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ABSTRACT(
!

The! 2500! km! long! Himalayan! orogen! is! characterized! by! continuity! of! the!
principal! lithotectonic! units.! There! is! evidence! for! faster! convergence! rates! in! the!
eastern!portion!the!orogen!compared!to!the!western!portion;! in!addition,!presentVday!
precipitation! rates! and! Late!Miocene! erosion! rates! indicate! a! westVtoVeast! increasing!
gradient.! Further! complications! are! induced! by! the! Shillong! Plateau,! which! is! a!
basement! popVup! structure! in! front! of! the! eastern! Himalaya,! and! the! only! active!
structure!in!the!Himalayan!foreland!that!could!accommodate!or!partition!4V7!mm/yr!of!
plate!convergence.!This!study!aims!to!test!whether!these!differences!are!reflected!in!the!
rates!of!tectonic!activity!and!shortening!along!the!range.! !To!do!so! I!have!constructed!
balanced!crossVsections!for!10!transects!across!the!Siwalik!Group.!

The!Siwalik!Group!comprises!the!deformed!part!of! the!Neogene!foreland!basin!
along!the!southern!orogen!margin.!!The!group!consists!of!synorogenic!sediments,!which!
date!back!to!ca.!18.5!Ma!and!form!the!youngest!and!frontal!parts!of!the!Himalayan!foldV
andVthrust! belt.! ! Thrust! faults! in! the! SubVHimalaya! are! splays! of! a!major! décollement!
(the! Main! Himalayan! Thrust),! which! spans! the! entire! Himalaya! thrust! belt.! ! Several!
southVverging!thrusts!define!the!deformation!and!shortening! in!the!Siwalik!Group:! ! (1)!
the! Main! Boundary! Thrust! is! the! backstop! of! the! Siwalik! group! against! the! Lesser!
Himalaya,!!(2)!a!succession!of!duplexes!are!present!within!the!SubVHimalaya,!and!(3)!the!
Main!Frontal!Thrust!is!the!frontal!deformed!toe.!!

During! the! last! 11! myr,! convergence! rates! between! the! Indian! plate! and! the!
Eurasian!plate!were!at!a!steady!rate,!but!with!a!lateral!gradient!of!ca.!34!mm/yr!in!the!
northwest! to! ca.! 44! mm/yr! in! the! northeast! of! India.! ! ! Current! GPS! velocities! are!
consistent!with!plate!convergence!velocities,!since!rates!are!ca.!10!mm/yr!greater!in!the!
east!than!the!west.!By!constructing!internally!consistent!crossVsections,!the!shortening!
rates! and! strain! rates! obtained! helped! determine! differences! in! strain! rates! and!
shortening!rates!along!the!Himalaya.!!There!is!a!distinct!westVtoVeast!increase!in!strain!
rate!across!the!Himalaya!arc,!which!correlates!with!two!external!parameters.!!!

The!exact!cause!of!the!westVtoVeast!trend!of!Pliocene!to!present!shortening!can!
only!be!determined!through!quantitative!testing!of!parameters.!!However,!it!is!seen!that!
rainfall! amounts! along! the! Himalayan! arc! have! a! direct! correlation! to! strain! rates,! as!
there!are!higher!strain!rates!and!rainfall!in!the!west!than!the!east.!

!

! !
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1. INTRODUCTION(

1.1. PURPOSE(

The!goal!of!this!thesis!is!to!determine!if!there!are!differences!in!shortening!rates!

and!amount!of!shortening!along!the!Himalayan!Arc.!!If!so,!what!are!the!potential!causes!

of!this!variability?!

Mountain!belts!are!formed!by!interactions!and!feedbacks!between!tectonics!and!

surface! processes! (erosion! and! sedimentation).! The! hypothesis! is! that! the! spatial! or!

temporal!changes!in!shortening!rates!can!be!correlated!with!the!changes!of!one!or!more!

parameters!that!control!the!deformation!of!the!foreland!foldVandVthrust!belt.!!Because!

the! Sub! Himalayas! are! the! youngest! tectonic! unit! of! the! Himalayan! orogen,! the!

stratigraphic! age! of! the! strata,! linked! to! denudation! of! the! orogen,! is! precisely!

constrained.!!!

The! convergence! rates! between! the! Indian! and! Eurasian! plates! are! well!

constrained! in! time! and! space! (Molnar! and! Stock,! 2009).! ! The! partitioning! of! this!

convergence! along! the! Himalayan! Arc! is! well! documented! from! ongoing! GPS!

measurements! (Banerjee! et! al.,! 2008).! ! Previous!work! has! also! been! completed! by! a!

number!of!researchers!on!climatic!parameters!(Bookhagen!and!Burbank,!2010;!Grujic!et!

al.,!2006).!!!

To! test! the! hypothesis! and! to! achieve! the! goal! of! this! project,! the! following!

specific!objectives!will!be!pursued:!
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1. Interpret! crossVsections! along! the! Himalayan! foreland! arc! within! the! SubV

Himalaya!group.!

2. Calculate! shortening! amounts! and! rates! throughout! the! Himalayan! foreland!

within!the!SubVHimalaya!group.!

3. Suggest!factors!for!the!spatial!and!temporal!changes!in!shortening.!

4. Propose!a!tectonic!model!which!best!fits!the!shortening!history.!

Number!of!researchers!have!constructed!balanced!sections!along!the!Himalayan!

Orogen! (Coward! and!Butler,! 1985;! Srivastava! and!Mitra,! 1994;!Mugnier! et! al.,! 1999b;!

Mugnier! et! al.,! 1999a;! Long! et! al.,! 2011a;! Schelling! and! Arita,! 1991;! Schelling,! 1992;!

Mitra! et! al.,! 2010,! et! al.).! !Methods! and! tools! of! crossVsection! balancing! used! by! the!

researchers! vary.! ! Due! to! the! varied! approach,! an! accurate! qualitative! comparison! of!

shortening!across!the!Himalayan!Arc!is!not!possible.!!Once!an!appropriate!picture!of!the!

shortening!rates!along!the!Himalayan!Arc!is!determined,!factors!influencing!shortening!

rate!can!be!discussed.!Factors!may!include:!!

1. Changes!in!sedimentation!and/or!erosion!rates,!(influence!from!monsoons!which!

influence!the!erosion!and!sedimentation).!

2. Changes!in!convergence!rate.!

3. Changes! in! partitioning! of! convergence! (e.g.,! formation! of! popVup! structures,!

such!as!the!Shillong!Plateau).!!!

4. Changes!in!the!critical!taper!model!which!is!controlled!by!the!sedimentation!and!

erosion!in!the!orogenic!wedge.!
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!

Having! an! internally! consistent! understanding! of! the! shortening! of! the! SubV

Himalaya! group! throughout! the! Himalayan! arc! allows! for! discussion! on! factors!which!

influence!the!shortening!rates.!

Figure(1.1(–(Geological(overview(map(of(the(Himalaya.(Balanced(crossAsections(of(the(Siwalik(Group(are(indicated(

with(red(lines.((Compiled(from(McQuarrie(et(al.((2008),(Powers(et(al.,((1998),(Chirouze(et(al.,((2012),(Mugnier(et(al.,(

(1999a)(and(Ojha((personal(communication,(2012).(

1.2. DATA(INTEGRITY(
!

Within!the!SubVHimalaya,!nine!crossVsections!have!been!completed!through!the!

SubVHimalaya! and! Lesser! Himalaya! (Coward! and! Butler,! 1985;! Srivastava! and! Mitra,!

1994;!Schelling!and!Arita,!1991;!Schelling,!1992;!Mitra!et!al.,!2010;!Long!et!al.,!2011a;!

Yin,!2010).!!Mugnier!et!al.!(1999a),!Mugnier!et!al.!(1999b)!and!Powers!et!al.!(1998)!also!

constructed!a!series!of!crossVsections!though!the!SubVHimalaya.!!Since!the!sections!were!

completed!with!distinctive!methodologies,!and!different! individuals!drawing!them,!the!

sections!are!not! internally!consistent.! !These!crossVsections!were!compilations!not! just!
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across!the!SubVHimalaya,!but!also!the!Lesser!Himalaya!and! in!some!cases,!the!Greater!

Himalaya.!!

Reconstructing!sections!using!historic!data,!as!well!as!new!information,!allowed!

for!an!internally!consistent!set!of!sections!and!comparison!of!the!sections.!!Strain!rates!

and!shortening!rates!throughout!the!SubVHimalayan!arc!were!calculated.!!The!results!of!

the!modeling!indicate!that!there!is!a!westVtoVeast!increase!in!the!strain!rate!within!the!

SubVHimalaya!across!the!Himalayan!arc.!!I!was!able!to!see!a!change!in!strain!rates!from!

7.96! %/myr! in! the! east! to! 21.96%/myr! in! the! west.! ! It! is! suggested! that! rainfall! has!

influenced!the!strain!rates,!as!there!is!a!greater!amount!of!rainfall!in!the!east.! !
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2. GEOLOGICAL(SETTING(

2.1. TECTONICS(AND(CONVERGENCE(

Since! the! collision! and! closure! of! the! Tethyan! Ocean! at! ca.! 50! Ma,! the!

convergence! between! India! and! Eurasia! has! been! ongoing.! The! convergence! rate! has!

changed!stepwise!or!continuously!and! it!has!been!consistently! faster! in! the!NE!corner!

than! in! the! NW! corner,! resulting! in! the! progressive! counterclockwise! rotation! of! the!

Indian!plate!(Molnar!and!Stock,!2009;!Gan!et!al.,!2007).!

The! movement! of! the! Indian! plate! colliding! with! the! Eurasian! plate! was!

reconstructed!by!Molnar!and!Stock!(2009).!!The!position!of!the!Indian!plate!was!mapped!

using!magnetic!anomalies!and!fracture!zones,!on!ocean!bottoms,!to!predict!the!angular!

velocity.! ! The! reconstructions! by! Molnar! and! Stock! (2009)! combined! India,! Somalia!

Nubia,!North!America!and!Eurasia!to!create!a!reconstruction!of!the!relative!positions!of!

the!Indian!plate!with!respect!to!the!Eurasian!plate.!
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!

Figure(2.1(A(Map(showing(the(reconstructions(of(the(two(sites(on(the(Indian(plate(with(respect(to(the(Eurasian(plate.((

The( present( position( is( shown(with(white( boxes( and( the( black( dots( that( represent( the( reconstructions( and( the(

ellipses( correspond( to( 95%( uncertainty( (Molnar( and( Stock,( 2009).( India’s( position( is( shown( through( time( in( the(

white(outline.((The(white(boxes(with(ages(correspond(to(the(position(of(India(at(that(time.((The(colors(represent(the(

current( thickness(of( the( lithosphere,( showing(the(thick(Himalayan(and(Tibetan(crust( in( red,(and(the(thin(oceanic(

crust(in(blue.(
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!

!
Figure(2.2(A(Convergence(rates(of(the(Himalayan(Arc((Molnar(and(Stock,(2009).((a)(Distances(of(points(from(current(

location(at(different(times(in(the(past.((The(average(convergence(rates(are(seen(during(different(intervals,(along(the(

Northwest(corner(and(Northeast(corner(of(India.((b)(A(plot(of(Figure(2.2a,(but(zoomed(in(to(the(last(20(Ma.(((c)(&((d)((

Abrupt( change( in( convergence( rate( in( both( NW( and( NE( corner( of( India.( ( Abrupt( slowing( of( convergence( has(

occurred(since(ca.(20(Ma,(and(has(been(constant(since(ca.(11(Ma.((

The!rate!of!convergence!between!India!and!Eurasia!has!slowed!since!45V50!Ma.!!

There!was!a!large!drop!in!the!convergence!around!20!Ma.!!Convergence!rates!at!ca.!40V

45!Ma!changed!from!109!to!59!mm/yr!in!northwestern!India!and!from!118!to!83!mm/yr!

in! northeastern! India.! ! Rates! dropped! ca.! 45%!between!11! and!20!Ma! from!59! to! 34!

mm/yr! in!northwest! India!and! from!83! to!44!mm/yr! in!northeast! India.! !Convergence!

rates!have!been!constant!since!ca.!11!Ma!with!convergence!of!34!mm/yr!in!northwest!

(a) (b)

(c) (d)
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India!and!44!mm/yr!in!northeast!India!(Molnar!and!Stock,!2009).!!The!last!change!may!

have!been!gradual!occurring!between!20!and!11!Ma!(Figure!2.2!a!and!b),!or!may!have!

occurred!abruptly!at!ca.!17!Ma!(Figure!2.2!c!and!d).!

GPS! data! of! the! shortening! rates! across! the! Himalaya! arc! was! collected! from!

1995V2007!and!was!interpreted!by!comparing!data!from!locations!of!the!base!stations!in!

India!with!stations!located!in!the!Himalayas!and!Tibet.!!To!collect!the!GPS!data,!a!series!

of! stations!were! sampled!within! the!Himalaya! and! compared! to! IGS! tracking! stations!

(base!station).!!The!stations!in!the!Himalaya!were!occupied!for!ca.!5!days!and!observed!

for!3V10!years.! !The!movement!of! the!stations! in! the!Himalaya!were!compared!to! the!

IGS!tracking!station.!!This!difference!in!distance!of!the!two!allows!for!the!velocity!to!be!

calculated.! ! With! GPS! shortening! rate,! the! rates! cumulatively! increase! the! further!

distance!away!from!the!base!station!(Banerjee!et!al.,!2008;!Gan!et!al.,!2007).!!Each!part!

of!the!Himalaya!has!different!shortening!rates.!!The!velocity!of!the!front!of!the!Himalaya!

compared!to!the!base!station!is!slower!than!the!velocity!in!the!center!of!the!Himalaya!

compared!to!the!base!station.!!This!difference!is!due!to!shortening!occurring!at!different!

parts!in!the!Himalaya!rather!than!along!a!single!fault.!!With!the!velocity!from!the!center!

of! the! Himalaya! to! the! base! station,! takes! into! the! account! the! shortening! in! other!

places!inVbetween,!the!furthest!point!and!base!station!and!displaying!a!cumulative!value!

of!the!shortening!rates.! !This!constant! increase!of!shortening!allows!for!partitioning!of!

the!GPS! convergence! rates.! ! To! calculate! the! shortening!of! one! specific! region!of! the!

Himalaya,!the!shortening!convergence!rates!of!the!areas!closer!to!the!base!station!must!

be! subtracted! first.! ! For! example,! in! Figure! 2.3,! the! red! track,! which! intersects! the!
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Shillong!plateau,! should!be! reduced!by!4V7!mm/yr! to! calculate! the! shortening! for! the!

SubVHimalaya!(Banerjee!et!al.,!2008).!

