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ABSTRACT
i — .

The Iimalava is 2 unigue examplie of young continent 10 continent collision. The
geodvaamics ol the Himalayve has been described in lerms of it large-seale continental
converpenes along the suture zones. Diiring Mesozoie the Teithyan cceanic crust, attached to
the Indian Plate, nas subducted beneath the Eurssian Plate and collided ngainst the |atter
along the Indus Tsangpo Suture Zone (1T52) and Shyok Sciure Zone (8523 during Cenoevic,
This collision has caused mbense crustal shoreging dnd deformation elther alonp southery
migratmg thrusts vig The Mam Conea! Thrust (80T, the Main Bowidary Thrusi (MBTL
arel the Mar Fpomal Theist { METraEs well ss large scile steike ship Taolts in/Tiher,

Phe acea of study imcemiratesthe Trans-Himalayan Batholishic samplex-ling 10 1he
werih of the Tndus Tsangpo SutureSone (ITSZ) in the Ladakh distriet of Indian Térmtors The
mathelithie comples has been variously called as the Kohistan Batholith and Ladakh Bathalith
n the nerthwest, the kailas tenalite gnd Gangdese pluton it Tibetand the Lohit Bathalith in
Arunachal Pradesh. The Ludakh Batholith octurs as o WNW-ESE trending linear bell of
about 6O Km long and H-80 km wide with aboul 3 km of exposed thickpess and forms 2
part ol the calesatkaline Andean-type magmutic pluton, Within this bathofith,ahree crucial
sections have beer selected far lateral and temporal yatation in gecchemisiry and
geochronalogy, Thie sections are (i} Leb-Khardung La sections (17) Khara=Chang La section
and the (111 Lyoma-Hanfeseetion. the first one being the wasiiernmiost section and the last
heing the extreme casternmaost section within thebethalith with the Kharu-Chang La section
in e niddle.

Phe work undertaken in the present thesis aims at the objective of looking ing

1ai the lateral petrologmicnt and geochemical variations through the three crucial

Loctions memtioned mhawvie.



(o) the depth of emplacement of the Ladakh Batholith by using Al content in
Harmblende ceobaromeater.

{¢] constraiming the age of crystahization of the Ladakh Bathalith esing Rb-5r dating

technigue on Thermal lonization Mass Spectrometer and

1d1 the coaiing  and cehumation history of the Batholith.by imegrating the Rb-Se

biatile ages and the Fission Track apatite and zircon gges.

In the present study. systematic woerk has been camied oul for temporal and latemal
variations of petrography and peochemisiry, wlong thret sedtions of. the Ladakh Batholith,
vir Leh-Khardung g Khan-Chang La and 1 yoma-1anle. Ferthis purpose8 3 samples have
bueen selected from these three seetions {Lehs Khardung La: 30samples; Kharu-Chanp a0 13
samples and Taoma-Hanle: 10 samples). The' petrogmaphic swodies (Chapler™ 34 clearly
Indicate three main v pes of meks-diorite (16 samples), pranediorite (27 samplés) and graniie
LI saplesd. Similar picture has emerged frm the Quarz-Alkali Féldspar-Plagioglise (0)-
A1 I'|l:'l.'-|12:.|.‘.i'|-'l'_' gatlculation phit of Streicksen (1976) The major oxide plo, m particolar the
S va (RO NapO)iplot indicates its sub-alkaline. Sith v k0 plol indicates medium o
high k- bearing”rocks and “AEM plot indicates its calesalkatine character, In the
discriminat ioe Bb s - Nh) and R vs{¥Yb5+Ta | plotsol Pearce et al, TUO84 5 the bathaol ith
falls in the Volgame, ArcaCiraned vV A feld, The normabieed sprderpiots apd REE plots
show enniciment 0f, LREE-LTLE and depletion of HFESE which™pre chamcterisic of
subduction-related magmatism 'f_'f':iaurldr:fs el gl 1980=Holm, 1885, Typicad signature of
negative Nboanomaly. for subduction zone environment (MWood et all 197 s also
charmacierized by thespiderplon of the samples from the Ladakh Batholuh, Siemilar character
of REE pamess has boen reported by Hooneger en al, (19820, Dietnch ¢o al. | |9K3], wnd

Ahmiad oo al. 1998} friom e soudy of the Ladakh Batholith from different sections,

i



Bitsed o the Al-content in homblende geobarometer. the batholith wppears e have
been crvstallized ot depth berween 14.27 and 7.3 km over a vertical secton of sround 2 km
with diorife indicating lower crusial depth areusd 14,30 km and granadiorite around 7,55 hen
When the crustal depths are plotted against the elevation, o gocd comelation hetween ¢ rustal
depths with elevation nay been obtamed indicating thar the disrizes at lower elevation have
crvstallised Tirst Also, if the total depth difference s considersd. 1 comes ol be-7 km
wierzay the slevabien difference s - 2 kmo It cap be inferred that this by has undergone
cither magmatic comipacssivnr dl:rmdaui_:in Ly bzctenle removal within this seetion,

For ablaining the pryvstablization age as well as hiotte cooling agesi Rb-Sr systematics
on 21 owihele mChoand Teowhile rack-hiotite pairs from the Ladakh Batholigh have been
artempted. All YRETSr and V80" Se values have. been determined in fewly - éstoblished
NS Laboritory ot 11 Roorkee. The VR Sr and ¥S0Ss ratios show @A wmomt of
spredd amd mase n vens difhicull Lo oblsn an isochion. But on close chservation four poimis
from the Kharu-Chang' Laisectian give 8n isochron age of 65592005 Mo with imifia)
“SrTse o of G041 70000006 and MSWII vilue of 1197 depicting a good qualite fi
meven nobtite fraetions separated from these samples analvzed in the same way ag the whole
rock give arange olapes from 30712005 (052 384005 Ma,

Fissiomiragk dating of the Ladakh Hatholith on 30 apafite and 3 sipcon shmples from
threw seenons show i geod comelation of Fl-apatite. ape with elevation except n | yoma
Hanle section and provide gvalogbic data on the exhumation mate of the bathalith, The soes
range from 921 M to 2535 Mo However=F1 zireoiages are 41, 73Ma, 3337 Ma and 31 7|
Ml from o west Lo east and show younging towards east, [T zircon and apatiie ages from 3
widespretd sections through the Ladakh Batholith reveal its exhumation restony through low
temperanere geetherms of 220025 and 1104 10°C around 231374766 MVa and 25351257

Ma as 18 evident from the oldest F1 zircon and apatite ages. Earremely good cormelalions

v



have peen extabdished between the elevation amd sge for FT apatite o fwo profiles of the
Ladakh Bathelith and provide 4 wery slow averape exhumation rates of 001 ] mmisre Detween
2535 Ma oand 921 Ma, rmespective of any assumed values for geothermal gradien,
annealing lemperatures and present-day emperatuees, When the Bb-5r biotite cocling ages [
sircon und [ apatite ages are clubbed topether with the avalable published data of ditferent
thcrrmoc kroacmeters compicie cosling piclure of the Ladakh Bathobith comes out, 1L shows 1he
contling trend from creslad lsation lermperatures of about 250" 4 1 107 and 1o prisent,
Comparisam ol exhamation hestory of the continental lithasphere of the UHP Tso
Morvari serrman an the souths whieh b seabsdected (o o depth of about DD Ko around 53 %a
with the part of (thie Ladakh Duthetith reveals thar the laer nas exhumed 85 3 prigay-bick
sequence wlongs north=dipping  ITSZ. Since its -emplacement aroind &0 Ma-fill 43 Ma
exhumation his been cilculated af a mie between L33mmdyrin the Initial-Steges o 4.42
mr/yr subsecuently. The Ladakh Batholinh has grossed 220225 geotherm at - 23 M. as
indicared by average FT zirgon ape and 1I0£10°C ar around - 25 Ma - thel oldest apatite nge
from the batholizh In gomparisen to the available FT sircon and apatite sges from any other
Lectonie umils-ol e Himalava, the Ladakh Bathobith reveals analmast uniformoand sios
exhumation prism hefween' =25 10 9 Ma a1 an average rote of aboot 0.1 mmea EXhumation
patths eof the Tan Maeari and the Ladakh Bathoiich are almosy kentival sinee -~ 53 Ma and

older when eommared tothe exhumation of the Higher Himalayvan Crvstnliines further south
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CHAPTER-I

INTRODUCTION

—_—— -

LEINTRODUCTION

Ihe Hrmalasa s 2 unique example of young continent to continent collision. It
stretehes umanterrupted| s along a regional stetke of ahaut 2400 ke o leneth, from west 1o east
borween Nanga Marbal F3 st Tl I8 E R m i Wamsehe Bapwa (29" 377 Mo95" 150
L. F3emi The width varies from north te south betwesn 230 @od 300 kmpwith an average of
apiut 2710 ke SAgnong the diflerent orepenic belrs, the Himalayteas the Hignes U bfiving 70 s
of 13 peaks above BOm, with Evercst i 8848m and larpe contrust moreliet over shos
distancesSome Of the longest fivers nourish the ocenns. Inthe moh, lics the highest plaleay
ul Tikél with a crzstal thickness 7 60-80 kny, and in the south, the Tndian Peninsular Shizld
fis 4 penergl cruskal thickness of 3530 kmy,. | he eerved disposition of Wimalaya ds=a very
strikomg feature of thes rangefFus. 110,

Mug@vidution af the Himsiavan Al bis erealed mimense interest smong 1he
geascientists all pver the world because ofits [arde-scidle continenlal capvergénce tlung the
sulure Sones. he Tathsan oveanic crust attached 1o the fdian Plene has subducted bengath
the Evrasian Plate andethe dndian Plate dallidetopainst the Eurnsian Biate aleng the Indus
Tsangpa Sulure Aane (TS amBShvok Sulure Zone (58577 (Gansser, | 963: e & Bird,

Y Dewey & Burke, 1973 Le For, (975, 1986 Thakur, 1993 Searle ev al. 198%; Jain et
al, JHY, 2003, The parts of the Imban Plaie now forminge the Himalava were part of the
Gondwanadand and knowr as the Greater India (Veevers et al. 1973; Tapponier and Molmr,

1976 Powell, 1979 After the break up from the Gondwanaland at around 200 Ma the

centinueed nomhwand movement of Indian Plare for some 100 Mu progressively narrowed the






(z00Z 18 38 uiep Jaye) 18RI Alepunog uien-1 SN 1STIYL [BIIUSY
URW-LOW 'WalsAg Jeays upewiY SuRl]-§O 1S ‘au0Z ainng odBues) snpul-z§ ]| ‘Buoz amng ¥ofus-26s
ISUOBIABIGOY Wiomalel) 2iuo}sa) ajeid up eAejewy au o womawesy [ediBojoal jeucibBas payndwg t1oy aunfiy

R 00s

UISEE PUBED | UBABEL|H-GNS
(2641} aunyz Aeaipeg HeRBEw 155587

e st wun
(WM} 1=g EEE_m.EE ._..&a_mE_: (AmEwH)  ayuoine
(251) auc7 Letsuspag ueiyal, i
(zS.1} auoz aumng adBuesy-sngul N
diieyiey :;n_m_._._idru. L n_-m.ﬂ.n_h;ﬂ Eﬁ:_ﬂ_.”:m |
FUIF Bun LTt i .
c (Z55) auoZ sumng Jaius - .w._m "
Z eEpdLLn T UNOUIEH WEIDYEJEY l : L ayefd ueiseans







Tethyan Ocean (Le Faort, 1989) The closure of Tethyvs was lollowed by subduction of the
cominental crest below the Furaswon Plate up to-a depth of an least 90 Km {de Sipover ot al.,
2000} Goallor et al . 2003; Sachan et al., 2004 Singh et &l 2003 Leech et al., in reslow)

Lrue 10 the continued northerly moverment of the Indiar Plate the closure of Tethys
Ucean enced anc the Indian Plae colhded with the Eurasun Plate :|I.-_ur|__~: 1I:||.=- [TSZ, This
calhision evenl can be constramed on rthe basis of biostratigraphy of collision-related
sediments on either side of the TS and palacomagnetic dat (Klootwijk el al, 1997
Rowdey. 1949 Guillot et alp200%) Strafioraphic constramis indiente thar the collisien began
I narthern Pakistan-at agpund 52 Ma and progressed exstwand untilaits &nd arcund 41 Ma
nedr epsterm svistiee | Rawiey, LU0 There is o rnge of Beochrinelogichl rlnt!*L frinm A3
A0 Ma to interpret theanserof collision in the NW Himalavi, The best estimationg ane based
on stradigraphy of the Zanskar region, where collision-related deposition started in Carly
Eocene [30-31 Ma) with deltiie red heds cantaiming Ophiclitic detritts and the-marine
sedimestanon ended by the |'.:II!:'.--|"+'1i:1|JJ|." Eiocierms (49-de Ma) (Copetam apd Carzann, |99

Rowicy, 19961 [owdver, onset of eollision af India and Eurasia has been placed =351

Ma from the paisgemagnetic determimation of en abrupl slowdown of porthwasd velocin of
the Indian Blate. frome 18050 mmdd 1o ] 344635 mmda (a foomwijk el - 1992 il e al,
2003)

Analywie of The Cenueme magnetic anomalies in, the indin Oeesn Shows st Indin's
northward movement slowed down from pre-collsion rate of aboul 15-19 .3 cemy 7 lo o pasts
collision mte of ahout 15 ¢my | or lessofMaolnar and Tapponier. 1974; Patariarch and
Achache, 1984: Molnar, 1%87) According o Klootwijk ¢t al. (1992}, this occimed al about
55 Ma Indicating the completion of suturing between India and Asu

The collision s followed by the chduction of ophiolitic nappes and aenermtivn of

ectogites in the so Moran and Khagan sector of the Narthwestern Himalaya (0 Broer, 200 .



Guillod efal.. 2005, Singh et al. 2003: Leech et al.. i review). A ceasonable estimate of the
tolal post-colhisional crustal shoremng detween Lhe stable parts of the Forssian and Indiarn
Plates is of the order af T 100 km (Guoillt et al,, 7003 and references therein),

The contineed collisien and crustal shorening have resuled ino e overtheusting of
the {rontal part of the Indian continent block and leading o doukling -::|I'1h-:- lh.i;;km::c:i of the
contimental crust s about F0-80 km, The tdal crustal shorenine has been compensated by
the demchment mock solntion and :-Lidl:war'.-':i cabrisiom a.l-::-n__l: Iar!_-.-.:-:u.'uh.' atrikc-ship Faulis =
the Furasian plate o the nomh otithe T84 (Malnar and Tapponher, 1975, and within the
Himalavan orogeme segment south ol the 1T5L. A part of the ssbortgmng within the
| fimalavan scgmenthas been atribtted o o number of thrusts vizs the Mata Central Thrust
{METTL the Main T romtal Tleust (MFThand the Main Boundary Theust (MBT) These swath-
direcred thrusts appesr to sole into & comman decollement, the Main Himalasan Thrus
(MU (Zhao e al , 1893 Brown et al, 1996 Nelson eral, 199G The MU separates high
prade presses from Joveer grade sedimentary sequences | Heim and Gansser, [93%), The
MBT jussaposcs the low grade metamorphosed  sedimentary seguences  agdinsl Ghe
wnmetamorphpsed Miccene-Pleistocene molasse {the Siwalik Group). It has been obsorved
by cenain worsers il thrusting 4% active even wathin the Quatemars H:dil_utn:‘.s' I =ingh,
(900, The sedimentabon within the Sub-Hmalayan wpt® [ndo-Gangetic  Plams,  the
megatzns of the Arabian Sei and Bay of I:‘;f:ngal, the present-day seismacityan the Himalayan
and adioining areas, thé exhumntion of deeplv-bured rgcks and ensuing extensional
rectonics- wll are related 1o the collision-tectomics (Ciansser, 1964 Le Fort [975: Honegper et
al,, 1987; Coward el al. 1082; Searle, [983: Yaldiva, 19300 1989 Thakor, 1993 Hodges,

2000 Yinand Harmson, 20000 Juin et al, 2002, 2003)



1.2 TECTONIC ZONES OF HIMALAYA

The Himalava rises abruptly trom the Indo-Ciangetie Plains to high mountan peaks south
ol the Indus Tsangpo Suture 2one From south 1a north the H mataya can o¢ separated into
the fallowing lengiudinally continuous lithotectonie zones )

1.2.1. sub-Himalavan Zone (SHZ): The SHZ censisting ol the Cenozic
secimentary rock sequence represent the “Himalayan Foreland Basin®, 1t is bounded 1o the
narth bs the MET and towards south: it is separated fedm dhe undeformed nde-( g et
toreland Basin by the northsdpping Main Froaal Thoust oM ET)

1.2, Lesser Himalavan Zone (LHZ): 15 contaivs the | awer Protercrcic o
Liser Paeoroie. sediments and very low grade sedimentan sequenue dyving beiween the
MOT and the MBT AL places, the LH2 has thick sectien of the Precitn hoan mreiadedimenty
melemarphosed wp e amphibolite Facies (1e Fort 19895, The determination ol deliniiive age
reliation gnd loteral gorrelatioms In the LHZ are difficult and uricerinin due (o thedack of
Foseils, pilcity of expusuzes in many areas and tater strectural camplications,

1.2.3; Higher Himalayan Crystalline Zone (HHCZ); 1he nreth=dipping
MUT, wctive since 23-20,Ma (Hodges et al, 1996), plages the -5 %m thick IMigher
Himalavan Crystalline Zome over the Lesser Flimelavan Zone-t votupies the gren hetween
the MCT and the Sputh Tibetan Petachment S9%tem (STRSY The racks of the HHY e
higniv deformed and metamorphosed and represent the leadifig edee of the Precambrian
Indign crusl which has been reactivated. remobilized. metamarphosed and incruded by the
Socene leucogranine -:Juring the Cenozoie Hi“"ﬂlﬂb'ﬂﬂ Orogeny S and Anand. | O88: Searle
el 1992, Jain and Manickavisagam, 1993, Mael et al, (993 Jwn el al. 2000 and
references thereind, In the NW Himalava the Zanskar Shear dane (L5820, separates the HH(C

from New Priferozoic o Focene sediments of the Tethys Himalave. This zene is variahly



refieered 1o as the Central Crvstallines, the Jutoph'Vuknta Groups, the Tibetan Slah,
[ariccling pneisses and By other different sames i difterent scetors (e, Pogrim and VW ese,

028 Heim and Gansser, 1939, Gansser, 1964 Le Fort, 1975 Valdiva, 1980

1.2.4.  Tethvan Sedimentary Fome (TSA) This zone w0 composed of
sedimentary ricks o Meoproterosoic o Eocene age. These rocks were depasitted on the
leading edac of the nerherly-moving Indian Plate. The 152 05 bound 1o the north by the
1152 wnd towards south by the STDS Structeradly | 1L s complex zone with south vergent
recumbent Tolds, romk vergent baek-fods and ‘hack fhrusts. and extensional siructures

[Searle. [983; Burg apd Clicn, 1984, Hermen, 1987, Patel eral, |993)

1.2.5 Trans-Himalavan fone: Furher norh ey the Trns-Hhimalayan Zone,
which waludes the adakh, Kermkaram and Munsarovar ranges. The Trans-Himalavan Zene
has the conspiouous feaiare af o surere 2anes; the Indus '.'-:i.'.ll'l‘-',__'Tll.'l Suture Sond and 1
Shyok Sotwme Zone, separaling the two huge batholivhic masses-the Tadakh Bathelith-and the

Karakeram Bathalith (Fig, 1.2), Uetnls of their geological framewark dre given in Chapier 2.

1.3SCOPE OF THE WORK

The Himalayan grogers. the youngest=m the hitary oF the Earth. relates ta the
formaticn of the Himalayan Mgtmlains. The Himalayan mockshave Srawn global attention of
a latge number of geescientsts as these camy e present and past records of the cllision
wetonics. In fact, this range is the best example living laboratory 1o study the miricacies of
nlate tectonic theary, especially the continental collision.

In the established ramcewark of continent-cantinent ¢allisien of the Indian and the

Eurasian Piates, the present study aims ar enhancing the existing know ledge of lateral and
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emporal, petrodogieal and gecchemical variations of the Trans-Himalavan Ladakb Batholith

and 1y zooling, exhumation end denodarion hisfory,

1.3.1. Petrnlng}r and GEI}EIIEII'I.ihtr}-: The Limsted petrological snd genchemical
data ul the Ladakh Batholith suggest that the majeeity of the rocks range in compasitien frum
diorite W granie with occasivnal veourmence of more basic vari ctics like norite and gahhirg in
the Kargil area (Rai and Parde, 1978: Bai, 1987 Rar ard Huneggeer, 19849 Though
difterentialed vaneties have beed ooserved incthls pagt &7 the Himalayva, it is $1ill not clear
whether such differendisted produets bocus bivh lawériilly and témpaeally  Thesefore, an
attempr bas boen mede (00 Study e | adakk Bathelith it othe presem work,  hoth
petregraphically aind “seochemically, agross three sections o ooderstand the lateral and
lemporal vagaiionsdn mojor oxides, wace ¢ lements and rare carth clements and ala 1o
characlenze 1y magnibic evolution and depth of crystallization. Three extensive field trins

were underihen during 99801999 and 2001 along the following sections (Fiz, 31

i Let—khardung La section,
i KhaneC lang 14 seetion,

o Lasvomna-t Lamde Segtion

1.3.2 Fission track thermochronology: One gipecy of the Himalayn thal has

particularly drawn much atiention in recent¥ears 7S history of exhumation and denudation
Pecause quanitative knowledge of these processes sheds Lght on varicus geological
phenomena, ancluding {i) inherent link among themmotectonic processes, sivles of siramn
aceumulation. amd deep crust- mantle interactions, (i) development of mountain landscapse,

trainage patterms, and dynamics ul lireland sedimentary basins, (i) geockemical changes in
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the atmosphere amd the sceans, ard (iv) Cenovoic ecological and climati; changes on 2
continent- by glohe scale associoted with the Alpine- Himalayan crogeny,

Cming hy the vastness and complexiy af this arcpenic belt and vsefulness of fission
track (FT1 mineral ages. such work i3 required Trom many parts of the Himalava b avoid
peneralisation of the concepts trom: incompetent data. The work -.:mhu-div.;d in the present

Ihesis. incorporares thermal amd exhomation history of the Trans-Himatavan  Ladakh

Battalith. using TT thermochronology along thess rraveraes.

