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T e  B e n k ar F a ult Z o n e ( B F Z) is a r e c e ntl y r e c o g ni z e d, N N E-stri ki n g, brittl e t o d u ctil e, cr oss f a ult t h at c uts a cr oss t h e d o mi n a nt 
m et a m or p hi c f a bri c of t h e Gr e at er Hi m al a y a n S e q u e n c e ( G H S) a n d t h e L ess er Hi m al a y a n S e q u e n c e ( L H S) i n e ast er n N e p al. 
4 0 Ar/ 3 9 Ar- m us c o vit e  c o oli n g  a g es  al o n g  a  tr a ns e ct  a cr oss  t h e  B F Z  i n  t h e  G H S  i n di c at e  m o v e m e nt  y o u n g er  t h a n  1 2  M a.  T o  
u n d erst a n d t h e m o d e of g e n esis, a n d s eis m o-t e ct o ni c i m pli c ati o ns of t h e B F Z, w e m a p p e d t his f a ult fr o m t h e E v er est r e gi o n i n 
t h e u p p er K h u m b u v all e y t o w ar d t h e s o ut h, a cr oss t h e M ai n C e ntr al Tr ust,  i nt o t h e L H S a n d t h e Gr e at er Hi m al a y a n N a p p e. We 
r e c o g ni z e a s eri es of cr oss f a ults s e g m e nts, w hi c h w e i nt er pr et t h e B F Z s yst e m. T e  c urr e ntl y m a p p e d s e cti o n of t h e B F Z is > 1 0 0 
k m l o n g, a n d its wi dt h is u p t o 4 k m i n t h e L H S. T e  B F Z is s e mi- d u ctil e i n t h e G H S r e gi o n b ut is brittl e i n t h e s o ut h, w h er e it 
is e x pr ess e d as g o u g e z o n es, t e ct o ni c all y br e c ci at e d z o n es, s h ar p f a ult pl a n es, a n d s e g m e nts of n o n p e n etr ati v e brittl e d ef or m ati o n 
z o n es. Fr o m p etr o gr a p hi c a n d ki n e m ati c a n al ysis, w e i nt er pr et l ar g el y a ri g ht-l at er al, e xt e nsi o n al s e ns e of s h e ar. O ur w or k di d 
n ot c o nti n u e i nt o t h e S u b- Hi m al a y a, b ut t h e B F Z m a y c o nti n u e t hr o u g h t his z o n e i nt o t h e f or el a n d as d o c u m e nt e d i n ot h er 
Hi m al a y a n cr oss f a ults. W hil e s e v er al g e n eti c m o d els h a v e b e e n pr o p os e d f or cr oss f a ults i n t h e Hi m al a y a a n d ot h er c o n v er g e nt 
or o g e ns,  w e  s u g g est  t h at  t h e  B F Z  m a y  b e  r el at e d  t o  e xt e nsi o n al  str u ct ur es  i n  Ti b et.  U n d erst a n di n g  cr oss  f a ults  is  n ot  o nl y  
i m p ort a nt f or t h e t e ct o ni c hist or y of t h e Hi m al a y a b ut d u e t o t h e c o-l o c ati o n of cr oss f a ults a n d s eis m o g e ni c b o u n d ari es, t h er e 
m a y b e a c a us al r el ati o ns hi p. Cr oss f a ults als o f oll o w m a n y of t h e n ort h-s o ut h ri v er s e g m e nts of t h e Hi m al a y a a n d w e a k e n e d f a ult 
r o c ks o n t h e v all e y w alls m a y e n h a n c e t h e l a n dsli d e h a z ar d i n t h es e ar e as. 

1. I nt r o d u cti o n 

A  r e vi e w  of  s e v er al  c o n v er g e nt  or o g e ni c  b elts  ar o u n d  
t h e  w orl d  r e v e als  i m p ort a nt  l at er al  h et er o g e n eiti es  al o n g  
t h e  l e n gt h  of  t h e  m o u nt ai n  b elts.  I n  di f er e nt  m o u nt ai n  
b elts,  t h es e  h et er o g e n eiti es  ar e  e x pr ess e d  as  al o n g-stri k e  
c h a n g es  i n  d ef or m ati o n  st yl e,  i g n e o us  a cti viti es,  gr a d e  
of  m et a m or p his m,  s urf a c e  pr o c ess es  a n d  g e o m or p h ol o g y,  
a n d/ or  s eis mi c  a cti vit y  (s e e  r e vi e w  i n  Giri  a n d  H u b b ar d  
[ 1]).  I n  ot h er  c as es,  a br u pt  l at er al  tr a nsiti o ns  c oi n ci d e  
wit h t h e s p ati al o c c urr e n c e of cr oss f a ults/str u ct ur es (f a ults/ 
str u ct ur es  t h at  stri k e  at  a  hi g h  a n gl e  t o  t h e  tr e n d  of  

t h e  or o g e n).  Pr e vi o us  a ut h ors  h a v e  s u g g est e d  a  n u m b er  
of  e x pl a n ati o ns  f or  l at er al  v ari ati o ns  i n  m o u nt ai n  b elts  
ar o u n d  t h e  w orl d  s u c h  as  c h a n g es  i n  ( a)  c o nti n e nt al  
m ar gi n g e o m etr y [ e. g., 2 ]; ( b) b asi n g e o m etr y a n d s e di m e nt 
t hi c k n ess [ e. g., 3, 4 ]; ( c) pl at e ki n e m ati cs a n d o bli q uit y of 
pl at e c o n v er g e n c e [ e. g., 5, 6 ]; ( d) lit h os p h eri c str e n gt h [ e. g., 
7 – 9 ]; a n d ( e) t h e pr es e n c e of i n h erit e d b as e m e nt str u ct ur es 
[ e. g., 1 0 – 1 7]. 

I n  t h e  Hi m al a y a,  r es e ar c h ers  h a v e  str ess e d  t h e  si g‐
ni f c a n c e  of  cr oss  f a ults  as  t hr ust  s e g m e nt  b o u n d ari es,  
s o m eti m es  b et w e e n  a dj a c e nt  z o n es  of  c o ntr asti n g  t hr ust  
g e o m etri es [ 1 6, 1 8 – 2 2 ]. W hil e s e v er al cr oss f a ults h a v e b e e n 
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r e c o gni z e d i n t h e Hi m al a y a n or o g e n at m ulti pl e str u ct ur al 
l e v els  ( Fi g ur e  1),  t h eir  e xt e nt,  m o d e  of  g e n esis,  a n d  t h eir  
i m p a ct  o n  t h e  r e gi o n al  s eis m o-t e ct o ni cs  r e m ai n  p o orl y  
u n d erst o o d.  T e  Hi m al a y a  is  t h e  pl a n et’s  m ost  d y n a mi c  
c ollisi o n al  or o g e ni c  s yst e m,  a n d  r es e ar c h ers  h a v e  f o u n d  
e vi d e n c e t h at li n ks cr oss f a ults wit h r e gi o n al s eis mi cit y [ 2 1, 
2 3 – 2 7 ], w hi c h m a k es it i m p er ati v e t o r e c o g ni z e a n d d e v el o p 
a c o m pr e h e nsi v e u n d erst a n di n g of t h es e str u ct ur es. 