!
Figure(2.3( A(GPS(velocity(map(of( India.( (A)(Map(showing( the(GPS(velocities(with( respect( to( the( reference( frame.((

Orange(arrows(have( larger( rates(with( respect( to( India,(and(Red(arrows(are(GPS(velocities(of(<4mm/yr.(Magenta(

dots(represent(earthquakes(from(1935A2008((B)(GPS(velocities(with(respect(to(the(stable(India.( ( Inset(map(shows(

the(sites(included(for(each(of(the(four(profiles.((The(lines(on(the(bottom(of(the(graph(show(the(topography(along(

each(profile(line.(The(three(profiles(to(the(west(track(each(other(closely.((The(velocity(of(the(most(eastern(profile(

shows(convergence(rates(ca.(10(mm/yr(greater(then(those(to(the(west.((This(could(be(due(to(the(Shillong(plateau(as(

it(moves(southward(with(respect(to(the(India(base(stations(at(4A7(mm/yr((Banerjee(et(al.,(2008).(

The!Shillong!Plateau!is!an!important!part!of!the!shortening!history!in!the!eastern!

portion!of!the!Himalayan!arc.!!The!plateau!forms!the!only!elevated!area!in!front!of!the!

Himalayan!orogen.!

A B
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!

Figure(2.4(A(Major(structural(features(overlain(on(digital(topography(of(Southern(Bhutan(and(the(Shillong(Plateau(

area.(Modified(from(Biswas(et(al.((2007).(

The!faults!bounding!it!to!the!north!and!south!are!seismically!active!(Biswas!et!al.,!

2007;!Bilham!et!al.,!2003;!Clark!and!Bilham,!2008)!and!the!question!is!to!what!extent!the!

slip! along! these! faults! partitions! the! convergence! rate! between! India! and! Eurasia.! If!

there!is!a!strong!partitioning,!the!segment!of!the!Himalayas!to!the!north!of!the!Plateau!

may! undergo! slower! shortening! than! the! rest! of! the! Himalayas.! ! The! first! modern!

analysis! of! the! kinematics! of! the! Shillong! Plateau! suggested! that! the! shortening! rate!

across!the!plateau!is!4!±!2!mm/yr!assuming!that!the!uplift!of!the!plateau!started!2V5!Myr!

ago!(Bilham!and!England,!2001).! ! !According!to!the!estimate!of!the!contraction!rate!of!

18!mm/yr!would!imply!that!the!faults!of!Shillong!plateau!absorb!up!to!one!third!of!the!

Himalayan! contraction! rate.! ! Although! the! sedimentological! data! indicate! that! the!

plateau!was!submerged!until!the!Pliocene,!the!thermochronological!data!(Biswas!et!al.,!

2007)!indicate!that!the!uplift!of!the!basement!of!the!Shillong!plateau!started!sometime!

between!15!and!9!Ma.!!Since!the!basement!of!the!Plateau!was!covered!by!soft!Tertiary!
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sediments,!these!were!easily!eroded!and!the!rock!uplift!and!exhumation!did!not!result!

in!surface!uplift;!only!when!the!hard!basement!rocks!were!exposed!did!surface!erosion!

decrease!and!the!basement!rock!uplift!was!converted!into!surface!uplift!(Biswas!et!al.,!

2007).! ! The! surface! uplift! as! estimated! by! the! same! thermochronological! data! is!

estimated!to!have!started!between!5.5!and!3.5!Ma.!!!Taking!into!account!the!difference!

in!basement! level!between!the!hanging!wall! (Plateau)!and! foot!wall! (Silhet!Trough)!of!

the! Dauki! fault,! Biswas! et! al.! (2007)! and! Clark! and! Bilham! (2008)! estimated! that! the!

longVterm! shortening! rate! across! the! plateau! is! actually! 0.65–2.3! mm/a,! or! 1.0V! 2.0!

mm/a!respectively,!which!represents!only!10!–!15%!of!the!Himalayan!contraction!rate.!!!!

Based!on!more!recent!GPS!measurements!the!horizontal!shortening!rates!across!

the!Plateau!were!calculated!to!be!4!V!7!mm/yr!(Bilham!et!al.,!2003;!Banerjee!et!al.,!2008),!

somewhat!more!precise!than!the!previous!estimate!of!6.3!±!3.8!mm/a!(Banerjee!et!al.,!

2008;!Bilham!et!al.,!2003).!!In!addition,!the!available!GPS!data!for!the!eastern!Himalaya!

indicate! that! this! segment!of! the!orogen! is! contracting!at! ca.!22V24!mm/yr.! !Although!

the! GPS! contraction! rates! across! the! Shillong! Plateau! are! larger! than! the! longVterm!

shortening!rates,!it!appears!that!the!contraction!rate!across!the!Eastern!Himalaya!is!not!

lower! than! for! the! central! segment! of! the! orogen.! ! If! the!movement! along! the! faults!

bounding! the!plateau!partition!16! V! 30%!of!plate! convergence,! removing!4! V! 7!mm/yr!

from!21!V!24!mm/yr!yields!14!V!20!mm/yr!contraction!across!the!eastern!Himalaya!which!

is! slightly! faster! than! the! central! Himalaya! (Molnar! and! Stock,! 2009;! Banerjee! et! al.,!

2008).!!Consequently,!questions!emerge.!
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a) Is! the! partitioned! convergence! a! recent! pattern! or! is! it! a! longVterm! (Late!

Miocene!to!present)!rate!of!shortening!of!the!Himalaya?!

b) Did! the! shortening! rate! in! the! eastern!Himalaya! decrease! from! a! higher! value!

and!the!recent!value!is!only!a!coincidence?!

c) Is!the!shortening!rate!of!the!Shillong!plateau!faster!now!(GPS)!data!than!in!the!

past! (thermochronological!data!e.g.!Biswas!et!al.,!2007),!or! is! the!difference! in!

estimated! rate! biased! by! the! different! techniques! and! time! scales! of!

observations?!

d) If! the! shortening! rates! across! the!Himalayas! are! everywhere! the! same,! how! is!

that! reconciled! with! the! different! plate! convergence! rates! estimated! for! the!

eastern!and!western!corners!of! the! Indian!plate,!44!and!34!mm/a! respectively!

over!the!period!of!the!last!11!Ma!(Molnar!and!Stock,!2009)?!

!

Figure( 2.5( A( Northeast( Himalaya( and( Shillong(

dislocation( model.( CloseAup( of( NE( India( and(

Shillong( plateau( in( Mercator( projection( with(

modeled( (cyan)( velocities( and( with( observed(

(red).(Updip,(southern(edges(of(three(rectangular(

dislocations( are( labeled(with( optimal(model( slip(

rates( (Banerjee( et( al.,( 2008).( ( The(GPS( observed(

and(modeled( data( shows( great( shortening( rates(

in( the( Himalayan( arc( even( though( there( is(

shortening( in( the( Shillong( plateau.( ( Shortening(

rates(from(Banerjee(et(al.((2008)(suggest(rates(of(

4A7(mm/yr.(

!

!
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2.2. REGIONAL(HIMALAYA(GEOLOGY(

The! timing!of! collision!of! India!and!Asia! is!a!matter!of!heated!debate,!and! several!

criteria!have!been!used!to!pinpoint!the!event,!but! in!general! it!can!be!assumed!that! it!

occurred! at! 45V55! Ma! (Hodges,! 2000;! Molnar! and! Stock,! 2009).! ! The! ongoing!

convergence! between! India! and! Eurasia! led! to! uplift! of! the! Himalayas! and! Tibet.!

Shortening!occurred!in!the!Himalayas!with!southward!propagating!thrusts!(Quade!et!al.,!

1995).!!The!thickening!of!the!Himalayan!crust!did!not!commence!until!the!late!Oligocene!

to!early!Miocene!(Quade!et!al.,!1995).!!

MolasseVtype!sediments!were!shed!from!the!Himalayan!highlands!and!deposited!in!

the!foreland!basin,!stretching!continuously!from!northeast!India!to!northwest!Pakistan!

(Beaumont,! 1981;! Quade! et! al.,! 1995).! ! The! sedimentary! basin! was! formed! in! the!

foreland!of!the!Himalaya!as!a!result!of!flexural!loading!(Quade!et!al.,!1995;!Beaumont,!

1981).!!These!molassic!sediments!are!known!as!the!Siwalik!Group.!!

! !
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!
Figure(2.6(A(Schematic(cross(section(and(block(diagram(of(the(Himalaya(orogen.(Modified(from(Hodges((2006)(

2.2.1. LITHOTECTONIC(UNITS(

From!south!to!north!the!Himalayan!orogen!is!divided!into!several!lithotectonic!units!

characterized!by!sediments!deposited! in!different!environments!at!different!times!and!

by!contrasting!Tertiary!metamorphism!and!magmatism.!These!are!separated!by!northV

dipping,!southVvergent!thrusts;!the!south!most!thrusts!are!brittle!faults!while!the!north!

most!thrusts!are!ductile!shear!zones.!

SUBAHIMALAYAN(ZONE(

The! SubVHimalayan! zone! is! defined! as! the! Neogene! and! Quaternary! foreland!

basin!of!the!Himalaya.!!It!lies!between!the!Lesser!Himalaya!and!the!active!Main!Frontal!

Thrust!in!the!front!of!the!Himalaya!orogen.!!There!are!two!different!rock!groups!within!

the!SubVHimalaya:!(1)!uppermost!Paleocene!or!Lower!Eocene!to!Lower!Miocene!marine!

siltstones! and! sandstones! (Hodges,! 2000;! Najman! et! al.,! 2005)! and! (2)! the! Lower!
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Miocene! to!Pleistocene!alluvial! sandstones,!mudstones,! siltstones,! and! conglomerates!

of!the!Siwalik!Group!(Hodges,!2000).!

Both!groups! thicken! from!south! to!north.! !Thicknesses! range! from!2!km! in! the!

basin! to!more! than!10! km!near! the! contact! zone!near! the! Lesser!Himalaya.! The!west!

SubVHimalaya! contains! both! groups,! but! in! the! east! the! SubVHimalaya! contains!

predominantly!the!Siwalik!Group!(Hodges,!2000).!

LESSER(HIMALAYAN(SEQUENCE(

Rock!types!within!the!Lesser!Himalaya!Sequence!(LHS)!include!impure!quartzites,!

psammitic! phyllites! and! schists,! subordinate! impure! marbles,! metaVmafic! rocks,! and!

augen! gneisses.! ! The!metamorphic! grade! ranges! from! Lower! greenschist! facies! in! the!

south! and! at! the!base!of! the! LHS! to! lowerVamphiboliteVfacies! grade! at! the! top!of! the!

sequence! (Long! et! al.,! 2011b;! Hodges,! 2000;! Robinson! et! al.,! 2001).! The! rocks! of! the!

Lesser!Himalaya!sequence!are!deformed!into!a!typical!system!of!foldVandVthrust!nappes!

(Long! et! al.,! 2011b;! Robinson! et! al.,! 2001).! ! The! depositional! age! of! the! sedimentary!

rocks!ranges!from!Neoproterozoic!to!Permian!and!consequently!the!rocks!are!separated!

in! four! stratigraphic! units,! oldest! at! the! top! (north)! and! youngest! at! the! base! (south)!

(Long!et!al.,!2011a;!Long!et!al.,!2011b).!!Thicknesses!of!the!LHS!range!from!8!to!19!km!

(Hodges,!2000;!Long!et!al.,!2011b).!

!

!
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GREATER(HIMALAYAN(SEQUENCE(

The!Greater!Himalaya!sequence!(GHS)!is!the!metamorphic!core!of!the!Himalaya.!!

It! has! been! known!by! other! names! such! as:! “Central! crystallines”,! “Higher!Himalayan!

gneisses”!and!“Tibetan!slab”.!!The!GHS!is!a!continuous!belt!of!amphibolite!to!granulite!

grade!igneous!rocks,!metasedimentary!rocks!and!leucogranites.!Both!the!thermal!peak!

of!metamorphism!and!magmatism!occurred!during!the!Early!and!Middle!Miocene!(Long!

et!al.,!2011b;!Hodges,!2000).!

TETHYAN(SEDIMENTARY(SEQUENCE(

The! Tethyan! sedimentary! sequence! (TSS)! consists! of! Proterozoic! to! Eocene!

siliciclastic!and!carbonate!sedimentary!rocks,!which!are!interbedded!with!Paleozoic!and!

Mesozoic!volcanic!rocks.!!The!TSS!can!be!divided!into!four!sub!sequences.!

1. PreVrift!sequence!(Proterozoic!to!Devonian).!!

2. Rift!and!postVrift!sequence!(Carboniferous–Lower!Jurassic).!

3. Passive!continental!margin!sequence!(Jurassic–Cretaceous).!

4. SynVcollisional!sequence!(Cretaceous–Eocene)!(Yin,!2006).!

!

!

!
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2.2.2. STRUCTURES(

MAIN(FRONTAL(THRUST(

The!Main!Frontal!Thrust!(MFT)!extents!across!the!Himalayan!arc.!!Of!all!the!main!

structures! mentioned! here,! the! MFT! is! the! least! well! defined! because! in! places,!

Quaternary! sediments! cover! the!MFT! (Robinson!et!al.,!2001;! Long!et!al.,!2011a).! ! The!

MFT!is!the!most!frontal!thrust!sheet!in!the!Himalayan!arc,!and!places!Siwalik!sediments!

over! Quaternary! Gangetic! and! Brahmaputra! plain! deposits.! The!MFT! is! the! southern!

deformation!front!of!the!SubVHimalaya.! !Movement!started!at!2.5!Ma!±!0.5!Ma!and! is!

still! active! (van! der! Beek! et! al.,! 2006).! ! Rates! of! slip! on! the!MFT! vary! depending! on!

methodology! used.! ! Published! rates! on! the! MFT! range! from! 15V20! mm/yr! (Molnar,!

1987;!Avouac,!2003).!

MAIN(BOUNDARY(THRUST(

The!Main! Boundary! Thrust! (MBT)! places! the! LHS! over! the! SubVHimalaya.! ! The!

timing!of!movement!along!the!MBT!is!very!poorly!constrained.!!!Exhumation!of!the!LHS!

along!the!MBT!may!have!started!ca.!10!Ma!(Yin,!2006).!!On!the!other!hand,!exhumation!

of! the! LHS!may! have! resulted! in! duplexes,! and! a! younger! age! of! activation!would! be!

possible,!ca.!5!Ma!(Yin,!2006;!Avouac,!2003).!!Due!to!the!lack!of!correlative!stratigraphic!

units,!the!total!magnitude!of!slip!across!the!fault!is!not!well!constrained.!!Slip!along!the!

fault!is!estimated!as!>100!km!in!western!and!central!Himalaya!(Yin,!2006),!whereas!slip!

along!the!MBT!in!eastern!Himalaya!and!Bhutan!could!be!up!to!67!km!(Long!et!al.,!2011a).!!
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RAMGARH(THRUST(

Ramgarh! thrust! creates! a! duplex! system!within! the! Lesser! Himalaya! sequence!

(Long!et!al.,!2011a;!Robinson!et!al.,!2001).!!The!Shumar!Thrust!in!the!eastern!Himalaya!is!

equivalent!to!the!Ramgarh!thrust!in!the!central!and!western!Himalaya!(McQuarrie!et!al.,!

2008;!Long!et!al.,!2011a).!!The!footwall! is!composed!of!predominantly!Paleozoic!rocks,!

while!the!hanging!wall! is!composed!of!Paleoproterozoic!rocks! in!the!eastern!Himalaya!

