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earthquake: Evidence of afterslip along a flat north
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[1] The 8 October 2005 Kashmir earthquake ruptured arobaequence Himalayan

thrust known as the Balak@&agh thrust. The earthquakehypocenter was located at a
depth of 15 km on the ramp close to a possible ramp/flat transition. In the weeks following
the earthquake a GPS network was installed to measure postseismic displacement. The
initial measurements in November 2005 were followed by other campaigns in January and
August 2006, in March and December 2007, and in August 2008 and 2009. Two
hypotheses were tested: pgsismic displacements controlled by viscous relaxation of the
lower crust or by afterslip along a flat north of the ramp affected by the main shock. A single
Newtonian viscosity for the different periods cannot be determined by numerical
simulations of viscous relaxation, which may indicate that the viscosity of the lower crust is
non Newtonian or that viscous relaxation does not control postseismic displacements.
Numerical simulations using dislocations in a uniform elastic $gdtce indicate afterslip

north of the ramp of the earthquake along a flat connected to the ramp. Slip along the
northwestern portion of the flat accrued to about 285 mm between November 2005 and
August 2006, while slip along the southeastern portion accrued to 130 mm over the same
time period. Residual misfit of the observed and predicted displacements clearly indicated
that afterslip is a better explanation for the observations than the hypothesis of viscous
relaxation. The time evolution of the afterslip was found to be consistent with that predicted
from ratestrengthening frictional sliding.

Citation: Jouanne, F., A. Awan, A. Madji, A. Pécher, M. Latif, A. Kausar, J. L. Mugnier, I. Khan, and N. A. Khan (2011),
Postseismic deformation in Pakistan after the 8 October 2005 earthquake: Evidence of afterslip along a flat north of tBadalakot
thrust,J. Geophys. Resl16 B07401, doi:10.1029/2010JB007903.

1. Introduction layan thrust, with ruptures reaching the surface in certain
asesugnier et al, 2004;Lavé et al. 2005;Kumar et al,

. C
[2] On 8 October 2005 the western Himalaya wer 06]. The BalakoBagh thrust has been ruptured by 32 m

affected by anMw 7.6 earthquake. This event occurreffy oo throw since the last glacial maximusiaheda et al.
along the BalakoBagh thrust, a 308ipping ramp AVoUaC a1 \yhich corresponds to a 141 mmiyr mean hori-
et al, 2006] located above the gently dipping main H'maz' ntal displacement and to.B) ruptures similar to the
layan thrust (MHT), at more than 150 km to the northeastlg lakot event since 180 ka. This thrust absorbs only a

the main frontal thrust (MFT). This seismic event therefoge, i, of the 1618 mmiyr shortening expected across the
occurred in an oubf sequence structural location W'tn/vestern HimalayaJhde et al. 2004]

re_spect to the Himalayan thrust system, whereas other _Iar ﬁ The 8 October 2005 event is the first earthquake in the
Himalayan earthquakes are located along the main Himgs alaya with documented surface rupture. It is also the

first large Himalayan earthquake since the advent of GPS
geodesy. Therefore it is a unique opportunity to study great
earthquakes in an intracontinental collision belt. After the
YiSterre, UMR 5275, Université de Savoie, CNRS, Le Bourget du La@arthquake, a GPS network was installed to monitor the

France. _ _ postseismic displacements. The monitoring strategy was
3IGSet0|r?9ICSI MSFl;r\SI% gf ngklstrant, ,lsallamﬁt'):ad,r!’é:k'g;gs Grenob defined in such a way as to identify the spatial and temporal
France. » UnIversite seph Fourier,  Srenobie evolution of the postseismic displacements and to take into
“Geological Survey of Pakistan, Quetta, Pakistan. account difficulties due to logistical and political constraints.
The geodetic data are compared to seismological data and to
Copyright 2011 by the American Geophysical Union. mechanical models in order to assess the mechanisms con-
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Figure 1. Structural scheme of active faults in the western Himalaya. Active structures are shown as
thick black lines. The Balakddagh thrust (BBT) ruptured by the 8 October 2005 earthquake is indicated
with a thicker line. MFT, main frontal thrust; MBT, main boundary thrust; MCT, main central thrust;
MMT, main mantle thrust; IKSZ, Indukohistan seismic zone.

trolling the seismotectonic behavior and rheology of majtr the Jhelum Valley in Kashmir (Figure 1). Its geological

thrusts in intracontinental collision belt. signature is not major, but it accounts for the 8 October 2005
Kashmir earthquake (Figure 2). It seems that this thrust
2. Geological Setting corresponds to a ramp dipping 30°NE, connected to a flat,

thich could be an equivalent of the central Himalayan

[4] The Himalayan beltis a large accretionary wedge bulf i1 anove which spreads the piggyback basin of Kashmir
from the northern Indian continental crust after the India igure 3). The BalakoBagh thrust could be prolonged at
Tibetan collision during the Middle Eocene. After the COhanihy toward the northeast in the floor thrust of a blind
lision, the average IndiAsia convergence rate is estimateglaqge Bendick et al.2007] and probably accounts for the
to be 4 cm/yr Bettinelli et al, 2006]. On the Indian side, 1974 \, 6.2 Pattan earthquake that took place along the
it is accomm'odated by the stacking of several thrust she{étr%p Pennington1989] rather than on a flat thrust. Toward
of XX km thick scales, separated by thrusts (MCT, MB{q southeast, the prolongation of the Bald&agh thrust

and MFT). In the central Himalaya, three main thrusts, 4 pe the KotliRiasi thrust Jayangondaperumal and
accommodate most of the displacement; namely from n kur 2008] (Figure 1).

to south: (1) the MCT, which brings the Higher Himalayan g The recent tectonics of the Balak®agh thrust has
Crystalline Massifs onto the Lesser Himalaya; (2) the .MBi?en investigated using topographic profiles of the cumu-
along which the Lesser Himalaya overrides the Siwalike faylt scarp that affects the top of a fill terrace assumed