T e  B F Z  w as  frst  r e c o g ni z e d  b y  S eif ert  [ 2 8 ]  as  a  
N N E-stri ki n g,  ri g ht  l at er al,  n or m al  cr oss  f a ult  t h at  r u ns  
al o n g a n d a dj a c e nt t o t h e D u d h K os hi v all e y i n t h e e ast er n 
N e p al  Hi m al a y a  ( Fi g ur e  2).  S eif ert  [ 2 8 ]  m a p p e d  t h e  B F Z  
i n  t h e  Gr e at er  Hi m al a y a n  S e q u e n c e  ( G H S,  hi g h est  p art  
of  t h e  r a n g e  c o nsisti n g  of  a m p hi b olit e  t o  gr a n ulit e  f a ci es  
r o c ks)  of  t h e  E v er est  r e gi o n  b ut  its  s o ut h er n  c o nti n uit y,  
its  m o d e  of  f or m ati o n,  a n d  ti mi n g  of  m o v e m e nt(s)  w er e  
b e y o n d  t h e  s c o p e  of  t h at  st u d y.  I n  t his  arti cl e,  w e  s u m ‐
m ari z e  t h e  f n di n gs  of  S eif ert  [ 2 8 ]  a n d  pr es e nt  n e w  m a p  
d at a, fr o m r e gi o ns al o n g t h e stri k e of t h e B F Z t o w ar d t h e 
s o ut h,  wit hi n  t h e  O k h al d h u n g a  Wi n d o w,  a n d  t h e  Gr e at er  
Hi m al a y a n  N a p p e  ( G H N).  Tis  n e w  f el d  d at a  c o u pl e d  
wit h 4 0 Ar/ 3 9 Ar- m us c o vit e c o oli n g a g es fr o m t h e G H S, a n d 
p etr o gr a p hi c  a n d  ki n e m ati c  a n al ysis  f or  s a m pl es  c oll e ct e d  
fr o m m ulti pl e l e v els s u p p orts t h e c o nti n u ati o n of t h e B F Z 
s o ut h w ar d c utti n g a cr oss di f er e nt  lit h o-t e ct o ni c u nits of t h e 
Hi m al a y a.  W hil e  m ulti pl e  g e n eti c  m o d els  c a n  e x pl ai n  t h e  
B F Z, e xt e nsi o n al f a ult ki n e m ati cs i n t h e G H S a n d p ossi bl e 
c o n n e cti o n t o n or m al f a ult s yst e ms t o w ar d t h e n ort h p oi nt 
t o w ar d t h e li k eli h o o d of t h e B F Z b ei n g g e n eti c all y li n k e d t o 
t h e o n g oi n g e xt e nsi o n i n s o ut h er n Ti b et. Ot h er Hi m al a y a n 
r es e ar c h ers  h a v e  pr e vi o usl y  e x pl or e d  si mil ar  c o n n e cti o ns  
b et w e e n cr oss f a ults a n d Ti b et a n e xt e nsi o n [ 1 3, 1 5, 1 9, 2 9, 
3 0 ].  T e  B F Z  d ef or m ati o n,  es p e ci all y  i n  t h e  s o ut h,  c o ul d  
b e  a  s urf a c e  m a nif est ati o n  of  t e ar(s)  or  b as e m e nt  f a ults/  
str u ct ur es, s u c h as t h e West P at n a F a ult, i n t h e d o w n g oi n g 
I n di a n pl at e. 

2. Te ct o ni c S etti n g 

2. 1 . Tect o n o- Str ati gr a p h y  of  t h e  Hi m al a y a . T e  o ns et  of  
c o nti n e nt al  c ollisi o n  al o n g  t h e  I n di a n  a n d  Asi a n  pl at e  
m ar gi ns b et w e e n 6 1 a n d 5 5 M a w as f oll o w e d b y t hi c k e n ‐
i n g, s h ort e ni n g, a n d i m bri c ati o n of t h e d o w n- g oi n g I n di a n 
cr ust al  r o c ks  r es ulti n g  i n  t h e  f or m ati o n  of  t h e  d y n a mi c  
Hi m al a y a n or o g e ni c b elt [ 3 1 – 3 9 ]. T e  Hi m al a y a h as b e e n 
vi e w e d  as  a  c o m p osit e  of  f o ur  m aj or,  l at er all y  c o nti n u ‐
o us  lit h o-t e ct o ni c  u nits.  Fr o m  n ort h  t o  s o ut h,  t h e y  ar e  
t h e  Ti b et a n  Tet h y a n  S e q u e n c e  ( T T S),  t h e  G H S,  t h e  L H S,  
a n d  t h e  S u b- Hi m al a y a.  T es e  u nits  ar e  e a c h  b o u n d e d  
b y  n ort h- di p pi n g  f a ults:  t h e  S o ut h  Ti b et a n  D et a c h m e nt  
S yst e m ( S T D S), t h e M ai n C e ntr al Tr ust  ( M C T), t h e M ai n 
B o u n d ar y  Tr ust  ( M B T),  a n d  t h e  M ai n  Fr o nt al  Tr ust  
( M F T) ( Fi g ur es 1 a n d 2) [ 4 0 – 4 9]. 

T e  T T S  h as  l ar g el y  b e e n  d e f n e d  as  a  P al e o z oi c  a n d  
M es o z oi c  m ari n e  s u c c essi o n  of  sili ci cl asti c  a n d  c ar b o n at e  
r o c ks d e p osit e d i n t h e Tet h ys S e a [ 5 0 – 5 4]. T e  S T D S, a cti v e 
d uri n g ~ 2 8 – 2 3 M a t o 1 6 – 1 2 M a (s e e G os c o m b e et al. [ 4 8]), 
j u xt a p os es t h es e v er y-l o w t o l o w- gr a d e ( gr e e ns c hist f a ci es) 
m et a m or p hi c  r o c ks  of  t h e  T T S  a g ai nst  t h e  hi g h er- gr a d e  
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G H S al o n g a s yst e m of l o w- a n gl e, e xt e nsi o n al, t o p-t o-t h e -
n ort h, d u ctil e s h e ar z o n es, a n d brittl e f a ults [ 5 5 – 6 1]. 

