MAUSAM, 77, 1 (January 2026), 321-328

MAUSAM

DOI: https://doi.org/10.54302/m9qgrnn84
Homepage: https://mausamjournal.imd.gov.in/index.php/MAUSAM

UDC No0.550.34:551.578.48(235.243)

Elucidating the causal relationship between earthquake activity and
avalanche occurrences

PRANSHU BHARDWAJ™23, M S SHEKHARS?, TEJPAL SINGH'? and A. GANJU*
ICSIR-Central Scientific Instrument Organisation, Chandigarh 160030, India
2Academy of Scientific and Innovative Research (AcSIR), Ghaziabad 201002, India
3Defence Geoinformatics Research Establishment (DGRE), Chandigarh, 160036, India
4Former Director, Snow and Avalanche Study Establishment, Chandigarh, 160036, India
(Received 21 August 2024, Accepted 9 May 2025)

*Corresponding author’s email: pranshuofficial03@gmail.com

AR — TAAE e SaR-IReHA FaArery & iy afafafer ik feaewes (vaera) geansi & o=
"oy A Sta w1 g, o da anfld gewr S e #eR, degr, dur AT wew 3R IWEs &
o AET AMA &1 F§ & o €foe § Icaften afhg § 3R Ay & wdfca sl =t 7 Py
g1 |y &, 3T 318, g el aTel -HIT Ud A GAaR0T & FHROT Fg &7 RATEAA & i 3cdd
HacaAelel §158 eI H 1980 & 2018 T & IR SR & GATelA A3 Ud shdry arfafafert &
3ieRgT I 3UAET FRAT IT §1 ETTT H1 3aT dlell @AY U9 99«7 ganr fed faimor sy aAtaedr
PR P 3T WA U, fATGCA & IS0 # $HA AR & TG F TS AT §| T HI
(¢oR) Fr dgar IR ReET@ad & T TFET (91 TEHA) & &g Teh HASIR ThRIcAS Tgaee IrT rm
¥, R off REtms affwsl @ a8 Tose giar § @& dueT & a1g 38.32-76.32 ©e (FH 1) qAT 1.97-14.57
g (FF 2) & X Reargea f fRead gead gof f 7| T qefiar § & e afafafr & wfar
ferregert dr gfafrar fefed fhq wa-dfaa @ g1 ey dhd &d § 5 50 & & Reeges &
AR e H I e Agcaqut {fRer T §1 3 AT § Ued S IR Aoy F
Rec@es qaleA Td 3Uer bl HI TR Fllel A FErdh gel, ST6l HHU-URd RATEEA Aed
SheeT Td TR Tl & fAT 3R Sf@H 3cuead o &1 s #, ahy & g (TREeR) & gl &1
Ree@es 30T W vad FHS g AN 3R qEUE H Iraeddar g, Ed qdiqAE et v
SE =geitentor Iumhfaat @ 3R 3t gee fhar o @l

ABSTRACT. The present study investigates the relationship between seismic activity and avalanche occurrences
in the North-west Himalayas, focusing on the Union Territory of Jammu and Kashmir, Ladakh, parts of Himachal
Pradesh, and Uttarakhand. The region is seismically active, lying within the highest seismic zones of the Himalayas, and
is prone to avalanches due to its high-altitude, steep terrain, and glacial environment. Using four decades of data (1980—
2018) on avalanche occurrences and seismic events, the aim of this study is to isolate the influence of seismic activity on
avalanche triggers, excluding meteorological factors such as fresh snowfall and wind deposition. Although there exists a
weak positive correlation between tremor magnitude and avalanche lag time but there are peak occurrences observed
within 38.32-76.32 hours (Case 1) and 1.97-14.57 hours (Case 2) post-tremor, as indicated by histogram data,
highlighting a delayed yet time bounded response of avalanches to seismic activity. These findings suggest that seismic
tremors play a critical role in triggering avalanches in this region. The insights of this study will contribute to improve the
avalanche forecasting and hazard assessment in the North-west Himalayas, where seismic-induced avalanches pose
significant risks to life and infrastructure. Further research is recommended to refine the understanding of the influence of
earthquake epicenter distance on avalanche triggers, potentially enhancing predictive capabilities and mitigation
strategies.
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1. Introduction

