carbonic (CO,-rich) fluid throughout the metamorphic
process.
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Abstract: In mountainous regions, rockfall stands out as a prevalent natural process where rock fragments detach and move
downhill through actions such as sliding, toppling, and falling. These incidents usually impact the surrounding
infrastructure, such as roads, bridges, buildings, trains, and other essential facilities. The rockfall hazards are intensified by
recurrent freezing and thawing cycles, heavy precipitation, and seismic activity. In the present research, a vulnerable road-
cut slope with rockfall potential, located along a National Highway (NH-7) near Shivpuri in the Tehri Garhwal district of
Uttarakhand, India has been studied. A kinematic analysis was carried out to determine the potential failure mode in the
slope (Planar/Wedge/Toppling). The studied slope was found to have potential for a wedge mode of failure. The slope mass
rating (SMR) rock mass classification has been used for slope stability assessment. The studied slope has been found to be
under the completely unstable category of stability grade with SMR value 13. The trajectory path of rockfall has been traced
using rockfall simulation. The various parameters, including run-out distance, total kinetic energy, translational velocity,
and maximum bounce height, were evaluated by rockfall simulation followed by design and comparison of two mitigation
strategies, i.e., rock traps or ditches and rockfall catching nets or rockfall barriers. The rockfall simulation result shows that
the maximum bounce height, run-out distance, translational velocity, and total kinetic energy of the falling block are 3.1 m,
39.7m, 16.6 m/s and 137.3 kJ, respectively. All the falling blocks have the potential to reach the road level and accumulate,
thus posing a significant risk to vehicular traffic in the future. Therefore, proper mitigation measures are required to
minimize the risk. For this, the effectiveness of a ditch, designed by utilizing the ditch design chart for rock fall catchment,
has been analysed. Furthermore, the potential barrier capacity for the studied site was calculated as 130 KJ for 914 Kg of
falling block and we checked its net barrier against rockfall events. Notably, the rockfall net barrier demonstrated superior
efficiency, considering space constraints and mitigating associated risks.

Keywords: Rockfall simulation, kinematic analysis, rock slide, slope mass rating, mitigation measures, Garhwal

Himalayas

INTRODUCTION

Arockfall is a fragment of rock (a block) detached by sliding,
toppling or falling that falls along a vertical or sub-vertical
cliff, proceeds down the slope by bouncing and flying along
ballistic trajectories or by rolling on talus or debris slopes. It is
arecurring phenomenon along the hill roads, especially in the
Indian Himalaya, where it is predominantly triggered by the
presence of steep slopes, weathered and highly fractured
rocks, unfavourable geological structures, intense rainfall,
tectonic and anthropogenic activities (Bhambri et al. 2017;
Kumar ez al. 2017; Ozmen 2023). Most of the slopes in the
Himalayan belt consist of deformed rocks and joints with the
unfavourable alignment of discontinuities in the rock mass,
making them particularly vulnerable to rockfall. Different
rock types have different compositions and structures, which
contribute to the material's strength (Ray et al. 2021). The
main natural factors responsible for rockfall activity are an
increase in extreme rainfall, especially during the monsoon
season (Gupta et al. 2017; Kumar et al. 2017). The
construction of hill roads without appropriate geotechnical
and geological investigation will likely increase slope failures
(Sarkar et al. 2012). Rockfall events in the hilly areas create
major obstructions to any infrastructure developments that
may eventually cause the destruction of property and loss of
lives. Therefore, to minimize the effect of rockfalls, the
stability assessment and mitigation measures of rockfall-
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prone slopes need to be pre-analysed for any road widening
activity.

Over the years, the Garhwal Himalayas have witnessed
several rockfall incidents resulting in significant damage and
fatalities. Notably, the National Highway, NH-7 experienced a
major rockfall incident on May 19, 2017 in Vishnuprayag,
Chamoli district of Uttarakhand, devastating damage to a
nearly 150-meter length of the road and approximately 15,000
tourists being stuck on either side of the landslide (Sarkar et al.
2018). This slide may have been activated by water seeping
through rock mass fractures. Another rockfall incident
occurred close to Byasi, Tehri Garhwal, Uttarakhand in 2021
in which two people were injured when a large boulder fell on
a car (Amar Ujala 2021). This incident was probably caused
due to dislodging of the area's highly jointed rock mass.
Furthermore, a significant tragedy occurred at the Rishi Ganga
River in Chamoli, where a glacial lake outburst created an
avalanche of dense snow, followed by a rockslide which killed
about 72 people (Shah 2021). This fatal incident may be
attributed to the global warming and melting of thick snow.

Till date, various qualitative and quantitative methods
have been employed for rockfall hazard assessment, such as
quantitative risk assessment (QRA) (Corominas et al. 2005;
Ferlisi et al. 2012) and Rockfall Hazard Rating System
(RHRS) (Ansari et al. 2012; Pellicani et al. 2015). These
methods consider geological characteristics, slope geometry,



vehicle risk, failure magnitude, roadway width, rockfall
history, frequency, and climate. Numerical modelling is also
used to simulate rock block trajectories and assess the
probability of different paths (Guzzetti et al. 2002; De
Almeida & Kullberg 2011). Although there are a large number
of places where rockfall studies have been conducted, the
input parameters, rockfall mechanism, and energy distribution
system vary greatly; therefore, results obtained at one site may
not apply to another for the same set of inputs. This is mainly
due to the different environmental and climatic conditions of
different countries; the proposed methodology result for a
particular area may vary at different locations for the same set
of input parameters.