T e  G H S c o nsists of N e o pr ot er o z oi c t o Or d o vi ci a n ( 9 9 0 
M a  t o  5 2 0  M a),  hi g h- gr a d e  m et a m or p hi c  r o c ks  of  t h e  
I n di a n  c o nti n e nt  [ 4 7,  4 9,  6 2 – 6 6 ].  D uri n g  t h e  C a m bri a n  
B hi m p h e di a n  Or o g e n y,  r o c ks  of  t h e  G H S  w er e  d ef or m e d,  
m et a m or p h os e d, a n d i ntr u d e d b y gr a nit es wit h U- P b a g es 
r a n gi n g i n b et w e e n 5 8 1 M a a n d 4 5 3 M a [ 6 4 – 7 4 ]. H o w t h es e 
mi d cr ust al r o c ks w er e e x h u m e d r e m ai ns a n ar e a of a cti v e 
r es e ar c h  i n  t h e  Hi m al a y a  [ 7 5 – 8 1 ].  C ar osi  et  al.  [8 2 ]  h a v e  
str ess e d t h e i m p ort a n c e of i n-s e q u e n c e a n d o ut- of-s e q u e n c e 
t hr usts a n d s h e ar z o n es wit hi n t h e G H S, w hi c h i n g e n er al 
h as b e e n m a p p e d as o n e c o nti n u o us t e ct o ni c u nit. 

I n  t h e  vi ci nit y  of  t h e  E v er est  r e gi o n,  t h e  G H S  c o n‐
sists  of  a m p hi b olit e  t o  gr a n ulit e  f a ci es,  silli m a nit e- gr a d e,  
m et a p elit e, ort h o g n eiss, c al c-sili c at e, a n d a m p hi b olit e al o n g 
wit h  l e u c o gr a nit e  i ntr usi o ns  [ 5 9,  6 9,  8 0,  8 3 – 8 9 ].  F oll o w‐
i n g  t h e  I n di a – Asi a  c ollisi o n,  t h es e  r o c ks  e x p eri e n c e d  t h e  
pr o gr a d e  B arr o vi a n  E o hi m al a y a n  m et a m or p his m  u n d er  
pr ess ur e –t e m p er at ur e c o n diti o ns of 6 5 0° C – 6 8 0° C, 7 – 8 k b ar 
( k y a nit e ± silli m a nit e gr a d e) b et w e e n ~ 3 9 M a a n d 3 0 M a, 
w hi c h  w as  f oll o w e d  b y  t h e  silli m a nit e  ±  c or di erit e  gr a d e  
N e o hi ml a y a n  m et a m or p his m  d uri n g  2 8  M a  t o  1 6  M a  at  
6 0 0° C – 7 5 0° C,  3 – 5  k b ar  [ 7 2,  8 0,  8 8,  9 0 – 9 3 ].  Ti mi n g  of  
v ol u mi n o us m elt i nj e cti o n a n d l e u c o gr a nit e cr yst alli z ati o n 
wit hi n t h e G H S h as b e e n w ell c o nstr ai n e d b et w e e n 2 4 M a 
a n d  1 5  M a  (s e e  C ottl e  et  al.  [ 9 4 ]).  I n  t h e  E v er est  r e gi o n,  
t h e S T D S is r e pr es e nt e d b y t h e u p p er, brittl e Q o m ol a n g m a 
D et a c h m e nt, wit h t h e Or d o vi ci a n Li m est o n e i n t h e h a n gi n g 
w all,  a n d  t h e  l o w er,  d u ctil e  L h ots e  S h e ar  Z o n e,  wit h  
mi d dl e-t o  u p p er- gr e e ns c hist  f a ci es  s c hist  a n d  c al c-sili c at e  
r o c k  of  t h e  E v er est  S eri es  i n  its  h a n gi n g  w all  (f o ot w all  
of  t h e  Q o m ol a n g m a  D et a c h m e nt)  ( Fi g ur e  2)  [ 6 9,  9 5 – 9 7]. 
E xt e nsi o n al m o v e m e nt al o n g t h e L h ots e S h e ar Z o n e c e as e d 
pri or  t o  1 6  M a,  w hil e  t h e  Q o m ol a n g m a  D et a c h m e nt  w as  
a cti v e u ntil at l e ast 1 3 M a [ 9 4, 9 8 ]. C ess ati o n of m o v e m e nt 
al o n g t h e S T D S h as b e e n i nt er pr et e d as t h e e n d of t e ct o ni c 
e x h u m ati o n of t h e G H S, w hi c h w as f oll o w e d b y er osi o n al 
e x h u m ati o n t h at li k el y w as a c c el er at e d i n t h e Pli o c e n e [ 8 0, 
9 8 – 1 0 1]. 

A p atit e  fssi o n  tr a c k  a g es  wit hi n  t h e  G H S  of  t h e  
E v er est a n d s urr o u n di n g r e gi o ns pr o gr essi v el y i n cr e as e wit h 
el e v ati o n  fr o m  ~ 1  M a  n e ar  t h e  M C T  t o  ~ 3  M a  n e ar  t h e  
S T D S [ 1 0 2 ]. Zir c o n fssi o n  tr a c k ( Z F T) a g es r a n g e b et w e e n 
~ 4 M a a n d ~ 1 6 M a a n d 4 0 Ar/ 3 9 Ar  m us c o vit e c o oli n g a g es 
r a n g e b et w e e n ~ 1 0 M a a n d ~ 1 7 M a, a n d b ot h s yst e ms s h o w 
a s yst e m ati c i n cr e as e i n a g es wit h el e v ati o n [ 1 0 2 – 1 0 4]. 

T e  M C T  is  t h e  l o w er  str u ct ur al  b o u n d ar y  of  t h e  
G H S  a n d  h as  b e e n  v ari o usl y  m a p p e d  as  ( a)  a  lit h ol o gi c al  
b o u n d ar y b et w e e n l o w- a n d hi g h- gr a d e m et a m or p hi c r o c ks 
[4 0, 8 4, 1 0 5 – 1 0 7 ]; ( b) t h e k y a nit e is o gr a d [ 4 2, 5 2, 8 3 ]; ( c) 
a n  a br u pt  c h a n g e  i n  U- P b  d etrit al  zir c o n  a g es  [ 6 2,  1 0 8] 
a n d i n N d is ot o p e c o m p ositi o ns [ 4 9, 1 0 9, 1 1 0 ]; ( d) a t hi c k 
s h e ar  z o n e  wit h  or  wit h o ut  a n  u p p er  or  l o w er  f a ult  [ 1 1 1, 
1 1 2 ]; a n d ( e) t h e b as e of a hi g h str ai n z o n e [1 1 3 ]. A b o v e or 
wit hi n t h e M C T z o n e, t h e m et a m or p his m is i n v ert e d fr o m 
c hl orit e- t o silli m a nit e- gr a d e t o w ar d t h e n ort h [ 4 0, 4 2, 1 1 1, 
1 1 2, 1 1 4 ]. T e  M C T h as b e e n i nt er pr et e d t o b e c o e v al wit h 
t h e S T D S b et w e e n 2 2 a n d 1 9 M a [ 6 1, 1 0 3, 1 1 4 – 1 1 6 ] al o n g 
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3 Lit h os p h er e 

