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variations (Tanaka et al., 2004; Cochran et al., 2004). Spatial variation
in the seismicity along the arc may result from various causes, e.g.,
variation in the plate motion or convergence rate, lithology, rheology,
heat productivity, etc. besides the structural complexity. The
convergence rate accommodated in the Himalaya (Bilham et al., 1997;
Jouanne et al., 1999; Banerjee and Burgmann, 2002; Banerjee et al.,
2008; Ponraj et al., 2011; Jade et al., 2011; Ader et al., 2012) and the
lithology (Yin, 2006) do not vary significantly along the arc and hence
less likely to be the major factor to cause variation in the seismicity
along the arc. Seismicity along the arc may also be influenced by the
stress changes due to the interaction of faults in the Himalaya and
Tibet, and by the occurrence of great and major earthquakes along
the arc (Gahalaut et al., 2011), and by the deviatoric stresses due to
topographic variation along the arc (Bollinger et al., 2004). However,
variation in the rheology and structural complexity would influence
the locking which may in turn cause variation in the seismicity. The
structural complexities that appear to control the spatial variation in
Himalayan seismicity include presence of ridges on the underthrusting
Indian plate (Valdiya, 1976), the geometry of the detachment (Ni and
Barazangi (1984), mid-crustal ramp (Pandey et al., 1995) as well as
active rifts in the overriding Himalayan wedge (Armijo et al., 1986).
Here in this article we discuss how the seismicity of the Himalayan
arc is influenced by the underthrusting ridges of the Indian plate
beneath the Indo-Gangetic plains, the presence of the mid-crustal
ramp under the southern Higher Himalaya and rifts of the Higher and
Tethys Himalaya.

Earthquake Occurrence Processes in the
Himalaya

Along the 2500 km long Himalayan arc, representing the
collisional boundary between the Indian and Eurasian plates (Fig.1),
earthquake occurrence process has been explained using the model
of subduction tectonics. Measurements of crustal deformation across
the Himalaya reveals that about 2 cm/year of the India-Eurasia
convergence (Bilham et al., 1997; Molnar, 1990) is accommodated
in the Himalaya through stick and slip manner on seismically active
detachment under the Outer and Lesser Himalaya (Seeber and
Armbruster, 1981; Molnar, 1990). In the widely accepted
seismotectonic models for the Himalaya, referred to as steady state

The seismicity along the Himalayan arc varies
significantly with some well defined patterns of
segmentations. We show that the earthquakes along the
Himalayan Seismic Belt (HSB) are influenced by the
structural heterogeneities existing in the underthrusting
Indian plate as well as by the presence of various
north-south trending active rifts in the overriding wedge
of the Himalaya. Model calculations of stress distribution
show that stress change due to strain accumulation is
more on moderately steeper fault, simulating the mid-
crustal ramp under the southern Higher Himalaya, than
on the sub-horizontal thrust. Thus it is surmised that
the presence of the ramp which connects the shallow
section of seismically active detachment to the
aseismically slipping deeper section of the detachment,
causes high seismicity in the HSB region. It implies that
the seismicity variation along the HSB may also be linked
to the presence or absence of the ramp. Further,
subsurface ridges on the down-going Indian plate
probably control the rupture extent of the great
Himalayan earthquakes. Over these ridges the seismicity
of the HSB is generally low and it may imply that ramp
may be absent in those regions. Finally, we  show that
the approximately north-south extending active rifts of
the Tibetan and Higher Himalaya, cause stress shadow
near their southern extent in the HSB which inhibit the
occurrence of small and moderate magnitude thrust
earthquakes.

