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ABSTRACT

Shortening along the Himalayan arc of continental convergence is approximately in the
radial direction. If the underthrusting foot-wall block (India) is not deformed, the hanging-wall
block (Tibet) needs to stretch along the arc, as suggested by radial grabens in southern Tibet. In
contrast, the Nanga Parbat—-Haramosh massif and the western Himalayan syntaxis are part of
a 250-km-long antiform that strikes in the radial direction (northeast) and verges northwest.
The Nanga Parbat antiform is the structural and topographic expression of arc-parallel
shortening that compensates for arc-parallel extension in southern Tibet. This shortening is pre-
dicted to be as high as 12 mm/yr.

INTRODUCTION vergence between rigid plates and require coradigned with the northeast-trending antiform
The Himalayan front of continental conver-plementary deformation within at least one o&ssociated with the western Himalayan syntaxis
gence has a remarkably regular arcuate shaplee plates (Seeber and Armbruster, 1984; ArmijCalkins et al., 1975; Searle and Asif Khan, 1996;
This shape is manifested by structure and topogt al., 1986; Molnar and Lyon Caen, 1989Edwards and Kidd, 1997). We consider these anti-
raphy (Gansser, 1964; LeFort, 1975; FieldingyicCaffrey and Nabelek, 1998). Thus, the overaforms to be part of a single 250-km-long struc-
1996; Bilham et al., 1997) and by seismicitynotion between India and Tibet is partitionedure from the western terminus of the Himalayan
(Baranowski et al., 1984; Seeber and Armbrustdetween distinct fault systems. This paper prdront to the Main Karakorum thrust (Fig. 2). We
1984; Molnar and Lyon Caen, 1989). From soutposes an additional element to Himalayan strajppostulate that the northwest-directed shortening
to north, the convergence front is characterizephlrtitioning by considering the Nanga Parbabbserved at Nanga Parbat and at the syntaxis is
by three main kinematic elements (Fig. 1; Davisnassif and the Western syntaxis as a regional acharacteristic of this entire structure, which is
etal., 1983): (1) a foot-wall block (Indian craton)parallel shortening structure that compensates, raferred to here as the Nanga Parbat antiform.
that dips gently northward below the sedimenteast in part, for arc-parallel extension along the The Indian crystalline foot-wall block of the

filled Himalayan foredeep and generally has littleentral portion of the arc. Main Mantle thrust in the Tethyan Himalayas
internal deformation; (2) an accretionary wedge and the clastic foot-wall block of the Main
where thrusting and folding verge toward the&NANGA PARBAT ANTIFORM Boundary thrust are exposed along the northern

foredeep; and (3) a hanging-wall block (Tibetan The Nanga Parbat—Haramosh massif is a diand southern portions of the Nanga Parbat anti-
slab) that has prominent Neogene extensidinct topographic, lithologic, and structural feaform, respectively (Fig. 3). The northeast-trend-
structures in both radial and arc-parallel directure on the hanging-wall side of the Himalayaring Nanga Parbat antiform merges with the
tions (e.g., Burg et al., 1984; Gapais et al., 199&ont at the western termination of the arc. Theoutheast-trending folds of the Himalayan front
Armijo et al., 1986). This pattern is prominentlymassif exposes high-metamorphic-grade Indiavia a sharp right-angle bend (Calkins et al.,
violated at the northwestern terminus of the arshield gneisses reworked by at least one Hima975). There are no surface expressions of these
where the western Himalayan syntaxis (Wadidayan phase of metamorphism and deformaticsictive northeast-trending structures southwest of
1931, Calkins et al., 1975) and the Nanga Parbate.g., Zeitler et al., 1989; Wheeler et al., 1995}his intersection (Fig. 2). This suggests that the
Haramosh massif (Treloar et al., 1991; Wheeleétructurally, the massif is an antiform (e.g.Nanga Parbat antiform is rooted on the main
et al., 1995; Madin et al., 1989; Butler et al.Treloar et al., 1991). This antiform strikes nortifHimalayan detachment thrust fault (Fig. 3).
1989) are associated with folds and thrusts strike northeast and verges west to northwest, in The structural high along the Nanga Parbat
ing in the arc-radial direction, indicating arc-sharp contrast to regional trends, which generalgntiform correlates with a topographic ridge
parallel shortening on the hanging-wall side omimic the southeasterly strike and southwestertjrat includes prominent peaks, e.g., Haramosh
the Himalayan front. vergence of the Himalayan thrust front at th€7397 m) and Nanga Parbat (8123 m) within the
Strain-partitioning is observed worldwidewestern terminus of the arc (Figs. 1 and 2). Horerystalline massif, and Jamgarh (4734 m) near
along tectonic boundaries where overall motiomontal and west-northwest maximume-stress direthe syntaxis (Fig. 2). This correlation between
is oblique to the boundary (e.g., McCaffreytions we derived from mesoscopic faults in Quastructure and topography, accelerating cooling
1992). Oblique motion is typically partitionedternary (Jailpur sandstone) and older (Kohistarates during the Neogene (Zeitler et al., 1989),
among strike-slip and dip-slip faults. Focalcomplex) foot-wall rock of the Raikot fault evidence of late Quaternary deformation (e.g.,
mechanisms of intermediate-magnitude eartl{Fig. 2) are consistent with the vergence directioBhroder et al., 1989), and intense seismicity
gquakes marking the Himalayan arc indicate slimferred from the large-scale structure of the ant{Seeber et al., 1997) reflect ongoing rapid uplift
in the radial direction on thrust faults parallel tdorm. North of Nanga Parbat, the antiform termiand transport to the northwest of the Nanga
the arc (Fig. 1; Baranowski et al., 1984). Assunmates abruptly against the Main KarakoruniParbat—Haramosh massif.
ing that the convergence direction at the Himahrust (Butler et al., 1992; Pécher et al., 1996). The Nanga Parbat antiform is asymmetric (e.g.,
layan boundary is parallel to these slip vector§outhwest of Nanga Parbat, the antiform confreloar et al., 1991). Along the Indus River gorge,
such kinematics cannot alone account for corinues beyond the massif and is approximatelghe antiform is cut by the Raikot fault (Butler
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Figure 1. A: Main geologic features and kinematics of seismogenic faults in the Himalayan arc. Single arrows or segments repres entslip
vectors with shallow or intermediate dips, respectively, in nearly pure thrust focal mechanisms. Double arrows represent T axes of mech-
anisms with predominant normal faulting. B: Schematic section (1 x 1) through central portion of the arc includes four represen tative