Fi g u r e  1: Si m pli f e d  lit h o-t e ct o ni c m a p of t h e Hi m al a y a. T e  r e d d as h e d a n d h e a v y li n es i n di c at e cr oss f a ults. R e ct a n gl e i n t h e c e nt er 
s h o ws e xt e nt of t h e ar e a s h o w n i n Fi g ur e 2. M o di f e d  fr o m G o di n a n d H arris [1 3 ], G os c o m b e et al. [4 8 ], H u b b ar d et al. [ 2 0], a n d G o di n 
et al. [ 1 4 ]. B F Z: B e n k ar F a ult Z o n e; D K F: D u d h K os hi F a ult; E P F: E ast P at n a F a ult; G a T F: G a di Te ar F a ult; G F: Gis h F a ult; G H N: Gr e at er 
Hi m al a y a n N a p p e; G L: G a uris h a n k ar Li n e a m e nt; G T F: G a n g a Te ar F a ult; J L: J u di Li n e a m e nt; K C Gr: K u n g C o H alf Gr a b e n; K F: K osi F a ult; 
M B T: M ai n B o u n d ar y Tr ust;  M C T: M ai n C e ntr al Tr ust;  M- E: M oti h ari- E v er est Li n e a m e nt; M F T: M ai n Fr o nt al Tr ust;  M Z B: M ai n 
Z a ns k ar B a c kt hr ust; O W: O k h al d h u n g a Wi n d o w; R C R: Ri d u o- C u o n a ri f; S T D S: S o ut h Ti b et a n D et a c h m e nt S yst e m; T Gr; T a k  K h ol a 
Gr a b e n; W D T Z: West er n D a n g Tr a nsf er Z o n e; W N F S: West er n N e p al F a ult S yst e m; W P F: West P at n a F a ult; Y C S: Ya d o n g Cr oss Str u ct ur e; 
Y G R: Ya d o n g G ul u ri f. 

wit h l o c ali z e d L at e Mi o c e n e t o Pli o c e n e m o v e m e nts [ 1 1 7 – 
1 2 0]. 

S e v er al r es e ar c h ers h a v e m a p p e d t h e M C T i n t h e D u d h 
K os hi  a n d  t h e  a dj a c e nt  v all e ys,  a n d  t h e y  h a v e  pr es e nt e d  
v ar yi n g  s p ati al  l o c ati o ns  a n d  d e f niti o ns  of  t his  str u ct ur e.  
Is hi d a [ 8 6] a n d Is hi d a a n d O ht a [8 7 ] h a v e m a p p e d a s yst e m 
of t hr usts t h at c oi n ci d e wit h lit h ol o gi c al c h a n g es. H u b b ar d 
[ 1 2 1] m a p p e d t h e M C T as a 3- t o 5- k m-t hi c k, n ort h- di p ‐
pi n g, d u ctil e s h e ar z o n e c o nsisti n g of a u g e n g n eiss, p eliti c 
s c hist, a m p hi b olit e, m ar bl e, c al c-sili c at e, sl at e, a n d q u art zit e. 
C atl os et al. [ 1 1 7 ] m a p p e d t h e M C T as a dis cr et e t hr ust t h at 
r o u g hl y p ass es al o n g t h e t o p of t h e M C T z o n e of H u b b ar d 
[ 1 2 1]. T e  M C T h as als o b e e n m a p p e d f art h er t o w ar d t h e 
s o ut h  al o n g  t h e  b as e  of  t h e  M el u n g- S all eri  A u g e n  G n eiss  
z o n e  [ 8 9,  9 1,  1 2 2 ],  w hi c h  als o  c orr es p o n ds  t o  t h e  P h a pl u  
Tr ust  of M ar u o a n d Ki z a ki [1 2 3 ]. S e v er al ot h er str u ct ur al 
el e m e nts h a v e als o b e e n m a p p e d i n t h e vi ci nit y of t h e M C T. 
T e  b as e  of  t h e  M el u n g- S all eri  A u g e n  G n eiss  h as  b e e n  
m a p p e d  as  t h e  M C T-I  [ 1 1 1,  1 1 7 ],  as  a  s h e ar  z o n e  [1 2 4], 
a n d as t h e Mi dl a n d Tr ust  [ 8 7]. I n t h e a dj a c e nt Ta m a K os hi 
v all e y ( Fi g ur e 1 ), t h e c o nt a ct b et w e e n t h e L ess er Hi m al a y a n 
m et as e di m e nts  a n d  t h e  M el u n g- S all eri  A u g e n  G n eiss  h as  
b e e n m a p p e d as t h e U p p er Ta m a k os hi Tr ust/ S h e ar  Z o n e 
[ 1 0 4, 1 2 5]. L ars o n et al. [ 1 2 6] i nt er pr et e d a n o ut of s e q u e n c e 
m o v e m e nt al o n g t h e U p p er Ta m a k os hi Tr ust  d uri n g 1 1 – 8 
M a,  w hi c h  is  i n  a gr e e m e nt  wit h  t h eir  pr e vi o us  4 0 Ar/ 3 9 Ar 

c o oli n g a g es a n d q u art z f a bri c w or k i n t h e r e gi o n [ 1 0 4, 1 2 5, 
1 2 7]. 

Li k e els e w h er e i n t h e Hi m al a y a, t h e b as al s e cti o n of t h e 
M C T z o n e r e c or ds pr ess ur e c o n diti o ns of 7 – 8 k b ar, w hi c h 
gr a d u all y d e cr e as e t o 4 – 5 k b ar t o w ar d t h e n ort h [ 8 0, 1 2 1]. 
P e a k  t e m p er at ur e,  h o w e v er,  s h ar pl y  i n cr e as es  u p  s e cti o n  
a cr oss t h e M C T fr o m 4 5 0° C t o 6 7 0° C [ 8 0, 8 9, 1 0 3, 1 1 2, 1 2 8, 
1 2 9]. 