The continent-continent collision between the Indian
and the Eurasian plates resulted in the formation of the
mighty Himalayas during the Late Cretaceous to Early
Eocene times (Le Fort, 1975; Valdiya, 1984; Searle et al.,
1987). Since 50 million years, there has been continued
convergence of these continental plates causing persistent
lithosphere deformation that has modified the seismo-
tectonic setup of the entire region (Le Fort, 1975). The
North-west Himalayas are recognized as seismically
active regions within the broader context of the
Himalayan seismic belt, with significant historical
earthquake records, including the 1905 Kangra earthquake
(My 7.8) and the 2015 Gorkha earthquake (M 7.8)
(Narayan et al., 2024, Kumar et al.,2022). The tectonic
complexity of this area is underscored by the presence of
various active faults, such as the Khetpurali Taksal Fault,
which plays a crucial role in slip partitioning and seismic
hazard assessment (Kumar et al.,2022). Additionally, the
impact of Western Disturbances, which is a significant
meteorological phenomenon, exacerbate the effects of
seismic activities, leading to increased risks of avalanches
and landslides in these mountainous terrains (Chauhan et
al.,2023).

The North-west Himalayas receive snowfall during
winters due to Western Disturbances. The snowpack on a
slope forms layer by layer, with each snowfall
or snowstorm adding a new layer on top of the previous
ones. Due to varying meteorological conditions
during each event, each layer develop unique properties
in terms of grain shape, size, inter-granular bonding,
density, hardness, and wetness. Wind further influences
this process by redistributing fresh snow, resulting in
complex layering. With the advancement of time, each
layer undergoes physical and mechanical changes,
including settlement under overburden pressure, heat and
mass transfer between layers, and energy exchange with
the atmosphere. Additionally, meltwater production
and refreezing processes modify the structure and stability
of each layer. The snowpack’s stability or strength is
dynamic, as it continuously metamorphoses due to
these atmospheric interactions. Avalanches occur when
either the snowpack becomes too weak to bear its own
weight or when external stresses exceed the strength
threshold of the snowpack. Stress factors include
gravitational forces, the cumulative weight of new
snowfall, and dynamic forces such as wind loading.
Under certain conditions, even a minor additional stress,
such as a skier or seismic tremor, can destabilize a
transitional snowpack, causing it to fail. Conversely, a
snowpack may also stabilize over time and gain
enough strength to resist higher stresses. High-altitude
avalanches pose significant threat to life and property,
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often triggered by direct meteorological factors (such as
snow loading, wind, and radiation), which affect
the snowpack’s weak layers. Indirect factors, such as
seismic activity or volcanic eruptions, can serve as
triggers for avalanche events (Singh et al., 2002). All
land and submarine slope failures are threat to human
population and property (Tappin et al., 1999). It is
known that temporary instability upon slopes also occur
by short lived inertial stresses which are produced
by acceleration due to earthquake. A number of
catastrophic  geological processes, including slope-
collapse phenomena such as landslides, debris slides,
rockslides, rock falls (Keefer, 1984, 2002; Hewitt et al.,
2008), sediment sliding on the ocean floor (Heezen et
al.,1952), and seismogenic mudflows and slush flows are
caused by strong ground motions produced by
earthquakes. Snow avalanches are the rare type of
catastrophic slope failure triggered by earthquakes
(Chernous et al., 2004). Loss of life and infrastructure is
the consequence of unstable snowpack triggered by an
earthquake (LaChapelle, 1968). The 1970 Huascaran
avalanche in Peru, triggered by an earthquake, stands as
the most catastrophic event of its kind, buried the towns of
Yungay and Ranrahirca and caused tens of thousands of
deaths (Chernous et al., 2002). Similarly, the Nepal
earthquake on April 25, 2015 (M, 7.8) triggered an
avalanche that completely engulfed Langtang village,
which resulted in the deaths of approximately 350 people
(Podolskiy et al., 2010). In the present study, we focus on
the North-west Himalayas which is frequented by seismic
activity of various intensities. The objective of this study
is to understand the relationship between seismic activity
and avalanche occurrences in the North-west Himalayas,
excluding meteorological influences by considering events
with no fresh snowfall prior six days and post three days.
This also includes the exclusion of avalanches triggered as
a result of the excessive build up on slopes when angle of
repose exceeds the slope angle and result in triggering of
avalanche without any seismic activity.