(Yin,! 2006;! McQuarrie! et! al.,! 2008),! and! in! central! and! eastern! Himalaya,! the!

metamorphic!Ramgarh!Group!is!placed!on!top!of!the!sedimentary!Sirmur!Group!(Godin!

et!al.,!2006;!Yin,!2006).! !Activation!of! the!Ramgarh! thrust!occurred! from!10! to!15!Ma!

(McQuarrie!et!al.,!2008;!Godin!et!al.,!2006).!

MAIN(CENTRAL(THRUST(

The!Main!Central!Thrust!(MCT)! is!a!ductile!shear!zone!that!forms!the!boundary!

between!the!Lesser!Himalaya!sequence!and!the!Greater!Himalaya!sequence! (Godin!et!

al.,! 2006;!McQuarrie! et! al.,! 2008).! ! Activation! of! the!MCT! varies! across! the! Himalaya!

resulting!in!ages!from!16!to!23!Ma,!with!younger!ages!in!the!eastern!Himalaya!(Godin!et!

al.,!2006).!

!

!

!

!

!
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2.3. SIWALIK(GROUP(

2.3.1. SEDIMENTOLOGY(OF(THE(SIWALIK(GROUP(

The!Siwalik!Group! consists!of! synorogenic! sediments,!which!were!deposited! in!

the! Himalayan! foreland! basin! on! the! fringe! of! the! Himalayan! range.! ! The! sediments!

extend!from!Assam,!India!to!western!Pakistan!(Najman!et!al.,!2005;!Ojha!et!al.,!2009).!!

Over!the!entire!basin,!the!sediments!are!broadly!uniform.!There!are!slight!differences!in!

the! deposition! of! the! Siwaliks! over! the! Himalayan! arc.! ! Some! nomenclature! changes!

from! region! to! region,! but! based! on! lithostratigraphy,! the! Siwalik! Group! has! been!

divided!into!the!Lower,!Middle!and!Upper!Siwalik!Groups!(Long!et!al.,!2011b;!Ojha!et!al.,!

2009).!!!

!
Figure(2.7(–(Generalized(stratigraphic(column(of(the(Siwaliks(Group(in(eastern(Bhutan.(Modified(from(Najman(et(al.,(

(1993)(and(Long(et(al,((2011b).(

The! foreland! basin! was! formed! during! continental! collision,! where! the! overV

riding! plate! (Eurasian)! loads! the! subducting! plate! (Indian),! causing! downwarping! and!

associated!updoming!of!the!craton!creating!a!forebulge!(Figure!2.8).!!As!thrusts!continue!
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to! elevate! crustal! rocks,! eroded! material! is! deposited! into! the! foreland! basin.!!

Deposition! of! sediments! shows! a! shallowing! upwards! sequence! as! deposition! rate!

exceed! subsidence.! ! ! With! continued! convergence! of! the! plates,! the! thrusts! and!

associated!peripheral!forebulge!advance!cratonwards,!and!the!foreland!basin!sediments!

become!caught!up!in!the!thrusting!(Long!et!al.,!2011b;!Najman!et!al.,!1993).!

(

Figure(2.8(–(Schematic(diagram(of(foreland(basin(evolution.(See(text(for(explanation.(Modified(from(Najman(et(al.,(

(1993).(

Thickness! of! the! Siwalik!Group! varies! from!2! km! to! 10! km.! ! Due! to! faults! and!

erosion,!there!is!no!full,!intact!stratigraphic!section!(Ojha!et!al.,!2009;!Long!et!al.,!2011b).!

The! Siwaliks! strata! in! general! coarsen! upward! from! mudstones! and! siltstones! to!

sandstones!and!conglomerates! in! the!upper!members! (Long!et!al.,!2011b;!Ojha!et!al.,!

2009).!!

GreenVgray,! mediumVgray! and! tan! siltstones! and! shales! with! interbedded!

sandstones! characterize! the! Lower! Siwalik! Group.! ! The! siltstones! and! shales! are!

micaceous,!laminated!and!mediumV!to!thickVbedded,!whereas!the!sandstone!grains!are!

subVangular! with! a! high! percentage! of! lithic! clasts! with! a! siltVrich!matrix! (Ojha! et! al.,!

2009;! Long!et!al.,!2011b).! ! Sandstone!beds! range! from!<5!m!thick! to!30V40!m.! !These!
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sandstone!beds!could!be!channel!bodies,!and!are!indicative!of!meandering!and!braided!

rivers! (Quade!et!al.,!1995;!Ojha!et!al.,!2009).! ! Low!amounts!of!organics! including!coal!

logs! and! leaf! impressions! have! been! found!within! the! Lower! Siwaliks! (Mugnier! et! al.,!

1999b;!Quade!et!al.,!1995).!

There!is!a!conformable!transition!into!the!Middle!Siwalik!Group!from!the!Lower!

Siwalik!Group! (Najman!et! al.,! 2005;!Mugnier!et! al.,! 1999b).! The!Middle! Siwalik!Group!

consists!of!sandstone!and!conglomeratic!sandstone!within!minor!gray!to!greenish!gray!

laminated! siltstones! (Long! et! al.,! 2011b;! Najman! et! al.,! 2005).! ! The! sandstone! is! sub!

angular!mediumV! to! coarseVgrained,!with!a!high!percentage!of! lithic! clasts! (Najman!et!

al.,!2005;!Long!et!al.,!2011b).! ! ! !These!sandstone!bodies!are!mostly!between!10V20!m!

thick,!but!multistory!sandstones!occur!which!are!over!45!m!thick,!indicating!an!increase!

in! channelVbody! thickness!when! compared!with! the! Lower! Siwalik!Group! (Long!et! al.,!

2011b;! Najman! et! al.,! 2005).! ! The! conglomerate! is! generally! matrixVsupported! with!

pebbleV!to!cobbleVsized!clasts!(Najman!et!al.,!2005;!Long!et!al.,!2011b).!!The!appearance!

of! conglomerate!marks! a! change! from! the! Lower! Siwaliks! to! the!Middle! Siwaliks.! ! In!

Nepal! the! first! conglomerates! found!within! the!Middle!Siwalik! rocks!are! composed!of!

metamorphic!and!sedimentary!clasts,!which!can!be!compared! to! the! rocks!of! the!LHS!

and! GHS! (Quade! et! al.,! 1995;! Najman! et! al.,! 2005)! while! in! Bhutan! pebbles! are!

dominantly!quartzite!and!occasionally!slate.! !Sedimentary!structures! in!the!sandstones!

include! smallV! to! largeVscale! channel! scours,! lamination,! tabular! and! wedgeVshaped!

crossVbedding.! !Organics!can!also!be!found!in!the!clay!beds,! including!wood!fragments!

and!leaf!impressions!(Quade!et!al.,!1995).!
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The! Upper! Siwalik! Group! lies! conformably! and! unconformably! on! the! Middle!

Siwalik! Group! due! to! erosion! and! deposition! on! already! tilted! beds! (Mugnier! et! al.,!

1999a;!Husson!et!al.,!2004).! !The!Upper!Siwalik!consists!of!mediumV!to!coarseVgrained!

conglomeratic! sandstone! and! pebble! conglomerate.! ! Beds! within! the! Upper! Siwalik!

Group!contain!matrixVsupported!conglomerate!beds!with!cobble!to!boulderVsized!clasts!

and!have!interbedded!siltstones!(Long!et!al.,!2011b).!!The!clasts!in!the!conglomerates!in!

the!Upper!Siwalik!deposits!are!distinctive!of!their!local!(i.e,!LHS!and!GHS)!provenance!as!

they!are!composed!of!granite,!lithic!sandstone,!gneiss!and!quartzite!(Quade!et!al.,!1995;!

Najman!et!al.,!2005;!Long!et!al.,!2011b);!in!Bhutan!the!pebbles!are!dominantly!quartzite!

and!no!GHSVderived!pebbles!have!been! found.! ! ! Sedimentary! structures! in! the!Upper!

Siwalik! Group! include! trough! and! tabular! crossVbedding,! tabular! bedding! and! softV

sediment!deformation!features!(Long!et!al.,!2011b).!!!

Deposition!of!the!Siwalik!Group!was!dominated!by!a!fluvial!system!with!alluvial!

fans! and! channels! (Ojha! et! al.,! 2009).! See! Figure! 2.9! for! description! summary! and!

environment.!
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((

Figure( 2.9( A( Siwalik( Group( generalized( stratigraphic( chart( from( western( Nepal.( Short( facies( description( and(

depositional(environments(are(included.(Modified(from(Bernet(et(al.((2006).(

Indications! from!paleocurrent!and!sedimentological!data!suggest!deposition!on!

fluvial!megafans!which!were!similar!to!those!currently!in!the!foredeep!depozone!of!the!

Himalaya! foreland! basin! (Ojha! et! al.,! 2009)! (Figure! 2.10).! The! Siwalik! Group! has! also!

been!interpreted!to!represent!southward!progradation!of!the!foreland!deposition!with!a!

distal!axial!river!fed!by!fluvial!megafans!(Ojha!et!al.,!2009).!!
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!
Figure(2.10(A(Modern(day(megafans(and(major(drainages(on(the(SubAHimalaya(alluvial(plain(in(front(of(the(Himalaya(

in(eastern(Nepal.( (The( lobes(are( the(Tista(and(Kosi(megafans( (Chakraborty(and(Ghosh,(2010).( (Deposition(of( the(

Siwaliks(would(have(been(similar.(SIL(=(Siliguri;(JAL(=(Jalpaiguri;(KMF(=(Kosi(megafan;(Mh(=(Mahananda(River(;(B(=(

marks(the(basement(spurs(at(the(southern(margin(of(the(megafan.(

2.3.2. DEPOSITIONAL(AGE(OF(THE(SIWALIK(GROUP(
!

Stratigraphic! age! of! the! Siwalik! Group! across! the! Himalaya! arc! has! been!

determined! using!magnetic! polarity! and! carbon! isotope!methods.! ! The! Siwalik! Group!

has! been! dated! and! the! age! ranges! from! approximately! 15! to! 1! Ma.! ! In! Nepal,! the!

boundary! of! the! Lower! to! Middle! Siwalik! is! 11.5! to! 8! Ma! and! the! Middle! to! Upper!

Siwalik!boundary! is! from!4.5!to!2!Ma!(Figure!2.11!and!Figure!2.12)! (Ojha!et!al.,!2009).!!
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(

(
Figure' 2.11' +' Geological' overview' map' of' the' Himalaya' with' stratigraphic' section' locations.' Red' stars' indicate' detailed' stratigraphic' section' locations' with' magneto'
stratigraphy.''Balanced'cross+sections'of'the'Siwalik'Group'are'indicated'with'red'lines.''HK;'Haripur'Khol'(Sanyal'et'al.,'2004),KK;'Kutia'Khola,'SK;'Surai'Khola,'MK;'Muksar'
Khola'(Ojha'et'al.,'2000;'Ojha'et'al.,'2004;'Ojha'et'al.,'2009),'KR;'Kameg'River,'(Chirouze'et'al.,'2012b).''Compiled'from'McQuarrie'et'al.'(2008),'Powers'et'al.,'(1998),'Chirouze'
et'al.,'(2012),'Mugnier'et'al.,'(1999a),'Ojha'et'al,'(2009),'Sanyal'et'al.,'(2004),'and'Ojha'(personal'communication,'2012).'
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(
Figure'2.12'+'Magneto'stratigraphic'correlation'of'the'Siwalik'Group'across'the'Himalayan'arc.''Correlation'of'the'Upper'and'Middle'Siwalik'Group'contact'and'the'Middle'
and'Lower'Siwalik'contact'are'indicated.''Locations'of'the'stratigraphic'sections'can'be'found'on'Figure'2.11.''Stratigraphic'sections'and'correlations'from'Ojha'et'al.,'(2009),'
Chirouze'et'al.,'(2012)'and'Sanyal'et'al.,'(2004).
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2.4. $STRUCTURE$WITHIN$THE$SIWALIK$GROUP$

The(Siwalik(Group(is(constrained(between(the(Main(Frontal(Thrust(to(the(south(

and(the(Main(Boundary(Thrust(to(the(north((Hodges,(2000).((Several(southwardHverging(

thrusts(lie(between(the(MBT(and(the(MFT.((In(Nepal(these(thrusts(are(grouped(together(

under( the(name(of( the(Main(Dunn(Thrust( (MDT).( (The(MDT(branches(out(and(creates(

duplexes,( horses( and( “popHup”( structures.( ( Several( backHthrusts( have( also( been(

identified(locally.((Stratigraphy(suggests(that(these(faults(do(not(cross(the(whole(Siwalik(

Group,( but( instead( branch( off( décollement( levels( located( within( the( Lower( Siwalik(

Group(and(are(formed(into(duplexes((Mugnier(and(Huyghe,(2006).((Folds(in(the(Siwaliks(

were(formed(by(flexural(slip(mechanism,(are(associated(with(ramps(on(the(thrusts((Yin,(

2006;(Mugnier(et(al.,(1999b).((Unconformities(have(also(been(observed(in(the(Siwaliks.((

The( unconformities( can( be( traced( uniformly( across( areas( of( the( Himalaya,( and( are(

located( at( the( bottom( of( the( conglomerate( facies( of( the( Upper( Siwaliks( due( to( the(

deposition(of(the(synorogenic(sediments(of(the(Upper(Siwalik(on(top(of(already(tilted((

strata((Mugnier(et(al.,(1999b).((
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(

Figure$2.13$=$Balanced$Cross=section$through$the$frontal$belt$of$western$Nepal$showing$the$style$of$deformation$in$
the$Sub=Himalaya.$The$section$shows$the$Main$Frontal$Thrust$(MFT),$Main$Dun$Thrust$(MDT)$and$Main$Boundary$
Thrust$(MBT)$(Mugnier$et$al.,$1999b).$

(

2.5. MECHANICS$OF$OROGENIC$WEDGES$
(

Orogenic( wedges( are( formed( in( compressive( tectonic( regimes,( such( as( the(

Himalaya.( ( FoldHandHthrust( belts( show( wedgeHshape( geometry( in( crossHsection( and(

therefore( are( given( the( name( orogenic( wedge.( ( The( formation( of( tectonic( wedges( is(

famously(made(analogous(with( the(bulldozer/snowplow(pushing(snow((Dahlen,(1990).(

In( an( orogenic( wedge,( the( shape( of( the( wedge( depends( on( the( force( applied( to( the(

wedge,(gravity,(friction(along(the(décollement,(internal(strength(of(the(material,(erosion(

of(the(wedge(accretion(of(new(material,(and(in(subductionHrelated(wedges,(the(load(of(

the(water(column.(((
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The( geometry( of( a(wedge( tries( to(maintain( the( same( geometry( (Fossen,( 2010).((

The( wedge( will( deform( internally( with( forward( and( back( thrusts( to( maintain( stable(

shape,(i.e.,(the(“critical(taper”((Dahlen(and(Barr,(1989).((Dahlen,(Suppe,(and(coworkers,(

produced(a(series(of(papers(to(understand(the(mechanics(behind(orogenic(wedges.(((

2.5.1. MECHANICS$OF$A$BULLDOZER$WEDGE$
(

( Orogenic(wedges( are( equivalent( to(wedges,( which( form( in( front( of( bulldozers(

piling( up( snow.( ( Bulldozer( wedges( pile( up( snow( until( they(maintain( its( critical( taper,(

which( is(managed( by( the( strength( of( the(material( and( relative(magnitudes( of( sliding(

resistance(along(the(base.( ( Increasing(the(sliding(resistance(increases(the(critical(taper,(

while( increasing( the( strength( within( the( wedge( decreases( it,( as( seen( in( Figure( 2.14(

(Dahlen(and(Suppe,(1988).((

$

Figure$2.14$=$Cartoon$depicting$the$self=similar$growth$of$a$bulldozer$wedge.$Modified$from$Dahlen$(1990).$ $Once$
the$bulldozer$starts$pushing$at$time$0$the$wedge$will$start$to$form.$$Once$it$reaches$a$time$t,$the$wedge$will$be$the$
width$W.$$At$a$later$time$2t$the$width$will$be$greater,$as$the$height$is$higher.$This$is$due$to$the$critical$angle$α+β$
being$ kept$ constant.$ The$ angle$ of$ the$ slope$ of$ the$wedge$ is$maintained$with$ changing$ size$ of$ the$wedge.$ This$
constant$slope$is$the$“critical$taper”.$
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( If(a(bulldozer,(the(backstop(of(the(wedge,(starts(at(t=0(and(starts(moving(up(hill(

(slope(β)(at(a(uniform(velocity(V,(pushing(sand,(a(critically( tapered(wedge(will( start( to(

form(in(front(of(the(bulldozer.((The(wedge(forming(in(front(of(the(bulldozer(will(have(a(

slope#α.((The(critical(angle(at(the(toe(of(the(wedge(is(α+β.((Assuming(that(density,(ρ,(is(

constant,(and(that(α+β(will(not(change(in(time,(we(can(calculate(the(width,(W;(

Equation$1$

! = !"#$
!"# ! + !