T e  L H S,  f o ot w all  t o  t h e  M C T,  c o nsists  of  P al e o pr o ‐
t er o z oi c t o N e o pr ot er o z oi c, p assi v e- m ar gi n, m et a-s e di m e n‐
t ar y r o c ks of t h e I n di a n pl at e a n d ass o ci at e d i g n e o us a n d 
m et a-i g n e o us  r o c ks  [ 4 4,  4 7,  6 2,  6 5,  8 1,  1 0 9,  1 3 0 – 1 3 4] 
a n d  P er mi a n  t o  P al e o c e n e,  sili ci cl asti c,  a n d  f ossilif er o us  
d e p osits,  k n o w n  as  t h e  G o n d w a n a  S e q u e n c e,  t h at  u n c o n ‐
f or m a bl y o v erli e t h e ol d er Pr e c a m bri a n u nits [ 4 9, 8 1, 1 3 5, 
1 3 6 ].  T e  l o w er  str ati gr a p hi c  l e v els  of  t h e  L H S  h ost  a  
g n eissi c  b o d y,  w hi c h  is  r ef err e d  t o  as  t h e  Ull eri  A u g e n  
G n eiss  i n  w est er n  a n d  c e ntr al  N e p al  [ 1 3 7,  1 3 8 ]  a n d  as  
t h e  M el u n g- S all eri  A u g e n  G n eiss  i n  e ast er n  N e p al  [8 4, 
8 6 ].  Tr o u g h o ut  t h e  Hi m al a y a,  t h e  a g e  of  t his  u nit  h as  
b e e n  w ell- c o nstr ai n e d  b et w e e n  1. 7 5  G a  a n d  1. 9 0  G a  (s e e  
L ars o n et al. [ 1 2 4 ], K o h n et al. [1 3 2 ], L ars o n et al. [1 3 9]). 
R es e ar c h ers h a v e v ari o usl y d es cri b e d t his g n eissi c u nit as a 
f elsi c e xtr usi v e r o c ks [4 2 ], a m a g m ati c ar c-r el at e d r o c k i n a 
c o n v er g e nt s etti n g [ 1 3 2], a ri f-r el at e d r o c k [ 1 3 9, 1 4 0], a n d a 
“ m et as o mi z e d or t e ct o ni z e d” gr a niti c b as e m e nt r o c k [ 1 1 1]. 
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Fi g u r e  2: Lit h o-t e ct o ni c m a p of t h e st u d y ar e a s h o wi n g t h e m a p p e d e xt e nt of t h e B e n k ar F a ult Z o n e (s o ur c e: [ 4 6 , 8 0, 8 4, 8 7] Zir c o n 
fssi o n  tr a c k a g es s o ut h of L u kl a ar e fr o m N a k aji m a et al. [2 3 5 ] a n d n ort h of L u kl a ar e fr o m Str e ul e et al. [1 0 2 ]). D K F: D u d h K os hi F a ult; 
M A: Mi dl a n d A ntif or m; M B T: M ai n B o u n d ar y Tr ust;  M C T: M ai n C e ntr al Tr ust;  M S: M a h a b h ar at S y n cli n ori u m; Q D: Q o m ol a n g m a 
D et a c h m e nt; R T: R a m g h ar Tr ust;  S K T: S u n K os hi Tr ust.  Gr e y d ott e d b o x es s h o w t h e e xt e nt of t h e di f er e nt  lit h o-str ati gr a p hi c z o n es. 

Tis  u nit c o nsists of m yl o nti z e d, q u art z + al k ali-f el ds p ar + 
pl a gi o cl as e + m us c o vit e + bi otit e ort h o g n eiss [ 8 4, 8 6, 1 3 9], 
s c hist os e  g n eiss,  a n d  assi mil at e d  fr a g m e nts  of  t h e  L ess er  
Hi m al a y a n  m et as e di m e nt ar y  r o c ks,  w hi c h  g e n er all y  o c c ur  
as c hl oriti c s c hist. H u b b ar d [ 1 2 1 ] n ot e d g ar n ets a n d al k ali 
f el ds p ar a u g e n wit h m yr m e kiti c t e xt ur e. 

Wit hi n t h e L H S, r o c ks fr o m t h e l o w er str ati gr a p hi c l e v els 
( L o w er L H S) h a v e b e e n t hr ust o v er y o u n g er r o c ks ( U p p er 
L H S) al o n g t h e R a m g h ar or R a m g h ar- M u nsi ari Tr ust  ( R T) 
r es ulti n g i n t h e str u ct ur al c ul mi n ati o n k n o w n as t h e L ess er 
Hi m al a y a n  D u pl e x  a n d/ or  t h e  Mi dl a n d  A ntif or m/ A nti cli ‐
n ori u m ( Fi g ur e 2) [ 7 5, 1 0 9, 1 4 1 – 1 4 8 ]. I n t h e w est er n N e p al 
Hi m al a y a, m aj or d u pl e x gr o wt h o c c urr e d b et w e e n 1 1 a n d 

5 M a b ef or e t h e d ef or m ati o n pr o p a g at e d s o ut h w ar d al o n g 
t h e  M B T  [4 9 ].  I n  e ast er n  N e p al,  N a k aji m a  [4 9 ]  s u g g ests  
t h at  t h e  Mi dl a n d  A nti cli n ori u m  d e v el o p e d  d uri n g  a n d/ or  
a f er  t h e c ess ati o n of t h e s o ut h w ar d tr a ns p ort of t h e Gr e at er 
Hi m al a y a n t hr ust s h e et at 1 2 – 1 0 M a. 

I n o ur st u d y ar e a, t h e L ess er Hi m al a y a n r o c ks ar e w ell 
e x p os e d  wit hi n  t h e  O k h al d h u n g a  Wi n d o w,  w hi c h  t o w ar d  
t h e s o ut h, is b o u n d e d b y t h e S u n K os hi Tr ust  ( S K T), t h e 
s o ut h er n c o nti n u ati o n of t h e M C T ( Fi g ur e 2). S c h elli n g [ 8 4] 
h as m a p p e d t his t hr ust as a n ort h- di p pi n g, o ut- of-s e q u e n c e 
t hr ust. Pr e vi o us m a p pi n g i n t h e L H S of t h e O k h al d h u n g a 
Wi n d o w  a n d  t h e  s urr o u n di n g  r e gi o n  h a d  b e e n  d o n e  b y  
Is hi d a [8 6 ], Is hi d a a n d O ht a [8 7 ], A n dr e ws [1 4 9 ], S c h elli n g 
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5 Lit h os p h er e 

[ 8 4],  D hit al  [4 6 ],  a n d  B as k ot a  a n d  A d hi k ari  [1 5 0 ].  T e  
e arli er st u di es w er e ai m e d at b uil di n g a r e gi o n al t e ct o ni c-
str ati gr a p hi c  fr a m e w or k,  a n d  m or e  r e c e nt  m a p pi n g  w or k  
o nl y c o v ers p arts of t h e O k h al d h u n g a Wi n d o w. A d et ail e d 
lit h ostr ati gr a p hi c c o nstr u cti o n, w ell est a blis h e d i n w est er n 
N e p al [ 4 9 ] a n d i n c e ntr al N e p al [1 5 1, 1 5 2 ], is still l a c ki n g i n 
t his r e gi o n. 