In India, the research on rockfall is still under
development, with limited research conducted by a few
researchers. Past studies have explored factors like bounce
height and translational kinetic energy with respect to the mass
of the falling block. For example, Ansari et al. (2012) found
that bounce height decreases as the mass of the falling block
increases, whereas translational kinetic energy increases with
the mass of the falling block. Ahmad et al. (2013) simulation
study concluded that the geometry of slope (height and angle)
has a more effective role in rockfall than the block's mass.
Numerous hazard assessments have been carried out along
different roads and locations in India, highlighting the
diversity in input parameters, rockfall processes, and energy
distribution systems. A few significant examples are: (i) Singh
et al. (2013) assessed the road cut cliff stability and risk of
rockfall along SH-121, Maharashtra. This study shows that the
impact on the toe of the slope is very crucial and is enough to
cause causality. The climatic conditions and vibrations
produced due to daily high-density traffic, the slope can
undergo recurrent failures; (ii) Vishal ef al. (2017) conducted
numerical simulation study along NH-58 in Uttarakhand
Himalaya. This study reveals that an increasing slope angle
could significantly increase the kinetic energy of the rock
blocks. However, an increase in the ditch angle and the ditch
width reduces the energy of moving blocks; (iii) Sharma et al.
(2020) conducted a study along Mumbai-Pune expressway,
Mabharashtra, this study suggests the appropriate preventive
measures for this site to minimise the frequent slope failure
and rockfall; (iv) Verma et al. (2019) conducted a study along
NH-44A, Lengpui Airport (Aizwal City), this study shows
that the high kinetic energies were associated with the large
size of falling rock blocks, which is quite enough to break
down any structure or vehicle or can cause fatalities; (V)
Ansari ef al. (2014) conducted a study at the world heritage
site of Ajanta cave, this rockfall study indicates that certain
locations at Ajanta caves are at alarming situation and needs
proper protection for the prevention of the possible rockfall
hazard., and Bagde (2021), in this study the rock slope surface
and dislocated boulders vulnerability to failure risk is carried
out with the Rockfall Hazard Rating System (RHRS); (vi)
Singh et al. (2016) conducted a study along the transportation
corridor, Luhri (Kullu) this study estimated loss of energy due
to the impact of falling blocks on the slope face and
subsequently on the road through rockfall simulation. etc.
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Inrecent years, semi-empirical equations were developed
using multivariate linear regression to obtain important
parameters used to estimate the trajectory of the block, such as
bounce height, velocity and kinetic energy (Sardana et al.
2022). Roul et al. (2023) explored the rotational effect of a
rock block or boulder on the trajectory by using RocFall
trajectory simulation, assuming from a completely spherical
shape to a hexa-contagon shape. The rigid body 3D stochastic
analysis has been carried out to understand the rockfall
mechanism and mitigation in the Batseri Zone, Kinnaur
district in Himachal Pradesh, India (Pandey et al. 2025).

In the present study, a vulnerable road-cut slope having
rockfall potential, located along the NH-7 near Shivpuri in
Tehri Garhwal district of Uttarakhand, India, has been
selected. The kinematic analysis has been used to find
potential failure modes, and Slope Mass Rating (SMR), an
engineering rock mass classification system, has been utilized
for the evaluation of slope stability. Rockfall simulation has
been used to observe the trajectory path and identify the exact
location where the falling block will hit. The maximum
bounce height, run-out distance, translational velocity and
total kinetic energy have been evaluated using rockfall
simulation. Finally, the design and comparison of two
different mitigation measures, namely rock traps, also known
as ditches, and rockfall catching nets or rockfall barriers, were
also executed.

STUDY AREA AND GEOLOGY

The rockfall site is located near Shivpuri in the Garhwal
Himalaya along a National Highway (NH-7). The NH-7 links
Rishikesh with the well-known shrines of Badrinath and
Kedarnath on the Char Dham Yatra that attracts thousands of
visitors yearly. This highway is important from both the
tourism and defence point of view. This area was selected
because of damage of infrastructure and human life caused
due to landslides every year. Rockfall is a very common
phenomenon in this region, particularly in the rainy season.
The location map of the study area is shown in figure 1.

Geologically, the present study area falls under a part of
Garhwal Lesser Himalaya, which lies between the Greater
Himalaya and Siwalik Range and is bounded by Main Central
Thrust (MCT) and Main Boundary Thrust (MBT),
respectively (Heim and Gansser 1939). The Lesser Himalayan
belt is one of the most structurally complex litho-tectonic units
of Himalaya. The studied slope comprises of quartzarenite
sandstone of Tal Formation.

The climatic conditions in the Lesser Himalayas is also
very diverse and extreme in terms of the amount of rainfall and
fall in temperature during winter. The rainy season follows the
monsoon cycle, which begins in this region from June to
August. The winter season is very cold, particularly from
December to March. Throughout the year, the temperature
varies from -3° C to 30° C and the maximum rainfall is about
250 cm (Lawrence 1977).



Fig. 1. Location Map of Studied Rockfall Site.

FIELD AND LABORATORY INVESTIGATION

All relevant geometrical, geological, and geotechnical data,
such as the type of rock, joint spacing, joint condition
(roughness, weathering, infilling), joint set numbers, joint
orientation, joint alteration, hydrological conditions and rock
mass structure were collected from the site to evaluate
stability. Representative lumped shape rock samples were
taken from the toe portion of the selected slope for laboratory
tests. The rock block dimension has been measured to
determine the mass of the falling block, as it is one of the
important input parameters for rockfall simulation. Due to
unavailability of rock core sample, the Point Load Strength
Index test has been carried out to determine the Uniaxial
Compressive Strength (as per IS 8764). According to
Palmstrom's 2005, the value of the Rock Quality Designation
(RQD) was determined by using its empirical relationship
with the volumetric joint count (Jv), i.e.,

RQD =110 - 2.5], (1)

The Uniaxial Compressive Strength of rock (UCS) and
Rock Quality Designation (RQD) value has been used to
calculate RMR, The description of studied site with
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orientation and surface condition of joints is given in table 1.
The Rockfall source zone (seeder location) is the area from
where chances of detachment of rock block. The 33m height of
studied slope, 13.4-m roadway width including unpaved
shoulder and two seeder location has been identified based on
field observation are shown in figure 2.