Introduction
Seismicity in the Himalayan convergent plate margin varies both

in space and time. Temporal variations in seismicity correspond to
phases of earthquake cycle, season (Bollinger et al., 2007) and tidal
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Figure 1. (a) Earthquakes (M>4.5) for the period of 1964 to 2010 (International Seismological Centre, ISC, catalogue)   superimposed over
a smooth topographic map the Himalaya and Tibetan region together with major faults (Gansser, 1964), rifts in the Tibetan plateau (Armijo
et al., 1986; Yin, 2006) and subsurface ridges in the Indo-Gangetic plains (Sastri et al., 1971; Rao, 1973). The ruptures of earthquakes of
M>7.2 of past 200 years in the Himalayan arc are shown by red rounded rectangles and ellipses and their year of occurrence and magnitudes
are marked in (b). Ruptures of 1905 Kangra earthquake is after Wallace et al., (2005); 1803 after Rajendran and Rajendran (2004); 1833
Kathmandu and 1934 Nepal Bihar after Hough and Bilham (2008); and 1950 Assam earthquake after Molnar (1992). The 1897 Shillong
Plateau (SP) earthquake (Bilham and England, 2001) is also shown for reference. The motion of India plate in global reference frame
and with respect to Eurasia is shown by the arrows. (b) Variation of Himalayan seismicity (M>4.5) in an overlapping and sliding 50 km
wide window (sliding with a step of 1 km) for the period between 1964 and 2010 along the curved Himalayan arc. The mean and 1σσσσσ
standard deviation of the seismicity in each window are marked with dashed line. Ruptures of great and major earthquakes (rounded red
rectangles) and the subsurface ridges are also shown. (c) A general north-south vertical cross section across the Himalayan arc showing the
seismically active and aseismically slipping detachment. The location of the HSB is also shown which is coincidental with the transition
zone between the two detachments with contrasting nature that either connected through a flat or a mid-crustal ramp. DHR- Delhi-
Hardwar ridge; FR- Faizabad ridge; MSR- Munger-Saharsa ridge; MFT- Main Frontal Thrust, MBT- Main Boundary Thrust;
MCT- Main Central Thrust.
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and evolutionary models (Seeber and Armbruster, 1981; Ni and
Barazangi, 1984), the great and major earthquakes in the Himalaya
occur on the northward gently dipping (with a dip of about 5-10º)
seismically active detachment under the Outer and Lesser Himalaya
(Fig. 1a). The presence of this part of the detachment, viewed as the
contact surface between the underthrusting Indian plate and the
overriding Himalayan wedge, is mainly inferred from the great
earthquake source models (Seeber and Armbruster, 1981; Ni and
Barazangi, 1984; Molnar, 1990), balanced geological cross sections
(e.g., Schelling and Arita, 1991; Powers, 1998; Srivastava and Mitra,
1994) and limited studies based on active seismic experiment (e.g.,
Rajendra Prasad et al., 2011). Further north,  under the Higher and
Tethys Himalaya, the detachment slips aseismically (Fig. 1b). This
part of the aseismically dipping detachment has been mapped
extensively using various techniques, e.g., seismic (Zhao et al., 1993;
Nabelek et al., 2009), receiver function (Rai et al., 2006; Kumar et
al., 2006; Orshin et al., 2008; Singh et al., 2010; Zhao et al., 2010)
and MT studies (Lammonier et al., 1999; Unsworth et al., 2005, Arora
et al., 2007, Unsworth, 2010). Another notable feature of the
Himalayan seismicity is that small and moderate magnitude

the Main Frontal Thrust (MFT). Figure 1b shows the variation of
Himalayan seismicity along the curved Himalayan arc in terms of
occurrence frequency of earthquakes of magnitude M>4.5, calculated
using running 50 km wide window (sliding with a step of 1 km) for
the period between 1964 and 2010.

Influence of subsurface ridges on the
Himalayan seismicity

The subsurface ridges beneath the Indo-Gangetic plains and their
possible continuations into the Himalaya (Valdiya, 1976) appear to
influence the seismicity along the Himalayan arc as they appear to
control the rupture extents of the major and great Himalayan
earthquakes. These ridges under the Himalayan arc also influence
the Himalayan seismicity (Fig.1a, b and Fig.2).