LA Rb-5r geochronelogy: Though good qualios geachranclogical data st is
cnrrant |y :nui!l&f_ﬂll.‘ Iram the various serments of the Higher Himubwwan Crasiafline zone. veL
the Ledakh Bathelith kas remained puarly eonsirained in reems of s age of emplacement,
crvstallization and exhumation. The work undertaken in the present thesis attempts to fill in
this gap in the existing know ledee from the main scetions of the Ladakh Batholith using Bb-

Sr peachnomt oy,

1.3.4. Depth of emplacement: Afler petting the ape of emplacement it s
imperative o lnak (o the depth of emplacement ol this huge batkolithic mass. [or this
purpase hormblende geobarometss has been ssed wdegipher the depth of elnplicement of the
Ladakh Batholithe

L3S Data integration, summary and conclusions: Finally the da
generated in this work bas been eeitieally interpreted togharacterize the gevchemisiry, sge
and depth of emplacement af the Ladakh Batholith and its exhumabon for the late Mesteoic-

Cenesaie geodynamic evelution of the Trans-Himalasn,



1.4 METHODOLGY

(i)

fivl

vl

Field wark and systematic geological mapping of the various tectoniv uniss bave
been camed aul vsing parts af Survey of India toposheet nas, 32F10: 1A, 3200,
SIGA-15, 52K and STRA-R on | -50,000 scale along with sampling
Preparation of thin scenons for detailed wxtural and petrographic studics
Powdering of selected samples [or the determunation of major axides by XRF.
tritce element and REEs By the TCP- MY as well as whole mock Bb-Sr dating
technique by [Rermslomzation Mass S pectrome e TIVR),

Stiundard erushing OF Selecied samples for the sepamfion of aparitc end zircon for
Pission Traek ddling-and, biotlie for R0« Sr dating to detemnine the.eoeling and
exhumation history of the Ladakh Batholith,

Mineral chemistry of hamblende Tor the determination of depth @f crysaallization

wsing Electron Priche Micro Analyzer {EPVA)L



CHAPTER-2

GEOLOGICAL FRAMEWORK

L1IINTRODUCTION

The area of study s a part of the Trans-Himalayan zone Iving to the norh of the Indus
Fsangpo Suture Zone (1187140 the Ladak® district of mdan Yerritory. L ithotectonie units of
the | rans-limiloya cepresent the subduction-relsted processes and repecsent an initinl stana
arc havng tore megoand-back aresediments. ophiclite “emplacement dnd ate Mesoroic
Andean-tyvpe Ladakh Plutonic Compdés, They alzd include the Kelhstan sequence. in Pakistan
Himalaya, whercas, the ophiotite sequence along with the flyschoidal and molssic sediments

of Kailas range forms the eastern continuity.
22 PREVIOUS WORK

The earlivst reference w0 the geology of Ladakh i available-from the works of Thompson
(15%d]), stodiezca |I! Bi6 ) Drew | L837) and Lydekker ( 1480, | 483 ). Subsegquent. description
came from the work of Havden (1907), Midiflemiss (2911, Doinell (1933, 19343, De [erra
{1935) ond Auden({ 19331 whe have tagen 1averses acepss Ladukh Latery Wadia (1937) and
Herthelsen (19551 cared ot comprehensive studies incheding magping of different sectors
ul Ladukh, Sahni and Sasory (19568 ard Sohniand Bhatnapar (19358) reported hinding, tresh
water mullusca and plant remains in the molassic sediments from Kargil area and assigned
them a Teriary age. Later on Raiverman and Misra (19743, Shankar et al, (1974) and Shah et
al (1978) have locked into the structural and plate tectonic aspect of the |adakh area in the
wesstern parts near Kargil and Drayg The detadled study of the sufere zone was undertaken in

bwnr sigmificant publications by Gansser (1977, 19800 Honegger el al. (1582) carried ot



detailed geochemical and sotopic studies of various litha units of the Indus Tsangpo Suture
Zong and the Trans-Iimalavan Ladakh Batholith. Thakir and Sharmo (1953 published the
edited volume entitted Geotopy of the londus Suture Zone of Ladakh.” In the vear 984,
Soharer and co-worsers, published new dites of the Trans-Himalavan Ladakh Dathobth, In
between Rat {1982 rave an account of the stats of Shyok Suture ?.-'.!]'.L‘- in the collision
rectonie frameswaork and agrin in the vear 1986, he provided an account ol the Karakorem
Metarmorphies. Based on the extensive Teld observatians Raz and Honezger (1989 described
the teclonc and magmatic geelpziap of'the Ladakhy block Seale gntheo-workers (1983, 1500,
PO 1008 hove cuntributed tmmensely 0 1he understnding of thedadakh Himalava and
integrated the feld observations with structural, geochemiddl and séochrondlomcal aspecls.
Thakur { |45 vhas compiled a book o the geology of Western Himalaya givingam gxiensive
account of the gealopy of thesall the wectonic units of Himalaya. Sorkhabloer al,  1994)
e rporited Dssion ik and Ar-Arages of the Trans-Himalayan Batholich and tried o work
aut ity conling mistory. Reeently. Upadisava and Sinha 19983, Ahmed et al. {1994)
U'padbyapaeer al, (19990, Chandra et al. (19990, Weinherg and Dunlap (2000), Rolitnd of ol
(20007 Rolland (2002) Dunlop and W vasocranske, (2002) have published works on the
suture pomis, o Frans-Himalavan - Bathalith,  Karakorsm Metamarphies - and - Karakoran
Batholith covernng warous ntegrated aspects. JTain et al, (20031 have produced an excellent
pecount of gealogy and tectomes of defferent sectors of the Tadakh Himalava right trom the

ITSE rothe Kamkorarm Ramges,

23GEOLOGY OF THE AREA

The general gealogy of the study area and 105 adiotning boundaries from south 1o nonh s

deserihed helow:



2.3.1 Indus Tsangpo Suture Zone (ITSZ):  The ITSS occupies & unigue
position in the Himaleva because of s charmcteristic rock assemblage and role during the
evitlution af the Himalaya, The suture represents a major leclome erstal lingament from
Hindukush te Mishei Hills of Assam For abowt 2300 km along which the Indian Plate has
subducted below the Eurnsian Plate during laze Mesozoic, It follows the course of Indus
River in the west and the Tsangpe River in easterm Tihet. [t separates the Indian Plate 1o the
south and Lhasa and Xangtang slocks of ‘Libet 1o geegorth (Gansser, 1964, 15977 Dewey and
Bird. 970 Windley: 1983 Searle 1985100 i bounded by the [rrs=Himalavan sequences in
the north, Tellowed by Nee- | ety oceanic sediments and Indian piate sequences in the south.
the continental arc segments containing voleamic are and the passive margin huve merged
tagether arpthestime 61 Indin-Eucssia callision during Mesozeic and Tormed™ the Tndus-
Taangpo Suture Forte. The allecthanows suture zone sediments pecur as klippes anmd half-
slipper. Wihach w deformed by backiolds and hickthrusis subsequently during colfison in
Miocene and younger, ages {Searle, 1983, 1090, 1991 Thakur. 1983, 1987 [993) The | 1%7
i recognized by (1) the tecurrence of hlue schist metamaorphism in general but 1he degeree of
metamorphism inthe suture zoncaanges from lowest reensehist facies in south o prehnate-
pumphelyvitedagies in the norh, (1) colourned @elonie meélanges. (ii) epliolies #v) Nysch
deposits and (v thedras sateanics (Virdi, et al. 1977 Thaker, 1981, 1993 Honegper ¢l al,
PORE: Soharer of ol 19845 Jain et wh, 20402

This zone compriseimainly ofthe Mesozoic deep sea sediments like the Lamayury
Formation (shale, siltstone and graded sandstone), (he Indus Group (cenglomerate, sandstone,
sitstone and shale). the Nimdem Formation (alientating sandstone, siltstone and shale), the
kargil Formation {conglomerate and sandstone), the Dras volcanics of Upper Jurassic 1o
'pper Cretaceous times (andesite and hasaltic lavas) and the Sherpol mélanges (sempentmiic.

peridotite and dunite| within jasperaid shale, chert, pitlow favas and basic rocks together with



hlowks of mica schist Tmestone lenses and discrete bands of sandsiene, grit conplomerate
wd g lpcephane sehist) {Thakar and Masra, 1984 Thakur, 1993), A very striking soquenee
nl conglomerate and sindstone cocurs within the seture zone and 1= called the |lemis Group,
Mhigse smelasses dip southerly and nondentormably overlie the Ladakh Plutomic { amplex, The
T52 35 bounded by the Dras Thoust inoehe south while mast of the cottacs II:.._-t;.-..-._-.:n ditterent
Farmations within the 1TS54 are ambricated (Thakur, 1981, Thakur 11983 deduced he
detormetional paftern associated with the 1157 and identificd three distinet delemational
phases. 131 has produced thogses deading o the: emplacemaent of aphialitic rocks over the
continental margin sediments off Aanskar sedimentary wione. 132 phassensed the falding of
b Lhrusl il antifemaland synformal strucures. Due to the D3 deformational phase cross-

foids with ME=5W axiad tfraces are pengrated.

I'he Sherpal mélange rocks are metamorphosed e blueschisl facies mdic atinga high
pressure metamorphism due 1o oceanic subduction within the ITS£ The age of the mélanges
ta considered o be Jurassic o Late Cretacesus on the bosis of foraminferal and rodiolerian
fossils (Shah and Sharma, 1977 Upadhyava and Sinba, 1998) Pessagno (1977) assigned
thom an Alhian age, and o the-hasis ol the presence of radfiolarion Sawdro ot al, (2001

approvied i

2,32 The Trans Himalavan Batholith: The Ladakh Batholith occours as a
WhW-E5L trending fnewr bellof aboat 600 km long, 30-80 km wide and about 3 km in
exposed thickness, and lies immediately o the north of the 1157, The batholith continues
from Atsor-Devsps-Skardu repion (Awden, 1935 Wadia, 1937; Dess, 1977 castwards
through Leh, Upshioand Myoma 1o Hande and further southeast into the southern Tibet. The
iadakh Bathalith 15 a part of the cale-alkabme Andear-type Trans-Flmalavan comples that
exionds for 2300 kim feom Adehanistan in the west (the Robhistar Batholithy to cast of Lhasa

n Tihet {Honepger et al. [982) The batholth has been wanous'y cafled as kobistan
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bathilith and Ladakh hatholith in the merthwest, Kables tonadie and Gangdese plutan in Tibet
ard Liswit RBathofith in Arurachal Pradesh [ Thakor and Jain, 1975, Shamme e sl 19913 0 s
compased of muliple cale-alkaline inirusions that vary from norte and gabbro 10 granile
{Honegper el al., 19823 The batholith has resulied from melting related o the rorth-directed
subduction of the Tethvan oceanic crust belew an island arc situated nl.;n-__r the southem
margin of kurasia (Scharer e1 el 1984} A large sliver of sedimentary sequence within the
Ladakh Batholith led Har and Henegger | 1%989) W sugpest thot i may have developed in a
transitinndl environment between the Kohistan dsland are in theswest and the continental
mrgin of Eurnsin

The Teans-Fhimalayansplulonie complex is panly Cowered’ kv forednrs rocks and
continerital malasse sedimentary rodks. These assemblages arc sderived fram wphfi af
magmatic rocks and ther subsequent erodion, The gnéaus complex consists; of | v pe
Itholegies, including pabbrog, diomes, pranodiorites and granites. The' bell has intrusive
relationship with the volcadics of Visland die like Dras welcndes mnd Khardune voléanics
15rimal eral. 1982 Shamma and Gupta, 1983; Choudhry, 19833 Sharma (1 943) and-Sharma
and Cheobey (19831 tecopnized four phases of magmatic sctivity, within e 1 adakh
Batholith. Afteca détabed sirvey of the bathaolith Singh (1993 divided the Ladukh Granitoid
Comples into Tve distingt unime diorine-wnalile, . granedionid-quantzmaonzodiorite. baotiie-
hornblende. granite. leugagraniie and pink porphyriric granite. Theush several types ot
tgnenus hodies have been repurtedy predominant rock type is Biotite-and hamblende-bearing
granadiante throughoul the hady, Formationof the-complex is thowght 10 have ocourmed in
several phases between |1 and 40 Ma with a dominam phase around 60 Ma (Honegger et
al, 1982} Partinl melung of a subducting Neo-Tethvan slah bencath the Asian plate is

thowght o have resulted i these magmas (Sorkhabi 19997,

4



e narthern slape of this batholith 5 exposed 0 the Shvok Yaliey and 15 in juxtapesition
with the Khardung and Shyek Veleanics Intrusive relaticnshop s well decomented a8 mans
places. In the south central part of the Shyvok valley, berween Diskil and Chandmarg, the
batholith kas intruded into the sediments and ophiolotic mélange (Rai, 1983). Mear the
inlragive conact with the valcanics. an intrusive breccia has developed {H:LI.I [ '-I.Hm.

The Ladukh Bathalith was emplaced into an unmetamorphosed thick pile of basic and
goid volcanics, {Dmas Valcanscs), Therelure: the bathalith has crestallized under a thick pile
of vulcanics and reached ar the shallow-depth, Radiometric daging on the Ladakh Batholith
show s late Cretacebus-Boceng bady represc I'|[.il'||._.‘_ an Andean-type pletor, which was formed
By hagid aeoimutation 8 o festlt of sorthwand subduction of the Mesorbic sceanic crust
beneath Tibef RelntVele Tow YSc™Se initial ratios (0707 and “high ' NI N0 retios
(L1261 support the dérivation of these magmas from partial melting of subdusted. mantle
material Which was pessibly eontaminated by a small amount of erustal maderial i Allegre and
Chrmang, | 986G, Honegper et al. 1982)

IhE | adaks Batholith &5 laegely wndefiommed and has escaped inlense peditralive
diefirrrrmitnen (o g very [Eroe extent lowever, diffused defermotion sone 10he north of Leh
and intensespenetrative dbctile shear fabee within this batholith bas -been ohserved by
Weinbery and’. Domlap £2000) “wathin - NKW-trending  dextral o Thangleso Shear  Zone,
Cibservations of Jain el n].lll[:'l'l.'ﬂ O the deformation patterm feveal fhiense development of
mylenitized pness having large-seale.ellipsoidal enclaves of theweountry rocks which trend
almost NUO™ an N 1200 with steep dips towards neh. The presence of MW arending ductile
shear zong having top-to-southwest overthrust sense of shearing glong with other brittle-
ductile o brittle in character Bave also been observed and reponed by Tam el al. (2003)

Mumerous dolerite dvkes cut whmast orthogonal across the deformed batholith



Weinberg and Dunlap 2000} chiained U-Ph SHRIMP ages of 5801406 Ma from
gircon vores amd 4 younger 39 R0 Ma rim gpe from Leh, and interpreled these as the
ervstallization age of the seurce igneous rock and a subsequence crystallization phase
followed by rapid generalized conling and dvke intrusion at 461 Ma In another sienificant

work Singh et al, (20035) combined the L-Pb SHRIMP ages and homblende geobaromerry 10

eive the depth of crysallization 1o be 9-10 km.

233 -"';h_'l-'Ul'F Suture Zone (S87): The nombem hotmdary of the Ladakn Bathalich s
demarcated by anothersutsee zong - the Shyak Suture Zone (5521010 was 1ist deseribed by
Ciansser, %04 apd [@aier by oo otherworkers [ Takickbeld cooal. 1979 Brookfield and
Reynelds., 1981 Hob 1982 Thakup and - Mishes, 1984 Seomal, 1986; Brookficid - and
Reynolds, P Chapdrger al, 1999 Upadhyavaet ale 1999 Rolland &f al, 2000, 20025 Twa
contrastimg views place the mae trace of the suture zone gither to the sorth of Saltors range
along Saltero rivir (Lansser:I9B0), or more commanly along the Shyok River, ‘south of
Saltore fange (Smal 19860, Tnthe Shigar Valley of Baltisun the 552 has béen anyestigated
by Hanson, [ 19893 wh defines it as & simple faul contwning  few pods of serpentisite and
separeling the Paleognic sedimentaey nocks ol the- Eurssian Plae from € Dras island are.
Murine sediments of Cretaceous ape suggest a small ocean basig betwieen the Twi Lerrains 1t
woplee known ab Minn kamkoram Theust (MET-T0 Pakistin: The 8857 comprises of
dismembered bodies of ulmmatics. zabbee, hasal and sedimenis within tectonic mélange. It
demarcates the southemn marain ofhe Karakoram Bathofith €omplex (KBC), which intrudes
the Paleoroic-Mezozoic platform sediments of the Eurasian Plae,

The Shyvob Volcanics consist of basalt and andesite and are overlain by flvsch (Raw
19821, Chlorivzation. epidotization and  decalcification of  plagictlase are  frequently
observed. and a1 contacts with the granitic intrusions thermal memamsrphism has led o the

femmation of hornlelses. The lithology shows low grude af metamarphism. The valcanics are
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puor in koCh and %300 and the compusition is comparahle 1o that of the Dras veleanics
{ Thakur, 1995, Raolland. 2000 The basalts have high Mg-content and are tholeiitic in nature
suggesting chemical alfinity between primitive N-MORB o0 E-MORB, The andesites are
cale-alkaline having resemblance with transitional basall hetween E-MORB to OB (Chandra
cal, {999 o

The Khardung volcanics consists of lava Nows and wifs of Eocene or early Olipacens
oge |38+ Ma) (Sharma et al, |978) and hence sounger than Shyok. voleanics. Main
constituents are thyolite and dagite with subgrdinate ipnimbrite., The basal rhyelite has
yicided an age of 67 401 La L-Ph SHRIMPE zircon age while a feeder pogphyrariic sill gave
i wergdhted mean bge of L5 = |3 Na Botlh these ages Bave beer interpreredas ohe aee of

eruption amdaairsomadspectively { Dunlap and W yasoczanski, 20033,

| e yseheand ophialite métange form o thin and diseontinoous belt ol fine. pink
grey und Back shules and phyllites with prey massive limestone, The rocks are (§lded and
tarust oder the Shvak Voleanics” These sediments have vielded marine fauna of Lipper
Cretace oS e Cocend sue jn the Saluiwo Hills (Ral, 19827 amd C3haeliad sround CHisal in
the east {Snkanuaet al., 19892 Upadhyava ¢ al. ¢ 19991 called abem the Saltons I ormation

and assromedsnn ace ol wpper §releenns o lower Eocene

The motwsseefitiplogye ts mainlv-confined to the centtal pardof the Sabora Hills and
contains muinly the Clastic Sediments'ol post-thigocene age (Rai, 1986 The beit rans NWw-
SE for abowt 30 km and dips due northéast, Tooghe east and west, thickness of the Saltoro
mielasse vares Trom 2o 3 ki bub becomes 5 oweob kmeoin e centrad part, 11 les m leclomc
conbacl with the vsch and the Shyok Yoleanwes m o the south, Coaternporanmesus vilcanism is
represented by discrete andesite horizon withn molisses (Ral, |983: Srimal. [4586).

Along the Shviek Yalley as well as in the [:Zh:lng La seclor, intrusive conlicts of various

lithologes af the %7 are intruded by apophyses and small stecks of the Ladakh Batholith, A



thin sequence of slate-phydlite and thin limestone intercaiations is exposed around Diskit-
Khalsar and can be traced bepeath the uverthrust karakeram Hatrolith Complex (KRC)
around Sebi, Anontervening suceession af ophielite and sedimentary rocks is exposed in the
Salwrn Renge (Rai. 19850 and appears 10 truncale against the Karakoram Shear Zone (k57
In the Chanpg La sector in southeastem parts, enemeusly thick ,'rnlwi-._-;:u_-.j sequence of
ultramalics, velcamcs, conglumenne, sandstone and chert s exposed hetween I'soltak and
Darbub ancd may represent the most accessible section through the 857 On the tum and
hung the et flans ol thee Tangise valley, an mtEresting domg, linear belt of diode-
prinadionne s been obsprvedthy Jun e al (2000, winek ghuls amminsgthe frental part ol
e haraharam sequence, This beloesionds waards nornhwest glong the SEsek Yallev where
divrite-granodionte badies mtrude the slate-plhiy i seyuenve around  Tirit-Diskit-Khalsar-

Juncticn of Nubra=Savok Hivers,

24 GEOLOGICAL OBSERVATIONS

I'he dhservitions in the snidy area in all the three sectory, fatnely Leh-Khardune La
SELCTion. h.‘mru-t'h-ﬂng La sectiovnaand Lyoma-Tanie Seclion ore deseribed under separate
B & as per the thaverses.

241 Leh-Khardung La section: In this secien the traverse hay been tbhen aling.
the main road section FomLeh o Khardbrg Ly and=-Khalzar, where dhe batholoh is covered
o the vast alluvium of the Indus River in the south and theKhardune Voleanies in the north
Wil hemblende-biotine granodiorite (Fig. 27 a) occurs ay the main rock tvpe with regional
stnke of NW-SE and sieep dips lowards neth, Bemnanis of dioriie and gitbhroic hodies,
intruded by the granodiorite are seen in the southern parts while ascending to Khardung La.

-
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Figure 2.1; Field photographs of Ladakh Batholith from Leh Khardung la Section







comtact. Preserce of sheared enclaves (Fig: 2.1 b within mylonitized pranaduorite is
characieristac of this traverse and indicate the #xtension aof Thanglasa Shear Aone alorg the
rowd - sechion where main Toliation within the batholith trends almost N110" with steep dips
Lowards north, The encluves show a distink L contact with granitic body. Some af the enclaves
are concentrarcs of biotite and seem 10 be remnants of the hiatite schist, the -;;ng:inal mass inle
wnich the bathelith fas miruded. On both side of North-Puls locality, the 1 adakh Batholith
shows unconformable relationship with the Khardung Voleanics which are vounger thyolite
and andesite (Fip 20 2 ey TFowdrds the extreme narthern exteni belween khardung and
hhoksar Yillages rock tvpes aremainhy voleanics prhvolite, andesie), aoplomerate. gravelly
sandstone and cengismenite intercalitions and reddish thyvalite (Fip 2.1 e Exgept for light
celored smalbesposuesy ol eranite and leucoprenite sheets nesr Khardung Dasfeverse s
dorninated ".;} komblende-rich grancdiorite (Fig, 201, g,

1.4.2 kharu -Chang La section: [n this section the southern marein of the 1 adakh
Hatholith i again covered by the vast alluviwm of the Indas River within the FTSZ; while its
nerthemn mwargin bs demarcated by the 5820 In the southem extremitd near village pu,
lithulogy i deminsted by purple green shale-sandstone-conglumeratic s of the Indus
Liroup of the FF82, while the ophinhitic sequence uf the 157 cccurs fusther southwards The
Hemis conglomerate overlies noteonformahly the Ladakh Batholith and sdips southwirds.
While going north ofthe village. massively foliated granitit bodv of thé | adakh Batholith are
encountered naving regionalsrikeat NWSE with very.steep dipeSheansd eaclaves are also
observed near the village lgu, Numerous doleritic dikes cul across the batholith as PGS
thes traverse, The mafic phase of the batholith m the torm of dioritic masses is concentrited
aear Rhars and continues upto a distance of almost 1.5 km in the lower parts While meving
towards Chang La in the main section, the pink porphyrinic granite (Fig.2.0 h) as described

by Singh, (1993 are enrcountered Chang La. The granitic mass is jointed and weathered ot

il
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places. I is by and large 4 monclonius sequence of the bathalith. Aleng the weak planes.
bathalith is marked by the growth of chlorite and epadote veins. At the notthern extreminy
acruss Chang La and Tsoltak check post, vast pile of imbricated sequence of ultramafics,
valeanics, gabbro, perrdotite, conglomerate, sandstone. and chert is exposed. This sequence

muarks Lhe appearance of the Shyok Suture Zone. the northern Gimit of the Ladakh Bathotith.