Miocene detrital series; and (3) the MFT between the Siwgy,e a550ciated with the last glacial maximiarfeda et al.
liks and the PlioQuaternary deposits of the Ganges plain. 50og). The cumulative scarp indicates the occurrence. of 9

10 similar earthquakes since the creation of this surface.
3. Balakot Bagh Thrust Assuming an age between 10 and 30 ka, this observation
[5] The BalakotBagh thrust may be defined as a N9 Suggests a recurrence of earthquakes similar to the 8 October

thrust system ranging from the Indus Valley (Besham ar@®05 earthquake of 1008300 years and a 1.4.1 mm/yr
meéean horizontal displacement along this fadé#trjeda et al.
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These active thrusts are not associated with clear morpho-
logical signatures. This can be interpreted as indicating an
immature structure linked to the northwestward lateral
propagation of the Balakd®agh thrust. This suggests that
the current termination of the cylindrical Himalayan belt is
west of the Indus, in the area of the structures described as a
syntaxis byDiPietro et al.[1999].

4. The 8 October 2005 Earthquake

[e] Kashmir and northern Pakistan were affected by a
large magnitude earthquakdiv 7.6) on 8 October 2005
(Figure 1). This earthquake, the most devastating to have
occurred in the Himalaya, claimed at least 80,000 lives. The
rupture area has been studied by field investigatidasdda
etal, 2008], by opticalfAvouac et a].2006] or SAR Pathier
et al, 2006] quantification of ground deformation and by
inversion of teleseismic body waves (see http://www.emsc
csem.org/; https://geoazur.oca.eu/spip.php?article112; http://
www.geol.tsukuba.ac.jpyagi y/EQ/2005Pakistan/index.
html; http://earthquake.usgs.gov/earthquakes/eqginthenews/
2005/usdyaef/finitefault/)Avouac et al. 2006]. The slip
pattern of this earthquake appears to be a relatively simple,
coseismic slip affecting a relatively steep crustal ramp (30°)
between the surface and 15 km depth. The coseismic slip
[Avouac et al.2006;Pathier et al, 2006] reached maximum
just north of Muzafarabad with displacements up to 9.6 m at
Figure 2. Focal mechanism of earthquakes prior to tiekm depth located beneath the MuzafaraBathkot ramp
8 October 2005 earthquake and of main aftershocks follof?athier et al, 2006], in the core of the Hazara syntaxis
ing this last event. outlined by the hairpin bend of the main boundary thrust
and ending abruptly north of Balakot (Figure 1), where this
fault seems to disappear. Nonetheless, the |Kaisstan
2008]. This estimated mean horizontal displacement is muggismic Zone could relay the Muzafarabad fault northwest of
smaller than the Himalayan shortening, which is estimatecBalakot [Armbruster et al.1978;Seeber and Armbruster
be 18.8 + 3 mm/yr between Ladakh and the Indian subcdr$79; Seeber et al.1981]. There is no clear consensus on
tinent Pade et al.2004]. This observation suggests that thibde slip distributionAvouac et al[2006] assume the exis-
BalakotBagh thrust is not the main thrust of the westertience of a single asperity above the hypocenter with a max-
Himalaya. imum of 9 m displacement north of Muzafarabad whereas
[7] Inthe Hazara syntaxis, the MCT and MBT are clearlgther studies propose two major asperitRargons et al.
inactive and are like passive markers displaced by tR@06] or multiple asperities={ijiwvara et al, 2006]. For
activity of the BalakoBagh thrust. The IndukKohistan example,Pathier et al.[2006] propose a slip distribution
seismic zone, the Patan 19Mv( = 6.2) earthquake and thepattern for the Balakdluzafarabad ramp with slip affect-
aftershock distribution following the 8 October 200%hg the entire ramp between the surface and 15 km depth,
earthquake (Figure 2) indicate that the area northwest of ¢lieater than 6 m between the surface and 12 km depth with a
BalakotBagh thrust is characterized by several activeaximum reaching 9 m at 4 km depth, whereas the second
thrusts with the same direction as the BaldBagh thrust. segment south of Muzafarabad, the Muzafaraksuta ramp,

Figure 3. Cross section located east of the study area (location in Figure 1) illustrating the existence of
an outof sequence thrust in the western Himalaya and the succession of ramps connecting to a single flat
in the main Himalayan thrust.
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new points were set up along the Indus Valley to document
the occurrence of postseismic displacements in the Indus
Kohistan seismic zone affected by a large number of after-
shocks and in the upper Jhelum Valley to determine post-
seismic displacements along the southeastern part of the
Balakot Bagh thrust (Figure 4). Measurements were taken
from the network again in August 2006, March 2007,
December 2007, and August 2008 and 2009 at a few points
in order to monitor the decrease in postseismic displace-
ments (Table 1).

[10] Results were obtained using IGS final precise orbits
[Beutler et al. 1999], as recommended Boucher et al.
[2004], as well as IGS Earth rotation parameters and data
from nearby permanent GPS stations. The absolute antenna
phase centre offsets models were used.