! !
≈ ! !!"#! + !

! !
!$

Where(h( is(height,(V( is( velocity(and( t( is( time.( (The( final(approximation( in( the( formula(

above(is(valid(for(a(wedge(with(a(narrow(taper,(α+β(<<1((Dahlen,(1990).(

2.5.2. CRITICAL$TAPER$MODEL$AND$COULOMB$WEDGES$

(A( key( assumption( for( orogenic( wedges( is( that( the( stress( within( the( wedge( is(

everywhere( equal( to( the( rock( strength( (Dahlen,( 1990).( ( The( taper( is( “critical”( in( the(

sense( that( the( rock( strength( will( be( exceeded( by( compressive( strength( in( the(

(subcritical)(wedge,(so(the(wedge(will(fail(and(deform(by(thickening(to(its(critical(taper.((

This(will(in(turn(allow(for(a(thicker((supercritical)(wedge,(which(is(strong(enough(to(slide(

stably(over( the(basal(décollement(without( internal( failure(of(deformation.( ( This( is(not(

the(case.( (An(orogenic(wedge(will(keep(building(and(deforming,(thus(a(failure( law(was(

developed((Dahlen(and(Suppe,(1988).(

Stress( within( the( lithosphere( is( thought( to( be( controlled( by( a( variety( of(

deformation(mechanisms,( including:(brittle( fracture,( frictional(sliding(at( low(pressures,(

thermally(activated(processes,(dislocation(climb(and(pressure(solution.((Brittle(behavior(
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is( stressHlimiting( in( the( upper( 10( to( 15( km( of( the( crust( for( most( materials( except(

evaporites,( which( display( plastic( behaviors( at( shallower( depths( (Dahlen( and( Suppe,(

1988).(

(

Figure$2.15$=$Brittle$and$plastic$rock$strengths$as$a$function$of$depth.$Brittle$friction$is$largely$independent$of$rock$
type,$while$plastic$strengths$vary$considerably.$$Thus$in$turn,$variation$in$depth$of$brittle=plastic$transitions$is:$0=5$
km$for$evaporites,$10=15$km$for$carbonate$and$quartz$rich$rocks,$15=20$km$for$quartz$free$feldspar=bearing$rocks,$
and$25=30km$for$olivine=rich$rocks$(redrawn$from$Dahlen$&$Suppe$1988).$λ$is$the$pore$fluid$ratio$found$in$equation$
3.$ Strength$ of$ rocks$ deforming$ brittlely$ increase$ with$ depth$ (with$ increasing$ confining$ pressure$ =$ Coulomb$
materials),$while$ the$ strength$of$ rocks$deforming$plastically$decreases$with$depth$ (with$ increasing$T$=$ thermally$
activated$deformation$processes).$

Mathematical( relationships(between(Critical( Taper( and(Coulomb(material( have(

been(developed( (Davis(et(al.,( 1983;(Dahlen(et(al.,( 1984;( Lehner,(1986;(Barcilon,(1987;(

Zhao( et( al.,( 1986;( Dahlen( and( Suppe,( 1988;( Dahlen( and( Barr,( 1989;( Barr( and(Dahlen,(

1989;(Dahlen,(1990;(Dahlen,(1984).( (Below(is(a(simplified(representation(of(the(Critical(
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Taper(model(in(Coulomb(wedges;(the(more(detailed(description(is(beyond(the(scope(of(

this( thesis.( ( For( derivations( of( the( formulae( see(Dahlen( et( al.( (1984),( Barcilon( (1987),(

Dahlen( and( Barr( (1989)( and( Dahlen( (1990).( ( We( can( assume( a( constant( gradient( of(

cohesion(k,(is(equal(to(the(cohesion((the(solidness)(of(the(wedge,(S0(((Zhao(et(al.,(1986):(

Equation$2$
!! = !!$

In( the( idealised(Coulomb(wedge(model,( the(wedge( is(perfectly( triangular.( (The(

surface(slope(is(α,(the(basal(dip(β,(and(axes(x,#z(are(aligned(with(the(upper(surface(of(the(

wedge((Figure(2.16).(The(wedge(density(is(ρ,(the(overlying(water(density((if(present)( is(

ρw,( acceleration( due( to( gravity( is( g,( Pf( is( fluid( pressure( and( σz( is( strength( in( the( z(

direction.(These(parameters(lead(to(the(pore(fluid(pressure(ratio(λ#((Dahlen(and(Suppe,(

1988)(

Equation$3$

! = !! − !!!"
!! − !!!!"

$

In(this(equation(D(is(water(depth.(For(subaerial(wedges(density(ρw#is(considered(to(be(of(

air,(and(is(negligible((Dahlen(and(Suppe,(1988).(
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(

Figure$2.16$=$Geometry$of$an$orogenic$wedge$showing:$the$Cartesian$coordinates$x,$z,$the$angles$α$(surface$slope$
angle),$β$(angle$to$décollement),$ψ0,$ψb$(angles$with$respect$to$forces$acting$on$the$wedge$and$surface$slope),$δb$
(forward$thrust),$δ’b$(back$thrust)$which$define$the$taper,$and$the$forces$acting$on$the$wedge$σ1,$σ3.$$The$diagram$
on$ the$ right$ shows$ the$ effective$ stress$ σz=Pf$ (lithostatic$ pressure$ –$ pore$ fluid$ pressure)$ in$ the$ shaded$ area.$$
Compiled$from$Dahlen$&$Suppe$(1988)$and$Dahlen$et$al.$(1984).$

( The(basal(décollement(is(assumed(to(have(a(different(sliding(friction(μb(and(pore(

fluid(pressure(λb,(which(may(differ(from(the(wedges(μ(and(λ((Dahlen(and(Suppe,(1988).((

Within( the(orogenic(wedge,(uniform(constant(properties( required(are:( rock(density(ρ,(

water(density(ρw,( coefficient(of( friction(μ,( basal( coefficient(of( sliding( friction(μb,#poreH

fluid(pressure(ratio(λ,(basal(poreHfluid(pressure(ratio(λb,(gravity(g,(cohesion(gradient(k,(

and(the( internal( friction(angle(ϕ( (Dahlen(and(Suppe,(1988;(Dahlen,(1990).( (The(critical(

taper(of(a(wedge(can(be(calculated(by:(

Equation$4$
! + ! = !! − !!$

where:(

Equation$5$

!! =
!
!!"#$%& ! + ! !!

! ! !"#!! − !! !"#$!%!!
! $

Equation$6$

!! =
!
! !"#$%& ! + ! !′!!

!! ! ! !"# !"#$!! + ! + ! !!
! ! !"#$

! !"# + ! − ! !"#$
− !! !"#$%&!′!$
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where( the( variables( α’,( μ’b( and( μ( are( defined( by( (Dahlen( and( Suppe,( 1988;( Dahlen,(

1990):(

Equation$7$

!! = !"#$!%
! − !! ! !"#!

! !"# + ! − ! !"#!
$

Equation$8$

!!! = !"#$!% ! − !!
! − ! !! $

Equation$9$
! = !"#!$

( The( state( of( stress( orientation( is( the( same( everywhere( in( the( wedge,( and(

therefore(angles(ψ0(and(ψb# (Figure(2.16)(are(the(same(throughout(the(wedge,(as(they(

are(related(to(angles(of(the(principal(compressive(stress((Dahlen(and(Suppe,(1988).((An(

approximation(of(α+β(in(a(dry(sand(wedge(can(be(obtained((Dahlen,(1990):(

Equation$10$

! + ! ≈ ! − !"#!
! + !"#! ! + !! $

( Using(smallHangle(approximation,(which(is(applicable(to(many(thinHskinned(foldH

andHthrust( belts,( the( wedge( has( a( narrow( taper:( α<<1,( β<<1,( ψb<<1,( and( ψ0<<1.( By(

having(ψb<<1(implies(the(principal(compressive(stress(σ1(is(quasiHhorizontal((Figure(2.16),(

and(the(basal(décollement(is(very(weak([μb(1Hλb)(<<(μ(1Hλ)].(The(equation,(which(takes(in(

account(of(pore(fluidHpressure,(and(usually(is(a(subHmarine(wedge((Dahlen,(1990)(is:(

Equation$11$

! + ! ≈
! − !! ! ! + !! ! − !!

! − !! ! + ! ! − ! !"#!
! − !"#!

$

( Shear( failure( (faults)( within( a( Coulomb( wedge( occur( along( conjugate( shear(

planes.( ( Because( of( the( similarity,( these( slip( surfaces( have( the( same( orientation(
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everywhere(within(the(wedge.(ForwardHverging(thrusts(step(up(from(the(décollement(at(

an(angle(defined(by((Dahlen(and(Suppe,(1988):(

Equation$12$

!! =
!
! !"#$!%

! ! − !!$

and(back(thrusts(step(up(at(a(steeper(angle((Dahlen(and(Suppe,(1988):(

Equation$13$

!!! =
!
! !"#$!%

! ! + !!$

Failure(stress(|τ|(at(the(point(where(they(fail(and(ramp(up(into(a(thrust(is(given(by:(

Equation$14$

! = ! − !! !" !"#! ! + !! !! !

!"# !!!
$

while(the(frictional(resistance([τb#=#μ’b#(σn#<#Pf)](on(the(décollement(at(the(same(point(is:(

$

Equation$15$

!! = ! − !! !" !"#! !"# !!!
!"# !!!

$

( For(every(foldHandHthrust(belt(with(an(orogenic(wedge(the(ratio(of(décollement(

strength( to( wedge( strength( χ( must( be( in( the( range( 0( ≤( χ( ≤( 1( for( the( wedge( to( be(

sustained.((The(ratio(is(seen(below((Dahlen(and(Suppe,(1988;(Dahlen,(1990):(

Equation$16$

! = !!
|!| = ! + !! ! ! !"# !!!$
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(

Figure$2.17$=$Mohr$diagram$illustrating$stress$within$the$orogenic$wedge$modified$from$Dahlen$(1990).$

2.5.3. EROSION$AND$FLUX$BALANCE$IN$OROGENIC$WEDGES$

( Erosion( is(an( important( factor( for(an(orogenic(wedge.( (The(eroding(wedge(will(

keep(adjusting(itself(by(creating(thrusts(to(allow(for(the(wedge(to(grow,(maintaining(the(

critical(angle.(The(erosive(efflux(balances(the(influx(rate(of(fresh(material(into(the(toe(of(

the( wedge.( ( This( allows( for( a( steadyHstate( width( of( a( uniformly( eroding( wedge( in( a(

bulldozer(model(and(is(demonstrated(by((Dahlen,(1990):(

Equation$17$
ė! !"# ! + ! ≈ !ė! = !"$

where(ė(is(the(rate(of(erosion.((The(steadyHstate(wedge(must(continually(deform(to(both(

accommodate( the( influx( of( fresh(material( at( the( toe,( and(maintain( the( critical( taper(

against(erosion((Dahlen,(1990).((
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$

Figure$2.18$=$An$eroding$orogenic$wedge.$The$wedge$must$attain$a$dynamic$steady=state$width$given$by$ėW$=$hV$
(modified$from$Dahlen,$1990).$

( The( steadyHstate( Coulomb( wedge( is( affected( by( more( than( just( erosion.(

Accretion(influx,(!!,(at(the(toe(of(the(wedge,(underplating(material(entering(the(wedge,(

!,( along( the( lower( portions( of( the( décollement,( and( erosion,( ė,( at( the( surface,(must(

balance( for( the(wedge( to(be( steady( state.(The(equation(has( to(balance(with( the( total(

flux(entering(on(the( left(and(the(material( leaving(on(the(right((Equation(18)(for(steady(

state(to(be(obtained:(

Equation$18$

! + !"#!! !!!"
!

!!

= !"#!! !!!"
!

!!

+ !!!"
!! !"#!!

!! !"#!!

!$

where:((

Equation$19,$Equation$20,$and$Equation$21$

!!!"
!! !"#!!

!! !"#!!