This sequence extends upro Laga village near Darhak.

2.4.3 Lyoma-Hanle section: This seotion les almostparallel w the mega hneament
of the I 757 and comprises the southern marginofthe Ladakh Bathohith, &long the main moad
seclion hetween Myama and | vomg through the Indus River and fram Lyoma te Bhengo and
further east along the Hanle River, typical coarse and undeformed granodinriic s exposed
near anglrawith thin delerite infrusives. Lithalogies ef the 1152 ane very paocly e xposed
along the Hanle River due we vast alluviem between Lesar and Hanley and they melude
dismembered bodies of copglomerate, ssndstong, shale and cliert wlong with perdotite,
gahbro and basali. Near Hanle are the metamarphics of Tse Marai Crvstalline {TME ) all the

units are gharacteristically steeply dipping



CHAPTER-3

GEOCHEMISTRY

JTINTRODUCTION

The occarrence of pranite n the field and 15 gelaticnship with countey ek is
very impanrant aspect in ubderstardee s petrogenssis, Apart from the Beld relationship.
petrographie study ofthe rocksas dlso necessary siep 10 understanid the gvolutionany trend

along with the clagafication of rocks |

18 prercquisie for geochemcal  and
geochronolggical stitdies of sny arew. The constituemt minerals amd their rmodal
proporion are the key parameter The texture of any mock tvpe throws fighl an che
tunction of bulk compositionf the magma from wiech the tanerals drvstallizeand the
relationship between lemperature, pressure and time, The depres of 2ooling below the
iuidus delemminesanany criteria such as gran sire, gran shapes, melision relationships,
mtergrawti gnd cordnn, wieh are uhetul in determining the sequencesof ervstallizaton
of minerals tnany wgneous rock (Clarke, 19923 The inferenees deduced on this coiterion
are nol abways unigiéie {Blood and Vernon, T988), ¢ p, line and coarse grain sizes of the
ceystals suppest the rapiland slive rates of ervstallization] respeetively, but the relatve
arasn size has noething 1o do with the order af crvstallization. Maresver, the lnrge erystals
are necessanly those that have crystallized carliest {Clarke, 19920

Ihe peochemustry of magmatic rock throws light on the type of melting processes,
degree of partial melting and nature of the source rock. The processes invalved in the

rock generation frequently modify the chemical composition of the primary magma due
+
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to the process of partial melting of seurce through fractional crvstallieation, magmea
mixing, contammation, individually or in combingtion of these processes. | hese
processes, in a way, govern the behaviour of major, trace and rare carth elements. (Hall,
F98T Wilson, 1989, Bollinson, 3], )

The limned dain of the Ladakh Batholith suggest that the majority of the rocks
range in composition fram dionte to granite with occasional oceurrences of more basic
varictics like nerite and gobbro anhe Kargil areo (Hol dod Pande. 1978 Honncger ¢t al.
1982 Rai. 1983 Rar and Henneger; 1989, Singh, 19933, Though differennated vaneties
have boen ubsepved n this part of the Himalavao-it is stll por cléar whether such
differentiated products-oecur both laterally-and temporally, hecping this thing in nund an
attemnpt has=been “tade w0 study the Ladakh Batholith, both petrographically  and
geochemically, i thfee crucial - sections (Figure 3.0F 1o understand the latcral and
temporal vanations in major cxades, trace clements and rare carth elements and s

magmatic gyolution

1.2 PETROGRAPHY

53 samiples spreadug pver all the three sections have “been szlected for the
petrographic stedies. anddurtber pecehemical analysis. Figure 3 1 shows the locaton of
these samples through thesuaverses token across the, Ladukh Batholith (Fig. 3.1). The
westernmost section From Leh-Kbardung la contains 30 samples of dilferent lithologies
{Fig. 3.10), while 13 samples have been collected from the central Fharu-Chang La
section (Fig: 3. 1c) and 1 samples [rom the extreme castemmost section between [yoma-
Hanle (Fig. 3.1d% Further eastward, sampling could not he performed due to logistic

difficulties. Individual samples were eritically studied under the petrological microscope

B
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Figure 3.1. Location map of samples from the Ladakh Batholith for geochemistry.
{a) Map of the Ladakh Batholith. (b) Leh-Khardung La section.
(e} Kharu-Chang La section. (d) Lyoma-Hanle section.
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tAppendix 11 On the basis of these petrographic studies three main tvpes of ocks have
been identified and include dwonite (16), grancdiorte (27) and granite (10 with
granudionie heing the most dominant.

in peneral. the rocks are medium to coarse prained. All the samples contain
plagiockise. alkal feldspar, guartz, amphibole and biotite in variable propomicns
depending on the whole rock composinon. The accessory munerals inelude apatite; zircan
and apaque with alered chlerige, I many of the .samples, opague s present
considerable amount. These miafic minerls copstitutes <5990 mere lewcocratic varieties
and are as high as >23% i dlofte.

Feldspar: Subledml plagiocluse {elispar is generally coarser then K-feldspar
and occurs #cuhedral o subhedrnl graims having lamellar twinning, Sometimes, the bwin
rame!lae Bre partially, wrased due W deformation. Zowng 15 commonly observed in this
vanely of felaspar. Inclustons of line prismalic wircon grains have alsa been obadrved in
samme ol the gruns Feldspar shows maximum extinction angle of 22°-25° mdicating
andesine compostion Modally, it occurs as a major compinent in dionte, more or less i
equitl amountswith K-feldspar n granodiorite and an subordindle amounts in graniic,
Both vanenes of alkals feidsparsoccur. Chthoclase s dominant over meetocline except in
coarse-grained varicties: Microperthile and perthite are common. v granite. Andesine in
diorfle becomes more athtic to eligocigse incomposition towards  pranodioriie.
Mymmekites are developed along the marging ol plagioclase as well as orthoclase und m
thwe contact of guantz

Quartz: Quanz grains are anhedral and, sometimes. stretched and ¢longated

Most of the quanz is leoking strain-free, but undulose extinetion is common. Quartz



gomtent Increases towards grunodionle (o granite varely. They also occur as mclusions in

plagioclase and alkal teldspar.
A mphihnl[" Amphibale is mainly of hormblende vartely and necues as euhedral

to subhedzal graing. It is present in alimost all samples and many times the crushed

marginsg shaw the development of altered chilorite.
Biotite: Riotite accurs in small amount, both brown as well as green baotite,
areen biete ndicating -type of nature-Bending of flakes of batile indicaie evidences of

detormatior

JIGEOQCHEMISTRY

Far g_-:lh:k:l.fni[l.‘ul anulysis. all the fresh and unweathered 33 samples wete selecied
fior crushing. Approximately 3 kg ot the fresh samples have been taken for sample
processing, [he sumples were washed with distilled water to remose dust and ‘ether
impuarities=which might have been artached with the samples while collecting them from
the field, After drving. the sampies were broken into small chips of abaut [ ) to 2.0 cm
size. Afier therowgh hamegenization one guarter-of the chipped samples was maken after
proper coning and quartering for cneshing. Jaw crushee with adjustable jaw spaces has
heen wied e crush the samples up w0 -60 o B0 mesh size. Coningand quarering was
again performed to collect 250 gm of the fine-crushed samples for powdenng in a ball
mtl gripder to -250 mesh siee. Liomost care has been aken ar every step o avond any
cross contamination. Samples were then amalvzed by X-ray Fluorescence (XEF)
Spectrometry for majer oxade deternunatzon and the Inductively Coupled Plasma—Mass

Spectrometer (ICP-MB) for trace and rare earth elements (REEs) For XRF the



instrument was calibrated by Test Sample analvsis on BHVO- |3 (Hawanan Basalt USGS,
L'SA), GSh {Granite, CRPG FRANCE} and GSR- L(Biotite pranite, 1GGE CHINA Y XRF
analysis was carned on Siemens, SES 3000 XRE a1t Wadia Institute of Himalavan
Genlogy |WIHG) Dehradun. Perkin Elmer [CP-MY was wsed Jor the analvsis of REEs mt
Mational  Geophysical Research Institute (NGRIL Hvdersbad. The instrument was

calibrated GSJ standard of pranite, 10-2 and JG-3,

3.3.1 Analytical techniques: Major elemenial abundance ol the samples was carred

out using Energy dispersive Xty Flourescence | XRFy Specriometry, Which worked 1 al
|2 v tnbe voltage. 40004 tobe current n VAC with o fliered pab The sample was
suhjecied Wadive fime of 200 seconds, The emission intensity of this partigular radiaton
i omeasured with the switable X-ray spectrometer (Petts, 1987) using international
relerencd Slandards BHVORD: (Hawmianng Basalt USGS, USAa), GSMN (Ornie. CRPG
FRANCE Land GSR41(Riotite granite, 1GGE CHINA) (Govindragu, 19891 Pressurizod
powder pellets of samples were prepared to measure the major oxide abundagee. For the
preparation afpellets about 5 o of powdered sumple was tikenin an syatemortar, |-
drops of pelyvaylalchehol was added w the samiple and was thoroughly’ mixed with
pestle |t was then irmsfcrmred e b steel gvlindrical stiucture on bortcagicd pellet base with
caver o which 43 |b hydralic; pregsure wasapplied? This setup was lefl for 5 minutes
o give the mixture an optimum binding time. After that nme pressure was released and
the sample was taken out from sthe eylinder in the form of a peller. This pressurized pelie

s been used Tor analysis with measurement accuracy bettes than 5% for major elements.



Limipsl care was taken throughout the sample preparation, e very tine powdering and
aroper hemogemzation. The major elemental oxide data huve been histed 1 Table 3.1

The 1CP- MS wsed in this work, was TLAN DRC [ Perkin- Elmer Sciex
Instrument. UsA controlled by an IBM-PC-XT microcomputer and assaciated sofware,
Froper malching standard reference miterials {G3) standard of granite, JG-2 and 16G-30)
were wied Tor calthrabon along with dissolution method (Balaram. 19%6). These standard
reference muterials helped in pgrigimisng. mainy agit-other interferences that are
encouniered 0 routine analysis and also help ap cheeking measurement precision. The
pperating paramelers werg aptimized-to mmimize the potentinlpel yaamic.and doubly-
charged ion interferenees. The mass Specirometer was operatediin mis soanmng mode,
Thy detailed mperatiom of the [CP-MS hive been desénbed by Balaram st (1995} 100
mg af sample weee dissolved m Teflon beakers by HF, HNO; and HCLO,. using the
procedure described by Balagam et al. (1996). Clear solutions were oblained in all cases,
R rack standards were alsd prepared in & simnlar way for calibeating the instrumem and
[y issess the aecuraey of measurements for differont olemenis, "IRh was used as internal
standards st wcancentration level of 00 ngiml o allew drift corfrections loemake each
miass spectral regrondistinct: Covple of procedural blanks were also preparsd: The blank,
calibratien standards aod samples were run in a sequence alonz with twa minutes wash of
the nebulizer-spray chamber systemmowith 5% HNGy i between ten samples. Data
aoquisibion and reduction were done under software control, Altogether, 33 trace

clemems including 13 REEs were obuned by the [P M5 and histed in Tuble no 3.2 and
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332 Results and discussions:

LA 21 Majar element geochennxtry: The Ladakh Batholith exhibits g wide major
elemental compositional range from basic woaced (S10-38.6] Wi @ 74.37 wt %)
indicating wide samation in terms of degres of partial meltng 1t alsa indicates mets
aluminous character having A/CNK (ALOCal+NO0+k, 00 fato <11 (Zen, 1986
Chappel and White, 1992), The range of A/CONK rutio 15 676 to 105 indicating -vpe
alfmity with sub-alkaline charaolet | he rommative dats SF 2l vareties of rock from the
bathalith plot in the field of pranie grancdionte, quadz-monzodicrte, monzodiorie and
guartz-diarite and disrite in the Quartz-Alkali Feldspae-Plagiagluse f)-A=I"} normative
piot (Fie.3.2) ofrSueikeisen 119708 Large number of samples e in the smanodiorite
(bwenty seven) felih few o pranite field (ten) and sisteen i more mafic diortic or
moenzodiantic und guanz dioritic vasislies. However, the AFMJAIZO3-FeO4 Mpldi phet
tFig 3.3) indicate calc-alkaling series of muogmatism (Ievine snd Harager, 19711 Further
ko 03 v, Salhs diapram (Fig (340 indicate medium 10 high-K type rock (Le Mattee ot al..
1985} of calc-alkatipe series (Rickwood. 19891 The Si0s conten of sranedigrite ranges
feeam 77,77 haod 01 wita with lower mnge of 63,0400 4867 w1 for diortdand almost
simalar ramge OF 2227 v % 1o 68,59 wi % for prmite. MpOconlent™is, fnasimum in
dionie ranging betweten 1473 103,98 wi %o with lowetin granodiprite (.99 w120 w %
and fowest o gramite (294 to G860 W) Similarly, CaO eontént is maximum in disrite
with 1442 wi®s 0 21,52 wi% and lower in granedeoeite (370 10 1.3 | wi %) and gramile
(.6 1o U.86 wi%:), The majer elemental data define an wlmost linear trend in the
Harker's variation binary disgram, where Sith has been used as a differentiation indes

against 110h (Fig. 3.5 aj MeO (Fig. 35 h), ALO; (Frg. 3.5 ep, Cald (Fig. 3.5 d), Fe iy






Alkali Feldspar Plagioclase

Figure 3.2: QAP plot of the Ladakh Batholith {After Strieckensen, 1976)
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Tholeiitic

Calc Alkaling

Na,0 + K.O Mg

Figure 3.3: AFM Plot for Ladakh Batholith, (fields after Irvine & Baragar 1971
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fas total Fe - Fig, 35 eh Nag) (Fig. 3.5 £ K0 (Fig, 3.5 2), MO {Fig. 3.5 h), Pa0s (Fig
35 ik The variation diagrarn between $i0; and KO indicate a positive correlation along
with moderate content of NapO-Ka0r which -alse ndicates a positive correlation
ndicating evolution within sub alkaline seres with Oeld atter Irvine and Barager (1971)
tFig 3.5 10 indicate subalkaline composition. The negative correlation of TiO- and Si0;
indicate role of Fe-Ti oxides i the fractionation process (Fig. 3.5 ab. The Cal) vs, 500,
trend represent assimilation and early cryvstallizandn fFealeic plagioclase (Fig, 3.5 d).
wherzas Pa0l; v 810 trend indicate farmation of apatite mineral f5ig. 3.5 1. The inerease
m K0 and NaoQ owith increase in Si0s content canhe atributed o the formation of K-
leldsoar und baotte (Fags 351 and g). Apart frem Na-0 and K30 all other major oxides
show negahwe  comelatton: With Inereasings 8105 centent ALY eotwent Aecronses
indicating formatwon of feldapar (Fip. 3.5 1) and negative trend_of Fe;0y (T) and Mgt as
campared 10 510, merease supgest hiph fractionmion of matic minerals like homblende,
monite. magnetite elcy{Fg. 55 b, e).

3.3.2.2 Trace element peochemistry: The bimary varmstion dinpram for Bh and
SIO2 indicate pesinve tremd (Fige 3 5 k) attributed 1o K-feldspar [ormatian. fis s also in
conjunction with pesitivatrend of K20 vs 5002, The Rhvs Si02 rend-also indicate that
Rbcontenl inereased dunng divdle farmation: and  then shighily depleted  during
ranodinrite  formation  stepesfing cappearsnce  of, Kdeldspar duning  prancdiorite
tarmation {Fig. 3 5 |) Sr indicate negative irend with 502 indicating assimilation and
zarly erystallization af ealeie plagioclase (Fig. 3.5 m) This abservation is also heing
supparted by the major elernental variation diagram of 8502 ve Sr(Fig, 3.5 n). The Rb vy

s opattern imdicates that erystal tractionation s the most viaole mechanism for irace




elemental variation (Fig. 3.5 o) £r shows 2 negative trend with respect to 8i02 content
indacating formation ol Zircon, the trend also indecate magmatie process riather than post
crysliadlization allertion processes (Fig 3.3 p),

The spiderpram plins have been made using meampalible-compatible elements!
compuositism normalized 1 Primondial Mantle compesition of Sue and Me Donough
L I8 The plist indicates 2 slight ennichment of mobile LILE from dGonie w granadiorite
ta pranile composition {Fig. 300 Lhe copcentration pattesn of Nn can be attribated (o the
higher conceniration of homblende and blotite wathin e body, However, the ™Mb
anomalv/trough  can ke attihited o subduction. reled | magmatism The  Sr
anomaly/tronghis indicative of plagioclase formation or low 5S¢ eomeentration in the

melt/source

5523 REL peachemistry: The REE are o group of 13 elements wifh atomic
nusibers rapesne from S Lapthanum- Lot w78 (Dotetiom=da). Dt of these. 14
elemema pecur naturally. Fhe BEE are penerally elasyified asthedipht REE (LREE) nnd
middle or bedvy }I‘".I"l' fHREEE} based on their atomic numbers. The REE aré-pormally
|'-'fl..':|l.'“:'lf';.'-.‘| 00 cancentrbom yersus aromie pumber I:Iii.:lﬁfi.".]'."l an which coneenteations are
normalized w the chandsitw feterencevalue, eapressed bs the lngarith 1w the base [0 of
e walue, Concentratiens g individual pelns anothe praphare foined by sicaight Tines.
This s ceferred 10 as the Maveides Corved! diagraniafter origimal propenents of the
dwgram (Masuda, 1962: Coryell et al. 1963). Trends on the REE disgram are usually
referred 1o as REE “petiems” and the shape of sn REL patlemn is ol consilerable
perrologieal interest. The raw data are normalized with O chondrite in order to refine the

data (Sun snd Mo Donough, 19890 Chondritie meteorites are chosen as common
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referenve for standard  nomuabiing becouse they are considered 1o be relatively
unlraciionuted samples of the solar swvsiem dating from the orizmal poclessynthesis
Thus, the chondeitne nomahieation has ftwo unparant funetions;

[a) Firstly. it eliminates the abundance variation hetween odd and éven atomic

numher elements (Odde- Harkins elfect) and
i) secondly, 1 allews any fractiomation of the REE proup relative 1o the
Chondritic meteoritesao e idemified

M chondrite normalized REE plot far all the thred rock tvpes indicate similar
elemental concentration pattesn. The diorttic rocks show slipht epmchgient in LREL and
nearly a flat rend m HREE without pny propunent Bu anomaly (Fig 3.7 a). whercas the
grorodronteshow sumilar patlernas thar of diorite ol with a slightoveral Lensichment in
the REE and negative Ba anomaly (Fig. 3.7 b). However, gramie shiows more enfchment
in LRER-mad relative deplétion in HREER from.gronodionite and dierite (Fig %7 ¢,
Megalive Euanomaly is more promment in granstes and less significant in othes yarietics
suggestingearly erystallization sed removal of plagioclase during fraciionation process.
The Lu-anomadics we cliglly connolled by leldspars, paricularly in felstconpgmas, for
Eu tpresent in the divalentstzatetas compatible in plagioclase and K- feldspar. i contrast
tor the trivadent REE swhich are ineompatible. Thus, the removal of feldspar from o felse
melt by ervstal fravtionatinar the pamial mehing of a rock inahich feldspar 15 retumed
i the source will give nse 10 a negative Fu anomaly in the melt. To a lesser extent
birrnblende, sphene. elinopyroxene, anhopyroxens and parnet may also contribute 10 a Fu

anomaly o the lelsic melts, ﬂ|||'||‘:-|,:l;||_ i1 the []FIFIL]F.i:»:: sense (o that of the feldspars. Alsa,
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the overall imerease in the LREE with depletion m HREE from intermedinie to acidic
varieties also indicates fractional ervstallization,

In the discrumination diagram of Rb vs, (Y+Nbyand Bb va {Yh=Ya) of Peirce ot
al. 14984 divrive, granodaorite and pranite fall within the valeanic are pranite fiely (Figs.