[11] Data were analyzed using the following strategy:
(1) initial ionospherdree analysis with computation of
residuals, (2) residuals analysis, (3) resolution of lade
ambiguities using the Melbourn®iibbena linear combina-
tion [Melbourne 1985;Wiibbenal985] with DCB files when
available, (4) computation of the ionosphéee solution
introducing the resolved Melbourh#ibbena linear combi-
33° hation ambiguities, and (5) computation of the normal equa-

72° 73° 74° 75° tions. Tropospheranduced propagation delays were estimated

) ) . from observations made every 2 hours. Each daily solution
F_|gure 4. GPS network_lnstalled to measure postseismjgas transformed in the ITRF200BI{amimi et al, 2007]
displacements consecutive to the 8 October 2005 Kashpiference frame with a sevparameter Helmert solution.
earthquake. Coordinates and velocities were then estimated using the

Bernese 5.0 software in the ITRF2005 reference frame.
is ruptured by less severe coseismic slip located between tiie] Finally, velocities were expressed relative to the point
surface and 10 km depth, with a peak of 7 m at 4 km depthstalled in Islamabad (point PS01, Geological Survey of
Pakistan Office in Islamabad), enabling displacements to be
5. Data Collection and Processing expressed relative to the northern Potwar Basin, south of the

. alakotBagh thrust but north of the Himalayan front
[o] After the 8 October 2005 Kashmir earthquake, ]gbinciding with the Salt Ranges frontal thrust (Table 2). The

benchmarks were installed and measured during the fli§tertainties estimated from analyzing the normal equations
week of November (see Table 1 and Figure 4), just after thes;me a white noise source of error. It has long been rec-

road was reopened into the Narhigaghan, Neelum andfﬁénized that the main source of error in GPS time series is in

33°

upper Jhelum valleys. In January 2006, large landslides £Lit; 5 flicker noise Zhana et al. 19971. Williams et al
the access to the Narh&mghan and Neelum valleys, an 4hang " I '

Table 1. Measurements From the GPS Network Dedicated to Postseismic Displacement Quantification

Latitude Longitude November 2005 January 2006 August 2006 March 2007 December 2007  August 2008  August 2009

PS01 33.67 73.06 * * * * * * *
PS02 34.34 73.22 * * *

PS03 34.42 73.36 * * * *

PS04 34.35 73.36 * * * * * * *
PS05 34.66 73.48 * * * *
PS06 34.79 73.52 * * * *

PS07 34.34 72.94 * * * *

PS08 34.87 73.61 * * *

PS09 35.07 72.95 * *

PS10 35.14 73.06 * * *

PS11 34.34 72.90 * * * *

PS13 34.33 73.48 * * * * * *
PS14 34.44 73.63 * * * *

PS15 34.40 73.72 * *

PS16 34.35 72.88 * * * *

PS17 35.33 73.22 * *

PS18 35.35 73.20 * * *

PS19 34.34 73.67 * * * * *
PS20 34.35 73.87 * * *
PS21 34.35 73.72 * * * * *
PK20 35.47 73.96 * *
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Table 2. Displacement Rates Estimated for Point PSO01 in ti2002; Mugnier et al, 2008] deduced from neotectonics
ITRF2005 Reference Frame and in the India Reference Framestudies.

[14 The displacements measured for the period Novem-
ber 2005 to August 2006 (see Figure 6 and Table 3) enable
postseismic displacements to be mapped with points in the
PS01 29.4 322 112 S2.14 0.5 05 NarhanKaghan and Neelum Valley. A most interesting
result is the difference in orientation of the postseismic
displacements between the northern segment and the
[2004] show that flicker noise is. 3 times higher than the southern segment of the Balak®agh thrust, and the major
corresponding white noise level. On the basis of thiisplacements in the Narhdaghan Valley at points
observation, we increased our formal error estimatdd¢ated far from the emergence of the fault but also far from

ITRF2005 India Fixed
Evel N vel Evel N vel se

assuming white noise, by a factor of 3 (Table 2). the connection between the ramp and the detachment level.
[15] During the second period between January 2006 and
6. Results August 2006 (see Figure 7 and Table 3), displacements

[14 The numerous observations collected at point PS farly decreased and postseismic displacements along the
(see Figure 5 and Table 3) may be used to determine gguthern segment of the Balak®agh thrust appear to have

; : Blen very small. This lack of postseismic displacement
displacement rate in the ITRF2005 reference frame and, | IS‘ng this segment is also underlined by the lack of recorded
second step, in the India fixed reference frame using

. . ershocks southeast of the rupture area, whereas post-
rotation pole proposed biltamimi et al.[2007] (Table 2). coigic gisplacements are still significant along the northern
The displacement rate of point PSO1 is only 2.4 mm/ Egment of the Balakdagh thrust
southeastward (Table 2). There is therefore no clear dif ergvI '

g 16] Displacements measured for the period August 2006
ence between PSO01 and the India fixed reference for : ; e
major postseismic displacements and it appears that ﬁ‘ arch 2007 (Figure 8) illustrate the postseismic decrease

current displacement between PS01 and stable India, in l}ﬂ@eu%g’e?";jgerhgo&rgghgg h;gg %ﬁceelﬁ';%or\llglflg;zs%lgf 3\tzcrje|n

S:gef %‘; tr;e Pottr;N?]r tpr)]late)e(lu a?d dSGali Fzzarﬂgfs thrust, :IS CYfFeachable because of the occurrence of numerous land-

zng I?hg izsgo'ﬁAcDgueaﬁeethI 19—93_Gre°|(gﬁ[g°;[g; slides. However, displacements measured between March
n ’ 9 ’ ’ " and December 2007 and between August 2008 and August