thrust nodal planes. Redrawn from Seeber and Armbruster (1984). MCT—Main Central thrust; MBT—Main Boundary thrust; H—Himalayas.

et al., 1989). This fault strikes north to northeas§ TRAIN PARTITIONING ALONG THE e.g., Molnar and Lyon Caen, 1989). A variety of
parallel to the axis of the antiform, and dips souttHIMALAYAN ARC deformation patterns in Tibet can accommodate
east, below the antiform (Fig. 3). Itis primarily a The Himalayan convergence front is arcuatesuch extension, but only arc-parallel extension
reverse fault, as suggested by stress directiogganning about 2500 km and 60° (Fig. 1). Thevould not change the shape of the arc (Seeber
(Fig. 2), although dextral and sinistral compoeentral two-thirds of the boundary is remarkablyand Armbruster, 1984). A number of Quaternary
nents are found locally (e.g., Seeber et al., 199%jrcular and has a radius of 1700 km (Seeber agdabens that cut across the Himalayan front into
Shroder et al. (1989) determined a 5 mm/yr latdrmbruster, 1984; Bilham et al., 1997). Thesouthern Tibet (e.g., Armijo et al., 1986; Ni and
Quaternary dip-slip rate, similar to the estimatethdia-Asia plate-tectonic velocity is approxi-Barazangi, 1985) may account for such extension.
uplift rate of the massif (Zeitler at al., 1989). Thanately to the north and varies little in directionThese structures tend to be in the radial direction
geometry suggests that the Nanga Parbat antifoatong the Himalayan arc. However, the uniand are most prominent in southern Tibet, as
is genetically related to the Raikot fault and thabrmity of the shortening structures along the arexpected with fan-like arc-parallel extension.
shortening is the fundamental cause of the struge.g., Gansser, 1964) suggests thrusting perpen-Assuming very simple geometry and kinemat-
ture. This shortening is directed northwest, meauwlicular to the local strike of the front. These kinics (a flat Earth and irrotational motion of India),
ing that vergence and hanging-wall transport is ematics are confirmed by earthquake focal mecthe rates of shortening across the Himalayan
the northwest, as compared to a southwest direamisms that show radial convergence along tHeont and the rate of arc-parallel escape (relative
tion of shortening along the Himalayan front inarc (Fig. 1; Baranowski et al., 1984; Ni ando the arc) aréA co$ andlA sind, respectively,
Kashmir (Calkins et al., 1975) and along itBarazangi, 1985; Molnar and Lyon Caen, 1989WherelA is the velocity vector between India
buried extension, the Indus Kohistan seismic zorEhe difference between the expected rigid-platend the center of the arc, abis the angle be-
(Fig. 2; Seeber and Armbruster, 1984). Tectonimotion and the observed kinematics along thiveen any point along the arc and the point where
models of the Nanga Parbat antiform need toonvergence front requires extension of th&A is normal to the arc (Fig. 4). These kinematic
account for the singularity of the structure inTibetan slab (Tibet) normal to the convergenceelations are valid only if the arcuate shape and
terms of attitude and kinematics. They also neatirection, assuming that the Himalayan foot-waltadius of the convergent front is invariant and if
to account for the rapid uplift of the massif. block (India) is internally undeformed (Fig. 4;the slip vectors of the intermediate-size thrust
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earthquakes in Figure 1 reflect the long-ter 2 73 “ 75 76° TE