= !!!!!!!!!!!!!!!!!!! !"#!! − ! !"#!! = ! !!!!!!!!!!!!!!!! !"#!! − ! !"#!! = !$

and:(

Equation$22$
! = !! + !!!$

steady-state width W
α+βVelocity  V

thickness  h

erosion rate  ė
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ψb(and(ψ0(correspond(to(angles(within(the(wedge,(x#and(x0(are(planar(boundaries(in(the(

front(and(back(of(the(wedge,(and(u(is(the(Eulerian(velocity(of(the(overriding(plate(where(

!(and(!(are( the( x( and( z( vectors( of( the( velocity( respectively( (Dahlen( and( Barr,( 1989).((

Further( reading,( explanation( and( formulae( concerning( into( the( balance( of( forces( and(

material(within( the(orogenic(wedge( can(be( found( in( the( twoHpart( paper( by(Dahlen(&(

Barr( (1989),( and( Barr( &( Dahlen( (1989)( and( a( newer( and( updated( version( of( erosion(

acting(on(an(accretionary(wedge(in(Whipple((2004)(and(Whipple((2009).(

2.5.4. OROGENIC$WEDGE$IN$THE$SUB=HIMALAYA$

( The(active(orogenic(wedge(of( the(Himalaya( can(be( thought(of( as( just( the(SubH

Himalaya( with( the( MBT( as( the( backstop.( ( Sediment( transfer( within( the( wedge( is( an(

important(part(of(the(SubHHimalaya.((Erosion(acts(as(a(major(control(on(the(Himalayan(

foldHandHthrust( belt.( ( The( wedge( identifies( the( stress( of( unloading( sediments.( ( This(

unloading( of( sediments( controls( the( activation( and( reactivation( regimes( of( the(Main(

Dunn(Thrusts((Husson(et(al.,(2004).(

( Sediment(transfer(in(the(SubHHimalaya(is(thought(to(be(in(a(steadyHstate(regime(

in(the(wedge.((The(input(volume(of(accretion(to(the(toe(equals(the(output(volume(of(the(

erosion.( ( Some(of( the(material( is( ‘captured’( as( duplexes(being(underthrust( below( the(

MBT(or(accreted(along( the( footwall(of( the(MBT( (Husson(et(al.,(2004).( (These( features(

were( observed( using( structural( maps( and( balanced( crossHsections( by( Mugnier( et( al.(

(1999).(((
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(

Figure$2.19$=$Volume,$mass,$and$time$transfer$cycle$for$the$Sub=Himalaya$wedge.$I:$the$accreting$material$from$the$
MFT;$ E:$ erosion$ which$ equals$ the$ output$ minus$ the$ loss$ from$ duplex$ subduction.$ $ Denudation$ is$ evaluated$
assuming$a$steady$state$volume$and$steady$critical$taper$angle$of$the$wedge.$Modified$from$Husson$et$al.$(2004).$

( Accretion(is(the(only(current(input(of(material(into(the(SubHHimalaya.((The(rate(of(

accretion( is( ca.( 9.5x10
H5
( km

3
/yr( at( the( front( of( the( Himalayan( belt( in( western( Nepal.((

About(21%(of(the(accreted(material(is(removed(as(duplexes(of(the(Lower(Siwalik(Group(

beneath(the(MBT.((The(residence(time(of(the(sediments,(which(undergo(the(burial(and(

exhumation(cycle,( is(estimated(to(be(6.5(Ma.( (Assuming(a(steadyHstate(wedge,(erosion(

rate(is(then(calculated(on(the(order(of(1.8H2.1(mm/yr((Husson(et(al.,(2004).(

(
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3. BALANCED$CROSS=SECTIONS$

3.1. BALANCED$CROSS=SECTIONS$IN$THEORY$
(

(Balancing$is(the(interpretation(or(construction(of(a(geologic(profile,(which(can(be(

retrodeformed( by( geologically( realistic( processes( to( a( geologically( sound( undeformed(

state.(

Restoration( involves( working( a( crossHsection( backward( to( its( undeformed( or(

retrodeformed( state.( ( The( layers( must( be( coherent( for( a( realistic( restoration,( which(

means(that(the(section(has(no(or(minimum(overlaps(and(gaps,(fault(offsets(are(removed,(

and(sedimentary( layers(are(unfolded(and(rotated(to(horizontal(and(planar( layers.( (The(

geological(section(is(not(balanced(until(an(adequate(restored(version(is(offered((Fossen,(

2010).(

(

Figure$ 3.1$ =$ Restoration$ of$ fault$
trajectory.$ A)$ Admissible$ restored$ fault$
trajectory.$B)$Inadmissible$restored$fault$
trajectory$ because$ the$ fault$ trajectory$
changes$ directions$ of$ propagation$ once$
the$ section$ is$ restored.$ Modified$ from$
Woodward$et$al.$(1989).$

(

(

(Instead(of(restoring(a(section(to(its(original(state,(it( is(possible(to(start(with(the(

undeformed(model(and(deform(it(until(it(looks(like(the(interpreted(section;(this(is(known(

A)

B)
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as( forward$ modeling.( With( the( forward( modeling( method( we( can( understand( the(

deformation(history(and(the(role(of(deformation(parameters(better((Fossen,(2010).(

Balancing(helps(us(ensure(that(the(interpretation(is(realistic(and(helps(determine(

the(amount(of(shortening(or(extension( in(the(section.( (A(balanced(crossHsection( is(not(

always( correct,( but( it( is(more( likely( to( be( correct( than( other( sections,( which( are( not(

balanced((Fossen,(2010).(

The( simplest( way( to( balance( is( to( use( stratigraphic$ markers.( ( When( making(

sections(with(more( than( one( stratigraphic(marker,( a( twoHdimensional( crossHsection( is(

obtained.((At(the(start(of(a(section,(a(pinpoint(must(be(placed(as(a(point(of(reference.((

The( pinpoint( is( usually( selected( to( be( a( point( at( the( end( of( the( sections( where( no(

deformation(has(taken(place.((Conditions(for(balancing(should(include:(

• The(interpretation(is(geologically(sound.(

• Balanced(sections(are(admissible,(which(means(that(the(crossHsection(is(valid.((

• Sections(must(be(restorable.(((

• There(is(plane(strain(deformation((i.e.,(no(movement(of(material(points(in(an(out(

of(the(section(plane).(

• Sections(are(parallel(to(the(tectonic(transport(direction.(

• The(structures( in( the(section(must(be(kinematically(compatible(with( respect( to(

each(other.((

• Deformation(choices(must(be(reasonable(based(on(the(tectonic(setting.(

• Results(must(be(geologically(reasonable(based(on(observations((Fossen,(2010).(
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3.2. CONSTANT$LENGTH$RESTORATION$

(The(most(common(method(used( in( foldHandHthrust(belts( is( the(constant( length(

method( also( known( as( line( balancing.( ( Constant( length( balancing( assumes( that(

stratigraphic(markers(will(be(restored(to(their(initial(length(and(have(been(extended(and(

shortened(only( through(observable( separations( and(overlaps( such( as( faults( and( folds.((

Any( area,( which( is( dominated( by( thinHskinned( tectonics,( is( a( good( region( to( apply(

constant( length( balancing.( ( If( used( correctly( with( enough( stratigraphic( markers,( a(

constant(length(method(will(also(preserve(area((Fossen,(2010).(

$

Figure$3.2$=$Balanced$Cross=section$and$map,$using$the$constant$length$method$through$the$Bhutan$Himalaya$fold=
and=thrust$ belts.$ $ (A)$Map$ of$ sections$ through$ Eastern$ Bhutan,$ (B)$ Eastern$ Bhutan,$ Tashigang$ section$ A$ (cross=
section$trace$A$on$map$).$$Deformed$and$retrodeformed$sections$are$shown$(Long$et$al.,$2011a).$$
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(Guidelines,( rules( and( assumptions( which( must( be( used( when( line( balancing(

include((Woodward(et(al.,(1989):(

1. Constant(length(of(lines.(

2. Constant(thickness(of(beds(throughout(the(section.(

3. Stratigraphic( thickness( is( known( for( the( area,( and( assumed( to( be( constant.(

Stratigraphic( thickness(of(beds( can(be( found( from(either(measured( sections(or(

three(point(problems(to(calculate(thickness.(

4. The(regional(section(restoration(should(always(begin(at(an(undeformed(foreland(

pin.(

5. The(section(should(be(parallel(to(the(tectonic(transport(direction.(In(addition(the(

assumed(strain(geometry(must(be(near(to(perfect(plane(strain,(ie.(no(movement(

of(material(points(in(and(out(of(the(section(plane.(

6. Geometric( and( kinematic( fold( and( fault( models( should( be( appropriate( to( the(

local(geology.((Folds(formed(by(flexural(slip(or(flexural(shear(are(restorable(while(

the(passive(shear(folds(are(not.(

7. Dips( along( the( section( should( be( projected( to( the( section( and( adjusted( the(

appropriate(dip(angle(parallel(to(the(section.(

8. Drawn(horizons( at( surface(must(have( the( same(or( similar(dip( as( the(projected(

measured(dips.(

9. Depth( of( basement( (i.e.,( basal( décollement( geometry)( of( the( section(must( be(

known( from( geophysical( or( bore( hole( data,( or( inferred( from( the( total(

stratigraphic(thickness.(
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10. The( section(must( have( reasonable( geological( features( such( as( duplexes,( faults(

and(folds.(

11. Thrusts( in( the( section( must( have( a( forward( imbrication( assumption,( in( which(

younger(faults(are(closer(to(the(foreland.((

12. The(restored(section(must(have(an(admissible(solution.(

Constant(length(restoration(requires(consistency(of(lengths(in(a(restored(section.(

In( foreland( foldHandHthrust( belts,( such( as( the( SubHHimalaya,( equal( bed( lengths(

sometimes( do( not( occur( (Woodward( et( al.,( 1989).( ( Younger( synorogenic( sediment( is(

deposited( on( the( already( shortened( strata,( or( sintectonically( resulting( in( shorter( bed(

lengths.((The(preHorogenic(sediments,(such(as(the(Lower(Siwalik,(will(be(fully(restorable,(

and(the(synorogenic(sediments(will(yield(a(shorter(restored(length((Husson(et(al.,(2004;(

Woodward(et(al.,(1989).(

FlexuralHslip(folding(mechanism(is(crucial( in(constructing(and(interpreting(crossH

sections(for(line(balancing.(Flexural(slip(provides(both(preservation(of(the(line(length(and(

preservation(of( bed( thickness.( ( Slip( happens(parallel( to( the(bedding(only( (Figure( 3.3).(

When(balancing(faultHbend(folds(and(faultHpropagation(folds,(flexural(slip(is(convenient(

(Fossen,(2010).(
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(

Figure$ 3.3$ =$ Flexural$ slip$ restoration$ of$ a$ fault$ bent$ fold.$ Constant$ length$ and$ area$ are$ assumed$ during$ the$
restoration.$$The$individual$stratigraphy$was$moved$and$rotated$to$match$the$stratigraphy$in$the$footwall$(Fossen,$
2010).$

3.3. CONSTANT$AREA$RESTORATION$

It( many( cases( the( lengths( of( the( lines( will( change( during( deformation,( which(

makes( line(balancing( inapplicable.( Instead,( the(area(needs( to(be(constant( in(order( for(

the(section(to(balance.((The(theory(behind(area(balancing(is(simple,(but(the(application(

is(involved.((The(deformed(area(of(the(section(must(equal(the(undeformed(area(of(the(

section.((Same(assumptions(as(for(the(line(balancing(must(be(made(while(area(balancing.((

Compaction,(pressure(solution,(or(movement( in(or(out(of(the(section(cannot(occur(for(

equal(area(balancing( to(work.( (On( the(other(hand,( layers( can(change( thickness(within(

the( section,( and( both( flexural( slip( and( flexural( shear( folding( within( the( section( can(

happen((Fossen,(2010).(((



Pliocene(to(Recent(Shortening(of(the(Siwalik(Group(in(the(Himalayan(Foreland(Belt( 51(

(

(

(

Figure$ 3.4$ =$ Constant$ area$ balancing$ of$ sections.$ $ a)$ Undeformed$ section,$ b)$ fault$ propagation$ fold$ with$ the$
deformed$ area$ A$ equaling$ the$ original$ undeformed$ area$ B,$ c)$ listric$ extensional$ fault$ where$ the$ original$
undeformed$area$C$equals$ the$extensional$area$D.$Bed$ lengths$and$ thickness$will$ change$ if$ the$ internal$ strain$ is$
shear,$but$the$section$is$balanced$since$area$is$constant$(Fossen,$2010).$

In( this( thesis( line( balancing( was( performed.( ( The( deformation( of( the( SubH

Himalayan(sediments(occurred(at(temperatures(less(than(100(°C,(there(is(no(observable(

volumetric( strain( (e.g.( pressure( solution,( extensive( veining,( development( of( a( new(

planar(fabric),(the(wavelength/thickness(ratio(of(folds(is(small,(all(of(which(suggest(that(

the( flexural( slip( folding( mechanism( and( plane( strain( deformation( are( reasonable(

assumptions(of(deformation(mechanisms(and(strain(geometry.(
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3.4. WORKFLOW$

A(stepHbyHstep(guide(and(short( course( to(balancing(geological( crossHsections(can(

be( found( in( Woodward( et( al.( (1989).( ( The( suggested( workflow( was( adjusted( to( the(

modern(software(and(data(availability.(Below(is(a(list(of(steps,(which(were(used(in(this(

thesis(to(be(complete(balanced(sections(applying(lineHbalancing(method.(

1. Acquire( published( geological( maps( and( crossHsections( for( the( area( and(

compile(with(own(field(observations.(

2. Georeference(and(merge(maps(together(using(ArcGIS.(

3. Digitize( faults,( polygons(of( the( formations,( structures,( strikes(and(dips,( etc.(

into(shapefiles(using(ArcGIS.(

4. Import(digitized(shapefiles(into(Midland(Valley(–(Move.(

5. Acquire(digital(elevation(models((DEM)(and(import(them(into(Move.(

6. Identify(which(structural(measurements(belong(to(which(formation,(and(label(

accordingly(using(Move.(

7. Project( dip( data( to( the( surface( of( the( DEM,( so( there( will( be( an( elevation(

associated(with(the(data.(

8. Draw(a(line(in(map(view(of(where(a(crossHsection(is(to(be(drawn.(

9. Project( the( crossHsection( line( to( the( DEM,( so( the( line( will( have( surface(

elevations(on(it.(

10. Project(dip(data(to(the(line(from(a(reasonable(distance(away.(The(projected(

dip(data(must(use(apparent(dips(to(the(section.(
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11. Project(surface(intersections(of(formation(contacts(and(faults(onto(the(crossH

section(trace.(

12. If(a(published(crossHsection( is(available,( import(a(picture,( in( .png( format,( to(

the(new(crossHsection(and(scale(it(to(fit(the(section(to(use(as(a(reference(for(

the(type(of(structures(that(may(be(present(in(the(region.(

13. Review( the( stratigraphy( of( the( area,( so( the( constant( thickness( of( the(

formations(is(known.(

14. Draw(the(décollement(with(appropriate(dip(value(towards(the(hinterland.(

15. Draw(a(layercake(of(the(formations(in(front(of(the(deformation(front,(so(the(

undeformed( stratigraphy( is( known,( and( the( assumed( depth( to( the(

décollement(is(justified.(

16. Draw(a(pin(line(in(the(undeformed(strata(in(front(of(the(deformation.(The(pin(

line( is( used( as( a( reference( point( of( strata( to( which( the( section( will( be(

restored(to.(

17. Continue( the( intersections( of( the( surface( faults( to( depth.( (e.g.( Project( the(

faults(from(their(surface(trace(to(depth.)(

18. Draw(formations(in(the(crossHsection,(keeping(in(mind(constant(thickness(of(

the( beds,( and( reasonable( geological( features,( such( as( duplexes.( The(whole(

area(from(surface(to(décollement(must(be(filled(with(strata.(

19. Attempt(to(restore(the(crossHsection(into(a(retrodeformed(state.((If(the(older(

layers( are( longer( than( the( younger( layers,( and( faults( are( all( propagating( in(
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foreland( or( hinterland( direction,( thrust( and( back( thrust( respectively,( the(

section(is(balanced.((

20. Measure(the(total(length(of(a(key(horizon(in(the(retrodeformed(section(and(

the( length( of( the( horizon( present( from( the( pin( to( the( end( of( where( it( is(

present(in(the(deformed(section.(

21. Calculate(the(total(shortening(of(that(horizon(in(both(total(distance(and(also(

in(percentage.(

22. Export(crossHsections,(and(save(as(a(.pdf(file.(

23. Import(the(crossHsection(and(retrodeformed(section(into(Adobe(Illustrator.(

24. Merge(the(two(sections(documents(together(into(the(same(file.(

25. Clean( up( images( by( drawing( neater( scales,( and( adding( color( to( the(

formations.(

26. Look(up(stratigraphic(data(from(published(papers(and(works(on(the(ages(of(

key(horizons( in( the(area( to(acquire( the(age(of( that(horizon.(Determine( the(

depositions(age(of( the(key(horizon( from(the(published(data.( (Use(a(deeper(

horizon,(as(upper(horizons(may(be(synorogenic(sediments.((

27. Assuming( deformation( is( still( ongoing,( calculate( the( shortening( per( year( of(

that(horizon(using(the(total(shortening(in(length(and(the(age(of(the(horizon.(

Repeat(and(compare(for(additional(crossHsections.(
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3.5. RESULTS$