Control on rupture extent of great and major
Himalayan earthquakes

Gahalaut and Kundu (2012) demonstrated that the rupture extents

Figure 2. Seismicity of the NW Himalaya. Earthquakes are from the EHB catalogue
(from ISC) for the period of 1964 to 2010 (black filled circles). The lower cut-off
magnitude in this catalogue is about 4.5. The lower magnitude (M>2.5)  earthquakes
(blue filled circles) during 1999-2010 are from the local seismological network
operated by the India Meteorological Department and Wadia Institute of Himalayan
Geology in the NW Himalaya. Note that the narrow HSB, related to the crustal ramp,
is marked by the low seismicity in the Simla region and over the extended part of the
DHR. The superimposed colour image shows the change in Coulomb stress (in bar)
on the Himalayan detachment (with thrust motion on gently dipping fault) due to
normal slip on the Kaurik Chango rift. It appears that the active rifting in the north-
south direction casts stress shadow on the part of the Himalayan detachment which
suppresses the seismicity in the Simla region.

earthquakes tend to concentrate in a narrow belt close
to the downdip edge of the seismically active
detachment (Seeber and Armbruster, 1981; Ni and
Barazangi, 1984; Molnar, 1990) or more specifically
in the transition zone between the seismically active
detachment to the south and the aseismically slipping
detachment to the north (Fig. 1a,c). This zone of
concentrated earthquakes, which at surface is only 20-
30 km wide and criss-crosses the Main Central Thrust
(MCT) is referred to Himalayan Seismic Belt (HSB).
In a few balanced geological cross sections, the
transition zone which connects the subhorizontal
detachment on either side (Gahalaut and Kalpna, 2001;
Yin, 2006 and references therein) is marked with the
mid-crustal ramp that dips at 20-30°. The role of the
mid-crustal ramp in producing the more frequent
occurrence of small and moderate earthquakes in
narrow HSB is widely accepted (Pandey et al., 1995;
Thakur et al., 1997), although its precise geometry as
well the mechanism that causes these earthquakes are
not understood. The ramp has not directly been mapped
and is only inferred from the methods listed above. In
many cross-sections and interpretations the two flats
(the seismically active detachment under the Outer
and Lesser Himalaya and the aseismically slipping
detachment under the Higher and Tethys Himalaya) in
the transition zone have been connected through
detachment with gentle fault without any ramp with
steeper dip. So the presence of the mid-crustal ramp is
only conceptual and its location coincides with the
HSB. Due to the regular up-gradation of seismic
networks and inclusion of region specific velocity
models, our understanding of the space-depth
distribution of earthquakes (Kumar et al., 2009; Paul
and Sharma, 2011), its variation along the arc, is
improving continuously. In the present article, towards
this quantification, hereafter the term Himalayan
seismicity will be used to denote the earthquakes that
occur between the HSB and the southernmost thrust,
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of great and major Himalayan earthquakes were probably influenced
by the subsurface ridges extending into the Himalaya. They found
that the rupture extents of earthquakes of past 200 years, namely the
September 1, 1803 Garhwal (M 7.7); August 26, 1833 Kathmandu
(M 7.7); April 4, 1905 Kangra (M 7.8); August 28, 1916 western
Nepal (M 7.3); January 15, 1934 Nepal-Bihar; July 29, 1947 Assam
and August 15, 1950 Assam earthquakes (Fig.1) (Seeber and
Armbruster, 1981; Ni and Barazangi, 1984; Molnar, 1990; Gahalaut,
2008), are probably controlled by the three subsurface ridges or the
basement highs (Fig.1), namely the Monghyr (or Munger) Saharsa
ridge, Faizabad ridge, and the Delhi-Hardwar ridge (Sastri et al., 1971;
Rao, 1973) (Fig.1). The characteristics of the Delhi-Hardwar ridge
have been studied fairly well. Presence of high electrical conductivity
structure aligned with the Delhi-Hardwar ridge has been indicated by
the synthesis of various geomagnetic induction features revealed
by large-scale magnetometer array studies (Arora et al., 1982; Arora
and Mahashabde, 1987). Imaged as domal structure at a depth of
15 km, its high electrical conductivity was attributed to the mantle
derived fluids (Arora, 2001). More recently, Wang and Bilek (2011)
have shown that the ridges or seamounts marked by high degree of
fractured network are characterised by the heterogeneous friction,
leading to heterogeneous coupling due to which the rupture do not
propagate through them.  Given that presence of fluids in the fractured
domain strongly influence the rheology of rocks, the DHR like
ridges with increased ductility and characterised by heterogeneous
friction would inhibit the propagation of earthquake rupture through
them. Such visualisation corroborates the conclusion of Gahalaut and
Kundu (2012) that the ridges acted as a barrier to the incoming rupture
front due to which the rupture of Great Earthquakes along the
Himalayan arc were stalled and terminated at the ridges. Future high
resolution imaging of geometry and rheology of the ridges together
with the dynamic rupture characteristics of the past and future great
earthquakes will facilitate further quantification. It is possible that
the precise GPS measurements of crustal deformation are also
expected to show some heterogeneity in the displacement vectors
over these ridges. However, the present day measurements in the
Himalaya (Ponraj et al., 2011; Jade et al., 2011; Ader et al., 2012) are
sparse to resolve any influence of these ridges on the surface
displacement field.