METHODOLOGY
Kinematic Analysis

Kinematic analysis is the geometrical assessment of slope to
identify potential failure modes, such as planar, wedge, or
toppling failures, which may be caused by unfavourably
oriented discontinuities with respect to slope orientation in the
rock mass. Markland's test (1972) is used to evaluate the
possibility of slope failures due to discontinuity orientation
(Hoek & Bray 1981). These different modes of slope failure
are one of the important parameters to obtain the value of
adjustment factor (F, F, & F,) for determining Slope Mass
Rating (SMR) values as given in table 2.

According to Markland's test, a planar failure occurs
when the discontinuity's dip angle is greater than the friction

Table 1. Description of orientation and surface nature of the joints at the rock fall site.

Joint Set Joint orientation dip/dip direction Average Spacing (cm) Roughness Weathering Infilling
1 75°/N65° 30 Smooth Slightly Weathered Nil
12 60°/N135° 60 Slightly Rough Slightly Weathered Nil
13 75°/N340° 47 Slightly Rough Slightly Weathered Nil
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Fig. 2. Field photograph of the studied slope near Shivpuri.

Table 2. Values for adjustment factor for different joint orientation (Romana, 1985).

Case of Slope Failure Very Favourable Favourable Fair Unfavourable Very Unfavourable

P Jo-o |
T | a-0,-180 | >30 30-20 20-10 10-5 >5
w | oo

P/W/T F1 0.15 0.40 0.70 0.85 1.00
P § <20 20-30 30-35 35-40 >45
M B

P/W F2 0.15 0.40 0.70 0.85 1.00

T F2 1.0 1.0 1.0 1.0 1.0
P B~ B, >10 10-0 0 0-(10) <-10
w BB,
T B, — B, <110 110-120 >120 L

P/W/T F3 0 -6 -25 -50 -60

angle but less than the slope angle, and the discontinuity's dip
direction is parallel to the slope face (within 20°) (Hoek &
Bray 1981) and a wedge failure is probable to occur When the
slope face and the line of intersection of the two discontinuity
planes that create the wedge-shaped block fall in the same
direction and the plunge angle should be greater than the
friction angle but less than the slope angle. A toppling failure is
indicated by the vertical to sub-vertical discontinuity plane
dipping inside the slope and parallel to the slope face. (Yoon et
al. 2002).

Slope Stability Assessment

In the present study, the Slope Mass Rating (SMR)
classification has been used for qualitative slope stability
assessments. The Romana (1985) rock slope stability
classification system is a tool used in geotechnical engineering
to evaluate and categorise the stability of the rock slopes. The
equation 2 demonstrates the way to calculate SMR by adding
adjustment factors related to joint and slope orientation and an
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additional factor based on the excavation method to RMR, ...
(Romanaet al. 2003).

SMR=RMR,_ +(F,F,F)+F, )

The adjustment factor F, is dependent on parallelism
between the joint plane and the slope face, F, is dependent on
the joint plane's dip angle or plunge angle of the line of
intersection between two joint planes and F, is dependent on
the relationship between the slope and the joint plane's dip
angle or plunge in case of wedge failure. F, is an adjustment
correction factor for the excavation method, ranging from +15
(natural slope) to 8 (deficient blasting).

Rockfall Simulation

basic

Rockfall simulations play a crucial role in assessing and
mitigating the risks associated with natural hazards, providing
valuable insights for land-use planning, engineering design,
and public safety efforts in areas prone to rockfalls.
Simulations consider the interactions between falling rocks



and the terrain. This involves assessing how rocks bounce,
roll, or slide upon impact with the ground or other obstacles.
The results of the simulation are then used to assess the
potential risk to infrastructure, people, or the environment.
This information is crucial for designing protective measures
or establishing safety guidelines. Simulations are often
validated by comparing the results with real-world
observations or experiments. It helps to ensure the precision
and reliability of the simulation model. Rockfall simulation
can be done by using RocFall software (Version 8.0265) that
was developed by Stevens (Steven 1998). The software
employs various equations and algorithms to model and
predict the trajectory and impact of falling rocks on slopes or
cliffs. The equations used in rockfall analysis often involve
principles of physics, including projectile motion and energy
conservation.

The RocFall program consists of three envelopes: the
bounce-height envelope, the velocity envelope, and the
kinetic energy envelope. The maximum value (such as the
maximum velocity) at several horizontal locations spaced
evenly along the slope profile defines each envelope. The
maximum kinetic energy that a rock could possibly have while
passing through each horizontal position is measured by the
kinetic energy envelope. The velocity envelope measures the
highest velocity that any rock attained while passing each
horizontal location. The bounce height graph calculates the
highest point any rock could have reached at each horizontal
location, deducting the slope height (i.e. the maximum height
above the slope). These envelopes are frequently used to
determine where remedial measures should be placed,
therefore, it is crucial that they function properly.

