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Abstract

Omori’s law is a fundamental concept that explains the temporal decay of aftershock activ-
ity. In this study, we applied a reformulated modified Omori law expressed as a differential
equation to quantify the decay rate of aftershock behavior in the Central Himalaya. The key
parameter, the deactivation coefficient (o), quantifies how fast the earthquake sequence de-
cays. Moreover, o provides insight into post-seismic processes such as stress redistribution
and microfracture healing. Aftershock sequences from three 2015 Central Himalayan earth-
quakes (Gorkha M7.6, Dolakha M7.0, and Kalikot M5.5) were analyzed using data from the
International Seismological Center (ISC) and published catalogs. Since o is a time-dependent
function following the Omori epoch, only the initial 5-10 days after the mainshock were
considered in this study. The results show that larger earthquakes exhibit smaller o values:
0.012£0.002 for M7.6, 0.022+0.010 for M7.0, and 0.039+0.012 for M5.5, indicating slower
and longer-lasting aftershock activity. The relation between mainshock magnitude and o is
consistent with the model o = A— BMy, although higher values of A (0.11) and B (0.01) were
obtained. Compared to global observations, the Central Himalaya region exhibits slower post-
seismic relazation. This behavior is likely controlled by the low-angle geometry of the Main
Himalayan Thrust, elevated pore fluid pressure, and complex fault structures. The appar-
ent directional migration of aftershocks (eastward in eastern events and westward in western
events) may indicate a partially locked or segmented section of the Main Himalayan Thrust,
suggesting possible stress accumulation and a seismic gap in the Central Himalaya. These
findings provide important implications for seismic hazard assessment, disaster preparedness,
and risk mitigation strategies in the Central Himalaya region.
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1 Introduction

Aftershocks are common after mainshocks, repre-
senting the adjustment of the Earth’s crust after
mainshocks. The temporal decay of aftershocks re-
lated to interpreting the stress redistribution pro-
cess in the lithosphere is important for understand-
ing seismic hazard assessment [1,2]. Although
Omori’s law describes the decay nature of after-
shocks, it does not describe the physical mechanism
related to the internal process in the lithosphere [3].
Recent developments have focused on reformulating
the empirical law to make a better understanding
of aftershocks related to source processes. The Hi-
malaya is one of the active seismic regions due to
the thrust between the Indian and Eurasian plates.
Here, the Central Himalaya is selected as the area
to study aftershocks to find the common trends of
the region [4-6].

1.1 Classical aftershock theory and

physical reformulation

Omori’s law (1894) provides a fundamental frame-
work for understanding aftershock activity and the
temporal decay of seismic sequences. It describes
the decay of the aftershock rate n(t) with time ¢ [7]
as

k
c+t

n(t) = (1)
where k is the productivity constant controlling
the initial aftershock rate, and c¢ is the time offset
parameter that accounts for the incompleteness of
the catalog immediately after the main shock. Za-
vyalov (2022) reformulated this empirical relation
into a physical differential equation that describes
the temporal decay of aftershock activity associated
with a main shock. This reformulation transforms
Omori’s law from a purely empirical expression into
a representation of an underlying physical process
governing aftershock decay.

% +on?=0 (2)
where o is the deactivation coefficient, which quan-
tifies the rate at which the earthquake source re-
laxes after the mainshock. A smaller value of o
indicates longer-lasting and more persistent after-
shock activity.

The parameter ¢ may vary due to external influ-
ences such as stress transfer, geomagnetic effects,
or tidal forcing. In the diffusion model, the after-
shock zone migrates slowly with time, implying that
the deactivation coefficient may be time-dependent,
i.e., 0 = o(t). To simplify the analysis, a new time

variable 7 is introduced as

t
r(t) = / o (') di’ 3)
0
Using this transformation, equation (2) becomes

§E+M:0 (4)

dr
Integrating over the interval 7 gives

n(r) d T
/ —Z = —/ dr
n() T 0

This formulation links Omori’s empirical law to a
dynamic physical process rather than a simple em-
pirical fitting relation. Rearranging the equation, it
can be expressed as

(3)

n(0)
1+ n(O)/O o(t')dt’

This formulation can be used to model a nonsta-
tionary deactivation rate after a large earthquake
that may change due to transient triggers, varia-
tions in pore pressure, dynamic stressing, and re-
lated processes. All these effects are captured in
o(t) and thus in 7(¢). During the early phase af-
ter the mainshock, o is approximately constant, re-
ferred to as the Omori epoch, during which Omori’s
classical hyperbolic decay is valid [9]. For constant
o, the equation reduces to the classical hyperbolic
form given in Equation (2).