Seismicity along the ridges

The seismicity of the Indo-Gangetic plains is very low and the
ridges under the Indo-Gangetic plains have not produced a major
earthquake in past few centuries. However, all the three ridges are
characterised by low and moderate magnitude earthquakes (Chandra,
1978; 1992, Fig.7 of Ader et al., 2012 and also our Fig. 2). The seismic
character of the Delhi-Hardwar ridge has become more conspicuous
with the induction of more seismological stations, particularly, a local
network around Delhi region (Bansal and Verma, 2012). Similarly,
the seismicity low along the Faizabad ridge (Fig. 1a, b) has been
brought out clearly by the installation of a dense seismic network
in Nepal (Ader et al., 2012). However, the status of seismicity
along the extension of the Monghyr-Saharsa ridge into the Sikkim
Himalaya is not conspicuous, probably due to its alignment with the
seismically active Yadong rift. Immediately east of Sikkim Himalaya
in the Bhutan and Arunachal region, the seismicity appears to be low
(Drukpa et al., 2006; Valesco et al., 2007; Gahalaut et al., 2011). In
summary, along the large part of the Himalayan arc where the

seismicity is generally high and concentrated in a narrow belt all along
the HSB, it appears to be relatively low and diffused above these
ridges (Figs.1b, 2, and Fig.7 of Ader et al., 2012). Therefore, an
important issue that appears to be linked indirectly with the ridges is
the level of seismicity in the HSB and its variation along the Himalayan
arc.

Influence of ramp on the seismicity of the HSB

The confinement of the moderate and small seismicity along the
Himalayan arc to a narrow HSB is attributed to the presence or absence
of the mid-crustal ramp under the southern Higher or northern Lesser
Himalaya. The ramp connects the shallow and seismically active
detachment to the south with the deeper and aseismically slipping
detachment to the north. To validate whether the presence of the ramp
influences the seismicity of the HSB, we calculate the stress change
due to locking of the seismically active sub-horizontal detachment
under the Outer and Lesser Himalaya (Fig.3). This model is
mathematically equivalent to the one in which slip is assumed to occur
at the deeper part of the detachment on which slip occurs aseismically.
We assume the dip of the aseismically slipping detachment as 10°
and slip rate as 2 cm/year which is the long term convergence rate
accommodated at the Himalaya (Molnar, 1990). We resolve the stress
on the thrust planes with dip 10° and 25°. The two cases simulate the
case in which there is no ramp and hence the coulomb stress is resolved
on the sub-horizontal detachment with dip of about 10° and the case
in which there is a ramp with a dip of 25°. As the seismicity of the
HSB is confined in a narrow belt of 20-30 km wide under the southern
Higher and northern Lesser Himalaya, we focus on the region updip
of the aseismically slipping detachment (box in Fig.3). Similar to
Cattin and Avoauc (2001) and Gahalaut and Kalpna (2000) analysis
we also find that the Coulomb stress is positive in that region which
implies that the process of strain accumulation promotes earthquakes
of the HSB. However, the notable result here is that the Coulomb
stress is higher for the case when they are resolved on 25° plane and
it is dependent on the frictional coefficient (μ). For lower friction
coefficient the Coulomb stress is higher in both cases. It is noted that
for lower friction coefficient (μ = 0.2), Coulomb stress is about 20%
higher in case of ramp (25º plane) in comparison to the case when no
ramp is assumed, e.g., in Fig.3, at a distance of 90 km and depth of
15 km, the stress change is about 0.976 bar for ì as 0.2 in case of 10°
dip whereas it is 1.207 bar in case of 25° dip. Higher coulomb stress
will lead to higher level of seismicity. Thus the high seismicity level
in the HSB along the arc may be a proxy to the presence of the ramp
and its dip.