mm 449
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Figure 5. Time series of GPS point PS01 installed in Islamabad expressed in the ITRF2005 reference
frame.
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Table 3. Postseismic Displacements Estimated for Different Periods Expressed Relative to PS01
Longitude Latitude East (mm) North (mm) Up (mm) se (mm) sn (mm) su (mm)
November 2005 to August 2006
PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS02 73.2196 34.3449 s7.7 $6.3 .1 3.2 2.4 11.1
PS03 73.3563 34.4221 $17.2 S15.6 3$2.0 2.4 1.6 9.5
PS04 73.3620 34.5785 $56.9 10.5 54.6 4.0 3.2 14.3
PS05 73.4761 34.6602 $50.0 $29.8 §25.4 55 4.8 22.2
PS06 73.5185 34.7887 $16.8 337.5 38.6 6.3 55 35.6
PS07 72.9360 34.8023 2.7 4.8 22.8 2.4 2.4 10.3
PS08 73.6114 34.862 $23.5 1.5 12.8 5.5 4.0 16.6
PS10 73.0617 35.1387 $2.1 %.3 1.6 4.8 4.0 20.6
PS11 72.9002 34.8768 $3.3 $3.2 2.1 4.8 3.2 15.0
PS13 73.4850 34.4171 $28.5 S11.4 0.2 4.8 4.0 23.0
PS14 73.6333 34.4394 $25.4 &37.9 41.3 3.2 2.4 15.0
PS16 72.8763 34.9320 47 &18.1 19.7 4.8 4.0 17.4
November 2005 to March 2007
PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS02 73.2196 34.3449 S$22.2 $13.6 5.4 1.4 2.7 8.1
PS03 73.3563 34.4221 $19.4 817.8 &18.7 1.4 1.4 8.1
PS04 73.3620 34.5785 $64.6 49 48.6 2.7 2.7 10.8
PS05 73.4761 34.6602 $63.1 $41.1 330.9 5.4 5.4 23.1
PS06 73.5185 34.7887 $27.9 $50.9 17.0 6.8 6.8 33.9
PS07 72.9360 34.8023 2.0 3$3.9 4.1 2.7 2.7 9.5
PS09 72.9543 35.0676 47 810.8 643.1 4.1 2.7 17.6
PS10 73.0617 35.1387 7.1 $16.0 $40.1 4.1 5.4 20.3
PS11 72.9002 34.8768 S1.2 3$8.3 4.2 2.7 4.1 13.6
PS13 73.4850 34.4171 334.9 8145 457 4.1 4.1 23.1
PS14 73.6333 34.4394 3$33.4 $57.0 48.7 2.7 4.1 14.9
PS15 73.7182 34.4004 $11.3 $56.6 20.5 5.4 4.1 23.1
PS16 72.8763 34.9320 43 815.2 811 4.1 4.1 16.3
January-August 2006
PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS02 73.2196 34.3449 4.5 S1.9 $10.3 2.4 2.9 10.6
PS04 73.3620 34.5785 835.7 8.7 18.8 35 4.1 15.9
PS07 72.9360 34.8023 1.1 S811.9 20.3 2.9 35 135
PS11 72.9002 34.8768 4.7 $10.0 0.8 2.9 4.1 14.7
PS13 73.4850 34.4171 3235 S$13.4 $41.7 4.7 4.7 22.4
PS16 72.8763 34.9320 35.2 819.8 21.0 35 35 15.9
PS17 73.2229 35.2676 3$6.4 38.7 $62.4 35 4.1 20.6
PS18 73.2013 35.3993 33.9 815.8 13.9 4.7 4.7 23.0
PS19 73.6653 34.1902 33.8 $10.9 &16.1 2.4 2.9 11.8
PS20 73.8657 34.1296 3$2.9 S12.1 2.1 2.9 2.9 135
PS21 73.7172 34.1788 83.2 814.9 5.3 2.4 35 13.0
January 2006 to March 2007
PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS04 73.362 34.5785 $43.0 3.0 13.7 2.3 35 12.7
PS07 72.936 34.8023 0.6 811.0 §7.8 35 35 12.7
PS09 72.9543 35.0676 $2.0 36.8 610.3 35 35 16.1
PS11 72.9002 34.8768 2.7 815.0 1.3 35 35 12.7
PS13 73.485 34.4171 $29.9 816.6 6.2 46 4.6 21.9
PS16 72.8763 34.932 $5.4 817.0 S1.6 35 35 13.8
PS18 73.2013 35.3993 S$7.3 S$17.1 S11.1 35 35 17.3
PS19 73.6653 34.1902 85.7 818.5 0.8 2.3 2.3 12.7
PS21 73.7172 34.1788 %.6 316.5 3.3 35 35 11.5
August 2006 to March 2007
PSO01 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PK20 73.9644 35.4713 $2.5 811.6 $20.3 3.4 4.0 16.4
PS03 73.3563 34.4221 $2.0 2.1 $16.8 2.3 2.3 9.0
PS04 73.3620 34.5785 $7.1 35.8 $6.7 3.4 4.0 15.8
PS05 73.4761 34.6602 812.6 S11.1 $5.4 2.8 4.0 15.8
PS06 73.5185 34.7887 811.0 813.1 26.6 4.0 3.4 20.3
PS07 72.9360 34.8023 0.6 0.9 $26.2 2.3 2.8 11.3
PS10 73.0617 35.1387 .9 $6.7 $40.8 2.8 3.4 15.2
PS11 72.9002 34.8768 2.0 3$5.1 2.1 2.3 2.8 10.7
PS13 73.4850 34.4171 $6.0 32.9 46.3 3.4 3.4 18.1
PS14 73.6333 34.4394 §7.7 818.9 6.8 2.8 3.4 15.2
PS16 72.8763 34.9320 0.3 2.6 $20.3 2.8 2.8 12.4
PS18 73.2013 35.3993 $3.3 815 $20.8 4.0 4.0 19.8
PS19 73.6653 34.1902 81.7 $7.6 13.0 2.8 3.4 14.1
PS21 73.7172 34.1788 36.5 S1.2 $6.7 2.8 3.4 13.0
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Table 3. (continued)

Longitude Latitude East (mm) North (mm) Up (mm) se (mm) sn (mm) su (mm)

March-December 2007

PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS03 73.3563 34.4221 33.0 33.3 31.4 5.3 3.8 22.6
PS04 73.3620 34.5785 813.9 2.0 42.0 3.0 2.3 12.8
PS06 73.5185 34.7887 36.9 S14.2 28.0 3.8 3.0 19.6
PS13 73.4850 34.4171 812.9 813.0 46.6 3.8 3.0 18.1
PS14 73.6333 34.4394 8.7 $19.4 19.7 3.0 2.3 14.3
PS19 73.6653 34.1902 36.3 335 19.1 45 3.8 18.8
PS21 73.7172 34.1788 %6.3 $6.7 17.6 3.0 2.3 12.8
March 2007 to August 2009