(6)

n(t) =

__n(0)
n(t) = 1+ ngot (7)
Or equivalently,
1 1
w - w + ot (8)

This expression now has a direct physical interpre-
tation. The equation is linear in 1/n(t) versus t,
where the slope of the line provides o, which can
be estimated directly from aftershock data. It rep-
resents the initial constant deactivation rate within
the Omori epoch.

1.2 Empirical c—magnitude relation-
ship

The regression between ¢ and earthquake magni-
tudes gives the dependence on the main shock mag-
nitude My [10]. This model links o to the source
relaxation rate as

o =A— BM, (9)

which in turn correlates with b-value and activ-
ity level. Both relations (modified Omori law and
Gutenberg—Richter) are linear in M. Therefore,
these values can be used for tectonic interpretation
of a region. Here, we can interpret A and B as
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analogs of a and b, but describing temporal de-
cay o instead of spatial/magnitude frequency. The
proportionality (A — BM;) quantifies that depen-
dence globally. So, the pair (A4, B) quantifies how
energy release and relaxation scale with earthquake
size [11].

The pair (A, B) serves as a regional mechanical fin-
gerprint, characterizing how different crustal envi-
ronments relax after large earthquakes. In the pair
(A,B), A is the baseline deactivation, representing
the overall relaxation level of the crust for a hy-
pothetical zero-magnitude event. A higher value
of A indicates faster aftershock decay regardless of
magnitude. B represents the magnitude sensitiv-
ity, quantifying how strongly the deactivation co-
efficient decreases with increasing mainshock mag-
nitude. A larger value of B implies strong magni-
tude dependence, meaning larger earthquakes de-
cay much more slowly than smaller ones. A smaller
B indicates weak magnitude dependence, so even
moderate earthquakes decay quickly, and the decay

rate does not vary strongly with magnitude. These
values help to estimate when aftershocks drop below
the background level and explain the post-seismic
relaxation. Unlike the Gutenberg-Richter b-value,
which characterizes the relative frequency of small
versus large events, B characterizes how aftershock
duration scales with mainshock size.

1.3 Tectonics of the study region

There is an ongoing collision between the Indian
and FEurasian plates. This causes the region to
fracture into many fault systems with the primary
north-dipping Main Himalayan Thrust (MHT). The
Central Himalaya, along with the thrust belt, is
experiencing most seismic events [12-14]. The re-
gion is uplifted starting from the Ganga basin and
is divided into structural zones called the Sub-
Himalaya, Lesser Himalaya, Greater Himalaya, and
the Tethys-Himalaya up to the South Tibetan De-
tachment (STD) [1,3]. Three recent earthquakes in
the Himalayan region are analysed in this study.
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Figure 1: Central Himalaya regions showing three major past events (2015).
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are the major faults, and dotted lines represent the cross faults in the region.

The major event occurred in the Gorkha district
on 25 April 2015. The location has a latitude of
28.22° and longitude of 84.77° with a magnitude
of 7.6 [1]. After that, another big event hit the
Dolakha district on 12 May 2015 with a magnitude
of 7.3. The epicenter was towards the east from
the Gorkha epicenter, with latitude 27.79° and lon-
gitude 86.14°. The next event in the same year

was a moderate event of magnitude 5.5 in Kalikot,
western part of Nepal, with latitude 29.35° and
longitude 81.62°. All three events occurred near
the MCT in the same year 2015 [15]. Aftershocks
of Gorkha migrated towards the east, while after-
shocks of Dolakha (whose epicenter was east of the
Gorkha epicenter) were scattered in all directions
around its epicenter. On the other hand, the after-
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shocks due to the Kalikot earthquakes are very close
to the epicenter, and some have migrated towards
the west. The directional aftershock migration sug-
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gests a partially locked or segmented section of the
MHT.
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Figure 2: Main shocks and aftershocks in the Kalikot region [subplot (a)], Gorkha region [subplot (b)],
and Dolakha region [subplot (c)]. Only aftershocks occurring within the respective calculation periods

are included.