Signatures of Ridge-Ramp interactions on
seismicity

Although the nature of subsurface geometry in the transition zone
remains unresolved, in a few balanced cross sections, presence of a
mid-crustal ramp has been suggested. Presence of such a ramp
structure was suggested from the earthquakes located by the Nepal
seismic network (Pandey et al., 1995). Evidence of the ramp structure
is also suggested by numbers of magnetotelluric investigations in
Garhwal and Nepal Himalaya (Reddy and Arora, 1993; Lemonnier et
al., 1999; Israil et al., 2010; Rawat, 2011). These studies show that
north dipping mid-crustal low resistivity layer which is a persistence
feature of the Sub- and Lesser Himalaya show discontinuous down



Episodes  Vol. 35,  no. 4

497

throw around the MCT coincident with the HSB. Such suggestion on
the presence of the ramp is further corroborated by the clustering
pattern of earthquakes recorded by a recently established 10-stations
network in Garhwal Himalaya (Arora et al., 2008; Paul and Sharma,
2011). The epicenter distribution clearly defines the HSB with a
narrow belt straddling the surface trace of the MCT (Fig.2). However,
it is striking that well defined concentration of moderate, small and
micro earthquakes in the HSB is highly diffused in the central part of
the Garhwal Himalaya.  It is interesting to note that the extent of low
seismicity region coincides with the width of the electrical conductive
structure found to extend from the Indo-Gangetic Plains into the Outer
and Lesser Himalaya. Numerical modelling of induction response
approximates the electrical structure as an asymmetric domal upwarp
in middle and lower crust with approximate width of 65 km (Arora,
1990). This correspondence of the low seismicity zone embedded in
the HSB with arc perpendicular structure raises the possibility that
ramp may not be present under the parts of the Himalayan arc where
the subducting subsurface ridges interact with the later. The presence
of ridges along the Himalayan arc may cause along-strike variation
in the thickness of sediments down-going with the underthrusting
Indian plate. Akin to subduction zones with varying sediment flux
(Ruff, 1989; Polet and Kanamori, 2000; Gahalaut, 2010), the
variations in the thickness of sediments may produce along-strike

inequality in the coupling of the down-going Indian plate rocks with
the overlying Himalayan wedge, which may analogously be manifested
by the segmentation of the seismicity both in large and small magnitude
earthquakes. In case of the Himalaya arc, the ridges with thin sediment
cover appear to mark the zone of low or heterogeneous coupling and
hence exhibit low seismicity and also act as barrier to the earthquake
ruptures (Wang and Bilek, 2011).

Rifts in the Higher Himalaya and their
influence on the HSB

Several north-south extending active rifts have been mapped on
the Tibetan plateau (Fig.1), which extend from Tibetan plateau to the
Higher Himalaya (Armijo et al., 1986). Although their extension in
further south direction is not established due to lack of surface
expression, segmentation of the overriding Himalayan wedge due to
these rifts may also control rupture extent of major earthquakes of
the Himalaya (Gahalaut and Kundu, 2011). The ongoing earthquake
occurrence and associated crustal deformation on these active rifts
may also influence the Himalayan seismicity by altering the stress
state. Among all such cases, the most notable is the unambiguous
decrease in seismicity level of earthquakes of M>4.5 in the Simla