PSO1 73.0642 33.6749 0.0 0.0 0.0 0.0 0.0 0.0
PS03 73.3563 34.4221 $8.7 334 17.7 2.4 2.4 7.3
PS05 73.4761 34.6602 S$22.1 s18.2 60.5 2.4 2.4 14.6
PS13 73.4850 34.4171 $21.6 S11.4 48.4 2.4 2.4 14.6
PS19 73.6653 34.1902 $10.9 4.9 23.6 2.4 2.4 14.6
PS21 73.7172 34.1788 $13.4 $9.0 6.3 2.4 2.4 9.7

2009 (see Figure 9 and Table 3) illustrate the slow decretisee, a power law viscosity can be an explanation for this

in postseismic motions. non Newtonian behavior. Such behavior, where the strain
rate is proportional to a power of stress has been proposed to
7. Discussion explain apparent differences in viscosities proposed for

) o ) different time spans following an earthquakelfitz et al,
7.1. Modeling of Postseismic Displacements: Viscous 2001;Chandrasekhar et 312009].

Relaxation Hypothesis

[171 Here we test the hypothesis that the postseismic
displacements are related to viscous relaxation of the middle
and lower crust assumed to be located between 15 and_6(072° 73" 74° 75
km depth. To test this hypothesis, we used the Viscol N
software Banerjee et al.2007; Pollitz, 1997, 2003]. We November 2005 / August 2006 \
considered a thrust located between the surface and 15 km
depth in the elastic upper crust. We supposed that this thrust
had been affected by a uniform coseismic displacement of
4.2 m (mean displacement proposedmgthier et al.
[2006]). The lower crust between 15 and 60 km depth
was supposed to have a uniform Newtonian viscosi3s
whereas the mantle viscosity was fixed at®1Pa s. We
determined the best fitting viscosity for the lower crust
(between 5 x 18 and 16 Pa s) using displacements
estimated for the time spans November 2005 to August
2006, August 2006 to March 2007, and Mar8hgust 2007
(Figure 10). The best values obtained for the loereist
viscosity was 3 x 1¥¥ Pa s for the first time span 3y
(November 2005 to August 2006), 15 x'#@Pa s for the
second (August 2006 to March 2007) and 30 ¥¥Hx s for
the third (March 2007 to August 2009). In a second step, we
have tested the influence of the mantle viscosity on the
choice of the best value for the lowemust viscosity. We
have tested mantle viscosity of'#®a s, 18° Pa s, 16° Pa
s and 16" Pa s for the three time spans. For the three timg
spans, the best misfit is obtained for 8°.00°° Pa s mantle
viscosity, whereas viscosities of ¥®a s and 18 Pa s are
associated with larger misfits. The large and significaigure 6. Postseismic displacements recorded between
differences between the viscosity adjusted for the first tiflovember 2005 and August 2006 expressed relative to Isla-
span and the other periods underline the fact that tmabad and seismicity recorded over the period considered.
relaxation of the lower crust, assumed to be a NewtonitBT, Main boundary thrust; MCT, main central thrust;
body, cannot alone explain the postseismic displacement8®dT, main mantle thrust; NKV, NarhaKaghan Valley;
that the viscosity of the lower crust is nblewtonian. As NV, Neelum Valley. The BalakaBagh thrust is drawn with
the optimal lowercrust viscosity increases with postseismia thick line.

36°

35°

34

33°
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72° 73° 74° 75° [Srinivasan and Khar1996] located east of the study area
36° - 36° (Figures 1 and 3) and as observed in the central Himalaya
@*’ NN (connection of ramps to the main Himalayan thrust). The
position of the flatramp transition is assumed to be at the

January 2006 / Augugt 2006 ‘ foot of the ramp ruptured by the 8 October 2005 earthquake,
at 15 km depth, which is consistent with the connection of
the ramps along the MHT as illustrated on Figure 12.

[21] The strike of the dislocation is assumed to be parallel
35c to the average structural direction of the BalaRagh
thrust. The segmentation of the fault used to define the dis-
locations was defined using structural data (Figures 3 and 12):
a first dislocation represents the Balakot thrust (northwestern
part of the BalakoBagh thrust ruptured by the 8 October
2005 earthquake), a second one represents the Bagh fault,
the southern part of the active BalalBdgh thrust Avouac
et al, 2006;Kaneda et al.2008], while two other disloca-
tions represent flats assumed to follow the ramps modeled
by the two first dislocations (Tables 4a and 4b). No major
vertical postseismic displacements were measured during
MBT Islamabad the postseismic phase and this lack for points northeast of

Mcr the ramps reinforces the hypothesis that these points are
50 mm g located above thrust segments with moderate dips, referred
—/ < MBT to here as flats, that form the deeper parts of the active

° ™ o
33 — L e | 33" thrUsts. The connection between the ramps and the flats is

72° 73° 74° 75° assumed to be at 15 km depth, at the foot of the ramp
Figure 7. Postseismic displacements recorded betweigd to simulate coseismic displacements (see section 7.1).