1.1. Study area

The study area of the present investigation falls
within latitude 28° N to 37° N and longitude 72.5° E to
81.5° E encompassing the North-west Himalayas,
including the Union Territory of Ladakh, Jammu
and Kashmir, parts of Himachal Pradesh, and Uttarakhand
(Fig. 1). These regions constitute the Kashmir
Gap, recognized as the highest earthquake-prone seismic
zone in the Himalayas (Sharma et al., 2013). The
observatory names have not been mentioned due to the
DRDO restrictions whereas further in result section to
clarify the location of avalanche and seismic tremor,
broader sector and district of the station has been
mentioned.
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Fig. 1. Study Area showing North-west Himalayas with DRDO
observatory and earthquake locations

According to the seismic zonation map, Jammu and
Kashmir, Himachal Pradesh, Uttarakhand, Ladakh lie in
earthquake zone IV whereas a part of Kashmir lies in zone
V which indicate the highest level of seismicity. The
region's susceptibility to earthquakes is further
compounded by the presence of numerous active faults
and thrust zones, which are capable of generating large
magnitude earthquakes. (Singh et al., 2018). The seismic
activity in the region has the potential to trigger various
secondary hazards, such as avalanches, landslides, and
rockfalls. The high-altitude, steep terrain, and glacial
environment of the Himalayas make the region
particularly prone to avalanche events, which can be
triggered by seismic shaking or other factors such as
heavy snowfall, rapid snowmelt, or human activities
(Singh et al., 2018, Sur et al., 2020, Kanwal et al., 2017,
Agrawal et al., 2022).

2. Data and methodology

The dataset comprises recorded avalanche
occurrences and seismic tremors from 1980 to 2018.
Avalanche occurrence data was obtained from the
Defence Geoinformatics Research Establishment (DGRE),
Chandigarh, while seismic data was sourced from various
agencies, including the Indian Meteorological Department
(IMD), open-access seismic platforms, and published
reports and research articles. Additionally, data from
Singh et al. (2002) and Parshad et al. (2019) was
incorporated for comparative analysis. To systematically
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analyze the relationship between seismic activity and
avalanche occurrences, the dataset was categorized based
on avalanche occurrence type and seismic magnitude.

Avalanche data was segregated into direct
occurrences, which refer to avalanches triggered
immediately due to seismic tremors; delayed occurrences,
which include avalanches occurring with a time lag after
seismic activity; and indirect occurrences, where
avalanches are influenced by tremor activity but
potentially modulated by other factors. Seismic events
were classified into three magnitude categories: low
magnitude (1.0-3.0 M), moderate magnitude (3.1-5.0
Mw), and high magnitude (>5.0 My), and included key
parameters such as day, month, year, date, time, latitude,
longitude, magnitude, and depth.

To establish a relationship between seismic activity
and avalanche occurrences, a comparative analysis was
conducted for the months of November to April, when
avalanches are most frequent in the Indian Himalaya. This
period coincides with precipitation from Western
Disturbances, which typically lasts five to six days (Dimri
et al., 2015). Subsequently, it was observed that after
three days, 25% of the snow settles or melt while
remaining snow is referred as the standing snow. Thus,
this combination of standing snow and fresh snow plays
an important role in triggering the avalanches. Therefore,
to make sure that avalanche is not due to any
meteorological factor, no fresh snow prior six days and
post three days of seismic activity was considered in the
present study. A similar study was conducted by Singh et
al. (2002); however, the present study employs a novel
methodology by specifically excluding fresh snow data for
defined periods around seismic events. In this study, two
distinct cases were considered to evaluate the relationship
between tremor activity and avalanche occurrences. Case
1 examines the tremor activity of varying magnitudes and
corresponding avalanche occurrences, accounting for
periods with no fresh snowfall during the six days
preceding and three days post the seismic event (Table 1).
Case 2 focuses on the same-day avalanche occurrences
due to tremor activity which illustrate the immediate
impact of seismic event on avalanche triggering (Table 2).
Furthermore, a lag evaluation was conducted to analyse
the time difference between the tremor occurrence and
avalanche occurrence, providing insight into whether
avalanches occur as an immediate response to tremors or
with a delay.