I8 aand b,
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CHAPTER-4

DEPTH OF EMPLACEMENT

4.1 INTRODUCTION

anong the vaneus granitord Beles i Himalaya, the Trans-Himaloven  Ladakh
Bathalth in the Indianosector is the darpest plutonic complex “within the Himalayan
vropenic bell. The most striking featuce of this batholith s the emplacement of cnormous
wvolme of [HIERFTYLL, Homblende 15 the most |_'|,|:|'|'|11'|,|:.|}|:,' ,||'|'||_".\-|‘|i|_"|||-rr_'\' observedin this cale
alkaline granitoids ds Bas been shown in the preceding chapter. This chapler swms al
constroming the depth of emplacement ot the bathalith psing homblende ceoharsmener
ischmidl 19921 which will give the pressure of crystallization and the depth of
emplacemen|

The depth '..'Ir-'-.'r'_'- afallezutiom can be obtdimed from the relaticrships

P=hp

=

Where, P thie pressube. ) 14 the depth of covstalllzation; and pis the densiy of
the overlying column of rack mass (303 and g2 the acceleration dus 1o gravity (9.8
Iy "i.-l':i'-ll
P=3%981 - 10°h Nm™

0.2943 < 108 Nm =

or, P 0.2943h Kbag (4.1}

-
-



be guantitative estimation of the pressure of ceystallization ol the [adskh
Bathulith has been attempted using Al-inchomblende barometry of Schmudl {1992),
which ¢orresponds 10 the Al' content of magmatic hormblende (Wones. 19817 with
ervstallization pressure of intrusion, as has been ealibrated experimentally under wates
salurstesd conditions o pressure 2.5-1.5 kbar and 700-655% C. Data on natural fock and
experimental data wsing natural rock as the starting matenials show that compositon of
aamphibole varies with bulk compiingn, pressurd, (gmpersture and oxyveen fugacity
(Raase,, 1974 Speur, 198 Wonesand ‘Calhen. [982; Helz, 1882, Laird and Albee,
[98.1; Mammaorstoomiand Zen, P9865 The term homblemde g used, hepe in § more
gemeralized manner asbeen psed by Hawsthome {1983 Yrather than the: true definition of
amphibole, “ag  ha% been  civen by the Inlemintionall Mineralogehl s AsSaciation
Subcomnpssian (Leake, 1978), and may ipclude edenfle, magnesiohomblende and

prirgasle,

4.2 AI-IN-HORMNBLENDE GEOBAROMETER

The u:1|.phi-’.‘-u'|¢ ST munerals are the cham silieates, withe stowetore -;,:;.rnti'lﬁling aof
two panillel cross-linketl chains with a structorl unl of 10, The generul Tormula tor
amphibole group of mmemls 18 (g M MIMIMIE T T20=00EHL BT, The A-site
s 12 co-ordinaled site ocbupied By Waand X where gation vames from 0w L M osite iy
a - co-ordinated sile occupled in Ca, Na, Mg, Fe' * Mn and eccasionally Li M1, M2,
W3 sites are 6= co-ordinaed and have been desigrated as M1, M2, M3 in order of

increasing stz between cation-oxygen dislance. There are in tilal 2 M 1-sies, 2 M2-sites

]

and 1 Misites, These siles are oceupied, by 2 variety of cations including. Mg, Ye'”

Fo' AL Mn.Crand Ti Here ad, | e 0P pnd Ti Y are the 4- co-ordinated sites {orm



the Ty0hy chain sysiem in the amphibole and contains 51 and Al in the Ti-sie and only Si
in T2-site. Amphibole classification has dealt in dewil in 2 paper published by the
Imernatonal Mineralopical Associmtion Wotking Group on Amphiboles (Leake et al.,
VUL Inthis paper, they bave outlined the latest complex classification af !hu: amphibole
group minerals on the bass of several parameters meluding B-sile occupancy (8 fold Md-
sitel, MedMg: Fe''y ramtios, number of Si-cations per 21 oxyuens and the relatve
abundances of octahedrully co-ordinated aluminum (AT = aluminum in the C-site: these
a-told stes af M1, M2, aml M3yand femie tron (Fe™" o C-sited
L the busis ol Hesite occupancy - term ol cation per 25 axvpen. four magor
amphibile subdivisions have been proposed. The classtiication rules, in s of cotions
per 23 oxygens. ine.
(1) Mugnesium-iran-manganese-lithium amphiboles
(Ca+Na Jg <Vunidf Mp +Fe2+ Ma +Lig =1
(2) Cafcie amphiboles
(CatMNajy == | and Nay less than (.5
(-3 Soudic-calcic amphiboles
(Ca+Nay>= I'nnd Nag=05-1.5
14} Sodic amphiboles

MNag =15

59



Based on the I'k-l;._:,-'ih"[;_.-:—]':::"l ratio the Mpg-Fe-Mn-Li amphiboles are furher
divided into o pgroups o the basis ol svmmery ol smphibales, 1.¢ arthorhombic

armphiboles; and mencclinic amphibales details of which have been depicted in the

following disgram. Mg-Fe-Mn-Li amphiboles ?
Orthorhombie
~ 10 a—
i anthogihyliis i
% 0.5 -
? femm- : it
nm 18 o
S in formula
M i
.F.:' 1.0
= cummizgmniz
E 0.5
& :
g
O bR ] i}
Si in formula

[n_amphiboles the major substitutions depend on pressure. temperature, oxypen
fugacity and systea commposition, All aspects af the amphibile chemisiry depend on the
bulk cemposition of the system-and the My pumber | Mo Mg Fe(2+}] depends largely
on syster compesiton and to o sienificantly lesser exienton emperatuee, In'contrast, the

tschermaks substivuthons Al ¢ * (A 77| X (2] 08

S ¢ inereases with mcneasing
pressure (Lo, the amphiboles become-more Al-nich wath increasing pressurel. Simdarly,
the edenite substintion |[Najs + |[Ally = [VAC]s + |51 increases with increasing
temperalure (L. the amphibole becomes increasingly sodic and alummous with
mereasing temperature). However, substitution of ferric iron Lor aluminum in the C-siles

also increases with increasing oxveen fugaeity.

il



Caivent these substilutions, it is passible thar Al-content of an amphibole could be
used {0 mdicate pressure of fermation of homblende which formed during crvstallization
al the ruck, A quantitabive application of thes idea was presented by Hammerstrorm and
Jen [1UBE) based on an empirical study of o) alumimim conten lon & calions per 23
asygen busish ol amphiboles i grumitic mirusives. The emplacement pressures were
canbimmed by application of comventional meiamarphic geabaremetry using the thermal
contact aurecles. around the praniie pldtons. Thi granite has the mineral pssemblape
plagioclase {ARIG-A0) ¢« K-Tel8gpar - quartzs homhlende Fhiotite « ritinite - muunetite
Lar Himenated Thers bnabvsesdeduced 5 smple equation forthe, crystalifention pressure off
an amphibole indeeras 60 the mumber of Al-cations in its surycbary (23 axvaen hass)

I* thebiary =S 01 Ale- 1002 4.1

Hammerstronvand Zen 1986 were of the opinien that the pressuns had dominant
contral gnothe wial Al-content of amphibole. however, the ¢ffcet of temperarore and
prypen fughenty cregled seme scatter nther data ser Their resalts led o several
caperimental sildies o winch mprvved  the  calibrations of  the  Alsm-homblende
geobaromeler (pe dohnsen and Rutherford, 1989 Thomas ands rost, [l (Sihmidi,
PO 2 resulungan the calibrtion-gguation

Pikhar] =4 TH Al =201 i< 3)

L3 ANALYTICAL PROCEDURE

I'e bave @ comeal look o the distribution of pressure of erystallization based on
Al-in homblende geamerry & samples were selected alonp the Khamu-Chang La section
(bigd 1) Thin sections from the Ladakh Batholith were polished with good quality

alumina powder. Hemblende oceurs as cohedral to subhedral mepacrysts iFig, 4.2
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Figure 4.1: Location map of samples from the Ladakh Batholith for Hornblende

geobarometry. (a) Map of the Ladakh Batholith. {b) Kharu-Chang La
section.
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hiswing variable pleschroic scheme Homblende analysis was performed on 40 points on
unahered grains trom ¥ samples using JEOL - JXA - 8600M  Electron Probe Micto.
Avalyser (EPMAL] o the Institute  Instrumentation Center at Indian Instinre of
Technoiogy Reorkee. Roockee. A probe current of 20 aA at the 15 Kev with & beam size
al 2 wm were used w pet the data after ustng AAF correction of Flhulibert (1963 whiclh is
mbuilt i the machine, Sandardization of the machine was done againsl synthetic and

natural standards before analvas,

4.4 RESULTS

he ERMA dawa from Homblende have been listed, in (Yable 4. Table 3.2
presents Lhe estimation of (I (kbar) = 496 Al-3.01 of Schmidr (115923 along with the
rock Lype afc altitude of the sample. The primary magmatie homblende has been wsed.
[he horpblende deseribed as [me on the testural grounds and COMpOFIOn wepresenling
late stape dltermating imposing Leake™s (197 1) propesed limit of 8i < 7.5 with Ca> 1t
“tgreous” homblgnde’ have been omitted for pressure  caleulation. A homblendes
reported shipw lextufa evidence of eoexistenes with gquartz and the analyses were made
an ke nm compasiions of hoblende o provide true piebire of compoesilon with the
last melt remmining In the rock. Homblende from the mocks crystadlized a1 low prEssUTT
nave higher MgdMg=Fe)than those for high pressurg roaks alpey with some overlap in
Me/(Mg=te) between low and hih préssure @mples (Fig 4.3a3 The dala paints fal)
mainly in Edenite fiehd on modifiec IMA recommended MadMp+Fel vs A plut
(Figd 3 a) The Al* vs Al plar shows a strong correlation among themselves with
regression line having equation of Al"=0.133+0.82 Al" and r value to be 096, The dati

posnt fall mainly between line AI"=0 and A <0.6A1" HL25 (Fig 4.3 h),

14



Table 4.1: EPMA Anulysis of hornblende with data at oxvgen base 22 with pressure
caleulated based on formula of Schoade 1992

Sumple Mo, LH 514 LE |28 = )
1" paim [ 2" poin ¥ powmt | 2™ pomt _?_'f__Emul 4" point
G0y 41,457 470018 12,126 42 531 43344 13,170
AL, g7 B384 f A05 bo6aSE fhdi . fi 154
Fel} 18427 193255 11.434 15344 (R 1140
B PN RRILE 10233 11187 12670 [4.218 13473
Mni ) .60 4.557 0.564 038Y IS {1,450
il 1927 10,7 L1473 .38 11226 11507
K., (0 DRI [1, 5501 LHR B A i<l nadly
Ll 167 I.264 720 1.{+27 | ad .79
iy, 0547 1434 1534 17 |.53% 1420
Cr.il, s i TR
Todal 5,285 9995 OREBeD o, enof 0 9Led ) 44
Cations (23 Chygen] 0 0 . Catinns {23 Ovvgen) B
Hi i3 S50 L TR fr. f 2GS B b frN310
Al L T F5326 [ FESaT LIRS [
Fe T 30T 2 A28 | Tais LHIT §a Ti0GH | 7432
Mo 2511R < 3T L el LR haas| 3.1 054
I Nin | 0 {4l | L o{Fa3y (T Al e
La i L7843 | 2005 ! U85 ] | B5EH | AET (LR
K | (1 et B Gl 102 A0 IS {2 [LIIREE
M 0 HGT [ 3540 02256 R n3rdl 02274
Ti 0.7 Hstd T AL 0 14%3a (.81 [ Fhssl
Cr | - - -- -- 013 -
Total [ 5.635% |5 6300 Fa-3510 |5 5400 15600 | 15.53340
Fressurg 407 4,34 .84 20N 264 1.5%
“l.l!l:_ rl
Al" | T57TE 1.2453 L1976 11705 | .FAES .13
MgFerMg a1 GaSt 0643 0A2 Dl 1642
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The diorite sanple ar the lowest elevation of 3354m near Leu village (L1357 14) ive an
average pressure of 4.2 kbar which s the highest pressure calealated from the batholilh,
It the equation (4.1) 15 considercd for depth calenlinon, the pressure of 42 kbar s
equivalent te 1427 km or when we consider the norrl pressure gradient ta be 3 km pes
kbar it is equivalent 10 12.6 km (Fig. 4.4). Further, the diorite samples along the main
kharu Chang La section (LB17/35, LRIS36) from lower levels af the exposed batkolith
lave values 213 kbar and 3 03 kbar averagmg o be argtimd 2.64 khar which is equivilent
i 897 km depth according o cquation (1) and 792 b depth considering normal
pressune pradieni,

I'he pranodiofmig samples (LB LS, LRI/29) from mghest alttades o 3300 m
and 3060merespectively indicate pressure of 221 kbar and 2 11 kbae averaging 2.1 46 kbar,
which wsiequivalent fo 734 km dépth according to squation (4.1 and Bk depth
considening the normal pressurc: pradient. However, pranodiorie samples (LH1375],
LBI1432 and LB133%) from middle level of the expostd batholith have values-al 327
kbar, Z88 kbar and 3.69 kbar averaping 328 kbar equivalent fo L1115 '&m depth
according toeguation (4, Myand %83 km depth considening nomal pressire gradient

Aased op the pressure data it appears that the Ladakl Ratholifh hias heen
cevatallized ar a depth befween 14.27 ke 7.3 km depth gvera venical séction of arovunmd 2
km with diorite indicating lower erustal depth around=14,30 kmi‘and granadiorite arund
135 km. When crustal depths are plotted against the elevation (Figure 440 a good

correlinan between crustal depihs with elevation has heen obtained,
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CHAPTER-5

Rb-5r DATING

S.1TINTRODUCTION

Bsatope geolugy has grown over last few decades 1o become one of the most impeortant
ficlds of the larth Sciences. 1 bk transtormed aetlogy Fom g qualaarive obsercaiongl
swignee to o madern quantitutive onel The selope pealony, hos been used for understanding
the petrogenesis ol mocks as well as age determirdtion. of the mcks fromethe decay of
radicactive ¢lements, Radimactive elements have anstahle nuelel which uidergd spontanenows
transtormations. emdting matier and energy which ulimately leads o the prosdectien af
stable daughter nucle from upstahle parent nuclei. Radiouctive decay accurs by Several
different mgchanisms. The most important of these in geological sppligition are eiectron
capture, betd devay and alpha deeay, For geochronalogical purpose, differdnt parent daughier
pairs are i use such as Rb-5Sr Sm-MNd, K-Ar, Ar-Arn Nd-Sr Re-Os. UZTh-Pheete, Fach
systematicd has il own imporance and use depending upon the rock-lspé and objective of
the gaperiment 7 aurs, 1977 Eizkins, T995)

The Rb-5r systematios has been widely wsed $or dating purposes, | he B b-Sr ratio in
the mantle 15 much lower than the average ratio of the earth azd.t is muoch higher in the crust,
Mantle derived rocks such as basalts.gontain fow Rb-Sr mtier and becauss of this reasir i1 is
dilficult n obtain good Kb-Sr ases oo mafic and wirramafic rocks. However, |pneous
differentiation tends to increase the Bb-Sr oratio. because of Sroremoval by fractional
ervstallization of plagiociase and retention of Rb mothe mel, cavsing higher Bb-Sr ratio, thus

making it 4 systematic suitnhle for the acid igneous rocks. Rh-5r geachronemeter can also be

T



appiicd o K-hearing, Bh-5r nch minerals, becagse of higher Rh<%r ratio. The whole rock
isochron dges are ndicative of the age of crvstallization, whereas, the mincral ages are
ruatnilfestation of the copding and exhosation processes ol 1he wmaim of rilresl,

The matn aim of the study presented m this chapier 15 10 ¢a) use Rh-5r systematic tor
the defermvination of whole rock as well as mineral wges of hotite trom the Ladakh Bathaolith
Iy arahzing these at the newty estabiished Thermal lonization Mass Spectrameter {TIMS)
Laboratory [TT Reorker, Roorvee and (bp 1o give the detailed procedure that 15 being

fallorwed at this aberators.

52 PROPERTIES OF RUBIDIUM AND STRONTIUM

Roth.Rb and Srare the trace elements in the eartht their concentration€.are-goenerally
mepsured in ppmeRE 5an alkalb element (Groep 1y with a valeney of ~ 1 and ionic radii of
|48 A {Table 5.1). Rubidium has two patwrally occurring (sotopes, “Rb and 'Rb with
topic ahilndance of 72.2% and 27 8% respectively, 0ol of these Lo Fahis radioBc vy
with o half-life of 98,8 x 107 years, Like other alkalies, [t is generaily saluble m water and
byedrous fhrids, Due o its higger jonie: radil of 148 A makes it nonacceptable o many
mineral plifises, THiks i |Sarosl ieompatibie ¢lemenl. THE adius oERE (5 Smilar o that of
potassinm (K=].33 A) capsing ity substitulion in K-bearing minerals Such a: maca and K-
feldspar,

Table 5.1: Geochemical Properties of Rubidium

Position in the periodic Table  Adkali metal (1A
Atomic weight {a.m.u) B3 Bidb
Tnmic radios (A) BT

ARET (72 16540 1132

Isntopic Abundance {in %) o
b (27 33460001 T0)

IT



Srowsan alkali earth (Geowp 1A with a valency of + 2 and fonie radii of 113 A The
strortinm has four stable, naturally WCCUTINg IsUM0pes: Yo e B0 and Mo winy Bl
sbundince of 36%, DRT%, 7.04% and B2.53% respectively aut of which only "'Sr s
rad ogenic: which is |.'I:"L"ij'|-.il.'rl.‘|2| by decay of the radioactive ' Rb. The *'Sr in it material can
b ncorporated  from twe sources. one which formed during primordial nuclea-synihicsis
alang with S, ™Sr and *Sr. and another by radivactive decay of "RE, S has an awomic
radius similir 1o that of Ca and, therefore. it substitules fir Ca in minerals. The distribution of
stromtium in rocks is contnotled by the fexeent o6 Which ™Se™ can substtute o Ca ' in IR L
bearing minerals and the deeree 1o which potagsiom feldsparcan capture 51° ¥ in place of K’
ions. The principat carriess of sroaunm in rumecus rock s dfe plagioclase (EWspar and apatite.
During ey szallization, of magma, strontium mitially enters calgic plagnioelase By stibstitutinn
far Cu™, Avditfirentiation progresses and the potissium-feldspars bepins to form, S 7 jons
slert petting froni the liquid by K- sites. Gradually the strontium concentration decreases with
mcrease I degree of tractionation of the magma (Frare, 19771 The aikaline carths are ala
reascrably solubic ingwatermnd hydrous uids, bur not as sluble a5 of the alkdlis, S s

maderatelymobile element as compared 1o Kh.

Table 5.2: Geochemical Properties of Strontiom

Position in the periodic Table | Alkalin Earth (11A)
Ai T
lomic eadins (AY TRl
Sl sE
w8 (704
wse [(9.87)

Atomic weight {:l.m.u}- —

Tsotiopie Abhundance (im %)

w56




5.3 Rh-5r SYSTEMATICS

Ax Indicated by Hutmerdord and naddy (T2 the rale of decay of 4 radipitive paeni
(e a stable davghier product s proporional to the number ol atcms present b any 1ime ang
thee process s esponential function which s independent af chemical or phyvsical conditions.
The 1atal number of daughter atom at any time ‘o can be given as
=0 =nie™ 1 0501
where, 1¥ 15 the number of I'EI’JII.‘.IEL‘I'Iil; davghter Atoups, L, 5 the total number of
Jaugnter atom o time =00 n S the number of atom. & is the Tonstant known as e decay
constant and is expressed in e unit of reciprocal of dme. This equation g5 the fundameniy|
basis of geochrmoological datpp tools [Diking, 194955,
I e Rh-5r svstematics is an example of beta decav, where " Rb transforma o ¥'5
Frovn  Ith a'neutron has been converted into 3 proton and Anelectran (s beta partiole 3 has
been expellgd from the nuclews 1o give w Vs atom, This can be writlen as:
TRb—s TRt [ v ) eSS o by
whiere, .ay e anlineatring and £ is the decay encroy equivalent (o 0273 Mel'
I'he equuticn-de pleting VS aem-in a rock which has remained noaglosed system Tur
1Emes 1 veurs capBe writlen as,

FT!“";I '=H?H'.' 'H'.H-h{'; ul 1.| —-----I:.'-!'..-'i]

Here ¥Sr 15 the tafal number of atems of #Sr tondaye VSt is the number of S
present when the sample first formed or system hecame clased, " Rb is the number of ateme
af T'Rb tnday and & 15 the decay cunstanL,

i1 is wery difficull Ao measure precisely absolute Jselepic abundanve by mass
spectrometry, whereas, the measuremen) of isclepic ratio is casy. Therefore. there 152 need 1o

nse an isotope for nommalisation which is not invalved in the radisactive decay pricess, In



gase of RbSr svalematics "Sr s the rght chaice W form ratics which can he casily
megsured. S ina sampie af rock or mineral femdins constant, while the number of "%
atoms increase by decay oF " Rb. Therefore. the equazion (53] can be rewritlen as

Ve ®Sr= "5 50 TR M8 e H - 1) e {54)

e o H M & . . - '
F5r MSrethe ratio for tese sotopes in the sample al the time of analvsis and can e

whene .
medsured by mass specrrometer.

(80 %0 Sthe isclonie ratio Bt the bme of formation of the mock o mineral
specimen furk nown|

Y RbMSr=the ratio i the sample ot the time of analvsis,

The VREESy pilie of 40K O miineral can be measured using’ o suitable mass
spectrometeriasdens the conte nestiong of Rb and Secan b determned oy senons technigues
ndividually dnd the’ “Rb™Se ratio’ can then be calenlaied: Since thi couation 3.2 s the
equationsal g siraightline, the wpe and the istertept with Y exis can be caloufated fromt a plat
of menspred (S Ser v (YRRMS1) ratiod Tor @ sulte of cogenetie simplés, formed from the
st pitbetal malertal assuming that there has been no exehange of pareni-daughier ET TR
ather than throuparadioactive decay. The time 17 ¢ be selved by the equation t= 17 5 In
tslope+1] Thisowilligive the ape 0F the rock or mineral concermnad r:rr'-'..'Jdn_'d thig, Tol Lo
conditions assiinptions are Tl led (Faure, 1977)
| [he sample should ke from Romogeneous and comagmatic Boedy.
rE The mck or minefad systém neither pained nor lost €ither parent or daughter atoms

incticating rhat the rock or mimeral - muost remmain o closed svstem” with respent o the

parent and the duughter isotepe
j The value of decay constant must be known accurstely and the value of the decay

cienstanl has not changed oeer the earth’s histony.

Rl



SAISOCHRON & ERRORCHROMN

When the T Se™ S compositions fur o suite of copenetic reck samples of the sane ape

. T : b F ' ) it .k b el R

are ploted ageinst their ™ B 5 ratios, the points ideatly define a perfiect straight line called
eochron” iFig 200,

[he mowpie evolution ol @ suite of hypothetical munerals in the sochron diagram s
b illustrated with the help af this diagrsm, At the ome of crestaleatnon of the rock, e al
. L ] . " e BT Al
0, all the thres samples have the same " SeE"Se eatiowith variabic ™ RhSe rabos and plot on
a horzeatal hme. After indT idual sample, s Become 4 clased sv$lerm, sotopic evelution
starts. Due o this evelution. tee points move o straight line swithoa s0pe. As “RD decays L

o Ve dnereises and U REB™S: decresses, hence the poants move alhng the amow as

nadicated. in'F ot 5.0 Ench dsotopie mtld rémains on the Tsochion and gsslope imerelses with

bt a5 g as thesystem remains ¢ lnsed

T T T T T T T T T T
3 a = -
1."’1':'
1.{:' i (i 25 -
s o
1 e - L= gy
| L I ]
il 1 F 1 4 5 fa L K a 1] 11
Bk %

Figure 5.1 Rb-5r isaochron diagram an axes of equal magnitude showing showing
production Sras  Ebis consumed.in twa hypothetical sampies. The third
sample has no Rb.