Due to varying size of main shocks and data lim-
itaions, the data period for the Gorkha event was
considered as 10 days, and for the other two events
as 5 days, so that o lies inside the Omori epoch.
Since the active period of an aftershock sequence
depends on the magnitude of the event, different
time periods were used. Considering data limita-
tions, only 5 days were considered for the other two
events to balance the need for data quality. Figure 2
shows the aftershocks during the data observation
period from the catalog. Since aftershocks are con-
centrated very close to the main shock location, the
landscape is removed, and the map is zoomed for
clarity, especially for the Kalikot event.

2 Data and methods

Data were downloaded from the International Seis-
mological Center (ISC) catalog and a supplemen-
tary dataset [15,16]. The ZMAP Software in MAT-
LAB was used to decluster the event data. For this,

the time window of 1 day, a spatial tolerance of 10
km, and a 0.1 magnitude threshold were applied
with the Reasenberg declustering algorithm. Then
the events related to the three mainshocks were
grouped for further analysis. Because aftershock
activity decays rapidly for smaller events, a 5-day
window was used for Kalikot M5.5 and Dolakha
M7.0, while a 10-day window was used for the
larger Gorkha M7.6 event. Within these windows,
52 were recorded for Kalikot, 102 for Dolakha, and
329 for Gorkha.

The data were binned into 1-day intervals.
Weighted time was used for each bin along the time
axis to account for the gradual decay of activity
within each bin. The aftershock decay trends were
analyzed using the modified Omori law to deter-
mine the source deactivation coefficient o, which
describes the temporal decay of aftershock activ-
ity. The relationship between mainshock magnitude
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and the deactivation coefficient was then plotted to
estimate Zavyalov’s parameters A and B (Equa-
tion 9), which were also compared with previously
reported values [10].

3 Results and discussion

The spatial distribution of aftershocks relative to
each mainshock is different for each event. For
Gorkha (M 7.6), aftershocks are widely distributed
along the Main Himalayan Thrust (MHT), and
the aftershock activity is east of the mainshocks,
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showing stress transfer towards the east [17]. For
Dolakha (M 7.0), aftershocks are scattered around
the mainshock. Kalikot (M5.5) has tightly clustered
aftershocks around the epicenter, consisting of a
smaller rupture area, with some aftershocks toward
the west. It supports the structural discontinuity
in MHT as there is major structural discontinuity
in the MHT around 82.5°E longitude [18,19]. Addi-
tional earthquake sequence analyses are required to
confirm this possible interpretation. This limitation
has now been explicitly stated in the Limitations
section.
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Figure 3: Aftershock analysis plots for different earthquake clusters (Kalikot, Gorkha, and Dolakha
respectively). Subplots (a), (c), and (e) show the reciprocal of earthquake frequency versus time where
as subplots (b), (d), and (f) present aftershock frequency versus time (days). The stars are the initial
estimated activity of each main shocks. Weighted time for each bin of each day is used to plot along
X-axis.
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Table 1: Estimated Modified Omori law parameters for the analyzed earthquake sequences

Earthquake M  ng (events/day) o (per event) R?
Gorkha 7.6 122.1 £ 28.5 0.012£0.002 0.82
Dolakha 7.0 33.6 £10.8 0.022+£0.010 0.63
Kalikot 5.6 34.5 £14.8 0.039+£0.012 0.76

For each of the three mainshocks, the number of
aftershocks versus time (days) is plotted. All the
fits best explain the hyperbolic law. Then the re-
ciprocal of aftershock frequency was plotted against
time. These curves show a linear relationship with
R? values of fit from 0.63 to 0.81. Results are sum-
marized in Table 1. The initial aftershock rate n(0)
is higher for the largest mainshocks and smaller
for other events. As expected from the Modified
Omori law, the initial aftershock rate (ng) increases
with mainshock magnitude. The Gorkha earth-
quake (M 7.6) produced the highest initial after-
shock rate (122.1 £ 28.5 events/day), whereas the
Dolakha and Kalikot earthquakes produced sub-
stantially lower initial rates. This trend reflects the
larger amount of stress released and the greater rup-
ture area associated with larger earthquakes.
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Figure 4: Deactivation coefficient o as a function of
mainshock magnitude M, for the three 2015 Cen-
tral Himalayan events.