Along(2000(km(of(the(Himalayan(orogen,(ten(balanced(crossHsections(were(

constructed(across(the(SubHHimalaya.((Total(shortening(is(the(product(of(elapsed(time(

and(strain(rate.((Strain(rate(is(imposed.((If(the(deformation(started(at(the(same(time(

everywhere(there(should(be(no(difference(between(the(shortening(rate(and(strain(rate.((

However(if(the(deformation(started(at(variable(times(there(will(be(a(difference(between(

%(shortening(and(strain(rates.((Shortening(distance,(shortening(%,(shortening(rate,(and(

strain(rate(were(calculated(for(each(section(using(local(stratigraphic(ages(from(published(

papers.(((

3.5.1. BALANCED$CROSS=SECTIONS$AND$MAPS$

An(overview(geological(map(of( the(Himalaya,( local(geology(maps(of( the(Siwalik(

Group,(and(balanced(crossHsections(are(displayed(in(Figure(3.6.((The(scales(of(the(maps(

are(different(due( to(paper( size( restrictions(but(are(provided( in( the(digital(appendix(at(

the(same(scale.((CrossHsection(A(is(at(a(smaller(scale(then(the(other(9(crossHsections(due(

to(the(paper(length.((All(the(maps(and(crossHsections(are(provided(in(the(Appendix.((All(

the(crossHsections(are(at(the(same(scale(in(the(Appendix.(

$
(



Pliocene(to(Recent(Shortening(of(the(Siwalik(Group(in(the(Himalayan(Foreland(Belt( ( ( ( ( ( 56(

(
Figure'3.5'–'Landsat'Geocover'map'of' the'Himalayan'arc.' 'The' imagery'shows' topographic'differences' in' the' Indo@Gangetic'plains'of' India,'and' the'drainage'systems' (in'
purple)'on'the'plains'with'the'topography'of'the'Himalaya'and'Tibetan'Plateau.''Cross@sections'are'indicated'with'red'lines,'and'major'faults'and'shear'zones'are'displayed'in'
white'and'compiled'from'McQuarrie'et'al.'(2008),'Powers'et'al.,'(1998),'Chirouze'et'al.,'(2012),'Mugnier'et'al.,'(1999),'Yin'et'al.,'(2010)'and'Ojha'(personal'communication,'
2012).'
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(

(
Figure'3.6'@'Geological'overview'map'of'the'Himalaya.'Red'boxes'indicate'detailed'geological'map'areas'of'the'Sub@Himalaya'and'Siwalik'Group.''Balanced'cross@sections'of'
the'Siwalik'Group'are'indicated'with'red'lines.''Compiled'from'McQuarrie'et'al.'(2008),'Powers'et'al.,'(1998),'Chirouze'et'al.,'(2012),'Mugnier'et'al.,'(1999),'Yin'et'al.,'(2010)'
and'Ojha'(personal'communication,'2012).'
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(
Figure' 3.7' @' Geological' map' of' North' Western' India' (Himachal' Pradesh).' Structures' in' the' Sub@Himalaya' are' well' mapped.' ' Cross@sections' (Powers' et' al.,' 1998)' were'
constructed'using'seismic'and'bore'hole'data.'Map'is'modified'from'Powers'et'al.,'(1998).'
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(
Figure'3.8'@'Cross@section'A.''Cross@section'trace'is'indicated'on'Map'1'(Figure'3.7).' 'Section'completed'with'seismic'and'bore'hole'data,'and'modified'from'Powers'et'al.,'
(1998),'and'ages'from'Sanyal'et'al.'(2004).'

For(crossBsection(A,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(83.9(km,(retrodeformed(length(of(106.8(km,(

which(results( in(shortening(of(23.0(±(3.47(km(and(21.5(±(3.24(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(2.70(±(0.30(Ma,(will(result(in(shortening(rates(of(8.5(±(1.60(mm/yr(and(strain(rates(of(2.54eB15(±(4.73eB16(sB1.(
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(
Figure'3.9'@'Cross@section'B.' 'Cross@section'trace'is' indicated'on'Map'1'(Figure'3.7).' 'Section'completed'with'seismic'and'bore'hole'data,'and'modified'from'Powers'et'al.,'
(1998)'and'ages'from'Sanyal'et'al.'(2004).'

For(crossBsection(B,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(34.75(km,(retrodeformed(length(of(45.34(

km,(which( results( in( shortening(of(10.60(±(2.67(km(and(23.4(±(5.89(%.( (Assuming( that(deformation( started(at( the(Middle/Upper(

Siwalik(boundary,(2.70(±(0.30(Ma,(will(result(in(shortening(rates(of(3.93(±(1.08(mm/yr(and(strain(rates(of(2.75eB15(±(7.56eB16(sB1.(
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(

Figure'3.10'@'Map'2,'detailed'geological'map'of'the'Siwaliks'formation,'Western'Nepal.''Balanced'and'retrodeformed'cross@sections'along'transects'D'to'F'are'found'on'the'
map.''Structural'data'from'Mugnier'et'al.'(199b),'in'western'Nepal,'Ojha,'(personal'communication,'2012),'and'McQuarrie'et'al.'(2008).'

9

8

0
6

8

8

8

3

8

5
5

8
6

5
5

64
3042

5573
43
4440
63
61

31
25

14

2225

22

4778
71

57
48
57
75
1130

46
16
1538

17

53
60

51
50

52
71

65

74

80
60
82

16

4853
58

27
68

61 64
403538

36
37

70

50
75

40
42

80 63
45
60

52

26
7075

6524
5240

53
43

3360
41
61
21
11
63

5268

52

7780
78

55

20

62
67

67
87

55
72

3645 26
3358 35

3544

37
31
10

21
5341
33

41
61

74

62
60

70
11
8771

71
85

80
63

54

40
54

60

30
30

30
17

14
37

20

172042
39

49
6030

71

22
11

784568
35

50
5038
48

2823

71
80

3821

64
28

51
56

52
55

8069
60

60

60 70

65

75

80

37

55

35

45

55

5019

45 35

45
65
46

64
50

55

20

52

44
39

34
58

20

12
32

15

25
70

85

75

85

80

25

15

30

30

20
30

18
18

15

26

25
10

15

33
14

15

20

11

10

10

1812
1825

25

10
30

60

40
40

30

12
46

32
50

30
20

42
40
30

30

3548 45

12

80

20 21 30

2515

75

55

23

33

28

58

60
35
41

30

24
48

44

20
20

10
85

25

28

20

30

19

40

30
10

45 40
40

55

55

50
20

50

65

42
42

50 54

35

35
4044

48
6230

67

55
40

45

7030
35
55

50

60
65

52

60

5080
6040

30

55

50
55

40
15

25

22
22

10

15

5522

2225
26

55

24

50

52
45

22
24

2670
3532

3532
18

34

35

26
5625

40

54

8065 20

35 25

50
35

20

45
25

28

55
50

55
45

70

15
20

30

35 20

45
60 65

50
10

27
16

40
19 24 23

3434

67

53

55

5824

36

65

3535

43

18
55

20

45

44

40 35
50

25

35
35

80

40

46

70

40

72

25

35
40

63
64 10

69

56
69

4524

60

83°0'0"E

83°0'0"E

82°0'0"E

82°0'0"E

81°0'0"E

81°0'0"E

29°0'0"N 29°0'0"N

28°0'0"N 28°0'0"N

20 0 20 4010
Kilometers

Legend
Country Boundaries

Cross section lines

Thrust faults

Normal faults

Strike Slip faults

Antiform

Synform

Quaternary

Upper Siwalik

Upper Middle Siwalik

Lower Middle Siwalik

Middle Siwalik

Lower Siwalik

Lesser Himalaya

MCT Zone

Greater Himalaya

Chekha Formation

Tethyan Sedimentary Sequence

C'

C

MFT

MFT

MBT

MBT

INDIA

NEPAL

D'

D

E'

E

F'

F

MCT



Pliocene(to(Recent(Shortening(of(the(Siwalik(Group(in(the(Himalayan(Foreland(Belt( ( ( ( ( ( 62(

(
Figure'3.11'@'Cross@section'C.''Cross@section'trace'is'indicated'on'Map'2'(Figure'3.10).''Map'and'structural'data'from'Mugnier'et'al.,'(1999a),'and'ages'from'Ojha'et'al.,'(2009).'

For(crossBsection(C,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(36.8(km,(retrodeformed(length(of(62.50(km,(which(

results(in(shortening(of(25.7(±(2.21(km(and(41.1(±(3.53(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(boundary,(

4.83(±(1.00(Ma,(will(result(in(shortening(rates(of(5.32(±(1.19(mm/yr(and(strain(rates(of(2.70eB15(±(6.05eB16(sB1.(
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(

Figure'3.12'@'Cross@section'D.''Cross@section'trace'is'indicated'on'Map'2'(Figure'3.10).''Map'and'structural'data'from'Mugnier'et'al.,'(1999a),'and'ages'from'Ojha'et'al.,'(2009).'

(For(crossBsection(D,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(39.6(km,(retrodeformed(length(of(77.3(km,(

which(results( in(shortening(of(37.7(±(8.77(km(and(48.8(±(11.4(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(4.83±(1.00(Ma,(will(result(in(shortening(rates(of(7.81(±(2.43(mm/yr(and(strain(rates(of(3.20eB15(±(9.97eB16(sB1.(
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((

Figure'3.13'@'Cross@section'E.''Cross@section'trace'is'indicated'on'Map'2'(Figure'3.10).''Map'and'structural'data'from'Mugnier'et'al.,'(1999a),'and'ages'from'Ojha'et'al.,'(2009).'

For(crossBsection(E,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(33.3(km,(retrodeformed(length(of(64.4(km,(

which(results( in(shortening(of(31.1(±(3.22(km(and(48.2(±(4.99(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(3.22(±(0.30(Ma,(will(result(in(shortening(rates(of(9.66(±(1.35(mm/yr(and(strain(rates(of(4.74eB15(±(6.61eB16(sB1.(
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(
Figure'3.14'@'Cross@section'F.''Cross@section'trace'is'indicated'on'Map'2'(Figure'3.10).''Map'and'structural'data'from'Ojha,'(personal'Communication,'2012),'and'ages'from'
Ojha'et'al.,'(2009).'

For(crossBsection(F,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(31.6(km,(retrodeformed(length(of(58.6(km,(

which(results( in(shortening(of(27.0(±(2.98(km(and(46.1(±(5.09(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(3.22(±(0.30(Ma,(will(result(in(shortening(rates(of(8.39(±(1.21(mm/yr(and(strain(rates(of(4.54eB15(±(6.55eB16(sB1.(
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(

Figure'3.15'@'Map'3,'detailed'geological'map'of'the'Siwaliks'formation,'Eastern'Nepal.''Balanced'and'retrodeformed'cross@section'along'transects'G'and'H'are'found'on'the'
map.''Structural'data'from'Ojha,'(personal'communication,'2012)'and''McQuarrie'et'al.,'(2008),'and''ages'from'Ojha'et'al.,'(2009).'

47
38

44 4644

38

30

38

38

36

32

85 34
15

55
30 22

20
28

62485726

59

3859
19

3730

28

32
86

57

4762

30

62
67

6060
60

66

60
507074

64

76
62

65

46
45
27

3750

30

85
70
87

80 87
65

84 88
50
85
60

68

10

23

20
57

24
42

2925
4226 15

2838 31
32

3121

28

10

12

18
20

10

15

35
52

42
56

45 39 40
28

56
73

37
3747

5135

35

24
42

44
43

38
48

53
51

56
56

85
73

79
69 64

70
68

12

66
52

65

62
63
32

37 49
40

56

42

33
27
52

47

32
46

65
50

59 66 56
56

74

78

70

86°30'0"E

86°30'0"E

86°15'0"E

86°15'0"E

86°0'0"E

86°0'0"E

85°45'0"E

85°45'0"E

27°15'0"N 27°15'0"N

27°0'0"N 27°0'0"N

7.5 0 7.5 153.75
Kilometers

Legend
Cross section lines

Thrust faults

Antiform

Quaternary

Upper Siwalik

Upper Middle Siwalik

Lower Middle Siwalik

Lower Siwalik

Lesser Himalaya

MCT Zone

Greater Himalaya H'

H

MFT

MBT

G'

G



Pliocene(to(Recent(Shortening(of(the(Siwalik(Group(in(the(Himalayan(Foreland(Belt( ( ( ( ( ( 67(

(
Figure'3.16'@'Cross@section'G.''Cross@section'trace'is'indicated'on'Map'3'(Figure'3.15).'''Map'and'structural'data'from'Ojha'(personal'communication,'2012),'and'ages'from'
Ojha'et'al.,'(2009).'

For(crossBsection(G,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(38.1(km,(retrodeformed(length(of(67.4(km,(

which(results( in(shortening(of(29.3(±(1.52(km(and(43.5(±(2.26(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(3.42(±(0.60(Ma,(will(result(in(shortening(rates(of(8.57(±(1.57(mm/yr(and(strain(rates(of(4.03eB15(±(7.37eB16(sB1.(
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(
Figure'3.17'@'Cross@section'H.''Cross@section'trace'is'indicated'on'Map'3'(Figure'3.15).'''Map'and'structural'data'from'Ojha'(personal'communication,'2012),'and''ages'from'
Ojha'et'al.,'(2009).'

For(crossBsection(H,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(35.2(km,(retrodeformed(length(of(67.8(km,(

which(results( in(shortening(of(32.6(±(2.29(km(and(48.1(±(3.38(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,( 3.42( ±( 0.60( Ma,( will( result( in( shortening( rates( of( 9.53( ±( 1.80( mm/yr( and( strain( rates( of( 4.46eB15( ±( 8.42eB16( sB1.
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(

(

Figure'3.18','Map'4,'detailed'geological'map'of'the'Siwaliks'Formation,'Eastern'Bhutan.''Section'I'is'found'on'the'
map.''Structural'data'from'Grujic,'(personal'communication,'2012)
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(

Figure'3.19','Cross,section'I.''Cross,section'trace'is'indicated'on'Map'4'(Figure'3.18).''Map'and'structural'data'from'
Grujic'(personal'communication,'2012),'and'ages'from'(Chirouze'et'al.,'2012b).'