The gquantities used o make an “sochron’ are measured experimentally hence

experimental errurs ane isevitable. [Ta perfect straight line is not oblained. then numerous

Rl



regression methods of me fittne have been proposed and are in wse (Maintyre e al.. %66
vork, TWen, 1965 Hrooks et al, 1972), Most of the regression methods are quite hectic and
tedious with larze number of matematical calealations und need o comptiter Lo run the
method

However, a bne fimed 1o a se1 of data that display a scateer about the line in excess of
the experimental errar 15 simply net an isochron (Brocks ecal. 19723, Mclntyre ot al. § 1 966)
propased that Rb-5r regression [ils with excess or ‘seclogical’ scutter should be culled
errorchronsg’ snd b reated: with migh* degree. of sispicign. This raised the problem ol
detecting the presenge of_geological geaner. bearing in mind he factthat Snaidical errars Jre
anly probabilies To dyercome-Tis problem fhe condept ol Mean Squared W eighied
Deviates {MEWE) was inuduces asan expredsivn of seatter by York (1969 and: Brock ¢l
al, (1968, 199204t the' scaller. of datd points 15 exactly cquivalent to preditied from the
analytical errors. then caleulation will vield MSWD -~ 1. Excess scatter of data paints v ields
MSWD ST while less scamer than predicted [romt expenmental grmors 3.&_.,-].15. MSWD <1,
Since the gralstical grrors inpat inta the program are only gstimiates of emor the peohiem
arises with the mterpretution of MSWD valugs. To evercome this problem, Brooks et al,
(1970 proposed & tanle oF probabuities 1o distinguish between errorehrom and isechron from
WISWLY valeesy Thes estibhsheda 'rule ol thomb® tiat MSWENalue =T S o the data defines
wi isochran, wtherwise 1t ds an egorehron, Unforfunately. this thomberule has been misused
severely in past and it bas becomean accepted fact thut MSWID mustbe near wnity in order 1o
havie a Righ degree ol confidence when thedata represent o troe sochron.

b order 1o date comagmaric igneous rocks by the whole ek isochron method, a suite
of rocks mst be coliected with a wide span a range of RhéSr ratios of possible so that the

slope af'the fsochmon s well defined (Fanre, 1977, Dickins, 1995)



5.5 CONCEPT OF CLOSURE TEMPERATURE

I order t quantify the geothemmal histors using miieral ages. Dodson (19730 19749,
(981, and (983) introduced the concepl of closure lempersture of 4 rediomelric clock, He
defined e closure temperature of a geochronological sysiem as the température with the
cormesponding time of apparent age. 18 assumes that when the redioactive system is near to the
ervatallization wemperature the dovghter nuebade diffuses oul os fast o it 1= produced by
radioae tive diecay. As e svstem goels down, diffusion s blucked for the mineral at 4
certain temperature: InotBer words, - the elosure Semperatoecal’ 8 Mincra’ sofopic system
represents o oritical threshold Gbisve whichthe radiopenic dapghter product is not retained
against thermal, distgrhantce and below which they gel accumulateds Different minerals
indicaie differen blocking temperature for different systematics. 17 appears thal the chosure s
ol Ttskanineans! ratheér 11 s transitional femperature rnge mowhich the dageiter product or
racdiution damape is partiallv eetained or lost

In.the RE-Sr niner] i the systems have Been opered dueao tharmal pulse, ot the
ciosire temperature the mineral systems will again pet closed to element mobility. The dming
of tiis mipersl phase will give infoemation boet the coaling-histary el exbumarion of
terrams of intercst, iM1he gethermal prodientefthat teerain |s known,

Block ngaemperatures can e determined theorgtically, based on caleatations al the
temperature-depe ndenee of volume diffusipn processes. Ideally. closure.of the Kb-Srsystem
represents gno instantaneous” rsfsIEn fromesompletily mobite characer w0 immobile
character in a tast conling terrain. In a slow cooling regional metamarphic terrain there s &
contimeous rransitwon ol a hph-lemperature regime o this case radiogenic e eseqapes from
cryvstal lattice by aillusion as fast as it is formed by Rb decay. As they approach 1o jow-

4 . N .13 ) d
Lemperature conditions there is negligible © St escape. In‘such a system. the apparent age of 2



Minera (such as hiotite) cormesponds 10 o linear extrapolation of the Irw-temperatune ™ S
erowth line back int the N-axis. 1T o mineral is in contact with a fluid phaze, which is able 1o
remove fidicpenic Sr from s surface, then the rate of loss of * 5 depends on the rate of
virlume diffusion across a certain sive of lattice. In the case of Biotile, this ¢flusion will be
preduminantiy parallel e cleavage planes sather than scross ther

I'ti the present studs, closure temperature far Re-5r hiatiee svstern s considered 10 be
J00=50°C (Dickin, 1995 and the decay constant wsed to caleuiate the apes has value of
42m = 100 W | ws recommengded | LICGE subéamimission on_ Geoehrona opy {Steiger

and Jwegar, 19TT)

2.6 MASS SPECTROMETER

A TPILES SPERTECMETCT 15 4n instrument 1o separate the charged atom sk malecules on
the basisict their masses thrisugh their motions in an electrical and/or magpetic Geld, Thermal
wnizationis 4 echnigue, wiich has been ehicfly developed Tur the analysis of peskogical
samples. The wechnigue is used extensively for the isotope rmatio messurements required fur
Rn-sr, smad, Ph<Th-1, Re-0s ete: for geechronological studies as well s the determination
of rare cafth ¢lements snd less frequently, other selected  elements by dsustopee o ution
analysis, Exlcusive chemical mearment of the sample for coneentration, like Yan exchange
separatin, i oreguired belore analysis 10 overcome the isobaric Tnterferences {Fanre, 1977,
Dnchkims, 195931,

A new genterition molem mast spectometer conststs of three essentinl pars:

A, A source of positively or negatively charged mono-energetic beam of ions.
n Moagnebc analy zge, and
& Anon collector'deteeios,



All the three parts af the mass spectrometer are evacuated 10 pressores of the erder of

[0 8 [0 tarr. The main reason of @ high vacuum is 1o reduce collision hetwden wons and the
.

residue pas molecules which can cduse somme loss ol kinelic energy Trom the ion. The loss ol

kinctic energy will reduce the appropriate flight path doning dellection through the maoss

analyzer,

Lhe won source penerates three sypes of species, uncharged molecular and s0m
fragments, positivels charged wns and negativeiy charged jons, Uncherped species cannot he
wsed Tor meacisement by mags spaaiometn. bl gver; pocitive | ar nepativels charped ions
can be measured. L@ positively Charged mode, uncharged and hegalivels charped ions
ol hde wath the seglls ol the imstrement amd are pumped awas by the vacoufisystorm, wlicreas
pusatively charped pacelesfons are pubded throueh o potential gradient dollinuged by slits
ard passsed it a string magnetic feld.

Acpostively charged on enfering o magnetic field s subjecied mooptoree which acls o
delMect the sons This forceaces inoa divection moteally perpendicelar 10 both direction of
motians of the won and the direction of magmetic field. [ the magnetic field = safliciently
extensive and homogeneous, the mation of the on wontle deseribe o circular trajscton. with
raddins ', Themeemtude al this mdius depends onthe balance of the cemrifuzal fomce due to
the kinetic endrey of the fun, dvd magnetic centripetal force. i the‘ghsence of the field the
ions woenld travel inthe atraight dide I8 the T8 Mass *m - has been acceletatad te a potential
gradicrr *V™ hefore entering the magnetic feld. its Kinetic engradowallbe given by

& V=102 e i )
where ¢ =charge on ion
v o= welocmy ol the ion
and the centrfugal Torce exermed on the on travelling in a crcle ef radius *r° will be

Centrifugal force = my*r et R 1



The magnetic centripetal force is the force of deflection created by the magnetic field:

Fome=He¥ el 37

where. H = strength of the magnetic feld

borthese twie forees in balanee, it can be shawn by cquation (3.5 (5.6) & (5.7
r=WH2Yme e —1% 8]

or mie=H o 0V —+—rf 5}

Couation 15 4) indiedles taa the<legreeral deflectioegl afon of constam mass 1
charge mtlo increases 7% at higher feld -ilJun:,th-. of ‘ower dueelesstion patential in e ioe
SOLITCE.

In praciice, the radies of 1on flight path [r" m egumtion (39 is normally fised b
instrumeni designe The, Specific mass-to-charge ratio chserved AL a Ased exit 2l desends on
the field Strength of the magnet *H' or the aceelerating poteritial *v* of the fos sourcd Tn order
T sCan & muss speeifunt oL necessary o vany one or the other of these plrameters. [0 mast
s spectrometer dgsipn it s nonmal o chingé the magnetic feld srength ralfiee tan
acceleration potential b instniments, Instead of @ single on,.a small <afid baam of wons
enters W magnetic sector The plane offocus lig on o fine. provided ion Beam enferind leave
the magnelsc Aeld-at right anglés passing through the eatrance it und™the 2pex ol 1he
magnetic sector, In mesedasiements the deflected jon beam is constrained by a tised exit slit
peross which the mass speltrum s scunned

An ten detector ar collector e bevond the exit <l of the magnetic sector, Four types
eb devices are available for ion detector, they are; photographic plate, the electron muluplier,
the daly derector and the loraday cup. The Tarsday cup is the simplest of the commaonly usaed
electronic detection devices. 11 consists of three components: a beam defining skt (the exit slit

ol the mass analvzery, electrode (the faraday cup or bucket) and an electron repeller plate

ah



Uhnge an jon 16 mpimene o Faraday Cup, a changed electron is deposited on the electrode,
For an ion count mate of “n” wons per osecond, the corresponding charee depasited on the
elecrirsde st

ne = L2 10" o coulombs sec”!

ne = 1 602 10’ RIMpErEs

Fhis charge iy nommally leaked 10 eann through a resistor having very high value (in

the range 107 - 1077 chml. the voltage dropped across the resistor are measured with the
sensitive voltmeter of highomput impedance. Thedon coont rate ispropartenal o this valtage
drop across the resistor. Tiere [Sanelfect of emssion of $efondary «ledtrofiduee Lo impinging
of fons ot the dleliride chusing ifax of signa’ In osder tosuppréss this SfEch an electron
repetter plag saplaced=m e of Taraday cups This plate s beld wr negative potential (30-90
vidisy with respedbon she Faraday electrode, which B iself designed i the shape ¢f § cup o

hucket 100 fugther suppress this eflect

S.7TANALYTICAL PROCEDURE

AT T MECHANICAL PREPARATION: About5-7 kg of tresh rock samples
coblected ifsiiin the Ge s ere orished frd steel Taw © rasher PRI Dapisde | plos pedoce the
coarse roc< powdesol [-2 mm throwgh repeated crushing andsfeving. Froper coning and
quartering was performaddo attmn homogenization. Chg (RCHom wismbento ngsten
carhide ball mill grinder (RETSCH CEXTRIFLIGAL BALL MIEL ST007 for powdering
<1 mesh size and ether fraction was presefed formineral seperion, From the powde el
sample about 10 pm powder was taken outand manually ground 10 mere fine powder in an
azate mortar and peatle and stored in vials with ne labeling slips. Bor brotite separation parl
of the sample was crushed Lo size 80-1 50 mesh, This fraction was spread on o glessy buller

paptr o remove strongly magnelic particles with g covered bar magnet. A labricated mice
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vibrator was used for concentration of mica fractien. Then, [sodynamic Separatar was ased 1o
separile the magnetic frsction (bictite, homblende, ¢12.) from the non magretic fraction
tquartz and feldsper). The Tsodynamic separption works on the theory of magnatic field and
separates the fractions on the Basis of magnetic properties. 005 ampere current with side bt of
PR wars used at first and then the magnetic fraction obtained from this step wus agam run al
0.8 ampere currerl watk side tih of 22" 1o obiain fairly concentrazed biotite. After this step.
the fraction was spread out on @ glass siide 1o pick sp the biclie separate v by hand picking
under binocular microscope N IKO S -modeli Thiring the handpicking stage. ulrmust care was
taken to remeve all the compostte and e red orains. AN the instruments and ¢ontainess used
iR e processing wepe leaped by high pressure air blowes” Bimosttare wis mlen 1o privent
any sort of crosseontaminagion al any stage.

5.2 SAMPLE DISSOLUTION: Once the pewder and mineral sgparates are
ready, e samples were weighted on Sanorus Blectronie RBalince. Represemative rock
proseders - | Ulmg) and minerl scparates 50 mg) were dissolved in 3ml HE (8% and Ll
ol Inghly purlied HNG acid. High parivy (HNGh and HCT) aeids are prepared by subsbailing
i on quarte plass distiifation ugic and HF Into doubie bettle distillafan ugit. Sarttple
dissnlution is earried dut e tiohely capped 15ml PRA teflon vessels { Savilexd et af room
remperatune Tor shaur 3648 howes and then on s horplarc.at about 70°Calor 24 hours fisr
whole rock. The tghily capped vials were opened and the salulion wag evaporated 1o drvniess
at slow heat {abous 70 to 20207 end then redissolved anil evaporsted two tunes wsmg HCY and
LN For the mineral dissolwtivn the dghtt capped Savillex vials were left tor 24 hours at
roam temperaiune befors evaporarion on hot plate ot about 70 to BT, The samples were
evaporated and doed 1l brown cake like residue was obtained. The brown coke like residie

was dissalved in 2ml 2N HCT to pet clear solution,
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S.TAISOTOPE DILUTION: After the dissolution is complete wmotopic dilutivn
{spikingd 15 onne. lsotepe dilition 5 an anabdical technique by means of which the
concentration of anoclernenl moa sample can be determined by vse of Mass Spectrometer,
Iotope THlution Mass Spectrometry 15 abhreviated as [DUTIMS). The motope dilation methiod
v bsed on the estimation of e gquaniice of an element from the change induced in ns
matape compasiion by the addinon of a Known quaniiby of spike of that elemert contrinuted
fromt the apike and the unkaow namount of elemeat contriboted feoms P sample Thie somepe
dilutien webnigee cen be applied o any element il exisks as o or more nateralls
nccurming sotopes, provided.a, spike is enriched in one of the isotopes of that element 15
available (Blichert, 19970 Vialafong with the sample and I8 acid, which was fast added,
wits weighted, meadimes arg noted and then Yigr spike (- 30my) was added 1o Aot spike s
added from frst boltle 9 was alsa weighted and reading noted down, Afterthis "Rb spike
was gdded o it and readings for both vial and spike bortle were taken, This is dong to cross
check the exact amoont ol spthe that was added. A spike = oo solution thil cintains a known
concerlegion of & PartCUlEE & IEMEnT i which Ratra) Botople eamposition oy peen alrend
bv the corichment of one of its -naturally oceumTing isotopes, The exact concentration and
solopic compasition of the spike clement are verified separately By calibrmion using
standard salutions ¢t well-kpown Songentralions,

I case of whle’ rock samples: the e spike amaunt that has heen sidded s <30 mp
angd 'R spike 15 150 mgdn cie of-bioting_samples-the ¥ sptke amount that has beer
edded i - 30 mg and "Rb spike 15 100 mg. Vhe gmownt of spike that kas been added in case
of whole rock is higher because the Rb content in the rock is already Bigh whereas m case of
nletite samples the Rb cortent is kess as it has higher memlity and must have escaped from

it mineszl o the nsck.
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Quantitative disselution of finely powdered meks has been checked by mulliple
megsurements of Ho concentrations By isotope dilution on the same mock powder. The
agreement was found i be svery pood (ovpicaly within 1% over a mnge of Rh
concentrations o telsic rocks, Afer dissnlution, small amounts (tvpically 1.3 102 g) af V'rh
and "Se spikes of hagh isotopic purity are added 0 the soution and evaporated. Afer
evaparibion the residue left in the vial was dissolved in 1.2ml 2N HCI and transferred in
centrifuge woe wich the help of micropperie The sample spiking procedure was the same for
the whole rock as well as the mingral sepabares

5374 10N EXCHANGE CHROMATOGRAPHY: Ion exchange
chromatogrmphy refers woany exchange method invoiving ahe distribution of components
between a Hxed {stativaaryd and a moving Gnobile) phase. The later.is also called the ¢luent.
separazion: of indiedual components towards the stationpry amd mobile phascs cogses
diHereatieempenents: o move at different rutes alosg o calumi. This priscess, hy alich an
eluei makes i compiund move alang a column, is called eluton (Blicher, 19493).

lan.exchange chromatography involves the reversible exchanee ol ions between 4
solidd phase (the resin itself) and a mabile phizse fa solution of the ions). The resin s nomrally
packed in asuiiabic gluss tube. the column Held vemticalls | andd the shmple soluffon i poured
Headed ) nn thetop of the galumne The samale s then eluted b washing itsionie Componcnls
theeugh the columns usiog a suitable solvent at a comrorlad rae, [onssie separated fram e
another due 1o dilferences in their affinity towards the jon exthanee tesin, The mome stenmip s
an bor s attracted w0 the resing the larger thesolume of the eluenl reguired 1o wash thal ion
et e e ien exchange columin

In the dry resin each tixed funciional group £ S0 ) 15 elitacked with 2 counter ion (H')

lo maintan electnical neutralits. However an being mived with water. the counter inns
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necome mobile and some dilfuse oul of the resin into the bulk solubion. This causes an
vncomipensated nepgalive charae in the pésin. which makes G0 more and mere difficu’t for
Fierthier counter ons b legve the rezin. A avnamic equilibriem s readily set up so that the
number ul counter ons Jiffusing out of the resin cquals the tumber of jons diffusing back. A
serraad| electrcal potential is thus set upat the resin boundary called the Doman potential, D
o it ions other than the ongimal counler wons may also dilTuse in o the resn ang sssocite
with & functional group, The proporton of such ons pamicipate in this on exchange process
dependy en their affingy o the fusenional Sroup L"'L'It'r'I[.‘I':.IJ'I'.‘IJ with origingl counter ons
(Blichen, T993)

The theerwof iofFamigration down a column s bised onthe primcipat that when a
solution i leaded oncdlupd, o dynamie equilibritm is rapidly establisted subh thal tons in
sialubien p-..;r'unuu Emseives betwedn the stal'onary phase [ino eschange r|:.-i|.'|'| ang the
mushile phase (the elugnt) according to distribugion Law

1 = Cugtiate, resfits Ciotate vesin
where [0 jsthe distribiton goefficient for a given ionic species belween the resi amd the
eluent. and € is theconcentration of the jonic species (solae) inthe resin and eluent:

When I is mininum, the most jons are inthe glueat, whereas when [ 15 maximym,
massl jons dre in the resing D déegeascs with the increasing normaliteof the elednt for cation
exchange resins, wod .J:_crcum:r'whh decreasing normalityof the cluent fr anion exchange
resins. A strong cluent sareguired for tie cleaning of o catioh exghange resin, wheress a
dilute gluent or Ha sutfice for the tleaning ol smion excliange resins. For our work we e
using i cation exchange column,

The distributien coeflicients of most ions &lso depends on the concentration of salue
inns present moa given resin volume, e how much material is loaded on the column. 1)

becomes smatler as the loading is increased, The more drlute the solution, the more steangly
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wn 1en will be held by the resin, and vice versa, Fon exchange is therefore best performed
urtder conditions where Inading = low (@ conservative estimale recommesnds e wse of na
ke than L% of the total resin capacity but here we are using the loading capacin of 30%)
amd 13 thereby nearly comstant, Chverloading o column will lead to incomplete separation wnd
partial foss of elements (Bhichert, 1993,

A toial resin capacity is defined as the number of exchange site equivalents per it
weight or volume of the ion exchange resing is uyplly abow 5 meg/e of dr hydrogen from
resin of | % megml (or em ' pof wet résing bed The l'-'ﬂpﬂ";.:':"._:r' o guate mary ammonium bvpes
ot antions Guechimge resin s about 3 meqie of dry ohioride from resinar 12 megimi (or cm')
of wel resin beds

The sepatation “tactor. 4. is'the ratld of the distributim ratios of ten sample
compenents, A& and B, and is wraren as

= Dy 11..».‘

i 15 the meadure: of the separation that canbe achigved by puﬁin;-_ B0 Conponenls
after o single equilibmtion with the resin. The degree ol sepamtion increnses iy dudoy s
froim uniys Two spbutes are completely separated ondy if all ofsolute & s [ one rhase anid
all of soline 1 in the gther.,

Fhe wm exchange ‘renclion that takes plface between 8 ol h..:l-_un_ul_: resiin Al o
surrounding fonie seltiog can be flustrated By EHE follow g vl exchange reaction

REE: 17 + AL = RSOy AT#=H,
sinee exchange ke place equivalents forequvakent. for divalent ions:
RSO HT + B+ 2H,

In the equidibrium positen these reaction depends upon the relative concenreations of

the counter jars H™, A and B i the solution and in the resin, respectively, assuming that

the jones have squal alfinibes for the resin



I'mee relative preferences of o piven series of jons are determined primarily by the
properies jacidily- hasicity] of the fixed functional groups of the resm. The selectivity
increases with moreasing omic size, for example, for the calc-alkalme elements; i will e
elted prer 1o 5 which will be eluted prier o Ba (rBa>rSrerCa), Among a grosp ol 00s
with different valences, fons ligher charges ane vsvally more strongly selected by o resin and
bounded to it mare tightly than divalent jons. Additional factars affecting the sclectively of
won exchanee resing are the poee size 0F a resim. The degree of cruss inkage, which afTects the
depree ul swelling and thereby pond sTres and temperature, pressure. jonic strength of

sneElions.,

5.7.5 ELUTION PROCESS: Sampie s [oadsd into the coltmn onthe resin hed

A5 the sampee moves tarough the columm all the fons in the sampleés are adsorbed on the
surface af the resin. Blution s done with N 1101 Many experiments have been conducted
et 0 P sbow n by these experiments that 28 medeti< the best for the elubing af Bh and % nndd
the range [ar celleciing Rb and Sr [raction hawe been calibrated (Table 323). Rb and Sr z2re
both vatignand they sttach themselves (o the sulphongte group of the resin. As weadd more
and mione B 1o thecolamn the FIE joms keep on attiaching themselves tothe resin, Boon the
resin becumes doaded “with Hejons and dae 1o this the RE staets detaching fram the resin
Later an St fallows the <ame process. The-rewson. forelution of Bb befofe 5rois that Rb has
positive charge of ene and:Sr has positive charge ob two, so thesr 15'more strongly bonded L
the resin than the Rh. Afler elutiofof Rband St repenerstion is done, This is done with help
ef s HOL, &M 15 wsed w0 that oIl other ions which are lefian the column are remoesed from
the column. We can use acids of higher steength also but due o presence of moere water in 6N
this < ased, Water acts a5 n catalyvst thereby increasing the rare of the reaction and ths wil

therehy reduces the tme of regeneration, Acids of higher strength Le. more concentrated wil)



reduce the rate of the reaction and hencs inereasing the tme of elation and may alse haem me
resin Acids of lower strengihs than 6N may nar be able to elute 8l the efl over iars feom the
culumn, The tetal procedural blank is less thin & ng. Rhoand Sr fractions colleeted in Se e
mavilles vinls wene evaparated (o drvness in and stered for londing,
Table 5.3 Flution Process Tor Rb-Sr Separation Procedure
Sample Type e
Sample Number, Samphe Location:

Fhe ol losing steps are gobe followed Tor I:h|_::1__‘|l.tll-|"||‘|.