The deactivation coefficients (o) are different for
different earthquakes (Figure 3). The higher value
of o represents slower decay and vice versa. There
is a clear decreasing trend with an increase in
mainshock magnitude: 0.012 £ 0.002 for M?7.6,
0.022 4+0.010 for M7.0, and 0.039 £+ 0.012 for M5.5,
with R? values of 0.82, 0.63, and 0.76, respectively.
For M7.0, the deactivation coefficient o slightly in-
creases, showing intermediate deactivation. The
M5.5 event, which is moderate in comparison with
the other two events (M7.6 and M7.0), has a higher
deactivation rate, representing the fastest deactiva-
tion and shortest aftershock duration. The results
completely satisfy the theoretical concept for seis-
mic events as explained by the Omori law. Hence,
a large earthquake takes a longer time for stress
redistribution and fault relaxation.

Table 2: Comparison of regression parameters ob-
tained in the present study and by Zavyalov et al.
(2022).

Zavyalov et al. (2022) Present work
A B R? A B R?
0.64 0.07 0.82 0.11 0.01 0.99

Decay parameter decreases linearly with main
shock magnitude as shown in Figure ??. This ex-
plains that o depends on the mainshock magnitude
for t > 0. Our analysis confirms the linear o—M de-
pendence reported by Zavyalov [8], supporting the
source deactivation interpretation of the Omori law,
while indicating region-specific differences in deac-
tivation efficiency and magnitude sensitivity. For
comparison these values are listed in Table 2. The
smaller value of A can be due to regional tectonic
conditions or fault properties. B value quantifies
the measure of deactivation dependence on the size
of the mainshock. A higher value of B is obtained
than expected in this research. It represents higher
deactivation of the aftershocks and higher stress mi-
gration of the earthquake. It explained that soon
after the mainshock, the tectonic properties of the
region became time functions and redistribution of
stress occurred.

4 Conclusion

The seismically active Central Himalaya is always
facing persistent seismic hazards. The main event
in the region is followed by many aftershocks. Their
frequency patterns provide valuable information
about stress flow direction and mitigation strate-
gies for future earthquakes. This study confirms
the inverse relationship between the deactivation
coefficient (o) and mainshock magnitude (Mp) in
the Central Himalaya, consistent with the physical
reformulation of Omori’s law [8]. Our results show
that larger earthquakes (e.g., Gorkha M7.6) exhibit
significantly smaller o values (0.012), indicating
more persistent aftershock sources and slower post-
seismic relaxation, whereas smaller events (e.g.,
Kalikot M5.5) show larger o (0.039), reflecting
rapid deactivation. The observed aftershock pat-
tern has regional differences that may suggest dif-
ferent seismic stress flow natures. The lower base-
line deactivation (smaller A) and weaker magnitude
sensitivity (smaller B) compared to global datasets
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suggest that the Himalayan active thrust environ-
ment, in comparison to global averaging, charac-
terized by low-angle fault geometry, high pore fluid
pressure, and complex fault branching [20-22] pro-
motes longer aftershock durations. Spatially, larger
mainshocks generate widely distributed aftershocks
along the Main Himalayan Thrust (MHT), while
smaller events produce tightly clustered sequences,
consistent with rupture area scaling.

Overall, the observed linear decrease of o with My
supports the interpretation of Omori’s law as a
source deactivation process. However, quantitative
differences in fitted parameters highlight the impor-
tance of regional tectonics and dataset-specific ef-
fects. The o—Mj relationship offers practical value
for seismic hazard assessment. For example, for a
future event with magnitude 8.0, o = 0.008 would
complicate post-seismic recovery in the Central Hi-
malaya. Despite limitations in catalog incomplete-
ness and short time windows (5-10 days), our find-
ings may require extended aftershock hazard assess-
ments with more events to refine ¢ as a diagnos-
tic tool for post-seismic relaxation. Our estimated
o values are generally smaller than those reported
for intraplate or extensional settings [8], suggesting
that the Himalayan thrust environment promotes
longer aftershock durations.

Limitation of the study

This study is based on three major aftershock se-
quences from the 2015 Central Himalaya earth-
quakes. Although these events provide valuable
insights into the temporal evolution of aftershock
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