35°

34 34

January 2006 and August 2006 expressed relative to IslarjdiS 1S classically assumed to be the depth of the transition
bad and seismicity recorded over the period consider igure 12) between the brittle crust and the ductile crust.
MBT, Main boundary thrust; MCT, main central thrust;

MMT, main mantle thrust; NKV, NarhaKaghan Valley;

NV, Neelum Valley. The BalakdBagh thrust is drawn with 72° 73° 74 75°

a thick line. 36° ry — H 36

X »

o August 2006 / March 2007
[18] Furthermore, the postseismic displacements occur- ugust 2006 / Marc /

ring during the first year following the earthquake are not
well modeled by relaxation of the middle and lower crust, as
shown by the poor fitting between the observed and simu-
lated displacements for the November 2005 to August 2008-
time span (Figure 11). In particular, viscous relaxation is not
able to simulate the observed obliquity between postseismic
displacements and coseismic displacements (thrust without a
strike slip component), as observed at points located in the
NarhanKaghan and Neelum valleys (Figure 11). In addition,
viscous relaxation cannot predict the small and southward
displacements observed at points located in the Indus Rivef.
Valley. At these points the predicted and observed displace-
ments are perpendicular (Figure 11).

35°

34

7.2. Modeling of Postseismic Displacements: Afterslip
Hypothesis

[19] It is assumed that the postseismic displacements are
related to aseismic creep, which is modeled on the basis gof
the theory of a dislocation embedded in the elastic half™ 5. 73° 74° 75°
space. To do so we use the solutiorOifada[1985] for a
rectangular dislocation with uniform slip. Figure 8. Postseismic displacements recorded between

[20] These displacements can be linked to localizeklgust 2006 and March 2007 expressed relative to Islama-
aseismic displacements along thrust planes consideredas and seismicity recorded over the period considered.
dislocations, and their upper tips correspond to a rheologit#B T, Main boundary thrust; MCT, main central thrust;
or geometrical change in the thrust plane. It is assumed thI T, main mantle thrust; NKV, NarhaKaghan Valley;
the Balakot and Bagh ramps are connected at depth to aflat Neelum Valley. The BalakaBagh thrust is drawn with
dipping 10° northeastward, as illustrated by a cross sectathick line.

33°
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the Bagh ramp is not affected by postseismic displacements.
The comparison between coseismic slip (Figure 13a) and

postseismic slip (Figure 13b) implies the existence of a sig-
nificant obliquity between coseismic slip localized only along
the ramp and postseismic slip localized mainly along the flat.
Postseismic slip along the flats present an important dextral
strike slip component which is not the case for the coseismic
slip that present a moderate dextral stskp component

35° along the northwest part of the ramp and only a thrust com-

ponent for the southeast part of the ramp.

[23] Modeling of the postseismic displacements for the
August 2006 to March 2007 period (see Figure 14 and Table 5)
indicates the occurrence of afterslip along the flats north of
the ramps representing the Balakot and Bagh thrust fault.
The displacement reaches 109 mm along the northern flat,
whereas along the southern flat it reaches 60 mm with a
direction of displacement implying a thrust and dextral
strike slip components. A good fit between the data and the
model is obtained with no postseismic displacements along
the Balakot and Bagh ramps during this period. Sensitivity
tests were performed assuming a constant dip of the flat
segment (Tables 4a and 4b) to study the extent, toward the
north and toward the lower crust, of the zone with significant
afterslip. This test was only performed for this time span,
because the displacement of point PK20, north of the flat, is
Figure 9. Postseismic displacements recorded betweenly available for this period. The best model indicates that
March and December 2007 expressed relative to Islarte flat extends between 15 km (fl@mp connection) and
bad and seismicity recorded over the period consider8@.km depth. It is therefore entirely in the lower crust and
MBT, Main boundary thrust; MCT, main central thrustfloes not reach the mantle located at 60 km depaidt al,
MMT, main mantle thrust; NKV, NarhaKaghan Valley; 2006].

NV, Neelum Valley. The BalakoBagh thrust is drawn [24] The measured postseismic displacements can thus be
with a thick line. interpreted as being induced by afterslip along the flats
located northeast of the BalakBagh ramp. As was also
shown by postseismic deformation consecutive to the Chi
At 15 km depth, at a midcrustal level, the temperature @i earthquakeYu et al, 2003; Perfettini and Avouac
assumed to be higher than 250°C but not high enough2004], afterslip affected mainly the part of the rafiap
allow the development of ductile deformation, which osystem that was unaffected during the main shock. This
curs at temperatures higher than 400°C. At temperatupbe€nomenon was also observed in the case of the 1995
between 250 and 400°C, rate strengthening can be abtiw = 8.0 Jalisco earthquake where afterslip occurred
vated Blanpied et al. 1991, 1995Chester 1995;Marone  downdip of the coseismic rupture and migrated downward
1998; Frye and Marone 2002; Perfettini and Avouac along the thrust planeHptton et al, 2001]. In other
2004] allowing the existence of a brittle creeping part of tloases, like the 200Biw = 6.5 Chengkung earthquake in
fault between the brittle part (0 < T < 250°C) and the ductiastern Taiwandheng et al. 2009;Hsu et al, 2009] and
part (T > 400°C). the Mw = 6.9 Boumerdes earthquake in AlgerMahsas

[22] To simulate displacements, we used a flat succeeditgal, 2008], afterslip was also concentrated primarily in
the Balakot thrust that is wider than the ramp, as suggedtieel fault plane area not ruptured by major coseismic
by the postseismic displacements recorded in the Narhdisplacement but upward to the coseismic slip patch.
Kaghan Valley north of Balakot. Thirty models were tested[25] In the case of the 8 October 2005 earthquake, the
for each period. The best model is presented for which thieerslip affected the flat north of the ramp, with displace-
sum of the weighted residuals®(test) between observedment being clearly oblique to the thrust, implying a major
and simulated displacements is minimal (Tables 4a and 4®xtral strikeslip component, which did not occur during
Modeling of postseismic displacements for the Novembitie earthquake (Figures 13 and 14). The afterslip direction
2005 to August 2006 period (see Figure 13 and Table &png the flat appears to be parallel to the Himalayan
indicates the occurrence of afterslip north of the rampkortening direction and not parallel to the main coseismic
representing the Balakot and Bagh thrusts, along flats locatiézplacement.
at between 15 and 30 km depth (see section 7.3). The di§26] To analyze the time evolution of postseismic dis-
placement reaches 308 mm along the northern flat, wherpl&ements, we analyzed the time evolution of afterslip and
along the southern flat it reaches 130 mm with a directiteésted the model oPerfettini and Avouad2004]. This
implying a thrust and dextral strikdip components. The model assumes that afterslip is governed by a rate
displacement of a point just near Balakot implies a moderatesngthening friction law. We also tested the hypothesis of
displacement along the Balakot thrust (88 mm), with a thri&grfettini and Avouaf2004] that aftershocks are driven by
component and a senestral striffip component, whereasafterslip by comparing the time evolution of both.
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Figure 10. Residual misfits (in millimeters) between observed and simulated displacements for different