— - —— N

i ilumn -";.n.'i'lmi _H. | " | I
Load Ll simplein 2RO Ggmettand discard, T 0F 00 B IE =
Leagd! mf3h HETenlieching discurd - N H, |ZJ;_! =
. . F L R . ' i =
Laad LMl 2RHC], goflesd ang diseand, ] & N KL :
— LS.
i' ‘I | TI-II:”"I H|:| l.l.'l.ll. Iql'!d-\.ﬁ'i.l.,'lrd 1] _E [ d+
LE T S T 0.
_ Ll |m|““1 FICT collegt 2hd discard, rl:l O 7| O [ "
 Lamd & w] B ICT, caliest ad-thuoard O FiF BN
Lol 7ol 2% HET fentlect R n yial | N B 10 {|@
|"l3l'-I.IJ 1] i 2@n T‘if.'nl'ml_il'u.‘ discurd. i i ¥ 3 1 El
 Boad 13 mi 2% HC| (eoliect in savilles vial far (] K 3|
L A _ | e
N 2l e R for sepshealiom 0 1T 0y £
" | —— = - .
Lood 20 milfps B lor 1-|_r~'|i:-"|1.|r_||| ' O [ ==
il e M s gl e | o
ET Hnl f.rH-' HL' a1 redemicalion i I ] 14
i Hi‘ll"lfmﬂlﬁﬂ!h! et lir mesk qmunu“n af Hi-Sr F = i =
o B ’ B & S
Lased 30 mil 2N T, enbivar and diseard. T g 1 1
— e a2 o - - r e
Load 20 mlE 3 AT collect and discard; gt C |_ !

570, SAMPLE LOADING: Prior o sample lowding on filsment, the filaments

aave bee treated inoa separate degassing unit o remave all the gascs present so that they dis
ot interlere with the jontation process, These degassed {ilaments are then put in the socket

uf the heating instrument. All these lilaments are o be handled with the help ol fongeps and
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ne use of hand should be there to prevent any contamination snd arease. Contarrnabion will
homper the analvas and grease will recuce the vaceum: One microlitre of Ha M0y s put on the
La-Ntument or ene microlitre of TaFaon the Wefilament inthe centre with the help of one
micrahtre ppettman, The HaPOG o TaF; is used Tor base which provides adhesive surtace for
sample and ivalsn removes the organic impurites trom the somple.
Gradually the current was incrcased up w 0.8 ampere Lo heal the filament. so thal
H P, o TuF; becivmes veseous and forms g unifomm [aser over the Tilament, As the 1:P0,
w Tals necemes viscous weslowly redice the curmeét to geroAdler this 2 plitre of MO
wileris put into the vail_eontaining: sample. which 15 .n-the nitrate_form [for Sroit is Se
(MO0 In this faimde fseeslly dissalved Inowater. Then dne p Tire of the semple (4 taken in
the pipette and fae samyrle 8 losded on the [lament al the centre on, viscous PG or Tals.
We slowly increfse the current up w M ampere and ‘maintaan this for some e 13111
bevome dy. Now the current 35 inceeasod il the fume of H POy or ToF gstart coming: This
currenl & maintained for some more duraticn Gl the fumces stop emerging. '1 fie temperatare iy
agntn incieased in a flashed manner till the red glow appears on the [Rlament, This Gurrent is
then redueeid e zero after a flash, Now the sample is ready for patting up in the FIMS. This
pricess hasbeen folowed tor allthe sanples but the micropipette-tp has Lo bechanped for
erch sample. The following precaulions arg necessary during simple fonding;
1, Micropipetiestip should be ehanged for each and every sample for foeding and care
should be whken so tharsame 1ip is not repealed for the Other sample,
2, Cwrrent shuuld be increased very stowly otherwise it could lead to:
lass nf sample and

barning of filament

I;|i-'l
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After luading the sample the current should be maintained for some time till the fumes
stop eomng. This 15 done s that the fumes of phesphoric acid or TPy do not ener
the spurce chamber during wonization process causicg bad vicewm
Before loading proper catalogue maintenance is a nesessdry slep so that the sample
ientifcation ¢an be done afler the mnalssis, A Jurret is circelar wheel lie part of muss
spectrometer on witich the Slaments are leaded an 21 notches. Thess notches are numbered
froen | e 21 Each filament is put on the e with proper numbers, After this step the et
& placed m the source chiamber. Before placing the tarret inthe Source chamber it has 1o be
checked it high volage
HY iséf and
analyrerpate is ¢losed

Then the ¥gcuum in seurce chamber is broken by Isérting the ke The fach on 1he
source chiamber pate g5 locsencd when the pressure s released Trom the &ounce chambier the
nitrogen 208 has 1o be leaked into source chamber atlow (0.5 har) gnd CUNSLEnt pressune from
the mitreaen oy hinder. Giradually pressire Increases in the sotrce chamber and when freaches
equal to the gtmosphefic pressure the pate opens, he turret i then loaded intathe snurce
chamber ARecit tHegale of the sotnce L'|'|iIITI|'||.‘:.:r i5 shut down and vacueum creatian st by
switching back the key. When fhe pressure decreases to 20017 bars, the samples are nady
o dlata aceursiinm

Ihe sample s awmiged ard icnized by gradually heating the filasment 1w the reaired
lemperature by passing an clectre cument through-t lons are extracied into the s zer by
applving & potential of several kilovalts (positive) Lo the filament relutive to an anode plate

Atter this, the data scquisition is carried out by using the software provaded by Finnigan,



S8 LABORATORY SPECIFICATION

Keth Bh and Sr concentritions are measured by isotope dilution, The "S5r (12 5%
triccer sulution has been caliorated using gravimetric solutions prepaned from NIST SEM 987
S0, The iselopic compositions of these have been determined i the labormory with
approprale mass fracticnation corrections determined by mnming NIST sandards under
fdentical loading and funning conditions, Gravimetric solutsons prepared from SI5T SEM
082 BB standare has been usell fop calibration of ' Bb acer The Rb racer has been
prepared from enriched salls of.” Rbv{98%) Tracer solufions are storgd imtightiy cupped FEP
boftles that fgre weighed cach time thesspike s added 1o sample W monior the evaparation
lass. Boeth Rb-Sposetopic compasitign anddsgtopec dilution meéasuréents are done on a
stngle disslation, Withothese procedures (he unceriamiics are abou G, 1% B Seand about
(5% for BB, 12k-and Sr concentrations in sample are caloylated oft line abier comecting for
fractiongron and the ' Se"Se ratio is caleulated atter deducting the spike contribution
according 10 the double spike correction method {Boetrijk, 1968}, 1 he reproducibilite aof this
methed has beeachecked By spiking the NIST SEM 987 several tmes, The obiained value
for ™ e of SRM GRT “Ert""d each time with the reenmmended valite within the precision
of the mass spectrometef fabout 5 ppml. The method has begpprogrammed onga Microsall
LXCED spreadsheetind saves gt trouble of separaté dissclution o 10 and 11D

lsetopic mensurements=age performed ‘om the Thermus Eleetron TRITON T1 fully
artomatbe variable collector mass spectmmeter (Fig 2, Bvpical sample loads are bess ther
300 ng af Sroand = 200 ng of Rb on a single degassed W filament with Tel of Tabs salution
having 1% Ta i the solution (Birck, [986) TRITON of this laboraiory has % Faradiy

collectors ard one electron multiplice permitting measurement of all the isatopes plus

imerfering isutopes tor the element ol concerm in a singlke static imlegration. [haring i statc



Figure 5.2: Triton T1 Thermal lonization Mass Spectrometer housed at Institute

Instrumentation Center (lIC), Indian Institute of Technology Roorke:
Roorkee, India
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multi-collection fexcept for Rb) data acquisition is done in @ Blocks of 40 cveles each giving
1 tatal of A6l measurements for each isompe. The amplifices are rotated ameng the Faradi
cups bebween the Blocks, Thus cach of the 9 amplifiers gel seguentially connected once L
cach Farsday cup during the data acquisition. In general s mtegratien tme and 3s of settling
lime 15 allowed wsing TRITON software supplied by the company, This makes the data
acguisition rast amd eliminates the amplifier gain ditferences s well a5 the possible cup
biascs, [sotope dilution measurement of Rb consists of 100 satios in 3 Blocks af 20 ratioy vach
withiat amplfier rotation. The beam miensity far Sr & keplal 5X bt amp at Ty Marmmally
within run | s.e meapismueh less than 10 ppm (afien 2boul § ppm) far noemalized 755,
The mensured ptioy fur fsotopic eamposition are nomalized Sy "Se=70.| 194 Gsing
Ravleigh Law, Isolopis rati measurgment of intemational labordtors standands fiave heen
done in botty Statio add dynamic multi cdllection modes using the following cup r_'nr11.'|gu|'_'|1i-:u1

for dynamec mede as given incthe TRITON software:

Friple Cofleciaf measurement of Sr;

L. ¢ H,

"R’ " g Yt
x; " 5 R Y8r
L PP .

[rue ®'Se ™Sk ratiais calcafated online by the software by king appropriate rtios in
eich lime with the sssumplion that the Sadtiomulionremauins the spme in eoch line and also the
cup efliciency is constant,

The intermal precision of Sr standards obtained by using the static and dynamic mulki-

cotlecnon daty poquisien modes were found indistinguishaole Trom the respective static

multi-calleetien runs, External precision of several runs ol Srostandards taken over the nast

i



e vear s oalsa seemdkar 10 the inernal precision Daithin T ppen = Fig 5,35 The data oblained
nthe lah on NIST SEM 987 has o mean value of "SeSe « 0.T10248+ 10 (171 aguinst the

quoted walue of (LT1024 % (Choadhary et al., 2004},

grran Mean OTI0248410 (10

(Cucted value 0.T10245)
OTI0EE |
T | . @
é . Hoc L '
g i : Lo UG o W s A )
= (S o | | [y g |
. B _ . g .
S etk RL AT A e
8 grinpa (Tee o B SR ) L] ’ L A
1‘ * -T .‘.l ||| e L i
el ¢ ! ' | |
071022+ |

|_|,."||;_:|:||:|l— | . L e L e P - A

i f 11 % m L i 3 &) 45 | e
Analysis number
Figure 5.3; Extemal precision of several runs of Sr standands {NIST 367) taken over
e past one year i

5.9 RESULTS

Wew. BboSr fsptopie dnd ‘abopdonce data for 2 whole rock samples gnd 7 Biosne
fractions sepurated Frem some of theseselected sumpleshisve becnagencrated for this study,
[he whole ok samples are from all the three sections (a) 1he BhargChang La, (b abe Leh-
khadung La and () the Lyome-Hanle sections. The location of the samplcs is shown in
Figure 5 41 From the whele rock Rb-Sr data, the primary crystallization age has heen tned

while mingral age data have heen used to infer the coa’ing and exhumation histiory cf 1he

[l
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Figure 5.4: Location map of samples from the Ladakh Rathalith for Rh-Sr Geoachrono

(a) Map of the Ladakh Batholith. {b) Leh-Khardung La section. {c] KI
Chang La section. (D) Lyoma-Hanle section.
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Ladekk Datholith in combination with the Fission track zirein and apatite ages which is
discussed In the chapler 7 Tahle 5.4 shows the whole rock dats whersas the Tuble A8 qhowy
the diata oF the Biotite analyzed reduced by using lsoplot 3.1 programme {Liedwing. 2003)

The whole rocs "'_Rh-ﬁh'Sr and VSR ratios do not give any distinct patiern (Fig 5.3)
Mot of the points arc Clustered with very little Y axis spread but there is some spread in
the X axis. The “RE™Sr value shows o wide vanation trom 020460 to 2421580 and
hr™Se ratio on ¥ axis shows & variation from 0704000 t 0763413, Due ra incasistent
spread in the ratios it i not pessible moplot df Teochron and inl_'ur the ahsolute aee of the
Body 17 all the analyzed samples ken inlo dondideration ata times. A% the Rb-50 whale
rock data depuns-signiflcantly fom o slrict linear patiem, an lsocchromand: hence ape
determimation is g diflieslt for thie set of Jotd aenemted, However, of i samples of
separale sectigns s Taken nto considerntion then we geta parizct 4-point Tsochrin on the
sampies LESZ3 LB, § B4R, and LB 35 from the Klum-Chang Lo section i
YA This tSochron goves the ervstallisation spe of 61, 594005 Ma with initial ™50 5,
rittie oF (LTG0 PALCO0006. The MSWD valie of (092 (orthis isochron depicrs 1he_geod
vualny of-fiL This age & ineonjunction with the reported SHEIMP 1U-Ph gae of

ed). 1 =04 Mg {Singhegtal, ZO0L: Jam et al 2003, 20041, When 1sochrah plots fogindividual

4
= |
—

sections are cofisidered. o distinet pattenn emerges from LehwKardung g (Figure. 5

_J
-

mharu-Cheng L seefion (ol samples, Figurs <8) and Lypma-1Rinle sectian [Fipure 3
This paltern s consistent with theprevicus studigs by Homnegerel abaf (94821, Scharer et al.
(1984} and Sockhabi et al. ¢ 19494), whio alse observed such heteropencities Fom the Ladakh
Batholith.

Seven buotite mineral fractions were separated from the whole rock samples and
analyzed in the same wav as the whole rock. The hiotiie ages obtained from the analysis

give  wade range ol ages from 36,71 +0.05 10 32 486005 Ma. These ages represent that the

102



Table 54: Rb-5r data for whole cock analysis of pranodioriics from the Ladakh
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Fable 5.5 Rb-Sr data for biotite analysis from the Ladakh Bathulith
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bods crossed the 300=30C pelthern during this time spancTwo Smlie apes from the
bathodith, ome by Koeadr method ¢Hunegger et sl 1582} and the other by A" Ar method
(=chlup et al, 2003 are 487+ E0"%aand 32612 ha, respectively Honneper et al, (1982),
have alse reported Rb-Sr biotite ape of £5a fram-the Shey granite body of the |adaks
Ruthalith. Al these ages have been used w interprer the coling und exhumation partem of

the buttlith since its ervstallization and ere discussed in detail in Chapter 7,
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CHAPTER-6

FISSION TRACK DATING

6.1 INTRODUCTION

In aeder 10 unravel the complex histors of the Himalayvan Mountain resulting frem the
eutllisim ol the Indian ande Furasiah Plaes and ensing crustal shorening,  polyphase
defomation, regwonal mattmoarphisa and uplift. 0 0s essential o establish o temporal
Iramework tor somne 07 these evenls Radiometric dating cloeks, ingencrals prokide time ard
femipe ralire oenmd i naies o dercriine the canling and wplift rices and styles g dhe thermal
rstory o rocks. Fhe' patential o Fissidn Track (FT) zizeon and apatite clicks 1610 pravide
time datd tor low-temperstuee history of o rock and has promoted widespread use-al the
method i Many active mountain helts such os Rockies (Naeser, 1979, the Andes {hahn et
Al 1983 the Transantarcic mountans {Firgernld et al, (986) and the Alps i Wapgher ot al
1977, Hurfird <tal, 19911 The technigque has also been applied in the Himalaya {Feitler,
I, moumvgr gt ol o b995 0 Sonchabl ¢t al. 199401996, 1997 el e al 1998 l4in e al.
SR Reeping m view e ssrdand comples ecumic evolutionary Riston, of the Himalaya.
age data are reguired Trom different seciurs.

Fhis chaprer provides the FY age data on 30 samples froim the follow ing thres sections
acress the Ladakh Buthalith (Fig. 6 1a) withethe desteibation of the samples as given against
cach section

tay Leh-Rhardung L section acooss the bathalith (Fig &.1h; 9 samples),

(B) Kharu-Chang 12 section across the bathalith (Fig. 6.1 | 1sam plesy, and
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Figure 6.1: Location map of samples from the Ladakh Bathaolith for Fission Track Datin

(a) Map of the Ladakh Batholith. (b) Leh-Khardung La section. (c) Kharu-Chang La sect
(d) Lyoma-Hanle section,
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1ol Lyvorma-Hanle section along the southern margin of the batholith (Fig. 6. 1d 10
LML)

Fissien track peochrmology s o radiogenic method of age estimation of dpmaze trails
feft by nuclen that are expelled during fission decays of the uranium isotepe — (2.,
Flercher and athers, 1973 and references therein). The primary mode of decay of 7711 s b
alphe particle emission, one of the decay paths exploited in - Ph systematic. However,
abiott ving Tt B Lever o Hisiins, a2 0 ju lends Wit Ingtead Jecay, by fssior in phs mode, the
mugleus spdntanecusly splits |{1IE-.'| Pt len w thomass nambsees =83 g 105 and =130 10 136,
These tww nuciet are Righly charged amd so mutualls repe! and tevel dql"l'“_.l_"[‘jl-;- pwiy Trom each
wther in g st gt e, dissapating their Kinetic energy 10 thie host crvsla! 'fn'ttirlr_. tnes (ravel
This createyra gingledinear damage throngh the latice (Fip 6.2% Because wacks are so
rarrow. they are:gssentially undetectable nouatural state with lght fn thevisible region
Howevertithe demaper! lattices in the rock are chemically rescriveand may be widgned with
labaratory etchants i microfis or sa and are peadily dbservatle under high pawer obiective in
an opHegemicioscope. The muyor dilference” between fgsion track (dating  arde ather
comventiomal sotopie catine technigues % that the duppher product i= phyvsieg! dagnape 10 the
cryalal lanioe, miher thgn ahether sotope,

Fission" Trgh Datmg (FEIY lechnique made its adven i the amenn il sonope
geachronilogy towardy the end 6F sixbies and now has acguired the stats of a routine dating
methad, Mow g davs thensare seviral laboriries, L':.;q_'_;_'i;j”}' i Eawrtpe, UISA L Ausir s wnd
Fapun where FT1 fechnlgue s being routinely usedwith ather dating methods. FT1L s just
aibe lacel ol a lechnique poputarly known as Solid Ste Suclear Track Detector 1555 T
wechnique (Fleischer etal, 1975, The earls developmenl work on the SSNTD was done

by three
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{b} Spontanecus fission of “U produces twa highly
charged heavy particles. (c) damage trail or fission
rack left by the highly charged heavy paricies.






solid State Nuclear Track Detectors (S55NT10's) are essenbaly the matenials that
are damaped by the ererpefic panicles insuch a way that the particle tracks can be deseloped
vy subsequent ewhing and observed microscopically, [These materials inglude most of the
msilating solzads, such as minerals, glasses wnd polymers in the arder of increasing scasitivity.
A comprehensive review o this subject 15 availa®le i various publicatens (Fleischer et al.
9755 Durarts and Bull, F9ST: Lal, 1991, 1992 o 1992 b).

Lhe passage ol heavily jonizing particles through cielectrics ereates mimm paths nf
mtense damage primanly tipeagh coulomib inteaetion With te orbital electrons of the trger
rratcnals aoms: Thesahent features of these dampes are:
it Ihe extent et hesd damages is less than 00 A and that it I the damige within 30 4

ot thepaticle teliectnny, whichis signiffeant.

{11l I racks hawve been found fovbe consisting of atomic. defects.

iy Latent tracks Wough stable at smbient conditions fade af elevated temperatures. The
witvation endreies Ssociated with the repdir of damage trails .Ji?L‘ severs!l electron
virllae These epergy values ure typical of those invalved in atomic diffosionand thus
pravide further evidence of the atomic nature of the defects.

il [N abse rvstinns s tracks in difTraction confrast mode revesl that tracks aie cenlers
af sieniA,

i) In the lust few migrons of the ranse of charged particle, the trask 15 pot revealed. This

ix called Tange delicg,

ivi)  Metals grd moat semidonductors deenst recerd Tracks.

The track Tormation model. which is consistent with all the above experimenial
features of tracks momarganic cevstals, is known as lon Explosion Spike Model. According
o this madel, tracks are the resull ob the defects created by the removal of electrons by (he

lmizing purticle (Fleischer et al., 1965 4], A narmow evlindrical reghon of positively jonized



moms =1 amoan diameer (5 produced behltind the jon trajectory, These positive fons strongly
repel o anather and are egected imto intersttial postions surrounding a new deplced cone
regron. The repulsin will leke place 1f and only i the electrostanc siress i greater thun the
mectanical strengih. Subsequent processes inclede neutralization of the positive ions and
relaxation al the surounding lattice that produces long range strain fields, This moedel

explaing all the experimental leatures of the tracks in minerls and olasses

6.2 CHHEMICAL ETCHING PROCESS

Chemical etching.of rmdiation damages 2 1he backbone of-8SNTD technigue in
having s widespreas apphisations: The chemical etching trisnaforms the lasent wuck inte an
e rasiable sifuckine hvsupplying the fequired amoant of €nergy forithe enlarzement process
The sensativity of thes chemical amplitics 5 comparable ta vervsensitive clegtponic amplifier
te.z etehedarock of 100 pm diameter has a volume which s 167 times larger than the Yo lune
uf the dtenl track)

Edehing takes place vis rapid dissolution o the damaged repion offithe rack eare than
tre wndomaped balk material. Fhe preferentisl chemical énack '-.-._'Ilz-.‘_'i.l__'-. Veand pulk annck
vielncns % etermane the sise and shape of the resulunt clehed tradk . Each detector his an
wtw e eficiens v shich ' detined.as the rutio of the numbepof observes ciehed i racks 1o 1he
rumber ol latenn dismgetails cressmg w wnil area of theoriginal surface o1 the detector. 115

vitlue depends on ¥, and V. el the detcctor.

6.3 FISSION TRACK AGE EQUATION

Liranium s Gwirls uhigquitious trace ¢lement al pip 1o ppo level in minerals aml glasscs
Imhie span of geolnge bme, U0 s transformed in twa differen ways namely alpha decay

ard fission. Alpha paricles are not sufficienth massive o enerpetic 0 make tracks in
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siammen miterals. About one vut of every two million transformations o * L s by [ssinn
A i result of Tsston. the nucieus breaks op mto twa pucler, ome averaging ahout 90 am and
the other aboul 135 am. with the liberation of abour 200 MeY of encrey, These mwo fission
Iragments recail in apposite directions, and damage the ervstal amice alang its path. The
resill s g zvne of damage defining the fission track which is 1ens of anpstrms m dameter
aral FO-20 umon length. Tracks formed in the lowe-density minerals are lenger than thase
firmmed i demse mmerals. In terestrial mstenials althcagh other fissinmng ¢lements sech s
S and - Th are also present, ”.*II i the only sionficant produeer of tracks due w its higth
raie ol lssion, o

Fhe numberae! iafion traeks depends not only on the timi duringswnien ey have
been accumulaln e, biealsa an the uanmiem content-of the masersaly the greates the uranrur
cotltent, the greater e number of trscks.

Phe jotal number of decay of =" in a given volume of mineral Cuntaining. wranium
mams disteibuted evenly drokgbied ies volume, durliig rime T is

o3 ~Mog e |

Where D, astd Now are the aumber of decay evensice and the number.of wranium-238
alomssoe (ab present]im the mineral sample respectivels, Ay Bethe total decay constant of L.