relative motion between India and Tibet. A sme N
part of the India-Tibet nonradial motion may b \ S,

absorbed in the accretionary prism and may r &
be represented by the earthquake data (Figs.
and 4; Seeber and Armbruster, 1984).

Radial convergence along the Himalayan a
appears to be coupled with arc-parallel escape
hanging-wall material toward the arc termini (e.c
Ni and Barazangi, 1985). As long as the anc
between the plate vector and the local convergel
vector increases along the arc toward the termi
the escape velocity is expected to increase, leac
to distributed extension in southern Tibet (Fig. £ [—
This arc-parallel extension needs to be compe
sated by shortening. One candidate is arc-para
shortening of the hanging-wall block at the ai —
termini, where the kinematic requirement for ar
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such shortening and is one of the key elements
strain partitioning along the Himalayan arc.

If Tibet-India velocitylA =20 mm/yr (Bilham
et al., 1997), then at the western terminus of t
front (B = 40°) the arc-parallel escape velocity
IAsin® = 12 mm, similar to the Himalayan con-Figure 2. Main structural features of the western Himalayan terminus. The Nanga Parbat anti-

; form strikes northeast across regional structural trends and terminates sharply at the Main
verggnce rate nea_r the .ter_mlnus. The escaKarakorum thrust (MKT) and at the Himalayan front, which is represented by the Main Bound-
Velo_c'ty would be hlghe.r if Tibet .has an 0Ve"‘_'{‘”ary thrust (MBT) and by the Indus Kohistan seismic zone (IKSZ). Modified from Searle and Asif
motion to the east relative to Asia (e.g., Armijckhan (1996). Principal horizontal stress axes (deviatoric compression thick; deviatoric exten-
etal., 1986), but would be lower if part of the arcsion thin) were inverted from kinematics of mesoscopic faults in footwall of the Raikot fault
parallel motion is taken up in the wedge. The sli(RF). Site 3 (15 faults) is in Quaternary Jailpur sandstone. Sites 1 (8 faults) and 2 (17 faults) are
rate of 5 mm/yr on the Raikot fault (Shrodelin Chilas complex. H, NP, and J are Haramosh, Nanga Parbat, and Jamgarh peaks. MMT is Main

; ; . Mantle thrust.
etal., 1989) is consistent with a 12 mm/yr escag
velocity because additional shortening is prok
ably absorbed by folding of the Nanga Parbe
antiform and by other structures northwest of theorth. A strain-partitioning model where radialParbat antiform and eastward, possibly con-

I Postcollisional sedimentary rocks

0 100 km
—

antiform (Seeber et al., 1997). convergence along the arcuate Himalayan fromected with the Karakorum fault. It does not,
is coupled with arc-parallel extension in its hanghowever, require transcurrent motion along the
SUMMARY AND CONCLUSIONS ing wall predicts arc-parallel shortening at the areestern and eastern boundaries of the antiform.

The Nanga Parbat—Haramosh massif is part tdrmini. This model accounts for the Nangdn the proposed kinematics, northwestward trans-
a 250-km-long northeast-striking antiform, theParbat antiform as a compressional structuigort at the Nanga Parbat antiform may be more
Nanga Parbat antiform, with clearly defined ternormal to the local trend of the Himalayan frontthan half the convergence rate in the central Hima-
minations at the western Himalayan syntaxis tti predicts a dextral transpressional transfer zorayas, or as much as 12 mm/yr. The very rapid
the south and at the Main Karakorum thrust to thet the sharp northern termination of the Nangaplift of the massif is therefore accounted for by