lower crust viscosity ¢ versus logh) and residual

misfit obtained for our best dislocation model (see

Table 5). Residual misfits were performed for the November 2005 to August 2006, August 2006 to
March 2007, and March 2007 to August 2009 time spans using Vise@lidftware Banerjee et al.

2007; Pollitz, 1997, 2003].

[271 This model is defined by an analytical expression fanables an aftershock decay rate to be proposed in accor-
the slip of the brittle creeping flat and has already bedance with Omots law.

applied to the ChiChi earthquakeHerfettini and Avouac

[28] The predicted change in postseismic displacement is

2004]. In particular, it successfully describes both thexpressed by the relation

change in time of the aftershocks and the postseismic dis-
placement time decay. This model predicts a logarithmic

increase in slip that is dependent on the change in static
Coulomb stress induced by the main shock. With tH¥'€

Udb % Voth Vot logdlp déexpet, b 1p  ab

re \4 is the interseismic displacemeat,and b geo-

hypothesis that the seismicity rate may be considered to
proportional to the creep velocity along the flat, the mod

10 of

gtric factors and d = ex®CFF/(a), whereD CFF is the
Epulomb stress change due to the earthquake atie t
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72° 73° 74° 75° Table 4a. Sensitivity Tests Performed to Determine the Extent of
36 — 36" the Northeastern Fldts
November 2005 / August 2006 ! Depth of Flats (km) c?
/ 15.25 5.18
/ 15.30 5.15
! 15.35 5.16
15.40 5.23

35° 35° 3See Figure 12.
fa where N is the number of aftershocks immediately fol-
lowing the main shock andgRhe number of events per day.
Ro, was determined using the ISC catalog (http://www.isc.
ac.uk) by analyzing seismicity with mb > 3.5 for the years
before the main shock R= 0.08 events per day).

34° 34° [30] First, to determine the model parameteend d, the
. microseismicity distribution through time following the
= IsIT/‘a/ 8 October_ 2005 earthquake is _an_aly_zed (Figure 15).
~—  MBT~ The analysis suggests a characteristic time tr of 8.8 years
>0 mm and d = 3200.
observed displacement Mcr [31] As shown in Figure 15, the evolution through time of
— MBTS the cumulative number of aftershock is well described by the
33° modelled displacement é ~—~ —J 55 period of observation of 600 days following the main shock.

79° 73 _r 75° After 300 days, the predicted curve is nearly linear, we can
then suppose that the 8.8 years characteristic time is valid

Figure 11. Modeling of displacements for the Novembe@lthough the observation period does not exceed 2 years,

2005 to August 2006 period using ViscolD.v3 software @quarter of the characteristics time.

test the hypothesis of relaxation of the middle and lowel32] According to the model oPerfettini and Avouac

crust as origin of observed postseismic displacements udi#@04], the distribution of aftershocks and postseismic dis-

a viscosity of 3 x 18 Pa s (Figure 10). placements must show the same time decay as the after-
shocks induced by postseismic displacements.

[33] Second, the characteristic time tr was used to test
characteristic time, a =m log(V), mbeing the coefficient whether the GPS time series changed in the same way. The
of friction of the brittle creeping fault, V the displacemerdeometrical parametees andb linked with the GPS site
rate ands the stress. location were determined for each time series and the fit

[29] If we assume, likePerfettini and Avoua¢2004], a between the observed and predicted time changes was tested
direct link between the postseismic displacement and trengc? value minimization (Figure 16). The observed and
change in aftershocks with time, the number of aftershogk®dicted displacements are consistent, which suggests a
may be expressed as proposedHwrfettini and Avouac direct link between the timdependent change in the post-
[2004] by: seismic displacements and the tioependent aftershock

distribution as proposed byerfettini and Avoua§2004].

N&P ¥No b Rot;log'tp ddexpet, b 1P According to this model, and as observed postseismic dis-
placements can be simulated by means of displacements
along dislocations, it is highly likely that the tindependent
change in cumulated aftershocks is controlled by the
occurrence of deep afterslip along the brittle creeping flat
located north of the ramp ruptured by the 8 October 2005
guake. The occurrence of deep afterslip mainly along the flat
located to the north the Balakot thrust may explain why the
aftershocks are mainly located along the Indus Valley
northeast of the Balakot thrust whereas only a few after-
shocks were observed southwest of this thrust.

Table 4b. Geometrical Characteristics of the Dislocations Used to
Model the Displacements

Width (km) Depth (km) Dip Strike

Figure 12. Set of dislocations used to model postseismic

displacements. The segmentation of the thrust is basedvefhwestern ramp 20 .85 30 142
the investigations dfaneda et al[2008] andAvouac et al. Soutrf]\eastern ;Iamp 40 B 30 142

i rthwestern flat 40 130 10 142
[2006]. The ramp is assumed to be connected to a flat d@.fgutheastem i o . o e

ping 10° northeastward.
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Figure 13. Coseismic slip [aftePathier et al, 2006]. (a) Location of the NEIC epicenter (star). (b)

Modeling of displacement using a set of four dislocations for the November 2005 to August 2006 period.
The flat ramp transition is fixed at 15 km depth.