Mosr olfthese deday Eventseorrespond to e-emission: Tre fdtion oF "5 decars tha
are due W spontaneoys fision, s dpfl, il s the_pumber of ligsan évents Fo.oopes unil
volume is given by

Fswpihg Namie®™'en 2

I'he number densiiy, pg. of spomaneous fission tracks crossing @ unit intemal surface

of the sample after ctehing is refaced to e volume density F, by

=1 R.F,

-l
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Whete R ois the mange of & single Hssion tragment, and 1 s the stching dr'tlr.u'.m::-. ot the
mereril

Combining equations 2 and 3, we oblan

Pt Ny R -1 il

Fhe determination of age T thus requires the measurement of L1 concentration in
the sample. Bather than measuring the a content directiv. 1015 more convenien! [ measures
the = L contenl of the sampie and 10 assume (a8 isalways the casy) that thi< stands in 3
consint ralic b the “ L FRe determ ination -..'1.' B content I Bkt -iwuiron Prasion i avoided
ds these neutrons would prodece Tission, also m the thorum ontent of the sample. If the
sitmple i rrradinted with @ kmown Tluence ¢ of thermal neutrons, then the nombsér af nduced

Fissions perunit vedame 15

k '_M_' i AT

iy

; : o R : L1 : : g
Where = is the thernmti-tission eross-sevtion of =L, and M-ty s e numbers of "5 atms

per unitwourme 00 we assume thal the range and etching eMeeney for sponlineass and

induced fisnwn racks gre the samd, then the number of mduced Fission tracks por unic arca is

(BT s A L ] B T, -
[ividing L'|.|.lIZ||iiJTI 4 by 6 and ne-orranging the terms we get
=170 n | 1"+ [hag | Fpedd iy L

iy the fundamental ageequition of f1s%ion trac k method.

Ihe measurement o Fllage 15 now reduced 1o determinalion of the rabo of a
spontaveias ooan mdoeced Track densit (p . thermal neutron Aoencs () and Csswon decay
censtant b In principal, since the vilues of the constants by oa.and [ are well establisked, 11
Femains only oo determing the track demsity ratie to messure the neutron Muence and insert a
viling fiar the flssien decey constunt ¢ o oorder to determane 4 F1oage. Unforlunetely theme s

a 2% value difTerence o the published values of Ay by two groups (Thieland Herer, 97462
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Hipazei, TOR1E The xaloes ebtained Dy the gronpy experimeitally e aroumd eitlier 8 06 - 113
VT T T Thie fower value i supprated by tack avouenlitn espeiomeaty ainl
B datinee ool pwaasepals ] padiinal phsey oo midependdenily koown ape, e ipher salue hy
measarements made using ridating bubble chambers, sonization chambers. radiochemical
mesarsments and by the dating of man-nade glasses ol known daie of manufacrare, These
are the two vialoes of &) that are commonly wsed T addition, the determination of absolute
values for the neutron NMuence, used 1o induce fssion of l in the sample, can be vers
chrmples,. Al the il\.".l."'?'llf'rl._q.'.ﬂﬁ-ﬂ';'l CF e Hl.il_dl.."}h'.': b che inersl gnnins as well as thae esternal
detector may nol ofly vy fiom one individual o anothés but alse with the ML RS
condithmns fdry or §l masersion-objective and magaificationt. Al these faciors can fead o
ereal variation i the calegfared ages obtained Trom the P, track density mtie Sounted for g
sample this making ihe interlaboratory companson of FT daia very difficule

In Grder 1o mase inberlabofalony comparnson amd thus establish the reliabibioy ond
reprodudiniline of FT ages, [LGS Subcommission on Geoehronologs refommendgd thar 4
calibratian lactor, cofy (Cpbe substhuned into the age cysation Tor A 1 5 and B fwhere
$=Bpy. e bemny the track density in the external detector placed in contact with fhe_ursanivm
dosimeter gliss, B is gonstant for given glass ahd s vers difficult o evihiare) iy i B the
ape cqualion as

|l |:|".|| Fag e 43 fpeiml oyl i

Leta represents 4 calibration baseline tor the specifie dosimerer in which py is counted
und can be evaluated from a series H internationally aceepted age standards. p, and p, are
wssumed o be counted on surfaces of similar reglstration geomelry, or else, modified by a
suilable geomerry facior. Sueh g ssatem calibrativn should ko based o a senes o e
standards. aol on - a singic measurernent that s far from precise. The elching and tragk

identification criteriz play vial pale in the determmmation of FT ages, In the present FT work.
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the eichimg and track wentiifcation criteria as well ws the mcroscope condiliens were the
samie a4 adopied by Prof. Nand Lal, In-Chgrge of only woriing FT Laboristony, Department
of Larh &Sciences, Rournirkshetra Laversity, Rerossheta. Tdia and thme 1o time repored
from the samie leboratory by Phakor and Ll (19937 and Komar (0999 Henee the ages of
apatites and 2weons were calvulated by using the value of #eta determined by them, The
vislues of =296 QK28 18 in the pro<ent study, was chipined from valucs of sela detormnation
for siccon and epatile by kumar, 1999 (Lapublished Ph.O, thesis) on the Stundand Gilass
Corning 5 (CM5) prepared by Det) WEHL Schrgurs at Coming Gitass Works, Coming, New
York: LISA,

Fesenlipfhy 8T dabioy regdines the determination &6 Lhe“ratia ofthedensiioy of
spontarcous Toahduced ragks whach 18 'directly analagzows 1o measdrirg the ratiooFdaughter
to parent soap e abundinces inotherradwometne dating methods, suchas k-Ar, Rb-5r 21z,

E¥neot the important assumplions in ealeulating the sges using cquation 7 s tha the
material heing dated has been o dlosed system with respeet 1o Fssion tacks and wranium
simey 115 formation This means that the only alleration in thesania e, is due o radoactive
dievay, Two Japects of s assumption feed o be considerad. Firstly, the fssion dracks onaee
formed mull b slible overtbe ifelime ol the maténal recording [i:.l.'ITI. Et':!:x:-rldlj.', Lthere musl

he no migraton of uraniom.

0.4 DATING PROCEDL RES

Mhifforent tvpes of practical procedofes are-possible in FTTY and for each there s
specific advantopes and limitatiens, The mast favemahle procedures moany specilic inslnce
deperd on the 0pe of materal wsed, s oramom content and fs homogeneity, ape and gramn-

size, The lechnigues wsed in this work have bees aimed ar achieving o high degree of
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reproducibility in the results” and speed of handling This fias beer nccomplished by the
standardization of procedures and refining of laboratory 1echnigues.,
| here are severdl well estahlished methodologies described and heing ndopted in the
well krown lsharatories throughout the glabe AL of them can be classified into jwa sub-
gl
1. Multi-grain methods
inh Poputation Method gPm )
(b Subtzaction Methiad
2. Hingle-wrabm o il s
1al Respalish method
thy Ke-eich method
() Extemal Detectar Method (LA
In‘adl the methods mentioned above the kasic femure is the use of surfacesor track
regrstration for measurement of p,and poAll the methods have almost the same progedure
for estimarion ol p. bul different meassurement proceduie for poAs for example i the P4
the p, and @ are measured ono different surfaees with different U-contents, which are
staristicad Iy egqedyalet i o another, In conlrugt, the BRM looks of induced tricks producea
frem exactly the same surtace onowhich the spomtaneous tracks are etched The exrernal
detector used o reCkrd snduced tracks has different track reestation-charcleristivs, which
maest b calibroted
Cut nf the didferent methods, EDM Bas gol an upper hand due to its advantages and
stmplicity af handling required after irradimion, In pamicidan no grinding 4nd pélishing of
vt ivactive materiels s reguired which is an impomant safery consideration. Alss, with this

method useful sges cun be ablained on individual crysials even when these are very small
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With the EDM. spontgneous tracks are counted in the ciched mineral, whilst ihe
nduced tracks are counted in an external dewesor of megligible wraninm couient muscovite
Reld agunst the mineral during ireadiation and subsequentls erched . Spontaneoas and mdaced
tinckis ane measuned in exactly matching areas from the same planar surface of an individual
crvatal, Thus uraniwm in homoegeneity, 10 at all present, both within and between crvsials, i
ol negligible comsequence. [he method also permigs coretul selection of envstals, avonding
those baadly esched, wrongly orienléd or u,:L:-n1..:|in||'|JE1r dislozations, Ir this methiod SPOTLARCTLS
trucks resull from the passage of fission fagments acress the imtemnal surfoce. from hoth
abave and bkeliva, pmdoeing Jx péometn . Induced track® result from oo, way passaae of
fisson tragments from ke minceat into 1he extemal mice Selector giving 2n geometry. In
wrder w accgung Tur the different geometrigs of spontaneois and indyced trach. a-Acior G s
intzncuced ko LRE eyustion 8 The assumption af a corecfion Betor of 0.5 teeamect Tor e
differerst i geaometny of thepwassurfaces bas been showed toobe walid onld when the etthing
efficiendies of the two surfades ane vineally identichl, (e, 100%) and both spontanenus and
inguce] ireehs have been fully revealed (Gicadow, [978; Maeser et al. 19801, Greatgsteare is
therelone requiredin beth the control of etching and selection of oppropriate grvstals, os
detailed shonge:

i onsidering.the rélabilitvand usefolicss as well as the”ndvabtages EIIM | Tagami et

al. P985} nas been used inghe present study.

6.5 VIETHODOLOGY

6.5.1 Mineral separation: For the separation of the minerzls from the rck
apevicten I ds essentia’ o study the thin scerion of ¢ach rack specimen o eXamine the
presence and abundznce of suitable sized (=10 pmd grams ab either apatite andor zircon.

This step alsa helps o assessing the quantity ol the crop of apatite andfor zincon so a8 10 gt
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an idea of the amount of the rock specimen w be taken Tor processing. The How chart
shiwing all the steps invulved m minesal separation s given in Figume 6.1,

6.5.2 Hand pickillg and mounting: In order o wentily the mincral grains and
wirresponaing replica in the external dereckr precisely. mineral grains were arranged in an
array wmd muoonted o facilitane the steps of pre-grinding and descrption procedure. 1he size
ol the amay was adjusted secording o the requirements. The mounting of apatite and 2ircon
way made i ditferent materia's because ab'their differem track etching and fading condibens,
Phe hand picking and moupting, precedures are diseribed bl
A2 Alrear small 1|.-.'I|'."1i':m vlithe 7irenn Eridins were soread pmoa sihica !.'.:H\.:. UL &L4E 2 Cm s
Sem, Using a sharg Lpped necdhe the grains were picked ond by one aid armanged in o smal
place o the Fhaks shd@in guch @ mannér that-c-axtsalall the greinsswasdt one*direction In
selecting dhe rinfon geting, care was mken sooas o hasd pick large transparent eyicdrl
i.l_'-.‘\-:-.l|x |'Iﬂ"|"i||!_' well defined c-axis, and Gy '\-mll-. ol _'||'|n|'.;'|:\.;in1,|1.|:{_l!,- CAME w2 fof d 5-i|-|_'_|_|.;_=
mount One of the comer  grains was shightly displaced  from _the fpainr arruy, 1me
usefulnesstf arrangimg the gmins along their c-axis and the olght displadement of o grun
helps dumng grrmding polishing. -eiching of zrcon and ek counting i misa detesior
respectivel v reming nd grain. were removed fiom the slass slifle and stopd W the vinl
Ihe silicn glass, slide was then smfled on to g het plae having good 1emperatare ol
ditgem o prups  gres, moanted  Lin (PRA (Copalymer. of  tetpafluoreihylene perlluom
alkenyethylenct teflon piecssdeach of siae 1.5 gm « L3em 03 mim i, becouse ol its stabilirs
pgminsl the etchang at gircon. The wemperatore ol the bet plate was momtined a1 32000 The
tellor meunt was then slightly car assmmetrically at its nght top corner This asymmetric
cutting makes it convenienl W recagnize the grain side of the teflon sheet By naked cves. The

sample codle was sritten with a needle pen cn the backside of the leflon mount,

(e



ani Sam ple
Lrushimg wilh faw wtusher

sicving wilh sb-menh e

|
L . AR
| o ornesh 4;.. Bl mesh wi g |
;
IFannmg -'n':il wilEr
L
e ing wwitls 290-rmesh
! )
‘ |
L T [ = 2 et Sre |
L Purrigimen| rnapnel swepecrebinm
* e 1

, I

Hl.!u-lu;munaw:f.l|t-}|.1p:.1el-lc
LRy namcmagneli LS T R T T TR I I

Feromaz netie

spde slope = W Sagne gtirrent Sl b |
g R - _ l
Magpnetic | | Mon-magnetic I
Bwtlae. flarnlepde Favorens l
Hrmeptie, Epilole Feavy hguid Sgpantion gsing Bramaforni
WTHHE b derdly 287 gmloe

[TThi |

| | Hens
Fetlgspar, Duor s

T
LS TR [ Y

lnamic magnet e separation | Forsarg slop = 28
Side slop = &, magnes curam = L Amp |
‘ ~ A
Elu ='I1ﬂril." Ut T T [T —_[
.
"1-\_\‘:'-‘-hj.:||:||'.';_.-"""llr
i

Heav s figid separuiiom usme B iodgaic it
CLoHs T 1 ey 130 o

.

i.rghl Heavy
l_.-'-"__\_"‘--.\, — =
. Apatite ____.:'

P T
'x___.il"irmn _P__.-'

Figure 6.3 Flow chart for mineral separation

A8 D Aparire: Sinee Fiason racks in apatine ame very sensibive 1o thermal effects, i
mounting it teflon is nopossible. An ehernative procedure, which does nol invalve high

lemperalune reatmant, was adopied, Epoxy is (he best material for this purpose, as it gets
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sihditied ar room: temperature, Resin and beedensr were mived in the ratio of 14 by
valume, respectively. The epoxy resin mount after dryving can n be detached from e gliss
slidde but can easily be remaved rem the teflon slide, which is. therelnre, vty usclul e
spalite mounting. The tellon shde was anached on the glass shde of the same size kv means
of ifagial dape thesceforth this combination af TeMon and glass sheet will be called '
slided. 10 shide is cleaned with aleehol and 4 little petrolesm jelly was anplied on the 1eflon
side of Lhe 145 shide so thal the apatite prainssoould stick 1 il In the ansence of the ey the
clectrostatie eflect could distprd the grnn arfangement danng“hand picking. The hand
plcking ol apatioe graimewias dome Similar o that GF Zirctn bul “sitholy anv directional
alignment of the' prains,

Al l.ht'l"-'-i shifles coftdining wpatite groins were arranged oird hesizoniabsoe see. On
eacn slide, twh safil plass pivees ol thickness 15 mm wire placed o5 spaiers. The cpoxs
resin of fimed amount was then poured on the grains carefully suthat the srun arrgrpemen:
did not et disturbed during poering of epoxy résin. The amount of the epoxy resin was
adjusted jmesuch o manner that when anotier TG slide was put on the glass spacers. (he
poured resir was msde 2 Qaitened oy liodrical form whose digmeter was ghout 15 mim.

Ihistgranpement Was kept-for about 24 hours atroom tem periture o allow.the cpoxs
RS I :~~'1|id1ﬁ-*._ Adter removing the mount from the 10 shides sample codeaw s writen with
a needle pen parallel 1oeoc of the four sides of the gram’ amangement on backside of the
csurl L

6.5.3 Grinding and polishing? Tn onder o expose the internal susface of crystals
bor measuring spontaneous track density, mineral graims were exposed by grinding and
podishing. For using internal surfaces of the minerals, I is ¢ssential 1o nermove o cenain
thickness tooexpose the 43 geometry. This thickness comesponds 10 half of an etchable track
length, which varies from one mireral W another fe. & pm for Zrcon (Krishnaswami et al.

373
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1974 Spm fer gpante dOdeadow ot al, 161 ard ¥ pm e sphene (Glesdivw and Lovernng,
475 I all the mingral grains are mounted sothat the exposed crystal surfage 15 equaliy flat,
then e grans will be amiund almast smiformly and the removal of the thickness, whach
satisfies the 4x seometry. will be guite easy, However, in case muneral grains are inclined,
erodded or have iregolar shape o caves, all the surface area of gach grain will not be groond
aquitly, and hepee the measwrgmesnt of the removed thackness for the 43 geametry condition
will not be possible Trom the 1irst |__'_r|.n-;1 ngon sughracase, grinding should be Continued il
it possible aren is'evposed belare mepguring the thicknestsThis step is called 1he
“pre-grinding” singe

Atier pre-prinding, & hepf description shour the suiabiiy -:'-.1' pach ofaim s necessan;
e discussed “dhowe, Somd part of die crvstal might mot Bave béen exposed - durjng pre-
arinding aal wilnol sansly e conditon of the 4n geometnd Al s ilnp.r.t.ﬁ.ihlu i il ge
auch mn-eXpied ardh after finishing the prinding. all these arcas were regorded ar this slaee
i @ nutgbaok by labaling individus griin

PRE next stepwas tagnnd the moint amd rémove @ cortam thidk ngss peculiar 1 each
minert! for gaposipgthesdn peomeiny, Afer description, the motml was ereund perpendicular
i the t:"..'.:lr-:-r! il the présgondmg (usinge2® pm diemond pastel filal | ghé “preceding
grirdling scratches LTI-J:;s.ppua:tu. mewtatep of grimdling wasearriod ot use b e diamond
pastes. again perpendictdae 1o (he ‘diregtion of the preadous grisding. scratches and new
seratches vnall surface area™were chéeXed. This alenfite grindify with 25 cmoand 14 um
diamond paste pesulted inothe removal 0t 1 7% pm thickness, While shifting trem one grade of
diamond paste o another, mount was washed with water using oltrasonic cleaner for ahout -
10 minetes, This process was repeated until the remaoved thickness reached halt of ¢ichable
triech beriprh for each mineral, To be on the saf side, however, the thickness of the removed

surface was kepl more than M7 af the minimum deprh for exposing the 43 geometrs. Thus,
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abowe step ol grinding was repeated, in our routing, 5 times Tor sircon, and 7 times for
Aparing:

bnocase of mircon, grinding proceduse was slightly dilferent from those of apatite. i js
mol wddvisable o prind eircon crystals along their crvstallegraphic c-axis because it ollen
produces deen vracks or damages on the surfage. The cracks or dumages are enlarzed curing
vhemical ewhing and sometmes disturb the track counting, Hence, the pre-grinding and
grnding of zircon mounts should be carried o perpendicular to c-axis enly, for which the
armangement ol srrcen crysials along c-axils is deslred. After each step ol erinding, all
grincng scratches werdertsediby & pm dinmond puste polishing pamllel i c-axis <o that
next grinding serafehes cgimld be casily observed

Afiepgriading, the gvbust waspalishéd Successivel with 8 pm. Fam. 1 owm, 0.250m
dhamend paste Afesery step of polishing, the direction of polishing 1= changed By 90" frum
that o pheceding polishing. The gliemately changing of polishing direction made iLesy 10
distirguish the disappearance of the preceding polishing scratches, themeby, ensuring the
completion of cadk pdlishing step. Before switehing from one diamond paste 1o anather the
samples wite washed upder running wates and ulrasenic eleaner 1o make them clean of =e

preceding eradediamond paste

6.5.4 Etching of tracks: 654 Zircon: The determimution. of conditions for
eptinium etching m orcon requares a special care, e m quite necessary because rrcon show
aniseropic etching behavior of Mesion tracks and a’l thé deicks in varous envstallographic
direcrions do nol have same ctehing rate (Gleadow, 19815 Therefore, i1 is necessany o
contines the eiching until the fracks in all drrections become visible, Inocase of zircon,
sotropic distribution af etched tracks s characterized by the complete revelation of thin

rrachs peralfel tooc-axis



For eiching a large number of zicen mounts together with a specally designed
elchimg barh seatd tempersture controller 1= used.

Afler oblaining the desiced temperature (230°C7) of heater, wton beakerheabers
contaning the eutectic mixture of NalH: KOH eichant (Gleadow ¢L al, 19787 was kept m
the hester tor 12 hours before putting the sampie mownts 1o the beaker, e doang so, no ar
bubhles were lefl n the eichant. The mount atter etching for 2 desired time wis put i 3%
HC selution in an ultrssonic cleaner for 13220 numutes and sebseyuentls inowater for 510
minutes using Wlrasome claane: W remdve the draces of the etchant sicking to the mount
The etching time foc#ireons varies with tne track density “Most zirdoug cleh within a period
OF 1 2-4 foalrs,

6. 5,4 2l parites T hietracks in apatite were ctehed in 0.6% HNO; (by volame) al 5070

fior T gecoad s

.55 P:Il:kil'lg_ and irradiation: Petoee ircadiating the _*\.._1rr|pE_1_'5 i resclap with
thermal neiftrons, wranium-free fisson track deteetors were lxed firmly i contact wirh the
pperal mouals, The Brazibanmascovite, which 1z wimaost free feom uraniem impurilics. was
used i [his present stualy o was CUL nto sgunne picces of iz sliehtly tagger thar 1he anca of
the mounted grains and of suitable thickpess (=01 mm ),

The sample @tde wias writben with o sharp needle on the back ofthe muscoviee, To
dastinguish the surface Fxed against minert] grains. one comeeol itawas cut asymmetrically
atgh it when Ted against the Eraan arfengzemant in theaetlon sheel the culs of both wers
i ke sge divection, For oposy cesin moun s the commer eul of museovite detecton was made
i e same maner before putting deweetors: A the mmesal mounts werg Thorooghly washed
wilh aleohol using wlrasonic cleaner. Alter heeping the mica detecior on the grains, 1t was
covered with a clean plaste sheer (thickness (1 S-mm} of =we slighily larger than the

migscovite The purpnse of this plastic sheet was 10 aveld the sticking of the tape to the mica



dereeton. The entire armangement was then weapped up firmlv with scotch magic tape and the

simple code written on the epe. The sample was thus ready for readiation

6.5.6 Thermal pnentron irradiation: 12 termal column of the CIRLS reactor
b Brabhe Atemic Research Centre, Trombay. Mumbai was used in the presen study for
thermal noutron srradiation. The dimensions of the aliminium capsule for sample irmdiation
i this reacter are 3.5 emviniength and 125 em digmeter. Afier ixing the muscovite detectors
o mounts, e sampies were siChid wertgally aogd peched in the capsule In wrder Lo
measure thermal neulron nur.'m_:': and 1o ke e acceunt dose pradocil glone the capsule,
twior urznium standand glasses pone on.the tOp ard anather gt the bogom of the capsule) were
also packed alomg with the samples, Fach dasimeter meount wis made psing slandard glass.
namely Cotning 3 ENS P repared by De 20 H, Schreurs af Coming Glass Works Coming.
Mew Yark. UISA - The mounting. polishing and packing of these standard ‘ginsses was dusie in
similar way to that of apatites. [he muscovite detectors amached 10 these standied. 21455
miunls were used for counnpg of the tracks: The mack densitv oy was lleulsted by “Lk'-“'i%
meeart ol Ghecounts o two dasimeter glasses. The Carming ghass U85 confaing =2 ppm
uridepleted] uranivm-of natursl Tsotepic abundance =" 1FE =0, 7262%3 and - B4 [Em
thoriam withoupbhny iftesferinizlrace elements

Counting of wtchs in‘apatite a0 Fircon. bots spontaneousas welbas the induced on
mica detector was carried gt oo the samples froar the Ladakh-Bathelith atter irmdiation on

tne Mikan Cptiphet Microscope undes 00X ..Jr.l. .,1|'|.:|:|:|;il..r_-_

0.6 RESULTS

frfl Chemical composition of apatite: The rme of thermal anneang in
apatite is alsa dependent on the chemical composition of the host apatite ervstal, specificalls

or the ratio eof CECTH+ F iCreen et al, 1989, with higher rates of anneal mg for tTuerine-rich
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gpatile relative to chlorne-rich apatite at a gives femeeratore. This compositivnnl el
inpthies thar mdvicoal gparite grams fhom the same sample car display different degrees of
thermal anmcaling even thoueh they have experienced the same thermad history. This effect is
cornmenly wbserved i the samples Tronn sedimentary terraing having variegated provenarce
aml thuy wbso dsplay a range noapatide compesition, This variation in thermal annealing
hehavior betwieen single gpatite arains thus prosdde importent nfomuation abogt  the
masimum lEmperatures experienced by o sample

i imvestizale the gHects ot chlftne and Tudeine contema on the ages af apatie,
chemical compositign stsevenapating wmples Trom all e three sections was determined.
Iese micasuremdms wele made arsing 1100 JXA-BAHIVEEPMA (Electron Probe Micro
Analyser) with @ 13 k3 aceclerating voltage avd 29 10 A sample curreny, havide a beam
sire el | pm. Natural mineral sandards (8P Standord. Canada) were nsed for the analysis
LAF corpechinns wergapplicd tothe data, Ineach sample. 4-5apatite graifs were anawsed to
calculaig the mean vitlues, The semarmtes from the stimpees were imounted dred polished o the
SUMME Wity i they were motinted Tor irradiation. Then the samples werg luken fan B PAEA
amalysis. The composiional vapation of apatite grains from the selected samples mre shown
in Takle 6%

C1 eonfent i samipbas was fund to be mueh less than thie F eoitent Thest vilucs fall
betwern end member Mpuropatite and 1 content Dyrenpe apafite (Mexioo) amd zre muech
bess thar the 104 w1 e o PEL gontent of tse Tutter, CICT + F gt vaeies from 008 1 0.33%:
hetce the chemical composition of apdtiteappesrs 10 have no effects or the anngaling
properties of fissnon trock, and conseguent iy tne FI ages.