S o ut h  of  t h e  S K T,  t h e  G H N  r o c ks  h a v e  b e e n  f ol d e d  
i nt o  t h e  E W-tr e n di n g  M a h a b h ar at  S y n cli n ori u m  (Fi g ur e 
2 ).  T es e  r o c ks  ar e  g e n er all y  i nt er pr et e d  as  a  n a p p e  of  
t h e  G H S  a b o v e  t h e  L H S.  L ars o n  et  al.  [1 2 6 ]  c o nstr u ct e d  
pr o gr a d e  ( 5 1 5° C  a n d  5. 5  k b ar  t o  5 7 5° C  a n d  7  k b ar;  3 2. 4  
±  0. 3  M a)  a n d  s u bs e q u e nt  r etr o gr a d e  ( 4 8 0° C – 5 1 5° C  a n d  
6 – 7 k b ar, u ntil 1 7. 5 M a) m et a m or p hi c p at h w a ys f or t h es e 
n a p p e  r o c ks.  E q ui v al e nt  r o c k  u nits  i n  c e ntr al  N e p al  h a v e  
b e e n m a p p e d as t h e K at h m a n d u C o m pl e x [ 1 5 1, 1 5 2], w hi c h 
u n d er w e nt a n e arli er p h as e of m et a m or p his m, d ef or m ati o n, 
a n d gr a niti c a n d g n eissi c i ntr usi o n d uri n g t h e B hi m p h e di a n 
Or o g e n y  [ 4 6,  6 7 ].  T e  G H N  r o c ks  i n  e ast er n  N e p al  w er e  
m a p p e d  b y  Is hi d a  a n d  O ht a  [ 8 7 ]  a n d  S c h elli n g  [8 4 ]  as  
t h e  M a h a b h ar at  Cr yst alli n es.  S u bs e q u e ntl y,  D wi v e di  [1 5 3] 
c o nstr u ct e d  a  str ati gr a p hi c  s c h e m e,  g ui d e d  b y  t h at  of  
St ö c kli n a n d B h att ar ai [ 1 5 1 ], c o nsisti n g of s e v e n lit h ol o gi c al 
u nits  n a m el y  t h e  R a d u w a  F or m ati o n,  t h e  B h a nis e d o b h a n  
M ar bl e,  t h e  K alit ar  F or m ati o n,  t h e  C his a p a ni  Q u art zit e,  
t h e K uli k h a ni F or m ati o n, t h e M ar k h u F or m ati o n, a n d t h e 
Tist u n g F or m ati o n. 

T e  S u b- Hi m al a y a,  f o ot w all  t o  t h e  M B T,  c o nsists  
of  Mi o c e n e  [ E o c e n c e;  4 9 ]  t o  Pl eist o c e n e,  m ol ass e-t y p e  
f or el a n d  d e p osits  w hi c h  dis pl a y  a n  o v er all  c o ars e ni n g  
u p w ar d  s e q u e n c e  c orr el ati n g  t o  t h e  s o ut h w ar d  pr o p a g a ‐
ti o n  of  t h e  Hi m al a y a n  d ef or m ati o n  fr o nt  [1 5 4 – 1 6 2 ].  T e  
s o ut h er n  b o u n d ar y  of  t h e  S u b- Hi m al a y a  is  t h e  a cti v e  
a n d  l at er all y  c o nti n u o us  M F T,  wit h  a  H ol o c e n e  sli p  r at e  
of  2 3  m m/ y e ar  [ 1 6 3,  1 6 4 ].  T e  M C T,  M B T,  a n d  M F T  
h a v e  b e e n  i nt er pr et e d  t o  m er g e  i nt o  a  b as al  d e c oll e m e nt  
k n o w n  as  t h e  M ai n  Hi m al a y a n  Tr ust  ( M H T)  [ 1 6 5 – 1 6 9]. 
C u m ul ati v e  s h ort e ni n g  al o n g  t h es e  f a ults  v ari es  l at er all y  
[ e. g.; 1 4 4 ] a n d a c c o u nts f or a b o ut h alf of t h e c o n v er g e n c e 
dist a n c e b et w e e n t h e I n di a n a n d E ur asi a n pl at es [ 4 9]. 

2. 2 . Hi m al a y a n  Cr oss  F a ults  a n d  Ti b et a n  Ri fs . W hil e  t h e  
str u ct ur al  g e ol o g y  of  t h e  Hi m al a y a  is  d o mi n at e d  b y  t h e  
m aj or,  or o g e n- p ar all el  t hr usts,  t h er e  is  als o  e vi d e n c e  f or  
str u ct ur es  t h at  c ut  a cr oss  t h e  r a n g e.  S u c h  str u ct ur es,  
i n  pl a c es,  disr u pt  t h e  l at er al  c o nti n uit y  of  m aj or  t hr ust  
str u ct ur es  a n d  lit h o-t e ct o ni c  u nits.  M a ps  pr o d u c e d  i n  t h e  
l ast  4 0 – 5 0  y e ars  h a v e  n ot e d  f a ult  s e g m e nts  ort h o g o n al  t o  
t h e  r a n g e,  b ut  t h es e  str u ct ur es,  r ef err e d  t o  h er e  as  cr oss  
f a ults, h a v e n ot b e e n t h e f o c us of r es e ar c h u ntil l at el y [ e. g., 
1 1,  1 3,  1 9,  2 8,  1 7 0 – 1 7 4 ].  S e v er al  e x pl a n ati o ns  h a v e  b e e n  
br o u g ht f or w ar d t o e x pl ai n cr oss f a ults, b ut t h e i m p ort a n c e 
i n t h eir st u d y li es i n t h eir p ot e nti al li n k t o b ot h s eis mi c a n d 
l a n dsli d e  h a z ar ds  as  w ell  as  o ur  c o m pl et e  u n d erst a n di n g  
of t e ct o ni c pr o c ess es i n c ollisi o n al or o g e ns [ 1 5, 1 8, 2 4, 1 7 5 – 
1 7 7]. 

O n e o n- g oi n g dis c ussi o n a b o ut Hi m al a y a n cr oss f a ults is 
a  p ossi bl e  li n k  t o  str u ct ur es  i n  t h e  I n di a n  cr at o ni c  b as e ‐
m e nt. I n t h e Hi m al a y a n f or el a n d, s e v er al b as e m e nt ri d g es 

a n d f a ults, wit h hi g h- a n gl e d ori e nt ati o n t o t h e Hi m al a y a n 
fr o nt, h a v e b e e n r e c o g ni z e d a n d m a p p e d wit hi n t h e I n di a n 
pl at e  ( Fi g ur e  1)  [ 1 1,  1 3,  1 4,  1 7,  1 7 8 – 1 8 3 ].  I n  t h e  w est er n  
Hi m al a y a,  i ntr o d u cti o n  of  t h e  D el hi- H ari d w ar  b as e m e nt  
ri d g e  u n d er n e at h  t h e  e v ol vi n g  w e d g e  s p ati all y  c oi n ci d es  
wit h  a  visi bl e  o fs et  of  t h e  d ef or m ati o n  fr o nt,  w hi c h  is  
b o u n d e d b y t h e G a n g a a n d Ya m u n a Te ar F a ults [ 1 8 4, 1 8 5]. 
I n  w est er n  N e p al,  b et w e e n  8 2. 5 ˚ E  a n d  8 1 ˚ E,  H ar v e y  et  
al.  [ 1 8 6 ]  d e m o nstr at e d  a  bif ur c ati o n  of  a  p h ysi o gr a p hi c  
tr a nsiti o n  ( e ast- w est  tr e n di n g  p h ysi o gr a p hi c  tr a nsiti o n  
d es cri b e d b y H o d g es et al. [ 1 8 7 ] di vi d es t h e Hi m al a y a i nt o 
l o n git u di n al b elts of si mil ar t o p o gr a p h y) a n d a wi d e ni n g of 
t h e r e gi o n al mi cr o-s eis mi c tr e n d. I n t h e s a m e r e gi o n, S o u c y 
L a R o c h e a n d G o di n [ 1 9 ] i nt er pr et a N N E-stri ki n g l at er al 
r a m p  i n  t h e  M H T,  f or m e d  i n  t h e  Oli g o c e n e,  t o  e x pl ai n  
al o n g-stri k e v ari ati o ns i n p e a k t e m p er at ur es, ti mi n g of p e a k 
m et a m or p his m,  a n d  d ef or m ati o n  p at h w a ys  of  t w o  n e ar b y  
Gr e at er Hi m al a y a n t hr ust s h e ets. T e y  attri b ut e t h e g e n esis 
of t his l at er al r a m p t o t h e L u c k n o w b as e m e nt f a ult ( Fi g ur e 
1 ). Tis  l at er al r a m p i nt er pr et ati o n of S o u c y L a R o c h e a n d 
G o di n [ 1 9 ] is i n a gr e e m e nt wit h c o n cl usi o ns of H ar v e y et al. 
[ 1 8 6] a n d v a n d er B e e k [ 1 8 8]. 