3. Result and discussion

The present study encompasses the regions of
Jammu and Kashmir, Ladakh, Uttarakhand, and Himachal
Pradesh, and includes a comparative analysis of seismic
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TABLE 1

Avalanche occurrences and corresponding seismic events for Case 1. with lag evaluation

Sector/Location i\éilfrlcn:i chﬁiéiggﬁme Tremor Date Tremor Time Magnitude Lag evaluation
Gulmarg (J&K) 3/31/2000 1600 3/30/2000 8:41 PM 35 19.32
Kashmir (J&K) 11/22/2005 1000 11/20/2005 11:05 AM 4.8 46.92
Kashmir (J&K) 12/4/2005 1500 12/1/2005 9:08 PM 4.7 65.87
Kashmir (J&K) 12/4/2005 1800 12/1/2005 9:08 PM 4.7 68.87
Kashmir (J&K) 12/4/2005 2030 12/1/2005 9:08 PM 4.7 71.37

Base Camp (Siachin) 4/27/2006 1910 4/26/2006 6:11 AM 4.7 36.98
Talwar (Siachin) 4/27/2006 1910 4/26/2006 6:11 AM 4.7 36.98
Talwar (Siachin) 4/27/2006 1915 4/26/2006 6:11 AM 4.7 37.08

Base Camp (Siachin) 4/28/2006 1910 4/26/2006 6:11 AM 4.7 60.98

Talwar (Siachin) 4/28/2006 1910 4/26/2006 6:11 AM 4.7 60.98

Talwar (Siachin) 4/28/2006 1915 4/26/2006 6:11 AM 4.7 61.08
Machaal (J&K) 3/16/2010 1700 3/15/2010 12:39 AM 4.9 40.35
Machaal (J&K) 3/16/2010 1710 3/15/2010 12:39 AM 4.9 40.52
Machaal (J&K) 3/16/2010 1720 3/15/2010 12:39 AM 49 40.68
Machaal (J&K) 3/16/2010 1730 3/15/2010 12:39 AM 4.9 40.85
Tangdhar (J&K) 4/30/2011 1345 4/28/2011 3:23PM 38 46.37

Keran (J&K) 4/13/2015 1100 4/10/2015 2:49 PM 3.8 68.18

Tangdhar (J&K) 11/19/2015 1343 11/18/2015 1:55 PM 35 23.8

Keran (J&K) 2/1/2016 1430 1/30/2016 3:09 PM 3.1 47.35
Base Camp (Siachin) 3/19/2016 1205 3/17/2016 10:16 PM 4.1 37.82
Base Camp (Siachin) 4/2/2016 930 3/30/2016 7:34 AM 34 49.93
Jammu (J&K) 1/25/2017 1303 1/23/2017 3:03PM 32 22.0
Drass (J&K) 3/4/2017 1030 3/2/2017 1:39 AM 3.8 56.85
Drass (J&K) 3/17/2017 1400 3/14/2017 5:48 AM 3.6 76.2
Keran (J&K) 3/17/2017 1830 3/14/2017 5:48 AM 3.6 80.7
Keran (J&K) 3/17/2017 2000 3/14/2017 5:48 AM 3.6 82.2
Tangdhar (J&K) 3/17/2017 2000 3/14/2017 5:48 AM 3.6 82.2
TABLE 2

Avalanche occurrences and corresponding seismic events for Case 2. with lag evaluation.