It is significant to observe that the vertical velocity is zero
at the top of the parabola, which represents the peak of the
rock's trajectory path. Since the rock's horizontal velocity
remains constant while it is in the air. The velocity that the rock
possesses at the peak of the trajectory is the only initial
horizontal velocity. Consequently, the velocity at the peak of
each parabolic path (the troughs of the kinetic energy and
velocity envelopes) is equal to the post-impact velocity (Vy,)
of'the previous impact.

The projectile algorithm is used to calculate the rock's
movement as it travels through the air and bounces upon
different locations on the slope. The rock is assumed to have
some velocity by the projectile algorithm, which will allow it
to travel through the air from its current location to a new one
(which can be further along the same object). Due to gravity,
the rock will follow a parabolic path as it travels through the air.

The primary objective of the projectile algorithm is to
locate the point of intersection between a line segment (a
barrier or a slope segment) and a parabola, which represents
the rock's path. The impact is computed using the coefficients
of restitution once the intersection site has been identified. If,
the rock is still moving quickly enough after the impact, the
process restarts again with the search for the next intersection
point.
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All equations given below have been taken from
published literature (Steven 1998).

The parametric equations for the velocity of the rock
particle at any point along the parabolic path, before impact:

Vis= Vo 3

V= Vy + gt “

where, V,, V,, is the velocity of the rock at any point along the
parabolic path, before impact, V,,, V,, is the initial velocity of
the rock, g is the acceleration due to gravity (sign is negative), t
is the time.

t=-b +/b - 4ac

2a

)

c=Y,—Y, +q(X, - X))

=Y2'Y1
Xz'Xl

where, Q is the slope of the line segment, X,, Y, is the initial
position of the rock, X, Y, is the first endpoint of the line, X,,
Y, is the second endpoint of the line.

The parametric equations for the velocity of the rock
particle at any point along the parabolic path, after impact:

VXA: (VNA) sin (9) + (VTA) CoSs (9)

VYA: (VTA) sin (9) + (VNA) COos (9)

(6)
(N
where, V,,, V,, are the velocity components of the rock. after

impact in the horizontal and vertical directions respectively,
Vs Vo, are the velocity components of the rock, after impact,

in the normal and tangential directions, respectively, 0 is the
slope of the line segment.

The impact is calculated using the coefficients of
restitution (CoR), according to:

Via= Vi)
VTA = RTVTB

®)
(€))

here, V,, V,; are the velocity components of the rock. before
impact in the normal and tangential directions respectively, R,
is the coefficient of normal restitution, R, is the coefficient of
tangential restitution.

The coefficient of restitution (CoR) is the ratio of the
velocities before and after the impact of rock block on the
slope's surface. The rockfall trajectories are significantly
impacted by the values of CoR, particularly Rn. When
predicting rockfall, the values of R, and R, are utilized to
measure the energy dissipation during an impact (Buzzi et al.
2011).



The values of the coefficient of restitution vary between 0
and 1. In the context of rockfall analyses, the typical range of
values for the coefficient of normal restitution (RN) is 0.3—-0.5.
For tangential restitution (RT), typical values are between 0.8
and 0.95. The top of the road is asphalt, the uphill side of the
road is fractured sandstone and the downhill slope below road
is sandstone bedrock The talus covers also exist between
asphalt and uphill fractured sandstone as shown in figure 4.
Minute variations in the coefficients of restitution have a
significant impact on the rockfall simulation. In comparison to
the same slope segment with RN =0.5, a slope section with RN
=0.4 will, for instance, behave considerably differently.

Now, the velocities are transformed into components

normal and tangential to the slope according to:
Vie=(Vyp) c08(0) - (V) sin(6) (10)

(1)

The velocity and kinetic energy just before the impact are
calculated as:

VTB= (VYB) Sln(e) - (VXB) COS(G)

V= Ve + Vi (12)
KEB:% (m) V2 (13)

The velocity and kinetic energy just after the impact are
calculated as:

V= Vit Vi (14)
KEA:% (m) V2 (15)

The velocity and kinetic energy at the next peak of the rock
trajectory are calculated as:

VPEAK = VXA ( 1 6)

1
KE =5 (M) Vi (7

The bounce-height at the slope vertex is calculated as:

X, T X,
=V, (18)
y=Y,+V,t+0.5gt (19)
Ah=y—H, (20)

where, Ah is the bounce height, H, is the slope height, y is the
height of rock block from the base of slope.