For(crossAsection(I,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(

6.19(km,(retrodeformed(length(of(14.55(km,(which(results( in(shortening(of(8.31(±(1.45(

km(and(57.1(±(9.96(%.((Assuming(that(deformation(started(at(the(Middle/Upper(Siwalik(

boundary,(2.60(±(0.30(Ma,(will(result(in(shortening(rates(of(3.20(±(0.67(mm/yr(and(strain(

rates(of(6.96eA15(±(1.46eA15(sA1.(
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(

Figure'3.20','Map'5,'detailed'geological'map'of'the'Siwaliks'Formation,'Arunachel'Pradesh.''Section'I' is'found'on'
the'map.' ' Structural' data' from' Chirouze' and' Huyghe,' (personal' communication,' 2012)' and'map'modified' from'
(Chirouze'et'al.,'2012a).'
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(

Figure'3.21','Cross,section'J.''Cross,section'trace'is'indicated'on'Map'5'(Figure'3.20).''Structural'data'from'Chirouze'
and'Huyghe,'(personal'communication,'2012)'and'map'modified'from'(Chirouze'et'al.,'2012a).'

For(crossAsection(J,(the(Middle/Lower(Siwalik(boundary(has(a(deformed(length(of(

20.8(km,(retrodeformed(length(of(37.3(km,(which(results(in(shortening(of(16.5(±(1.91(km(

and( 44.3( ±( 5.13( %.( ( Assuming( that( deformation( started( at( the(Middle/Upper( Siwalik(

boundary,(2.6(±(0.30(Ma,(will(result(in(shortening(rates(of(6.35(±(1.04(mm/yr(and(strain(

rates(of(5.40eA15(±(8.82eA16(sA1.(
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3.5.2. SECTION'RESULTS'

The(results(and(calculations(of(the(crossAsections(are(displayed(in(Table(3.1.((The(

shortening(distance(and(percentage(was(calculated(using(the(Lower(Siwalik(Group.((This(

was(used(because( it( is( the( lowest(and(most( complete( formation,(and( therefore( it(has(

accumulated( all( the( strain(within( the( SubAHimalaya.( ( The(onset(of( deformation( in( the(

Siwaliks(is(not(precisely(determined.((In(this(work,(it(was(assumed(that(the(deformation(

started( at( the( Upper/Middle( Siwalik( Boundary( as( discordance( is( observed( in( places(

between(the(layers.((Consequently(the(shortening(rates(were(calculated(using(the(local(

age(of(the(Upper/Middle(Siwalik(Boundary.(((

CrossAsection(A(to(H(were(drawn(in(locations(in(the(Himalaya(where(there(are(no(

structures(between(the(foreland(belt(and(the(foreland(basin.((CrossAsections(I(and(J(were(

drawn( in( locations( of( the( foreland( belt( where( the( Shillong( Plateau( is( in( the( foreland(

basin.(

Among( the( ten( crossAsections( constructed,( results( varied( widely.( ( Total(

shortening( ranges( from(8.31km( to(37.7km.( (Percentage( shortened(was(quite(uniform,(

and( has( an( increasing( gradient( from( westAtoAeast( with( a( range( of( 21.5( to( 57.2%.((

Shortening(rates(vary(from(3.20(to(9.66(mm/yr.((Strain(rates(also(display(a(westAtoAeast(

increasing(gradient(with( values( ranging( from(2.52EA15( to(6.96EA15( sA1.( (All( results( are(

displayed(in(Table(3.1,(Figure(3.22,(and(Figure(3.23.(

The(errors(in(shortening(rate(and(strain(rate(were(calculated(by(propagating(the(

errors(of(both(the(crossAsections(and(stratigraphic(age.((Error(propagation(formula(is:(
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Equation'23'

! ± !" = !!!(

where:(

Equation'24'

!" = ! ∗ !"
!

!
+ !"

!
!
(

where( X,( Y( and( R( are( arbitrary( values,( and(!(is( the( error( associated( with( the( value.((

Analysis(of(error(in(the(crossAsections(was(completed(using(area(balancing(error(method(

(Judge( and( Allmendinger,( 2011).( ( The( difference( in( shortening( length( of( the( line(

balancing( and( the( area( balancing( is( the( error( of( the( section.( ( The( age( of( the(

Upper/Middle(Siwaliks(boundary(was(estimated(to(have(a(0.3(Ma(error.((A(generic(error(

of(0.3(Ma(was(used(due(to(measuring(of(the(correlation(of(the(absolute(ages(given(by(

Ojha(et(al.((2009),(Sanyal(et(al.((2004),(and(Chirouze(et(al.,((2012),(and(the(placement(of(

the(Upper/Middle(Siwaliks(boundary.( (The(Khutia(Khola(stratigraphic(section(may(have(

ages( younger( then(what( are( used( in( this( study.( ( Originally,( the(Upper/Middle( Siwalik(

boundary(was(inferred(using(sedimentation(rates.((Magneto(stratigraphic(data(was(not(

available( for( the( upper( portion( of( the(Middle( Siwaliks,( so( a( correlation( could( not( be(

done,( therefore( the( error( of( 1.0(Ma( is( used( for( the( Khutia( Khola( section,( as( it( is( an(

inferred(age.((Similarly,(the(Muksar(Khola(magnetostrat(data(ends(at(the(Upper/Middle(

Siwalik(boundary,(and(error(may(be(greater,(thus(an(error(of(0.6(Ma(was(used.((

CrossAsections(C(and(D(should(be(looked(into(further,(as(the(stratigraphic(ages(of(

the(sections(are(not(as(well(constrained(due(to(using(the(Khutia(Khola(stratigraphic(age.
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Table&3.1*.&Results&from&the&ten&balanced&sections.&Deformation&is&assumed&to&have&started&at&the&beginning&of&the&deposition&of&the&Upper&Siwalik,&as&there&is&discordinance&
in&some&places,&as&well&as&the&appearance&of&conglomerates.&&&

Section 
Shortening of the  

Lower Siwalik 
(km) 

Shortening of the 
Lower Siwalik 

(%) 

Age of 
Upper/Middle 

Siwalik Boundary 
from Magneto 

Stratigraphy  (Ma) 

Shortening Rate 
from Age of Top 

of Middle Siwalik 
(Lower Siwalik 

Shortening) 
(mm/yr) 

Strain Rate of the  
Lower Siwalik 

(strain/sec) 

A( 23.0( ±( 3.47( 21.5( ±( 3.24( 2.70( ±( 0.30( 8.52( ±( 1.60( 2.52EI15( ±( 4.73EI16(
B( 10.6( ±( 2.67( 23.4( ±( 5.89( 2.70( ±( 0.30( 3.93( ±( 1.08( 2.75EI15( ±( 7.56EI16(
C( 25.7( ±( 2.21( 41.1( ±( 3.53( 4.83( ±( 1.00( 5.32( ±( 1.19( 2.70EI15( ±( 6.05EI16(
D( 37.7( ±( 8.77( 48.8( ±( 11.35( 4.83( ±( 1.00( 7.81( ±( 2.43( 3.20EI15( ±( 9.97EI16(
E( 31.1( ±( 3.22( 48.2( ±( 4.99( 3.22( ±( 0.30( 9.66( ±( 1.35( 4.74EI15( ±( 6.61EI16(
F( 27.0( ±( 2.98( 46.1( ±( 5.09( 3.22( ±( 0.30( 8.39( ±( 1.21( 4.54EI15( ±( 6.55EI16(
G( 29.3( ±( 1.52( 43.5( ±( 2.26( 3.42( ±( 0.60( 8.57( ±( 1.57( 4.03EI15( ±( 7.37EI16(
H( 32.6( ±( 2.29( 48.1( ±( 3.38( 3.42( ±( 0.60( 9.53( ±( 1.80( 4.46EI15( ±( 8.42EI16(
I( 8.31( ±( 1.45( 57.1( ±( 9.96( 2.60( ±( 0.30( 3.20( ±( 0.67( 6.96EI15( ±( 1.46EI15(
J( 16.5( ±( 1.91( 44.3( ±( 5.13( 2.60( ±( 0.30( 6.35( ±( 1.04( 5.40EI15( ±( 8.82EI16(
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(
Figure'3.22'+'Graph'of'shortening'rate'and'strain'rate'of'the'Siwalik'Group'vs.'distance'along'the'Himalaya'arc.''The'
shortening' and' strain' rate'was' calculated'using' the' length' and'%' shortened'of' the' Lower/Middle' Siwalik' in' the'
sections'and'the'time'since'deformation'was'assumed'to'begin.'Line'of'best'fit'is'for'strain'rate.'

(
Figure'3.23'–'Shortening'vs.'distance'of'the'Lower'Siwalik'Group'along'the'Himalaya'arc.'
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4. DISCUSSION'

Along(strike,(changes(of(shortening(rates(and(strain(rates(pose(questions(for(the(

causes(of(these(trends.(((

During(the( last(11(myr,(convergence(rates(of(the(Indian(plate(colliding(with(the(

Eurasian(plate(were(constant,(but(varied(laterally(from(ca.(34(mm/yr(in(the(northwest(to(

ca.(44(mm/yr(in(the(northeast(of(India((Molnar(and(Stock,(2009).((Current(GPS(velocities(

are( consistent( with( the( trend( of( plate( convergence( velocities,( since( rates( are( ca.( 10(

mm/yr( greater( in( the(east( than( the(west( (Banerjee(et( al.,( 2008).( ( It( is( found(with( the(

crossUsections(drawn(that(there(is(a(westUtoUeast(increase(in(strain(rate.((Finally,(there(is(

also( a( pronounced( trend( of( mean( annual( precipitation( rates( in( the( foothills( of( the(

Himalaya( which( increase( from( the( westUtoUeast( (Bookhagen( and( Burbank,( 2010).((

Shortening(rates(and(strain(rates(are(not(perfectly(consistent(with(each(other(since(the(

strain( rates( have( a( linear( trend( and( the( shortening( rates( are(more( variable.( ( In( turn,(

factors(which(influence(shortening(and(strain(rates(were(examined,(are:((

( 1.( Sedimentation(rates,(amount(of(sedimentation(and(formation(length.(

( 2.( Erosion(and(rainfall(rates.(

3.( Critical(Taper(Model(and(differences(in(parameters(of(the(model(across(

the(SubUHimalaya.(

4.( Effects(of(transfer(zones(and(strikeUslip(structures.(
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(Furthermore,( additional( questions( arise( to( why( Bhutan( has( the( lowest(

shortening(rate(but(highest(strain(rate(in(the(SubUHimalaya.((Did(deformation(in(the(SubU

Himalaya(and(Foreland(Basin(of( the(western(Himalaya(occur( later( than(the(rest(of( the(

Himalaya?(Are(there(other(factors(influencing(differences(in(shortening?(

4.1. SEDIMENTATION'RATES'AND'FORMATION'LENGTH'

The(length(of(the(undeformed(section(varies(substantially(throughout(the(Siwalik(

Group( along( the(Himalayan( arc.( ( ( In( the(west( and( central( Himalaya,( the( undeformed(

sections(are(quite(long(reaching(lengths(of(over(100(km.((In(the(east,(the(retrodeformed(

sections( range( from( 8.31( to( 16.5( km.( ( However( there( is( a( clear( WUE( trend( in( the(

undeformed(length(of(the(SubUHimalayan(basin.(This(relationship(may(be(related(to(the(

elastic(thickness(of(the(undergoing(plate,(which(with(the(constant(lithospheric(thickness(

can(be(correlated(with(the(convergence(rate.(The(simple(observations(of( the(shape(of(

the( current( foredip( and( bulge( indicate( an( eastward( narrowing( and( deepening( of( the(

Himalayan(foredip((Bilham(et(al.,(2003).((This(drastic(variation(in(the(formation(length(is(

difficult( to( assess( for( variations( in( shortening( as( there( are( substantially( different(

shortening(distances.(((

Ojha( et( al.,( (2009)( analyzed( deposition( rates.( ( Sediment( accumulation( ranges(

from(0.28(–(0.56(mm/yr,(generally(with(rates(increasing(upward(throughout(the(section.((

Younger( sediments( are( more( proximal,( coarser( and( thus( the( accumulation( rates( are(

higher.(((These(increased(sedimentation(rates(suggest(there(is(a(lateral(propagation(of(a(

major(thrust(system((i.e.(MBT)(in(the(frontal(Lesser(Himalaya.((It(is(seen,(in(Nepal,(that(

there(is(a(slight(decrease(of(sedimentation(rates(from(westUtoUeast,(as(well(as(sediments(
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get( younger( eastward.( ( These( observations( of( sedimentation( rates(may( be( related( to(

wedge(forming(processes.(

4.2. EROSION'AND'RAINFALL'RATES'

Erosion(plays(an( important( role( in( the(critical( taper(model(of(orogenic(wedges.((

The( angle( of( the( orogenic( wedge( has( to( stay( constant( for( the( wedge( to( maintain( a(

constant( shape.( ( The( wedge( will( have( to( compensate( and( adjust( to( the( temporal(

changes(in(erosion(rate,(to(stay(at(a(steady(angle,(which(is(achieved(by(activation(of(new(

thrusts( (Equation( 17U21)( (Dahlen,( 1990;( Dahlen( and( Suppe,( 1988;( Dahlen( and( Barr,(

1989;(Barr(and(Dahlen,(1989).(

Rainfall( during( the( Indian( summer( monsoon( throughout( the( Himalaya( is( the(

principal(factor(for(erosion.((There(is(a(distinct(eastUtoUwest(gradient(in(rainfall,(with(the(

warm(tropical(climates(to(the(east,(and(desert(climates(to(the(west.((Over(the(Himalayan(

foothills,(the(annual(rainfalls(range(from(over(4(meters(in(the(east(to(less(than(0.5(m(in(

the(west((Bookhagen(and(Burbank,(2010).(

There(is(a(clear(correlation(between(the(rainfall(and(the(strain(rates((Figure(4.3).((

The(correlation(with(the(shortening(rates(is(less(clear(but(it(is(present,(and(is(the(same(

as( the( strain( rate( correlation(when( the( two( outliers,( section( A( and( J( are( omitted.( ( In(

addition,(there(is(an(inverse(correlation(between(the(wedge(width((deformed(length(in(

Figure(3.23)(and(the(precipitation.((A(higher(erosional(efficiency,(K,(will(favor(a(narrower(

wedge((Whipple,(2009).(((

(
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(

(

Figure'4.1'–'Orogenic'wedge'response'to'erosional'efficiency'changes,'K.'Response'to'an'increase'(twice,'2K)'and'
decrease' (half,' 0.5K)' in'erosional'efficiency'are' tested'using'an'analytical'model.' ' The'model'predicts'half+width'
(W*)'plotted'against'a'dimensionless'time'(T*)'(Whippe,'2009).'''