[34] As the observed and predicted displacements wenate the total moment released by afterslip along the dis-
consistent, we used the modeled time series to determineldisations, we then used slip estimated for the November
total postseismic displacements for the 1500 days followiBg05 to August 2006 period multiplied by 3.7.
the earthquake (Table 6). These displacements appear to fzg] In this hypothesis of afterslip along flats, and if we
3.7 times larger than the displacements observed for tumsider an average elastic rigidity of 40 Gpa, a value that is
November 2005 to August 2006 period (Table 6). To estempatible for the QL5 km depth range, the moment

Table 5. Slip Along the Four Dislocations Used to Simulate Observed Postseismic Displacements for the Periods November 2005 to
August 2006 and August 2006 to March 2007

November 2005 to August 2006

August 2006 to March 2007

Right Lateral (mm) Reverse (mm) Right Lateral (mm) Reverse (mm)
Northwestern ramp dip 30° (Balakot Ramp) S79 39 0.00 0.00
Northwestern flat 198 237 57 85
Southeastern ramp dip 30° (Bagh Ramp) 0.00 0.00 0.00 0.00
Southeastern flat 55 118 28 40
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Figure 14. Modeling of displacement using a set of four dislocations for the August 2006 to March 2007
period. The flat ramp transition is fixed at 15 km depth.

released by afterslip during the 1500 days following tleong the thrust. This large value is not a result of anoma-
main shock was 2.25 x N m + 7.49 x 16°N m, ifitis lous postseismic displacements but mainly the result of the
considered that the main source of uncertainty is the defatige area of the flat affected by these displacements.

of the lower tip of the flats, known to within 5 km. This [36] This major afterslip is mainly aseismic, the moment
value represents 56 + 19% of the coseismic moment estieased bg aftershocks during the same period being only
mated at 3.96 x 8 N m by Pathier et al.[2006]. This 1.21 x 13° N m, which represent a ratio between the
large value is explained mainly by the large area affecteddymulative moment of the aftershocks and the postseismic
afterslip (40 x 86 and 40 x 86 km). This ratio is significantlmoment deduced from geodesy of 0.05. For comparison this
larger than the 13% estimated for the Ciii earthquake ratio is also less than 0.1 in the case of the I1zRuiljnger
[Hsu et al, 2007] for the 15 months following the mainet al, 2000] and Hector MineJacobs et al.2002] earth-
shock and larger than the 13% estimated for the Chengkungkes, about 0.22 for the Landeghén et a).1994], and
earthquake over a 157 day peridds[ et al, 2009], if we 0.75 for the ChiChi earthquakeHsu et al, 2002].

consider postseismic displacements following ruptures

1400
1200 1
1000 1
800 |
600

400 -

200 -

Number of cumulated events

0¥ ‘ ‘ ‘ ‘ ‘ ‘
0 100 200 300 400 500 600
Days following the main shock
Figure 15. Cumulative number of aftershocks (gray squares) with mb > 3.5 as a function of days fol-
lowing the Kashmir earthquake. The function that best fits the earthquake distribution (continuous line) is

obtained for tr = 8.8 years, d = 24912.233 and RO = 0.08. RO was obtained from the microseismicity cat-
alogue for events with mb > 3.5 prior to the main shock.
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Figure 16. Observed postseismic displacements over time after the main shock and predicted displace-
ments by equation (1) with a characteristic time tr = 8.8 years determined by analyzing aftershock distri-
bution in time. For each component of each site the geometric factarel b were determined by
minimizing the predicted and observed displacement. The predicted times series using a viscoelastic model
with viscosity of 3 x 182 Pa s (best fit for the November 2005 to August 2006 period), 135PE0s (best it

for the August 2006 to March 2007 period), and 30 ¥Ha s (best fit for the March 2007 to August 2009
period) are plotted. The major misfits between observed and predicted time series with this viscoelastic
modeling showed that viscoelastic relaxation with a Newtonian viscosity does not explain the observations
or that the lower crust exhibits ndfewtonian viscosity with a nonlinear law. It must nevertheless be noted
that after a year of postseismic displacements the form of the predicted time series using viscous relaxation
with 15 x 10 Pa s (best fit for the August 2006 to March 2007 period) and 33%Ps (best fit for the

March 2007 to August 2009 period) and the observations are relatively concordant.
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Figure 16. (continued)

[37]1 Following this hypothesis that aftershocks are driveand August 2006 to March 2007), whereas the residual
by afterslip, we computed the Coulomb stress changassfits are similar for the last time span (March 2007 to
induced by these afterslips in thrusts with an orientation aAidgust 2009). The observed and predicted time series
dip similar to the main shock. We considered a region@digure 16) indicate that the hypothesis that afterslip is
stress with 61 perpendicular to the strike of the Balakajoverned by a ratstrengthening friction law (thieerfettini
Bagh thrust, 62 along the strike of the fault and 63 verticahd Avouad2004] model) models the observed time series
as suggested byarsons et al.[2006]. Estimating the better than the viscous relaxation h]y%aothesis, but the slopes
Coulomb stress enables the spatial distribution of théthe predicted time series for 15 x'¥@nd 30 x 16° Pa s
aftershocks to be relatively well simulated and its asyrare close to the observed time series after 1 year of post-
metry to be understood. The aftershocks are mainly locassismic deformation. It is therefore impossible to rule out
northwest of the BalakdBagh thrust, in the IndukKohistan the assumption that during the first few months afterslip is
Seismic Zone Armbruster et al. 1978; Seeber and the dominant mechanism, as proposedisy et al.[2007]
Armbruster 1979;Seeber et a1.1981], where the Coulomb for the 1999 ChiChi earthquake in Taiwan and that, after
stress increase induced by afterslip is considerable for degthgar, postseismic deformation may also be controlled by
of 0.8 km (Figure 17). As a conclusion, Coulomb stressscous relaxation, as has been propo