RESULTS AND DISCUSSION

The “Char Dham” typically refers to the four sacred
pilgrimage sites, namely Yamunotri, Gangotri, Kedarnath,
and Badrinath, all located in the Indian state of Uttarakhand.
These sites attract a significant number of pilgrims and tourists
each year, making these roads the most important risk element
from landslide point of view. Road conditions and associated
risks can vary depending on factors such as weather,
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maintenance, and local infrastructure. The one of the Char
Dham road has been selected for the present study and a
vulnerable site has been selected that is prone to rockfall. The
kinematic analysis and stability assessment using Slope Mass
Rating (SMR) has been done to find potential failure modes
and for evaluation stability condition. For the studied slope,
the failure mechanisms through kinematic analysis can be
clearly demonstrated by plotting the slope face and all the
discontinuity planes in Stereonet as shown in figure 3. The
kinematic analysis results show that the studied slope has
wedge mode of failure. The rating of each input parameters,
SMR values along with stability grade of studied slope are
given in table 3. The results depict that the obtained SMR
values of studied slope has been found to be under the
completely unstable category of stability grade. The rockfall
trajectory path of the selected slope has been observed through
rockfall simulation by using RocFall2 V 8.024 software and
the falling block's impact location has also been identified.
The maximum bounce height, total kinetic energy, run-out
distance, translational velocity, and design of mitigation
measures were all assessed using a rockfall simulation. The
slope's geometry has been created to present the actual
scenario of the studied slope in order to provide best possible
approximation (Fig. 4). Based on field survey, the studied
slope's model has been divided into 3 materials. The top of the
road is asphalt, the uphill side of the road is fractured
quartzarenite sandstone and the downhill slope below road is
quartzarenite sandstone bedrock. The talus covers also exist
between asphalt and uphill fractured quartzarenite sandstone.
The Rocscience COR table (Hoek, Evert) was used to
determine the normal and tangential COR values for the
asphaltand talus. The values of normal and tangential COR for
the bedrock quartzarenite sandstone and fractured
quartzarenite sandstone have been taken from different
literature (Verma et al. 2019; Sardana et al. 2021). The friction
angle of different type of materials (Sandstone, Talus cover,
Asphalt) for rockfall simulation have been taken from
literature (Vishal ez al. 2017). In the field, the rock block that is
most vulnerable to detach has been identified as source
locations and kinematic analysis result shows that the slope is
potential for wedge failure, due to this characteristics,
probability of number of falling block is maximum and the
total number of falling block i.e., 200 has been considered. The
input parameters of rockfall simulation are given in table 4.
Rockfall simulation results show that all the considered (200)
falling blocks can reach the road level. It moves toward the
valley side with approximate maximum bounce height, run-
out distance, translational velocity and total kinetic energy of
3.1 m, 39.7 m, 16.6 m/s and 137.3 kJ respectively. The
obtained value of all these output parameters of rockfall
simulation has been verified by hand calculation. The
graphical representation of all the obtained parameters from
the rockfall analysis is shown in figure 5. This result leads to
the conclusion that in case of a rockfall event in the future, the
falling rock block poses a risk to vehicular traffic on this road.
Proper mitigation measures need to be designed for this site to
minimize the risk. To mitigate the effects of rockfall, engineers
can implement a variety of techniques such as constructing



benches, shotcrete, possible barriers, catch nets, wire and
mesh, catch ditches, and anchors. There are standard codes
and special reports related to rockfall protection measures
suchas IRC SP: 106-2015, IRC SP:48-2023.
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Fig.3. Kinematic analysis of the studied slope showing the possibility of
wedge failure.
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Fig.5. a)Run-out distance of falling rock blocks; b) Bounce height envelope on the slope and the roadway at varying locations; ¢) Total kinetic energy envelope
on the slope and the roadway at different locations; d) Translational velocity envelope at different locations.
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Table 3. Slope mass rating result of rockfall site.

RMR,,. F, F, F, F, SMR Stability Grade

73 -60 0 13 Completely Unstable

Table 4. Input parameters of rockfall simulation.

a) Seeder/Falling block properties

Seeder Location Rock Type Mass(kg) Density Number of Horizontal Vertical Rotational
(kg/m’) Rocks Velocity Velocity Velocity

(m/s) (m/s) (*/s)
Seeder 1 & 2 Sandstone 914 2463 200 0.005 0 0

b) Slope material properties

Material Name Normal Restitution

Tangential Restitution

Friction Angle (degree)

Fractured Sandstone 0.45 0.85 30
Talus Cover 0.32 0.82 12.38
Asphalt 0.4 0.9 6.34
Bedrock (Sandstone) 0.35 0.85 36
>
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Fig. 6. Rockfall trajectory path with mitigation measures in rockfall simulation (Left panel shows ditch on its toe and right panel shows barrier technique).

For the present studied location, the effectiveness of two
different mitigation measures has been analysed. Firstly, the
effectiveness of a ditch was analysed by creating a ditch of
2.13 depth and 6.1m width using a ditch design chart for arock
fall catchment (Ritchie 1963). This ditch would create a 96%
reduction in risk. Only eight rock blocks out of 200 rock
blocks reach the road. So, it has been observed that the ditch is
an effective mitigation measure. However, the selected site is a
road-cut slope. Along the roadside in a hilly area, due to the
unavailability of land, there may be some chances for
destabilization of the hill, and the ditch can also become a
threat to the moving vehicles. Creating a ditch of 6.1m wide
was found to be non-feasible for the selected site. This
technique is only effective for a large rockfall site where the
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risk element is far from the rockfall source zone. So, for this
site, the potential barrier capacity has been calculated for
providing mitigation measures, i.e., 130 KJ for 914 Kg mass of
rock block. By designing this barrier in the model, it has been
observed that it arrested all falling rock blocks and the risk on
the road is 0%. The rockfall trajectory path with both
mitigation measures in the rockfall simulation has been shown
in figure 6. It has been found that the potential barrier
mitigation measures are more effective at the place where risk
element is near to rockfall source zone.

CONCLUSIONS

In the present study, the kinematic analysis results shows that
the studied slope has potential for a wedge mode of failure.



The obtained SMR values of studied slope are under the
completely unstable category of stability grade with SMR
value 13.

The rockfall simulation result illustrates that:

e The value of maximum bounce height, run-out distance,
translational velocity and total kinetic energy of falling
block are 3.1 m, 39.7 m, 16.6 m/s and 137.3 kJ

respectively.

Rockfall simulations suggest falling blocks may reach the
road level and move toward the valley side.

It is concluded that any future rockfall occurrence could
pose a serious risk to the safety of the vehicles on this road.

To reduce the risk, suitable mitigation measures are required.
The design & effectiveness of two mitigation measures: rock
trap or ditches and rockfall catching nets or rockfall barriers
has been carried out.

o Firstly, the effectiveness of a ditch was analysed and it has
been observed that the ditch would create a 96% reduction
in risk, so that the ditch is an effective mitigation measure.
However, the selected site is a road-cut slope, due to the
unavailability of land, there may be some chances for
destabilization of the hill, and the ditch can also become a

threat to the moving vehicles.