Because( the( monsoonal( precipitation( always( proceeds( from( east( to( west,( the(

same(gradient(of(precipitation((though(with(different(absolute(values)(can(be(expected(

for(any(period(in(the(past(regardless(of(the(potential(periods(of(monsoonal(precipitation.(

The( main( difference( is( in( the( Bhutan( Himalaya( where( a( significant( decrease( of(

precipitation( has( likely( occurred( due( to( the( surface( uplift( of( the( Shillong( plateau( and(

establishment(of(the(rain(shadow(in(its(lea((Biswas(et(al.,(2007).(((However(this(change(

has(most(likely(occurred(before(or(at(the(onset(of(deformation(in(the(Siwaliks.(
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'

Figure'4.2'+' 'Mean'annual'rainfall'averaged'over'10'years.' 'Rainfall'calibrated'from'TRMM'2B31'data'(Bookhagen'
and'Burbank,'2010).''Note'there'is'a'distinct'gradient'from'the'east'to'the'west'for'rainfall'amount.''There'is'also'an'
inner'and'outer'band'within'the'topographic'of'the'Himalaya.'

(

(
Figure'4.3'+'Graph'of'shortening'rate'and'strain'rate'of'the'Siwalik'vs.'distance'along'the'Himalaya'arc'with'total'
annual' rainfall' overlain.' ' There' are' correlations' between' the' strain' rates' and' the' annual' amount' of' rainfall' at'
elevations'less'than'500m.'There'is'an'evident'correlation'of'a'west+to+east'increase'both'in'strain'rate'and'rainfall.''
Rainfall'data'from'Bookhagen'et'al.,'(2010).'The'line'of'best'fit'is'for'strain'rates.''
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(
Figure' 4.4' +' Graph' of' the' lengths' of' the' Siwalik' sections' vs.' distance' along' the' Himalaya' arc' with' total' annual'
rainfall'overlain.''There'is'an'inverse'correlation'between'the'retrodeformed'length'and'deformed'length'and'the'
annual'amount'of'rainfall'at'elevations'less'than'500m.''Rainfall'data'from'Bookhagen'et'al.,'(2010).''

(

4.3. CRITICAL'TAPER'MODEL'

In(the(critical(taper(model,(erosion(plays(an(important(role(in(the(%(of(shortening(

in( a( section( and( the(width( of( the(wedge.( ( The( orogenic(wedge(will( try( to(maintain( a(

constant(angle((α+β).((As(for(the(angle(of(the(wedge,(to(have(a(steeper(angle,(in(general,(

the(orogenic(wedge(must(have(stronger(material(in(the(wedge,(or(on(the(décollement.((

Therefor,( the( angle( is( maintained( by( the( properties( of( the( material( in( the( orogenic(

wedge.( ( ( If( erosion( rates( increase( the( wedge(will( have( to( shorten( to( keep( the( angle(
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constant( by( creating( a( series( of( thrust( faults( (Dahlen,( 1990;(Whipple,( 2004;(Whipple,(

2009)((Figure(4.1).(

In(the(SubUHimalaya,(it(is(seen(that(there(is(an(eastward(increase(in(precipitation(

rates.((Due(to(the(inverse(correlation(of(precipitation(rates(and(wedge(shape,(it(is(safe(to(

conclude( the( SubUHimalaya( orogenic(wedge( follows( the( critical( taper(model,( in(which(

higher( erosion( rate( causes( a(narrow(wedge(and(greater( shortening(%.( ( (On( the(other(

hand(strain(rates(are(externally(imposed(and(are(related(to(plate(convergence(rates.(

4.4. ALONG+STRIKE'SHORTENING'DIFFERENCES'

Within(areas(where(there(is(a(high(concentration(of(crossUsections,(e.g.(western(

Nepal,(there(is(variation(in(the(shortening(within(the(sections,(and(the(trends(described(

until(now(are(not(smooth(by(appear(to(be(stepwise.( (Mugnier(et(al.((1999a)(suggested(

these(differences(may(be(due(to(propagating(faults(and(orogenUperpendicular( transfer(

zones.( ( There( may( be( strike( slip( movement( within( the( transfer( zone,( which( in( turn(

accommodates( differential( shortening.( ( These( transfer( zones( are( displayed( by( a(main(

fault(stopping(and(stepping(out,(e.g.(the(Main(Frontal(Thrust(in(Figure(4.5.(

(
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(
Figure'4.5' +'Transfer'Zones' in'Western'Nepal,'highlighted'with'transparent'boxes.' 'There' is'a'distinct'shift' in' the'
major'faults'to'the'south'within'the'transfer'zones.' 'These'zones'may'accommodate'shortening,'and'account'for'
differences'in'shortening.'Transfer'zones'modified'from'Mugnier'et'al.'(1999a)'and'structural'data'from'Mugnier'et'
al.'(1999b),'in'western'Nepal,'Ojha,'(personal'communication,'2012),'and'McQuarrie'et'al.'(2008).'

There(is(a(distinct(difference(in(the(shortening(and(strain(rates(between(eastern(

Nepal(and(Bhutan.((In(Sikkim(and(western(Bhutan(there(is(a(number(of(seismically(active(

strike( slip( faults( in( Sikkim( (De( and( Kayal,( 2004).( ( These( strike( slip( faults(may( act( as( a(

transfer( zones( and( allow( for( a( step( like( difference( in( strain( and( shortening( rates(

between(eastern(Nepal( and(Bhutan.( ( Further( fieldUwork(will( have( to(be( completed( to(

conclude(if(there(is(a(correlation(between(strike(slip(faults(and(differences(in(strain(and(

shortening(rates.(

The( Shillong( Plateau( is( another( structure( under( investigation.( ( ( The( Shillong(

Plateau(is(a(pop(up(structure(in(front(of(the(eastern(Himalaya((Biswas(et(al.,(2007).((The(

Shillong(Plateau,(accommodates( some(of( the(convergence(of( the( Indian(plate.( ( In( this(

thesis( it( has( been( demonstrated( that( there( is( a( constant( westUtoUeast( increasing(
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gradient( of( strain( rates( in( the( foreland( belt,( thus( we( can( conclude( the( foreland( belt(

shortening(and(strain(rates(are(independent(from(the(Shillong(Plateau.(

4.5. CORRELATION'TO'PLATE'STRAIN'RATES'

The(strain(rates(of(the(convergence(of(the(Indian(plate(correlate(extremely(well(

to( the( cross( section( strain( rates.( ( The( Indian( plate( strain( rates( were( calculated( from(

Molnar( and( Stocks( (2009)( plate( convergence( rate.( ( The( strain(was( calculated( using( a(

generic(200(km(thick(lithosphere(value((Fossen,(2010).(((

(
Figure'4.6'–'Graph'of'shortening'rate'shortening'and'strain'rate'of' the'Siwalik'Group'and'the' Indian'plate'strain'
rate'vs.'distance'along'the'Himalaya'arc.'There' is'an'evident'correlation'of'a'west+to+east' increase'both' in'strain'
rate'of'the'Siwalik'Group'and'the'strain'rate'of'the'Indian'plate.''The'black'line'is'the'line'of'best'fit'for'the'strain'
rate'of'the'Sub+Himalaya,'and'the'purple'line'is'the'line'of'best'fit'for'strain'rate'of'the'Indian'plate.' 'The'Indian'
plate'strain'rates'are'from'Molnar'and'Stock'(2009).'
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4.6. CORRELATION'TO'THE'SHORTENING'ACROSS'THE'LHS.'

The( total( shortening( in( the( SubUHimalaya( as( determined( in( this( thesis( is( small(

compared( to( the( shortening( estimated( in( the( LHS.( Several( authors( have( constructed(

balanced(crossUsections(across(the(Himalayan(orogen.( (Many(of(these(however(do(not(

meet( the( minimum( requirement( for( balanced( crossUsections,( in( particular( when(

attempting( to( construct( them( for( the( metamorphic( core( of( the( Himalaya,( the( GHS.((

Short(discussion(on(this(can(be(found(in(Fossen(et(al.,((2010).(For(these(reasons(I(have(

extracted(only(the(estimates(of(shortening(across(the(LHS(and(along(the(MBT(excluding(

the(displacement(along(the(MCT(and(any(higher(unit(or(structure.((

(

Figure'4.7'+'Compilations'of'shortening'estimates'from'west+to+east'across'the'Himalayan'arc'modified'from'(Long'
et'al.,'2011a).'(A)'The'total'amount'of'shortening'within'the'sections.''The'numbers'of'the'sections'correlate'to'the'
sections' in' table' 4.1.' ' The'MBT' and'MCT' are' shown' on' the' figure' and'where' they' lie'within' the' sections.' ' (B)'
Compilation' of' Percent' shortening' ranges' across' the' Himalayan' arc.' The' numbers' correspond' to' the' section' in'
table'4.1.'
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Table'4.1'+'Compilation'of'shortening'estimates'in'the'Sub+Himalaya'and'Lesser'Himalaya'modified'from'(Long'et'
al.,'2011a).'Abbreviations'SH'–'Sub+Himalaya,'LH+'Lesser'Himalaya.''Section'can'be'seen'in'the'figure'above,'with'
respective'locations.'
*Calculated'by'adding'122+193'km'shortening'to'LH'zone'
**'Calculated'by'subtracting'75'km'shortening'from'LH'zone'

Section(
Number(

Section(Location( Shortening(
SH+LH((km)(

Shortening(
SH+LH((%)(

Reference(

1( Pakistan( 288( 64( (Coward(and(Butler,(1985)(
2( India,(Kumaon(and(Garhwal( 160( 65( (Srivastava(and(Mitra,(1994)(
3( Western(Nepal( 378S517( 74S77( (Robinson(et(al.,(2006)(
4( EastScentral(Nepal( 73( 32( (Schelling,(1992)(
4*( EastScentral(Nepal( 73( 57S64( (Schelling,(1992)(
5( Eastern(Nepal( 50( 26S36( (Schelling(and(Arita,(1991)(
5*( Eastern(Nepal( 70( 56S67( (Schelling(and(Arita,(1991)(
6( Sikkim( 255( 76( (Mitra(et(al.,(2010)(
7( Central(and(eastern(Bhutan(( 160S263( 52S66( (Long(et(al.,(2011a)(
8( Western(Arunachal(Pradesh( S( 58( (Yin(et(al.,(2010)(
8**( Western(Arunachal(Pradesh( 232( 51( (Yin(et(al.,(2010)(

(

The(pattern(of(total(shortening(and(the(%(shortening(is(not(clear.((The(reasons(

may(be(multiple,(and(may(include:(the(differences(in(construction(of(balanced(crossU

sections(between(about(dozen(geologists,(high(uncertainties(in(structures(within(the(LHS(

and(uncertainties(in(the(position(of(the(basal(detachment.(

(

(

(

(
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5. CONCLUSIONS'AND'RECOMMENDATIONS'

5.1. CONCLUSIONS'

The(shortening(amount,(shortening(rate(and(strain(rate(vary(along(the(Himalaya(

arc( in( the(SubUHimalaya(Group.( (Due( to( the(differences( in( the( formation( length( in( the(

balanced( sections( and( the(onset( of( the(deformation,( strain( rate(had( to(be(used( for( a(

comparative( analysis.( ( The( strain( rates( correlate( very( well( with( the( westUtoUeast(

increasing(gradient(of(convergence(rates,(both(with(longUterm(plate(reconstruction(data,(

and(with(GPS(data((Molnar(and(Stock,(2009;(Banerjee(et(al.,(2008)(suggesting(that(the(

plate(convergence(rate(is(a(primary(factor(controlling(the(shortening(within(the(orogenic(

foreland(foldUandUthrust(belt.(

These( strain( rates( also( correlate( to( the( westUtoUeast( increasing( gradient( of(

rainfall(and( inversely(correlate(to(wedge(width.( (According(to(the(critical( taper(model,(

greater(shortening(of(the(wedge(will(occur(where(more(erosion(is(taking(place.(

It(is(safe(to(say(rainfall(has(an(impact(on(the(strain(rates(and(wedge(width(of(the(

SubUHimalaya.((Furthermore,(the(variation(in(strain(rates(along(the(SubUHimalaya(show(

the(same(trend(as(plate(velocities(and(plate(strain(rates.(

5.2. RECOMMENDATIONS'AND'FURTHER'WORK'

This(work(has(identified(along(strike(changes(in(convergence(and(strain(rates(and(

wedge(shape(in(the(SubUHimalaya(of(the(Himalayan(orogen.((There(is(a(clear(correlation(

between(the(structural(data(and(the(longUterm(and(shortUterm(plate(convergence(rates(
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as(well(with(the(precipitation(rates.((However,(the(causative(relationships(could(not(be(

determined.((In(order(to(tackle(the(questions(opened(in(this(thesis(it(is(recommended(to(

fill(in(the(gaps(in(the(data(and(undertake(numerical(modeling.(Further(work(may(include:(

• Detailed( stratigraphic( sections( at( all( crossUsection( transects,( including( updated(

stratigraphic(ages(for(sections(with(poor(Upper/Middle(Siwaliks(boundary(ages.(

• Gaps( to(be( filled( in( along( the(SubUHimalaya.( Identify( the( segments(of( the(SubU

Himalaya(where(this(would(be(possible(according(to(the(exposure(of(the(Siwaliks(

and(identify(logistic(feasibility.(

• Obtain(seismic(data(to(constrain(the(depth(and(dip(of(the(décollement(as(well(as(

identify(structures,(both(shortening(structures(and(basement(structures.(

• Perform( forward( modeling( to( quantitatively( estimate( the( sensitivity( of( the(

models(to(the(two(principal(parameters,(erosion(and(convergence(rate.(

• Construct(a( fence(diagram(like(model(of( the(foldUandUthrust(belt(using(multiple(

crossUsections(and(seismic(lines.((

(

(

(

(

(
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Section

A 23.0 ± 3.47 21.5 ± 3.24 2.70 ± 0.30 8.52 ± 1.60 2.52E-15 ± 4.73E-16
B 10.6 ± 2.67 23.4 ± 5.89 2.70 ± 0.30 3.93 ± 1.08 2.75E-15 ± 7.56E-16
C 25.7 ± 2.21 41.1 ± 3.53 4.83 ± 1.00 5.32 ± 1.19 2.70E-15 ± 6.05E-16
D 37.7 ± 8.77 48.8 ± 11.4 4.83 ± 1.00 7.81 ± 2.43 3.20E-15 ± 9.97E-16
E 31.1 ± 3.22 48.2 ± 4.99 3.22 ± 0.30 9.66 ± 1.35 4.74E-15 ± 6.61E-16
F 27.0 ± 2.98 46.1 ± 5.09 3.22 ± 0.30 8.39 ± 1.21 4.54E-15 ± 6.55E-16
G 29.3 ± 1.52 43.5 ± 2.26 3.42 ± 0.60 8.57 ± 1.57 4.03E-15 ± 7.37E-16
H 32.6 ± 2.29 48.1 ± 3.38 3.42 ± 0.60 9.53 ± 1.80 4.46E-15 ± 8.42E-16
I 8.31 ± 1.45 57.1 ± 9.96 2.60 ± 0.30 3.20 ± 0.67 6.96E-15 ± 1.46E-15
J 16.5 ± 1.91 44.3 ± 5.13 2.60 ± 0.30 6.35 ± 1.04 5.40E-15 ± 8.82E-16
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