T o w ar d  t h e  e ast,  t h e  West  D a n g  tr a nsf er  z o n e  h as  
b e e n  d es cri b e d  as  a n  ort h o g o n al  str u ct ur e  i n  t h e  S u b-
Hi m al a y a  t o  a c c o u nt  f or  a br u pt  c h a n g es  i n  t hr ust  s h e et  
g e o m etr y  [ 1 7 2,  1 7 3 ]  a n d  h as  als o  b e e n  ass o ci at e d  wit h  
s e g m e nt ati o n  of  t h e  P- T  hist or y  wit hi n  t h e  m et a m or p hi c  
c or e  r o c ks  t o w ar d  t h e  n ort h  [ 1 9,  3 0 ].  I n  c e ntr al  N e p al,  
t h e n ort h –s o ut h tr e n di n g, > 7 0- k m-l o n g, as y m m etri c T a k  
K h ol a gr a b e n h as b e e n vi e w e d as o n e of t h e m a n y str u c ‐
t ur es  g e n eti c all y  r el at e d  t o  t h e  a cti v e  e ast – w est  e xt e nsi o n  
i n Ti b et [ 5 6, 1 8 9 – 1 9 2 ]. E ast of K at h m a n d u, t h e N E-stri k‐
i n g  G a uris h a n k ar  Li n e a m e nt  s p ati all y  c oi n ci d es  wit h  a n  
a br u pt,  N E- S W  t er mi n ati o n  of  t h e  M w  7. 8  2 0 1 5  N e p al  
E art h q u a k e  a f ers h o c ks  [[ 1 6,  2 0 ]  a n d  r ef er e n c es  t h er ei n].  
I n e ast er n N e p al a n d I n di a, t w o cr oss f a ults, t h e K osi F a ult 
a n d  t h e  Gis h  F a ult,  h a v e  b e e n  m a p p e d  as  r e c ess-s ali e nt  
b o u n d ari es  [ 1 7 1,  1 9 3,  1 9 4 ].  T e  K osi  a n d  t h e  Gis h  F a ults  
als o ali g n wit h t h e w est er n a n d t h e e ast er n b o u n d ari es of 
t h e  M u n g er – S a h ars a  b as e m e nt  ri d g e,  r es p e cti v el y  (Fi g ur e 
1 ). Cl ust ers of mi cr o-s eis mi cit y t h at f oll o w t h e K osi F a ult 
s er v e  t o  s u g g est  t h at  t h e  K osi  F a ult  is  a n  a cti v e  str u ct ur e  
[2 0, 1 6 6, 1 9 5, 1 9 6 ], w hi c h is n ot s ur prisi n g gi v e n t h at t his 
f a ult c uts t h e a cti v e M F T. T e  Gis h F a ult is al o n g stri k e wit h 
t h e Ya d o n g Cr oss Str u ct ur e ( Y C S), w hi c h is a N N E-stri ki n g, 
l e f-l at er al f a ult  wit h  a p p ar e nt  o fs et  of  t h e  S T D S  of  ~ 7 0  
k m [ 1 9 7 ]. W u et al. [1 9 7 ] h a v e i nt er pr et e d t h e Y C S as t h e 
s urf a c e m a nif est ati o n of a l at er al r a m p i n t h e M H T. I n t h e 
e ast er n Hi m al a y a, r es e ar c h ers h a v e r e p ort e d m ulti pl e s m all 
t o m o d er at e, stri k e-sli p e art h q u a k e e v e nts t h at o c c urr e d at 
d e pt hs b et w e e n 1 3 a n d 6 8 k m o n n e ar- v erti c al f a ult pl a n es 
ori e nt e d at hi g h a n gl e t o t h e r e gi o n al tr e n d s u g g esti n g t h at 
Hi m al a y a n cr oss f a ults m a y p ass b el o w t h e M H T i nt o t h e 
I n di a n pl at e b as e m e nt b el o w [ 1 5, 2 1, 2 5, 2 7]. 

T e  Ti b et a n  Pl at e a u  is  u n d er g oi n g  s y n c o ntr a cti o n al  
e xt e nsi o n [ 1 9 8, 1 9 9 ], w hi c h h as b e e n pri m aril y a c c o m m o‐
d at e d  b y  s e v er al  N S-tr e n di n g  ri fs a n d  ass o ci at e d  n or m al  
f a ults  a n d  cr ust al-s c al e  stri k e-sli p  f a ults  [2 0 0 – 2 0 6 ].  M aj or  
ri f s yst e ms  i n  s o ut h er n  Ti b et  c o nstit ut e  t h e  L o n g g ar  ri f, 
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�2 �5� �L�i�t �h �o�s �p �h �e�r �e� 

�[ �1 �3 �1�]� �A�.� �J�.� �M �a�r�t�i �n�,�  � �A� �r �e �v�i �e �w� �o�f� �H�i �m �a�l �a �y �a �n� �s�t�r �a�t�i �g�r �a �p �h �y�,� �m �a �g �m �a  �
�t�i�s �m�,� �a �n �d� �s�t�r �u �c�t �u�r �e�, �� �G �o �n �d �w �a �n �a� �R�e�s �e �a�r�c �h �,� �v �o�l�.� �4 �9�,� �p �p�.� �4 �2  � �8 �0�,� 
�2 �0 �1 �7�.� 

�[ �1 �3 �2�]� �M�.� �J�.� �K �o �h �n�,� �S�.� �K�.� �P �a �u�l�,� �a �n �d� �S�.� �L�.� �C �o�r�r�i �e�,�  � �T �e� �l �o �w�e�r� �l �e�s�s �e�r� 
�H�i �m �a�l �a �y �a �n � �s �e �q �u �e �n �c �e�: � �A � �p �a�l �e �o �p�r �o�t �e�r �o �z �o�i �c � �a�r �c � �o �n � �t �h �e � 
�N �o�r�t �h �e�r �n� �m �a�r �g�i �n� �o�f� �t �h �e� �I �n �d�i �a �n� �p�l �a�t �e�, �� �G�e �o�l �o �g�i�c �a�l� �S �o�c�i �e�t �y� �o�f� 
�A �m�e�r�i �c �a� �B �u�l�l �e�t�i �n �,� �v �o�l�.� �1 �2 �2�,� �n �o�s�.� �3  � �4�,� �p �p�.� �3 �2 �3  � �3 �3 �5�,� �2 �0 �1 �0�.� 