The potential barrier capacity has also been calculated for
providing mitigation measures, i.e., 130 KJ for 914 Kg
mass of rock block. By designing this barrier in the model,
it has been observed that it arrested all falling rock blocks
and the risk on the road is 0%.

It has been found that the potential barrier mitigation
measures are more effective at the place where risk
element is near to rockfall source zone. However, creating
a ditch is an effective mitigation measure for a large
rockfall site where the risk element is far from the rockfall
source zone.

The methodology presented in the current study may be
used for preliminary assessment of the rockfall site and the
elementary design of the support system to minimize the
risk.
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Himalaya and its Bearings — Progress and Sustainability: A synoptic view

The Himalaya possesses a plethora of resources: snow and
glaciers; springs and river systems; precious minerals and
orebodies; abundant renewable energy resources -
geothermal, wind and solar; hydrocarbons in thrust-fold belts;
medicinal plants and herbs; scenic beauty and astonishing
landscapes; sediments and water transmit; forests with
timbers for wood-works, and assortments of leaves for
handicrafts; grassland and shrubs for livestock; fodders;
beautiful meadows and flower-gardens; striking lakes and
wetlands; harmonious ecosystem and biodiversity with a
variety of fauna and flora; tourists and pilgrims attractions,
etc. All these can be harnessed in scientific manners for socio-
economic growth, agricultural advancement, strategic
development, climate change (CC) mitigation by tapping
renewable energy resources, building green environment with
smart towns/villages, and preserving Himalayan ecosystem.
Glaciers, snow and mighty rivers are lifeline to hundreds of
millions of people for irrigation, drinking water, hydro-power,
domestic usages and industrial requirements. Thus, the
Himalaya provides great opportunities for the investment,
progress and prosperity in terms of construction of roads,
bridges, tunnels, ropeways; building hydro-power projects
and geothermal or hybrid energy plants; evolution of
agriculture and livestock farms; construction of geoparks or
geoheritage sites for gaining knowledge about the Himalaya
and green ecotourism; expansion of micro-scale industries
using local resources. The tall-standing Himalaya also
influences the monsoon rains, snow precipitations, weather
patterns or climate variability from humid and subtropical to
cold and dry desert due to orographic barriers and high albedo.

However, the Himalaya is stressed by subsurface
processes like plate convergence; exhumation, deformation
and reworking of rocks; crustal shortening; complex tectonics
and neo-tectonics leading to earthquakes; and surface
processes such as weathering and erosion leading to land
degradation etc. The stresses are aggravated by extremities
like excessive rainfall leading to landslides, flash floods,
debris flows; and snow precipitation leading to avalanches or
flash floods. Besides, there are several other climate-induced
hazards such as glacier-lakes outburst floods (GLOFs),
landslide-lakes' outburst floods (LLOFs), fluvial extremes,
risks due to river incisions, forest fires, etc. The stresses are
being added further by unplanned civil constructions and
several other types of anthropogenic loads that are being
exerted unscientifically. Hence, the Himalaya is home to
different kinds of disasters with variable intensities, which
retard the progress of the Himalayan states and impede well-
being of the people living therein, especially under the
influence of present climate change consequences.

Therefore, the biggest challenge in the Himalayan states
is how to maintain an equilibrium between the utilization of
available resources for socio-economic development at one
hand, and safeguarding the ecology or Himalayan
environment and building disaster-resilient and climate-
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adaptable future on the other hand. Definite answer is the
scientific comprehension of the site-specific issues with
regard to natural processes, climatic influences,
anthropogenic stresses, environmental degradation;
establishment of science-society link; understanding the
technological barriers and development of innovative
approaches for optimal utilisation of resources and
preservation of ecological balance; advancement of strategies
for disaster risk reduction; and providing guidelines for
effective implementation of policies towards sustainable
development. It must be mentioned that the entire Himalayan
regions may not be vulnerable or susceptible to geological
hazards and hence do not pose threat or risks everywhere,
Therefore, assessment and identification of hotspots, and
providing their plausible remediation are need of the hours.

Geosciences play a pivotal role for resilience and strong
emergence of economy in areas of (i) Water security — spring
rejuvenation, river regeneration, water storage as subsurface
reservoirs, and assessment/monitoring of big surface
reservoirs or lakes, even rivers; (ii) Energy security —
conversion of geothermal energy into green electricity;
utilisation of hydro, solar and wind powers and development
of hybrid technology for synergising energy production; (iii)
Industrial expansion — exploration of precious minerals and
orebodies that are formed in specific P-T regime of the
Himalaya; (iv) In-depth understanding of the impact of
climate change to almost all sectors: energy, water,
food/agriculture, environment, health, ecology and
biodiversity, and building schemes for sustainable growth and
to live with the disasters; (v) Identification of the most
vulnerable zones based on satellite and land-based data
(wherever possible); (vi) Assessment of geological risks, and
their monitoring, management and mitigation; (vii)
Development of Early Warning and Alert Systems (EWAS) of
geo-hazards; (viii) Sensitization or Education through mock
drills for effective implementation and sensible response to
EWAS; (ix) Establishment of link between subsurface
features with surface observations through geophysical and
geological studies in ensuring site-selection, and warranting
safety and durability of any project like tunnel or hydropower
or other developmental activities; and (x) Way forward for
conservation of Himalayan ecosystem and environment etc. It
is the Earth and Environmental Sciences that provide crucial
information in understanding the processes associated with
the climatic phenomena, natural processes, load bearing
capacity or anthropogenic impact, and land degradation or
changes of landscapes/geomorphology. Integrated study
involving all these will provide basic input that can control the
damage patterns during a catastrophe.