Figure 3. A conceptual model of change in the Coulomb stress (in bar) due to strain accumulation on the detachment (black line) under the
Outer and Lesser Himalaya in a vertical cross section. The aseismically slipping detachment under the Higher Himalaya is shown by white
line. In the right panels two parallel segments of the detachment are displaced and connected by a ramp with a dip of 25°, simulating a case
of ramp whereas in the left panels they run as single plane, simulating no-ramp case. For both cases, the variations are shown for varying
values of frictional coefficient (μ). In the left panels the stresses are resolved on thrust planes with a dip of 10° (shown with short lines)
whereas in the right panels the stresses are resolved on thrust planes with dip of 25° (shown with short lines). The box in each panel shows
the location of occurrence of earthquakes in the HSB. The change in the Coulomb stress in the box increases with decreasing μ. Note that
the change in Coulomb stress is more when resolved on planes with dip of 25° (ramp) as compared to that on planes with dip 10° (no ramp,
or flat).
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region of the Himalayan arc, that is located west of the Delhi-Hardwar
region and between the 1905 Kangra and 1803 earthquake ruptures
(Fig.1). On either side of the region along the Himalayan arc, the
seismicity level is higher than this region (Fig.3). This feature can
also be seen even for the lower magnitude earthquakes which are
recorded by the local networks of Wadia Institute of Himalayan
Geology and Indian Meteorological Department (Fig.2). Among
several other possibilities including the fact that the low seismicity
could be because the region has released stress during 1905 Kangra
earthquake, we hypothesised that this decrease is due to the active
Kaurik Chango rift in the north. This rift is the most active amongst
all the rifts and extends well into the Himalayan arc. An earthquake
of magnitude 6.8 with focal depth of less than 15 km occurred in this
rift zone on January 19, 1975, referred as the Kinnaur earthquake,
which is the largest earthquake that has occurred on any of these rifts
of the Tethys Himalaya in past fifty years. The earthquake involved
normal motion on the north-south oriented steep plane (Khattri et al.,
1978). Since 1973, more than fifty earthquakes of M>4.5 have
occurred along this rift and the focal mechanisms of these earthquakes
is similar to that of the Kinnaur earthquake. To test whether the
ongoing earthquake occurrence and associated crustal deformation
on the Kaurik Chango rift influence the seismicity of the HSB, we
calculated the stress change due to the earthquakes activity in this rift
zone and investigate nature of stress perturbation onto the Himalayan
detachment (Fig.2). The entire calculations are carried out under the
assumption that earthquake related slip is accommodated
predominantly by normal motion on the north-south oriented steep
plane, representing the Kaurik Chango rift. The length and depth
extent of the fault are constrained by the earthquake distribution in
the region which we assume as 100 and 25 km respectively. Using
the earthquake magnitudes, their seismic moments, and scaling
relations (Wells and Coppersmith, 1994), we estimated that the average
slip rate on this rift is about 1 cm/year. It turns out that the Simla
region of the Himalayan arc is indeed under the stress shadow of the
Kaurik-Chango rift. Thus the ongoing earthquake activity at the
Kaurik-Chango rift decreases the stress level on the detachment in
the region of HSB. We surmise that in a similar way other rifts of the
Himalayan region also influence the Himalaya seismicity. Although
the activity along these rifts is attributed to the eastward extrusion of
the Tibetan plateau, our calculations show that the earthquakes on
the seismically active detachment also promote earthquakes in these
rifts.

Additionally the occasional great and major earthquakes of the
Himalayan arc and adjoining region might also be influencing the
seismicity of the Himalayan arc. A probable example for such a case
is the influence of the 1897 Shillong plateau earthquake on the
seismicity of the Himalayan arc to the north. The stress shadow caused
by the 1897 Shillong Plateau earthquake has been ascribed to cause
low seismicity in the Bhutan Himalaya (Gahalaut et al., 2011). The
stress shadow might have also caused the rupture termination of the
1934 Nepal Bihar and 1950 Assam earthquake, along their eastern
and western rupture edges, respectively.

Conclusions
We have analysed here the spatial variation of Himalayan

seismicity and demonstrated that along-arc segmentation of seismic
activity may be related to the structural complexities in the
underthrusting Indian plate itself arising from the interaction of the

subsurface ridges and active rifts in the overriding Himalayan wedge.
Following conclusions may be drawn from the analysis.

1. Calculations favour that the presence of the mid-crustal ramp,
connecting the seismically active detachment and the aseismically
slipping detachment, enhances the stress in the transition zone
where earthquakes of HSB are concentrated. High level of
seismicity in the HSB seems to be a good proxy to the presence
of the ramp.

2. The observation that seismicity appears to be diffused in the
section of the HSB where subsurface ridges extend into the
Himalaya implies that the ramp is probably absent under the
parts of the Himalayan arc where the ridges are present.

3. The stress change resulting from the active rifts of the Higher
Himalayan causes shadow zone near their southern extent which
partly suppresses the seismicity along some sections of the HSB.
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