Sector/ Location Avalanche Avalanche Tremor  Date Tremor Time Magnitude Lag evaluation
occurrence occurrence time

Drass (J&K) 1/28/2002 1125 1/28/2002 4:03 AM 52 7.37
Drass (J&K) 1/28/2002 1355 1/28/2002 4:.03 AM 52 9.87
Haddan Taj (J&K) 3/1/2008 1408 3/1/2008 2:06 PM 41 12.03
Haddan Taj (J&K) 3/1/2008 2010 3/1/2008 2:06 PM 4.1 18.07
Talwar (Siachin) 3/11/2008 1030 3/11/2008 10:14 PM 35 11.73
Durga (Siachin) 3/16/2008 1605 3/16/2008 11:14 AM 35 4.85
Jwala (Siachin) 3/16/2008 2300 3/16/2008 11:14 AM 35 11.77
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Table 2 Continued

Drass (J&K) 3/15/2010 1550 3/15/2010 12:39 AM 4.9 15.18
Siala (Siachin) 11/7/2010 1108 11/7/2010 9:10 AM 4.2 1.97
Zullu (Siachin) 2/12/2015 1215 2/12/2015 1:44 AM 3.6 10.52
Pharkian (J&K) 2/14/2015 1250 2/14/2015 3:51 AM 3.9 8.98

Kanzalwan (J&K) 2/14/2015 1309 2/14/2015 6:14 AM 3.9 7.08
Bahadur (Siachin) 11/13/2015 400 11/13/2015 1:14 PM 3.2 9.23
Base Camp (Siachin) 1/23/2017 1730 1/23/2017 3:03PM 3.2 2.45
Talwar (Siachin) 1/23/2017 1730 1/23/2017 3:03PM 3.2 2.45
Durga (Siachin) 3/2/2017 1245 3/2/2017 1:39 AM 3.8 11.1
30 14
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Fig. 2. Relationship between tremor activity of varying magnitudes and
corresponding avalanche occurrences, considering periods without fresh snowfall
for six days prior and three days post the seismic events.

data and avalanche occurrences across these areas. To
systematically assess the impact of tremor activity on
avalanche occurrences, two distinct cases were examined.

3.1. Case 1: Avalanche Occurrences in the Absence
of Fresh Snowfall

Fig. 2. represents the relationship between tremor
activity of wvarying magnitudes and corresponding
avalanche occurrences, considering periods without fresh
snowfall for six days prior and three days following the
seismic events. The results indicates that avalanches are
most frequently triggered by seismic events of magnitude
3.1-5.0 My, with 27 avalanche occurrences linked to 14
seismic tremors. For lower-magnitude tremors (1.0-3.0
Mw), both the number of avalanches and associated
tremors remain minimal, with only 3 events in each
category. Higher-magnitude tremors (greater than 5.0 My,)
result in 14 avalanche events, triggered by just 4 seismic
occurrences. These observations, while accounting for the
exclusion of meteorological influences, suggest that
seismic activity is a key trigger for avalanches during this
period.
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Fig. 3. Relationship between tremor magnitudes and same-day
avalanche occurrences, illustrating the immediate impact of
seismic events on avalanche triggering

The calculated Pearson correlation coefficient
between the lag evaluation (in hours) and the magnitudes
of the tremors is 0.12. This indicates a weak positive
correlation, suggesting that there is no strong relationship
between the lag evaluation and the magnitudes of the
tremors. This weak correlation is attributed to variations in
topography, slope gradients, altitude, and localized
geological conditions across different stations (sectors in
which stations are situated are mentioned in Table 1) of
the North-west Himalayas. These factors influence the
susceptibility of specific regions to avalanches. The
comparison of lag correlation doesn’t hold much
significance rather the histogram representing the
percentage of avalanche occurrence due to tremor with
respect to time difference/lag evaluation is relevant (Fig.
4.). The histogram indicates that avalanche occurrences
peak within the time delay range of 38.32 to 76.32 hours
after a tremor, with the highest number observed between
38.32 to 57.32 hours. This suggests a delayed response of
avalanches to seismic activity, potentially due to gradual
destabilization of the snowpack following the initial
ground motion. Occurrences significantly decrease
beyond 76.32 hours, highlighting a temporal limit to the
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TABLE 3

Statistical summary of time lag between seismic events and
avalanche occurrences (in hours) for Case 1

Statistic Value (in hours)
Mean 47.2
Standard Deviation 20.3
Minimum 19.32
Maximum 82.20

influence of tremors on avalanches. The statistical
summary in Table 3. further supports this trend, with an
average lag time of approximately 47.2 hours between a
tremor and avalanche occurrence (Table 3).