The 2500-km long stretch of the Himalayan arc including
the western and eastern syntaxes constitutes a large part of
India covering eleven states: Uttarakhand, Himachal Pradesh,
Arunachal Pradesh, Manipur, Meghalaya, Mizoram,
Nagaland, Sikkim, Tripura, part of Assam and Northern West



Bengal and two Union Territories: Jammu & Kashmir and
Ladakh. Different kinds of people living in the hard-hitting
Himalaya have limited exposure to education and training,
inadequate infrastructural support for their way to progress,
and scanty means of livelihoods. They often experience
disasters with variable intensities and lose their lives,
livestock, properties, other belongings. These are some of the
issues that have compelled people to migrate away from the
Himalayan terrains with a view to have quality education,
jobs, and disaster-free future. There are certain efforts of
education on environment and traditional knowledge base;
research on socio-cultural, ecological, economic and physical
systems; training and collaboration; and advanced research on
mountain-building processes and improved understanding of
the geodynamics, climate-tectonics, geo-hazards and geo-
resources by both private and central/state government
organizations. However, the basic education on the
Himalayan Sciences are beyond the mandate of research
institutes or organizations or universities, and thus the scopes
for the Education and Research on Himalayan Sciences in a
comprehensive manner are inadequate.

The students are unable to orient themselves towards the
Himalayan-centric courses such as Geology, Tectonics and
Neo-tectonics, River Sciences, Fluvial Extremes, Glaciology,
Climate-Tectonics, Paleoclimates, Seismology, Earthquake
Engineering, Climate Change, Glacial Dynamics, Hydrology,
Landslides, Early Warnings and Alert Systems, Ecology,
Geomorphology, Himalayan Resources, Civil Constructions,
Green Energy, Carbon Sequestration, Green Environment,
Clean Water, Traditional Knowledge, Flash Floods, Debris
Flow, Rocks, Fossils, Soils & Landforms, Disaster
Management: readiness, remediation, response, restoration,
rescue, and rehabilitation, Biodiversity and Ecosystem,
Anthropogenic Load, Weathering and Erosion, and many
other topics. In this context, there must be a devoted Centre of
Himalayan Science Education and Research (CHSER) with a
view to building trained manpower and developing
institutional capabilities in comprehending Himalayan
Sciences and furthering researches for resilient and
sustainable growth. Such a Centre would provide a platform
where fundamentals of Himalayan Sciences would be taught
to the Master students; mountainous site-specific knowledge
can be accrued through researches; science-society linkages
can be established; gained knowledge can be translated into
products and processes with industry partners that can meet
the aspirations of people living into the Himalayan states;
opportunities for technological advancement and
development of innovative approaches; and Environment
Impact Assessment (EIA) can be substantiated by advancing
researches. This model would pave the way for a positive
impact on rapidly evolving scenarios in the Himalaya,
especially under the impact of the present climate change
scenario towards the socio-economic and strategic
development; understanding the geo-hazards and their
remediation; development of green environment with clean
water and green energy; and preservation of Himalayan
ecosystems, natural habitats through all-embracing learning,
training, research and invention. In fact, the Himalaya is an
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excellent natural laboratory to study the impact of climate
change as well as quantification of arresting carbon footprints
through its forests and large water bodies. The Himalaya-
centric education and research can also provide an opportunity
of embryonic strategies for sustainable growth, providing
input in formulating policy/decision for invigorating the
economic stability, green revolution as a part of fulfilling the
Sustainable Development Goals (SDGs) for the people living
inthe Himalaya and adjoining regions.

Here are some steps that can serve as guidelines for the
protection, prevention, and preparedness against any disaster;
evolving strategies for minimisation of damage due to a
catastrophe; developing disaster-resilient and climate-
adaptable future; and building confidence for secured living,
which can lead to economic stability.

e Identification of the most susceptible or vulnerable or risk

zones through geoscientific investigation

Monitoring risk-prone areas by deploying specific state-
of-the-art web-based sensors

Development of ML-enabled Early Warning and Alerting
Systems (EWAS)

Inculcating fundamental Education on Himalayan
Sciences, particularly the causes and consequences of
disasters, and their plausible alleviation at
Schools/Colleges

Building trained manpower on Himalayan Sciences and
Disaster Management - preparedness, remediation,
response, restoration, rescue, and rehabilitation

Comprehension of mountain-specific local challenges and
alleviation of technological barriers for sustainable growth
inthe Himalaya

Drawing attention of stakeholders to scopes and
opportunities for mitigation of challenges and
development of innovative approaches

Inspiration of young minds in pursuing Himalayan
Sciences and building institute-industry partnership for
translation researches

Implementation of hill-specific town planning and
building codes, and strict execution of penalty against
violation or unauthorised civil construction

Optimal utilization of nature-based solutions and
traditional knowledge base in conjunction with the modern
practices for exploitation of natural resources, execution of
any project, and conservation of the Himalayan
environment

To define “people’'s role on do's and don'ts” and
dissemination of scientific knowledge and other
information to all levels - local people, city planners,
administrators, investors, policy makers, political leaders,
intellectuals, builders, environmentalists, scientists/
engineers, and all others who matter for taking holistic
decisions.