�[ �1 �3 �3�]� �A�.� �J�.� �M �a�r�t�i �n�,� �K�.� �D�.� �B �u�r �g �y�,� �A�.� �J�.� �K �a �u�f �m �a �n�,� �a �n �d� �G�.� �E�.� �G �e �h�r �e�l�s �,� 
 � �S�t�r �a�t�i �g�r �a �p �h�i �c� �a �n �d� �t �e �c�t �o �n�i �c� �i �m �p�l�i �c �a�t�i �o �n�s� �o�f� �f �e�l �d � �a �n �d� �i�s �o�t �o �p�i �c� 
�c �o �n�s�t�r �a�i �n�t�s � �o �n � �d �e �p �o�s�i�t�i �o �n �a�l � �a �g �e�s � �o�f � �p�r �o�t �e�r �o �z �o�i �c � �l �e�s�s �e�r � 
�H�i �m �a�l �a �y �a �n� �r �o �c �k�s� �i �n� �C �e �n�t�r �a�l� �N�e �p �a�l�, �� �P�r�e�c �a �m �b�r�i �a �n� �R�e�s �e �a�r�c �h �,� 
�v �o�l�.� �1 �8 �5�,� �n �o�s�.� �1  � �2�,� �p �p�.� �1  � �1 �7�,� �2 �0 �1 �1�.� 

�[ �1 �3 �4�]� �L�.� �G �o �d�i �n�,� �M�.� �A �h �e �n �d �a�,� �D�.� �G�r �u�j�i �c�,� �R�.� �S�t �e �v �e �n�s �o �n �,� �a �n �d� �J�.� �C �o�t�t�l �e�,� 
 � �P�r �o�t �o�l�i�t �h� �a �f�l�i �a�t�i �o �n � �a �n �d� �t �e �c�t �o �n �o �m�e�t �a �m �o�r �p �h�i �c� �e �v �o�l �u�t�i �o �n� �o�f� 
�t �h �e � �g �u�r�l �a � �m �a �n �d �h �a�t �a � �c �o�r �e � �c �o �m �p�l �e �x�, � �n �w � �N�e �p �a�l � �H�i �m �a�l �a �y �a�, � � 
�G�e �o�s �p �h�e�r�e �,� �v �o�l�.� �1 �7�,� �n �o�.� �2�,� �p �p�.� �6 �2 �6  � �6 �4 �6�,� �2 �0 �2 �1�.� 

�[ �1 �3 �5�]� �R�.� �P�.� �B �a�s �h �y �a�l�,�  � �G �o �n �d �w �a �n �a� �t �y �p �e� �o�f� �f �o�r �m �a�t�i �o �n� �w�i�t �h� �p �h �o�s �p �h �a�t�i �c� 
�r �o �c �k�s� �i �n� �S�. �E� �N�e �p �a�l�.�, �� �J �o �u�r �n �a�l� �o�f� �G�e �o�l �o �g�i�c �a�l� �S �o�c�i �e�t �y� �o�f� �I �n �d�i �a�,� 
�v �o�l�.� �2 �1�,� �n �o�.� �1 �0�,� �p �p�.� �4 �8 �9  � �4 �9 �1�,� �1 �9 �8 �0�.� 

�[ �1 �3 �6�]� �H�. � �S �a �k �a�i�, �  � �G �e �o�l �o �g �y � �o�f � �t �h �e � �t �a �n�s �e �n � �g�r �o �u �p � �o�f � �t �h �e � �l �e�s�s �e�r � 
�H�i �m �a�l �a �y �a � �i �n � �N�e �p �a�l�. � �m �e �m �o�i�r�s � �o�f � �t �h �e � �f �a �c �u�l�t �y � �o�f � �s �c�i �e �n �c �e�, � 
�K�y �k�s �y �k � �u �n�i �v �e�r�s�i�t �y�, � � �S�e�r�i �e�s � �D�, � �G�e �o�l �o �g �y �, � �v �o�l �. � �2 �3 �, � �p �p�. � �2 �7  � �7 �4�, � 
�1 �9 �8 �3�.� 

�[ �1 �3 �7�]� �P�.� �L �e� �F �o�r�t� �a �n �d� �S�.� �M�.� �R �a�1 ���,�  � �P�r �e�-�t �e�r�t�i �a�r �y� �f �e�l�s�i �c� �m �a �g �m �a�t�i�s �m� �o�f� 
�t �h �e� �N�e �p �a�l� �H�i �m �a�l �a �y �a�:� �R �e �c �y �c�l�i �n �g� �o�f� �c �o �n�t�i �n �e �n�t �a�l� �c�r �u�s�t�, �� �J �o �u�r �n �a�l� 
�o�f� �A�s�i �a �n� �E �a�r�t �h� �S�c�i �e �n�c�e�s �,� �v �o�l�.� �1 �7�,� �n �o�s�.� �5  � �6�,� �p �p�.� �6 �0 �7  � �6 �2 �8�,� �1 �9 �9 �9�.� 

�[ �1 �3 �8�]� �B�. � �N�. � �U �p�r �e�t�i�, � �S�. � �M�. � �R �a�i�, � �H�. � �S �a �k �a�i�, � �D�. � �R�. � �K �o�i�r �a�l �a�, � �a �n �d � �Y�.� 
�T�a �k�i �g �a �m �, �  � �E �a�r�l �y � �p�r �o�t �e�r �o �z �o�i �c � �g�r �a �n�i�t �e � �o�f � �t �h �e � �t �a �p�l �e�j �u �n �g � 
�w�i �n �d �o �w�, � �f �a�r � �E �a�s�t �e�r �n � �l �e�s�s �e�r � �N�e �p �a�l � �H�i �m �a�l �a �y �a�, � � �J �o �u�r �n �a�l � �o�f � 
�N�e �p �a�l� �G�e �o�l �o �g�i�c �a�l� �S �o�c�i �e�t �y �,� �v �o�l�.� �2 �8�,� �p �p�.� �9  � �1 �8�,� �2 �0 �0 �3�.� 

�[ �1 �3 �9�]� �K�. � �L �a�r�s �o �n�, � �S�. � �P�i �e�r �c �e �y�, � �a �n �d � �J�. � �C �o�t�t�l �e�, �  � �P�r �e�s �e�r �v �a�t�i �o �n � �o�f � �a � 
�p �a�l �e �o �p�r �o�t �e�r �o �z �o�i �c � �r�i �f �e �d� �m �a�r �g�i �n � �i �n � �t �h �e � �H�i �m �a�l �a �y �a�: � �I �n�s�i �g �h�t � 
�f �r �o �m � �t �h �e � �u�l�l �e�r�i�- �p �h �a �p�l �u�- �m�e�l �u �n �g � �o�r�t �h �o �g �n �e�i�s�s�, � � �G�e �o�s�c�i �e �n�c�e� 
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