3.2. Case 2: Immediate Avalanche Occurrences
Following Seismic Tremors

Fig. 3. shows the relationship between tremor
activity of varying magnitudes and same-day avalanche
occurrences, illustrating the immediate impact of seismic
events on avalanche triggering. Similar to Case 1,
moderate magnitude tremors (3.1-5.0 My,) are associated

g. 5. Histogram depicting avalanche occurrences based on time delay post seismic
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TABLE 4

Statistical summary of time lag between seismic events and
avalanche occurrences (in hours) for Case 2

Statistic Value (in hours)
Mean 8.92
Standard Deviation 4.13
Minimum 197
Maximum 18.07

with the highest number of avalanches, peaking at 27
occurrences. Interestingly, higher-magnitude tremors
(>5.0 My) result in fewer avalanches (14 occurrences),
suggesting that while such tremors induce strong ground
shaking, they may not always directly lead to avalanche
initiation.

For Case 2 where tremor occurrence and avalanche
occurrence fall on the same date, the Pearson correlation
was calculated and it turns out to be 0.293, indicating a
weak positive correlation between the two variables. The
histogram in Fig. 5 provides further insights, revealing
that avalanche occurrences predominantly fall within the
1.97-8.27 hour and 8.27-14.57 hour intervals, with the
latter being the most frequent. Beyond 14.57 hours, the
number of avalanche occurrences drops significantly,
highlighting a limited temporal window in which tremor-
induced avalanches are most likely. The statistics in Table
4 indicates an average lag of 8.92 hours, suggesting that
avalanches triggered by seismic events on the same day
tend to occur within this timeframe.

3.3.  Comparative Analysis of Both Cases

The data also reveals that tremors in the 3.1-5.0 My
range tend to trigger most of the avalanches ((Pérez-
Guillén et al., 2013) in both cases. This suggests that
moderate-magnitude tremors are sufficient to destabilize
the snowpack without causing excessive compaction or
structural shifts that might delay avalanche initiation.
However, this does not generalize the tremor magnitude
window for other regions, as local topographic and
geological conditions play a crucial role. Interestingly, for
tremors >5.0 My, the recorded avalanche occurrences are
lower, with 14 events in Case 1 and only 2 in Case 2. This
suggests that stronger tremors may significantly alter the
stability of the snowpack, making avalanches less likely to
occur immediately.

Although our study area encompassed the entire
Northwest Himalayas, the results predominantly indicate
significant findings confined to Jammu & Kashmir and
Ladakh. This can be attributed to higher Peak Ground
Acceleration (PGA), steep terrain, and geological
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vulnerabilities in these regions, which result in Critical
Safety Factor (FSc) values exceeding stability thresholds
(Bhagyaraj et al., 2023). The findings suggest that while
seismic tremors contribute to avalanche initiation, their
impact varies based on magnitude, time delay, and local
topographic conditions.

4. Conclusions

(i) Analysis of four decades of data (1980-2018)
indicates that avalanches predominantly occur in areas
influenced by seismic activity, even after excluding
meteorological factors.

(i) Jammu & Kashmir and Ladakh are identified as
highly susceptible due to strong seismic acceleration,
steep slopes, and geological instability.

(iif) This study lays the foundation for future research
that should ideally explore the impact of earthquake
epicenter distance on avalanche triggering to define the
seismic influence radius.

(iv) Integrating meteorological parameters such as
temperature, snowfall intensity, wind dynamics, and
humidity could enhance understanding of avalanche
behaviour.

(v) A combined approach using seismic, meteorological,
and topographical data could improve predictive models
and mitigation strategies for avalanche-prone regions.
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