Here are some other information and knowledge that can be
quickly spread to the people for sustainable growth:

e Importance of tree-roots that protect hilly region from

slope failure

Proper drainage system that prevents percolation of
household water, which otherwise can develop
underground planes of weakness and trigger surficial mass
movement or land subsidence (as we have observed at
Joshimath in the UK state)

Construction of retaining walls and usage of wire-mesh or
other structural measures for preventing impact of rock
falls or mass movement

Development of satellite towns with limited storey
buildings, instead of having congregation of multi-storey
structures at one business town. This will distribute the
overburden stresses

Slope stability assessment before construction of any
project in hilly-area as well as during toe-cutting for the
construction of roads or tunnels or ropeways

Immediate disposal of muck after rock cutting, which
otherwise can form temporary dam(s) at downstream river
channel and lead to flash floods by sudden breaching

Non-exposure of heavy structures and anthropogenic
activities to or near highly vulnerable zones

Usage of light-weight construction materials for buildings
orinfrastructures
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Adaptation of disaster-resilient engineered structures and
retrofitting of old buildings

A hybrid of Traditional and Modern Practices for building
Disaster-resilient society

Periodic assessment of load bearing capacity at multiple
scales

Practice through mock-drill and observation of a 'calamity
day' that can remind to following up the codes for
safeguarding from disasters

Habit of using green energy for climate change mitigation
and

Say 'No to Plastics' for protection of the Himalayan
environment

This is an outcome from the deliberations at several
meetings during my tenure as the Director of the Wadia
Institute of Himalayan Geology, Dehradun. I express my deep
sense of gratitude to His Excellency Lt. Gen. (Retd.) Gurmit
Singh Ji, Honourable Governor of Uttarakhand State for his
special interests and inspirational words to write on this topic.
I owe my indebtedness to Prof. Harsh K. Gupta who has
enthused and nourished me at different stages of my
professional career and personal development. I would also
like to thank and acknowledge Prof. Shailesh Nayak, Prof.
Ashutosh Sharma, Prof. Ashok Sahni and Prof. Talat Ahmad
for their valuable guidance and continual motivation.

Kalachand Sain

J.C. Bose National Fellow

CSIR-National Geophysical Research Institute, Hyderabad

Advisor, DST Center of Excellence on Climate Information, IIT-Delhi
Former Director, Wadia Institute of Himalayan Geology, Dehradun



National Training Programme on “Policy for Science and Science for Policies”

A week course on the theme "Policy for Science and Science
for Policies" was organised at National Institute of Advanced
Studies (NIAS), Bengaluru, supported by Department of
Science and Technology (DST), Govt. of India from
December 16-20, 2024 for the Directors, Divisional Heads,
Chief Scientists and Senior Scientists. The prime objective of
the programme was to acquaint and update the participants
with the latest developments in science, technology and public
policy, and the overarching scientific, social and policy
dimensions and their inter-relations. The programme
commenced with a welcome address and an introductory
speech by Prof. Sangeetha Menon, Course Co-ordinator and
Dean, School of Humanities, NIAS Bengaluru followed by
inaugural lecture delivered by Prof. V.S. Ramamurthy, Former
Secretary, DST, Govt. of India.

A total of 26 participants from across India represented
various Institutions, Ministries and Departments such as
Department of Science & Technology (DST), Ministry of
Science and Technology; Ministry of Commerce and Industry;
Department of Atomic Energy; Ministry of Earth Sciences;
Ministry of Defence; Indian Council of Medical Research;
Ministry of Health and Family Welfare; Ministry of
Electronics & Information Technology; Ministry of Food
Processing Industries; Department of Atomic Energy; Survey

of India (Sol); Ministry of Defence; Department of Space;
Ministry of Power; Ministry of Environment, Forest and
Climate Change. To achieve the objectives of the course, 16
distinguished resource persons from various ministries,
institutions and organizations of repute in the country shared
their works on how it impacts the society and the nation at
large followed by highly educative and thought-provoking
interactive sessions after every lecture. Another important
component of the course was the Group Session where all the
participants made a presentation on their respective domains
sharing insights, views and experiences on their
achievements, challenges and responses, and the societal and
national impact of their work. A valedictory lecture was
delivered by Prof. Annapurni Subramaniam, Director, Indian
Institute of Astrophysics, Bengaluru. The event concluded
successfully with a certificate distribution ceremony graced
by Dr. Shailesh Nayak, Director of NIAS, Former Secretary of
the Ministry of Earth Sciences (MoES) Govt. of India, and the
then Chairman, Research Advisory Committee (RAC) as well
as the incumbent Chairman, Governing Body (GB) of the
Wadia Institute of Himalayan Geology (WIHG), Dehradun
marking a meaningful closure of the programme with an
enriched and interdisciplinary learning experience.

Sitting: Suchitha Maddhikunta, K. Arul Selvi, Sangeetha Menon, Rakesh Godhwani, Shailesh Nayak, V.S. Ramamurthy,
M.R. Bhuvaneswari, Saritha Nair, Archana Joshi Saha, P. Srinivasa Aithal

Standing I"Row:  R. Paramasivan, Hasibur Rahaman, Partha Ghosal, L.K. Sahoo, Devendra Kumar Sakhare, Neeraj, C.S. Tomar,
D.B. Sathe, P. Arumugam, R. Vidyalakshmi

Standing 2"Row: K. Vijesh Sreedhar, Ashish Kaushal, Basanta Kumar Jena, Sanjeev Kumar Gupta, Rahul Sharma, K. Gopkumar,
Partha Sarathy Uppala, Kapesa Lokho, R. Jayasree, Samir Kumar Nath

Standing 3 “Row: P Nagaraja, V.A. Ramesh, J. Chandra Babu, Srikumar M. Menon, Arul Anand

Kapesa Lokho

Wadia Institute of Himalayan Geology, Dehradun
Email: kapesa@wihg.res.in
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