Figure 3. Tentative structural interpretation of Nanga Parbat
antiform. The Raikot fault (RF) is a crustal-scale thrust rooted
in the main Himalayan detachment, and the Nanga Parbat an-
tiform is a fault-propagation anticline controlled by that
thrust. In this interpretation, Nanga Parbat antiform and
Raikot thrust (mostly blind) extend from the Main Karakorum
thrust to the Main Boundary thrust. White arrows signify mo-
tion relative to footwall of
Himalayan detachment.
Thick and thin one-sided
arrows signify sense of
motion on inactive and
active faults, respectively.
MMT—Main Mantle thrust;
MKT—Main Karakorum
thrust; KF—Karakorum
fault; MBT—Main Bound-
ary thrust; MCT—Main
Central  thrust; NP—
Nanga Parbat peak; H—
Haramosh peak.
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Figure 4. Kinematics for A McCaffrey, R., and Nabelek, J., 1998, Role of oblique
radial convergence along R convergence in the active deformation of the
the Himalayan arc (invari- , 1<) Himalayas and southern Tibet plateau: Geology,
ant radius R on flat Earth). IAsin© A V. 26, p. 691-694.

The velocity vector IA Molnar, P., and Lyon Caen, H., 1989, Fault-plane solu-
between India (I) and cen- tions and active tectonics of the Tibetan Plateau
ter of arc (A) is assumed and its margins: Geophysical Journal Inter-
uniform along the arc and national, v. 99, p. 123-153.

directed north. 1A = IW + Ni, J., and Barazangi, M., 1985, Active tectonics of the
WT + TA, where accre- western Tethyan Himalaya above the under-
tionary wedge W and thrusting Indian plate; The upper Sutlej River
Tibetan hanging-wall T are basin as a pull-apart structure: Tectonophysics,
tectonic elements inter- v. 112, p. 277-295.

posed between | and A Pécher, A., LeFort, P., and Seeber, L., 1996, Tectonics
along the Himalayan of the Himalayan-Karakorum boundary: Dextral
thrust front. If the radial shortening parallel to the suture [abs.]: Eos
slip vectors of thrust (Transactions, American Geophysical Union),
earthquakes represent IT, V. 77, p. 692.

then the “escape” veloc- Searle, M. P, and Asif Khan, M., eds., 1996, Geo-
ity TA<IA sin6. Thisis a logical map of northern Pakistan, scale 1:650000.

IAR ' cos®

WEDGE-W

TIBET-T

maximum value because INDIA-] Seeber, L., and Armbruster, J. G,, 1984, Some elements
the earthquake vectors of continental subduction along the Himalayan
may not account for some arc-parallel shear in the wedge. front: Tectonophysics, v. 105, p. 263-278.
KF—Karakorum fault; NPA—Nanga Parbat anticline. Seeber, L., Armbruster, J. G,, Meltzer, A. S., Beaudoin,

B. C., and Zeitler, P. K., 1997, Extension above
shortening from earthquakes in the Nanga Parbat
massif [abs.]: Eos (Transactions, American Geo-
thrust-related folding. Radial convergence couButler, R. W. H., George, M., Harris, M. B. W., Jones, physical Union), v. 78, p. F651.
pled with arc-parallel extension in the hanging- i:éégri(c;r, 'ID' Js Rﬁloar,ni. J an? vat?]eell\ler’ ‘]Shroi/?r'd?]' T"P*"" %agyibz M'g'MLai‘;%gcg R't D.,
. , Geology of the northern part of the Nanga adin, 1. P., and Higgins, S. M., , Quater-
wall block is a common feature of arcuate con- Parbat massif, northern Pakistan, and its implica- nary glacial geologg)? and neotectonics in the

vergence zones (e.g., McCaffrey, 1992).  tions for Himalayan tectonics: Geological Soci- Himalaya of northern Pakistan: Geological Soci-
Arc-parallel shortening at the arc termini may be ety of London Journal, v. 149, p. 557-567. ety of America Special Paper 232, p. 275-294.
just as common and is predicted north of thgalkins, J. A, Offield, T., Abdullahand, S. K. M., andTreloar, P. J., Potts, G. J., Wheeler, J., and Rex, D. C.,
Namcha Barwa syntaxis at the eastern Hima- Ali, S.T., 1975, Geology of the southern Hima- 1991, Structural evolution and asymmetric uplift

. laya in Hazara, Pakistan, and adjacent areas: U.S.  of the Nanga Parbat syntaxis, Pakistan Himalaya:
layan terminus. Geological Survey Special Paper 716-C, 30 p.  Geologische Rundschau, v. 80, p. 411-428.

Davis, D., Suppe, J., and Dahlen, F. A., 1983, Mechawvadia, D. N., 1931, The syntaxis of the northwest
ics of fold-and-thrust belts and accretionary Himalaya: Its rocks, tectonics, and orogeny:
wedges: Journal of Geophysical Research, v. 88,  Records of the Geological Survey of India, v. 65,
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