6.2 FT Hges A measured FT ape s merely a phvsical guantny of dimension
“tme’ which cguals i the First approsisation the period of FT accumiiaton i the sample.

his guantity may of may not bear geological mformation. I asseciation wity a geelogicalby



mearnglul event is the aim of the peological interpretation, 1L is by thes procedure that the
measured age becomes e wpe ol 1 pealogical evert,

I Fission track (ET1 ages have been determined by the Tatemal Detectnr Method. and the
ages werd caleulated following the Zeta calibration approach. The value of 7eta, wed 1o the
presenl stuay, s MGEEIE and was aobtained for sircon and apatite by Kumar, 1959
tunpublished PR thesis) on te Standand Glass Comng 5 (CNS) prepared by e, 1W H

Schreursal Coming Glass Waorks, Larning. hew York,

Tahkles 4 2 and .3 piescul e pesulis B E ijgt'.l'jij.l.iﬂ o apatlic gnd gircon from the Ladekh
Bathwlith from three smportant sectfioes, respectively, The statistical imgerTanies quoted with
the FT ages havtbeen dalculaed-isiog the procedure deseribed by Galbraith (1981 and
Crreen (198 Meand areduoled as & o+ standard desintion) throughout unless athers se
specified. Asthe mdividoal {0, /gy ratios are mdependent of uraniom vardtion between
erims, obly odorn warabons governed by Podsson™s slatistics are expected 1o he assai aned
with these ratios. However, [he experimental dete generally show a supplementars variation
hetween (puf rtios. A ¥ test allows, detection of thesc supplementary vasiations. | Fibe track
counl satisfios 1he g test e, P (7 192 3% the erroes are erlculared using conventional
approach. Chn the other hand | it the <ample fiils to satisfe the 3 lest e By s €5% real
ditferemces in the TT agesdre considersd L exist between ingivi dual grains, It mas be either
due 1w the inherited etfgcts different provenance rewiuns O warialipn inithe rale of frack
length reduction durig exireme partigl annealing because of composmonal dilferences. In
such wvases. caleulation of a poaled FT dgesds natstrictly valnd and mstead 2 mean age s
caleutated with an uncertainty taken as the standard desiation of the individual prun ages.
Spbjectrvity inoselecting grains was avoided by couming a2l grains with sharp polishing
seratches. In the present analvsis, only ane sample e, NSES 163 failed the ¢ s and is thus

assagaied swath farge statisicul error
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FT oapatie ages ranee Tromm o masmom of 25350257 Ma o0og minimum value of
S0 RT M aner the entite Tength ol the Ladekh Bathobith under investization. The oldest

fssion trech apatile ages in the present study have been encountered froet the foghest uplified



lcetions i the Ladikh Hatholith. These ages are 23,07+ 0,10 Ma and 25 35+2.57 Ma far the

Rhardung La (-2, $440m) and Chang Lo wp (LIBIO28, 3307m )L respectively, The apatite

pges are showing pood comeletion with the elevation and show lower cocling ages with

decreasing elevation (Figs. 0.4, 6.5). These ages are | L7940 00 Ma at Ma at the lowest

clevation (NS9/20, 4038m1 in the Khardung La section and ¥.21£0.87 Ma in the Chine La

sechen near Kharu (LBI&GH, 3732mb The overall weighted mean AFT age for the

Khardung 1a secrion comes out to be 17 382033 Ma, whercas the same lor the Cliang La

seetion is 14.9740.32 Ma. Jughe third-section, When the sample-CI98/ 3451 viehling much

higher age af 13=240 Ma il oty F1 pdtite uges range fram B2 10+0 88 Ma 1o

FE302 | 42 Ma with the wejonted mean o 152320 40 Ma Tor samples Ly i hetween 4 | 6lm
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Table 6.2: Apatite Fission Track Data of the Ladakh Ratholith
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Pable 6.3: Lircon Fission Track Data of the Ladakh Batholith
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Frach derdifies phare measred ad are T 1270m, BT e nuinber af ek caursed,
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whene = e ol crvalais- 11

PR wriles of L= 200 WREE | K in e fueesen sty S Bhlined Tromesgldes ol sota ditermmipation fin
avreem and apalite by Kamar, 0 | Fppullaned P sheadsn on oe So el Gl Cornmg 3 (05 prepared
by e 1 WoE Schreurs ab@omitg Cikess Worksy Comring: New Yok USA,

6.6.2 Apatite Track length measurements: An additional toal for the erpresation
of F1 dmsagis ihe diswribution of wack length- n-apatite, wehich is dingnostic of thestvle of
coading and-will reveal more eomplex thermeal histories (Gleadow e 2l 19861, Fhe' length
dataire senerally colfected fromanly e a speific tvpe of tack called a horizontal confired
trach. 'Confired tracks are complerely contmned within the host ‘mincel grain and have
elched through the etchant penetrating along contiguoes cracks of oher frucks that intersect
e palished Surfacel Although hiased sgainst <ampling “short tracks’ | Laslen etal., 1982,
1984 Gireert, 1988, this method provides the mest direct and reprodegthle éstimate of the
trie distribution’of track lengths withina sample (Gleadow ot al. 1986 Groen ot al. 1989,
As oew Nasion track§aine formed continually ihE host ervsial by raditactive decay each
track experiences o different portion O the total thermi! histery of the sample. The final
distribution of the track lengihs and measured apparent fission track age of a sample therefore
represent an inegrated recond of its total thermal history over a temperature ranpe within
which fission tracks are preserved. It is therefore, essential w have infermation about the
distributicn of rack lengths wizhin o sample in order 0 meaninglully interpret measured

apparenl Nssien track ages (Gleadow et al. 1986). This approach was also undertaken un the
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ppatile grains in the present study, The track length messurement wus performed on
Macimtozh TMecentrolled micrnscope stage and digitzming lehlet system for Frssoom Track
Stage amd [Hgitzing, The assembly comprises of high qualicy Kinetek TMW autemared
SCANMAE STIEC
Apart from the coaling ages on apahite grains, the teack length measurements were also
perfommed on three samples Trom each section (Toll % samples, Table 6.4, Figbh), To
oheernve the elevation effect en the track length distribution. samples  lrome highest,
intermediate and lowest elewationg were selected (Fig ﬁ.T'I.. Inthe ©hang La section, the mean
track length varies o 25550240 pmowith stardand deviation of 1722 om 1099520021 wn
with standant deviahion-of |59 um [Fig.bFa) Similarly, n the ‘Rharduig Ly scotaon, the
highest peigtsaelied o mean track length of 1245006 pm with standasd deviation of [ .43
pm and the sorople from lowest elevation has @ mean tack length o 0702019 gm with
standarddeviation of 1,38 pm and the wmiermediate point sample has nwean track dength of
1 ABE 1% pm withe standaed devigtion of 1,131 wm (Figs:7h). Thereford one chservis s a
remarkible contraciidn in track lengths with decreas ing elevution.

The most striking featuce O the track length distribution data s 1be standand
deviations e lengrhy dee guite-high (Fig 6.6 and Table 64). Accarding-to Glegdow et al
{19860 conlined tack length disuibution of similar mean length and standard deviation are

tvpicil ol slow andSimple cooling Aistory,
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Table t.4: Apatite mean track length data of the Ladakh Batholith
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6.7 DISCUSSIONS

Betrre dizcossing (he resulls it will B¢ apposite 1o wive a briel discussion zbaul the
thermal ar:r!u.:LIi|1_'__- pnd clissnre termperature of the F1ospatate and srireon alocks,
6.7.0 Thermal annealing and closure temperature of apatites In fesion rack
dating. the e ‘.ilhﬂt::_illi'!_ﬁ- vesed for the partial 1 complete erastne of ipichsdF leischer of
al. 1963ny, The fadingoccars when spme of the oss thatwere displaced dizring farmation of
the track, diffuse back into the meck afdheal some of the broken Bonds. The annealing
process appears o slow the etching rate, and 5o the etchant takes longer time 1o efch our the
track. After a ceram amount of annealing, the track has been broken by diffusion so many

times that it etches ab the same rale as the covstal and therefore cannot be seen.
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lhe stwdies af the effects of various environmental parameters on track sability i

ditferent mincrae and elasses (Fleischer ef al. 1965k Wagner and Van Den Houte, 1997}
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indicate that ordimarity o 14 the wmperature that has the predominant effect. Linder
geclogical condition, fading of 1ission tracks is a common phenomenon and the resulling
toss oo Mecien tracks tends 1o lower the apparent FT age. Tn that case, the tme at which the
FT wlogh was turmed on and the tim that s given by the clock is na leager the sams. The
gpparent FI mineral ages lowered by partial or complete rack fadimpg have resulted m
understanding the inszhis of the themmal histery of the bost mock.

Frack fading isa time and emperanire dependent process (Fleischar evall 198355 and
equivalent effects can be nchigved by heating Bl Tow temperatires for prolansed periods and
vice-versa.  Lraniuge lssionotrgeks: in apatite and’ @igon are_metastable,  becouse
recombiration @fdelect wauses the tracks o Fade and armea! at elevatedaempermure. The
wnnealing behavior nbfi%sion tracks inapatite and closuretemperatipes for retchlion of tricks
therein have been estimated by both extrapolation of laboratory. annenling datiiia’ geolop cal
tie Cvagser and Fawl, 1969; Wagner, 1969 Nagpaul et al, 1974 Naeser, 1979), as well as
Irom the Bore hole samples of repsonably well-Kpown thermal history, Bvhere increase in
defvh and_femperatute produecss g decresse in pge {Oleadow and Doddy, 1981 Flgscher of
al., 1965AY Thernthe peological bime between | and 100 Ma, tragks in apatité beain 16 amneal
around TR with epmpigie track Toss over oorange of - 103-130°C, These low-closure
lemperatures dee sensitive by thie ime spenl n the track annealing sone, and thus, o the rate
of cooling These Bave been tound to range from 90°C b relatively Tow cooling rates to
400 a1 fast cooling rates (Waener and Yon den houte. 1997 and references thereing. The
assumaed clissure temperatures o FT apatite sesdems for the samples from the Ladakl
Batholith his been considensd te be THO% 107 C i the present study,

6.7.2 Thermal annealing and closure temperature of zircon: The
armeating belavior of the zircon fission tracks is comparatively less well knoswn, Althoogh i

s well estanlished that FT retention is higher i ziccon than in apatite, various estimakes for
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closure lemperatures in zrcon range widelv from about [ 73°C (Harrison et al. 19797 1o
WL (Rrishnaswamiel al, 19740, The earliest laboratery studies on 1T annealing of zircon
madde with induced tracks supgested anomalous high stability termpermtures (Fleschior er ol
2o hrishnaswami ot al, 1994, Bal ctal, 1983). These results are clearly at varianee with
the estimated clesure temperatures determined from ficld studies wsing several radioactivits -
based geothermochronemeters or frome analvsis of deep drill hole samiples. These
temperatures fall in the mnge of 1752400 (Harrison et al, 197% Hurtord, 1985, 1986 Zaun
and Wagzner. | 985} The |'||'-1.|:r!1i.l1 diffiehy in understanding theanncaling behavier of F1
gircon appears (o be ghe roke ofsceuralated radation dermage from a-decay of uramum and
thorium, The comeeptration ol urapiam and thorium and this the eXtent ofmdistion damape
due w0 a-decay invircomis pruch Yarpdr than that in apatite As o rdsull of thessdamages i1 ix
possible thutannealing hekavior of spontunecus fission fracks in zircon might Be i fTorent
from that of induced fssion wacks giving rise to high closure lemperatures of zircon deduced
tram thes Bater type of tracks do sugh significant difference 15 reported in apatite possibly due
o dew extent of a-damage Bat sl there s 8 difference of aninian about the mole of -
damage weannedling behaviowr  According 10 Kassva and Nacser {19881 the thermal
stapalicy ol B T in zivgen sogmversely properional w the densine of adcumifated.alphs recoil
darmizge within'the zircon graing On the other hand, Carter (19803 fagnd no read correlation
herween uranium cancentration and gircon fission track apes and sugpested the ddfereatial
anngaling of BT in zircon sught g rather a function of mineral chemisiry simitar 1 the ane
ehserved in apatite (Green et al., 1989, whese theannealing kinetics are fimnd 10 he stronzly
dependent on the CUF rabio of the apatite grains,
From the above discussin it is obyious that iF an approprate FT ¢losure lem perature
i5 10 be assipred 1o zircon, i1 is esseniial that only spontaneces fission tracks are to be psed

|Brandon and Vanee, 1962 and Tagami et al., 19900, Tagami et al. { 19940 have reporied the
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e of wnnealing, of sponiimesoas Bston trcks as a fincbon of temperatone a detepmime:|
g Series b D Bene anocalmg eeperimests. Saun ol Woaeser {108 Iove emplosied
naturally anaeaied saoples from deep borehole with a well construned thermal histon o
determing the thermul stability over a time span al 100 Ma,

| 'sing the approach supgested by Dodson (19731 and data of Zawn and Wagner (1 985)
tnd Tagami et al. (1990 Brandon and Vanee (19921 caleulated closere temperature af
sireqe, bhe values ranpe trom 200 @0 2607 for different coobing riles ranging from
FCMa 10 TP Hucdord s (9507 estimage of Ty = ZS0E50T for.a cooling rate of
LS"CM Prom: coalmo husten ol Lepbntine Alps based ona varietvol eoopic data, i in
o] spreement wiily thasg, prediged by Brandon wnd Vanced | 992). In thevpresent study the
wlosure 1-;|'np|.'r._1_l.lirl_':\- Bl F 1 stircon svatem s assomed tobé 22003 570,

6. 7.3 Exhumation rates: For the purpose ol caloulating the exhwmation rates in
the presertiwark, the geathermal gradient of 30°C/km has been used. This value has also
heen ased hy=Faitler {1985) 10 the MW Himalava in Pakisan: In order o caleulate the cooling
rarg and grrresponding exbumution rates Trom dpatite ase o present, ©mean annual eerfce
temperature of | 025" C falreud ¥ assumed by several workers e, Zeitlen 1788t Shusherg and
Feng, (988w ymakiye and Wagmer et al,, 1977, Hiucford, 1986 inAlps)lias béerassumed,
Uncerainties m e, cxhomation res will include the uneeriainties in gge und in closure
termperature and as awgsult, may become relatively largein some cases,

T ages from o voomg oreze nie-ferramn can have varfed peofogical significance. The
cumcept of Alockine or cloome femperaghiore represents the kevstone Ter discussion of
radivmetne duta and thermal history, The meaning of FT ages o sperific geological
priziesses oin be limked 10 two basic ways, T the sotopic miners! ages of copenetic minerals
arg available in the area. then from the sequence of minesal ages and (heir comesponding

clostiig emperatures, it iy possibie to inder whother the FT ages are cooling ages o not, 1o the

147



ahsenee of isulpe mineral ages, iU is the gealogic context of the samphes such s wrade of
metamuorphism andins P-T conditions, which help in assigning the meaniag of the FT ages
Cnce it is established that It orepresents a cooling age. it can he combined with uther
ctdivgems thermochronometers to study the thermal hisiory of rock from Termperalures as
figh as SH'C 10 lemperatares as ow as ghout 100°C. From such cooling curves, exhumarian

rate van be calculated using the relition

Exhumution Rate = Conling Rafe! Thermal Gradient

A arernaiive approach wsesihe Sapatiedorcon 1 data 1w vield exhumation rales
withoul any assumptions for valtes of seatbermal gradient and ©losume lemiperature of the
mineral For o given intrusive or basemient body. apatite andior Fireon abe invariah'’
Increases with alfiide doe to the carllor passage of the upper sample below the closure
remperature for the retention of tracks Thus for limited [aeral distance, the difference n
elevaticn divided by the differince in age provides o dircet measurement 81 e xhumation rite
[Wagner etial. 1977 Zeltler] | RS, Schlup et al. 2003). Suck values are free [om larpe
errurs of Closure lemperatires, Lhis approsch s wadely in use and has also been emploved in
granine tereling of Bastem Cordillera of Peru by Laubachacs and Nacsér (1994,

Approxmmabions of exhumation e provided by these procedunes are dependent upon
ertical isotherm s rerm@ining hartzontal and aof influenced by surface rapagraphy of varishic
theemal conductivity [Parmgh, |83, MO38) lsotherms should also femdin a1 constant depth
refanive e the surface. This reguires thin the sotermis shauldaoe relax and sink, Tor enample,
fellewing tectonism, and that the rates for the Coast Mountains in British Columbia shows
agreement within error of madel and meisured vilues where uplift s 0.3 mmea or less. bl
that where rates e greater than 0.5 mmds upbilt bas o sigmificant cffect apon the movement

af geatherms and peothermal gradient,
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Considering the Apatite Fission Prack ¢ AFT) ages and the age v elevanion plot in the
e sectnans, the slope of the line gives the exhumation rate. The eshumalion rales sre ven
fow o the Khardene La and Chang La secthons and vares foom L Tmmda dueng the feme
span of 2300 Mot § LT Ma 1o 0.0% mmda durmg 2535 Ma o 921 Ma o these séclions,
respectively, The Lyorma section which has got ne sigmlicant elevabon difference, the aes
are tighily clustered and vary from 1737 Ma to L2001 Ma except one sampic which gives an
age ol 2308 M,

The zircon vield inshe samples was of quite poor quality and hence nol worth dating
[espite the best effens oaly thfee samples LB 1028, LRO1350 fromshe Chang La section
and T100: 330 From the Dyoma-Hanie secrlon produced some duable copesgrie 2lpcons
Howewer, gafisticol quatud of the ditn ds-ndl very fo0d doe 1w nonaknclotits’ ol lerpe
riumber @b grestalh. Ther ages | come tut o be 4735328 M 43.33=3 .38 AMa and
31T L2680 e tront twossgetions Trom west 2o the cast; respeetively. These samples are
lecated 3300 me 4895m and 4160 m cespectively: Considerable vounping ofthe FI1 #ircon
apey 15 miicedhle wwards east, thisugh it eould dor be confimed duc £ kaek of 6 <
CConsiiben iﬁg_; these fpes, the exhomation rites for the respective :-u.r|||l|-.;_5 aredi 2 mimia. OULR
mire i and P28 mmea, respgenvely witha mean exhormataon rate ol 40,25 mnda botween 47
and 1%.33 Mo Thedemptral vorintions of ¢xhimation ratessare fostmeed=in Fable 6.5 and
Fig 03

ln comparson o e FT dataesel from the Ladakh® Bathatith penerated for in this
wiirh, Schiup et al. (20033 obtained only one FT apatite age of 321 Ma from Chumathing
with mean trck length of 14732004 prrt and idterpreted 0 diagnostic of mpid cosiing
threugh Partial Anncaling Zone nf 60-110"C duc to fonger residence period of the hathalith
al wreger deprh as o resul of s logal overthrusting by the Indus molasses deposits during

Labe lioscene.
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Fable n%: Exhomation rates of the Ladakh Batholith for various ime spans

Cectimn T Time s T T Esbumation rates.
| mhebbardung, [ a I we 11T Al W mimdoo rem age ws, clesviion et |
T Presem " 028 mmea b rom Ap o Present
T Khan- Uhang La SLTS w0 25 GE Ma [ 023 mca  From 21 o A coaiing agel
I533 43 Ma (LT medn CFrom e v elevalim pliv '
%21 Mats Present lll Yormewd o Ap e Preseny

In comparison to the Klodatg setodrom the Ladakh Batholith generated for in this
work, Schlap et a 42007, obfaindd only ane FTapatite ageol 3+ 1 Ma forn Chunathang
with mean ek length of [473=0.14 pm and ierpreted 10 diagnostic of pipid cooling
throweh Partal Annealing Zone of 80 110°C due wo loneer sesidence period of the hatkalith
ab greaher tepih os o pesolt 0F T lecal overthrusting by the Indus molasses depoity dunng
Lute Enceng.

Floswever, Sinclor and Jatfey (20070 obtained much older FT apatile dpe of 28+3 Ma
amd 2921 Ma as the coohing ages of the Ladakh Bathalith from Upshi. These ages and much
alder to 1002+0 77 Ma, nhtamed i this work around Khar, which ismearest 1o 1his loality
They alsecaleplned the £T apgiie ages from 2 sednnentary B TILES in inmftediare vicinity
ef the Lwdokh Bathalith, :eootee Nimrvwe Fopmatisn as 1443 Me and “from 2 bowider i
Croksti conglomerate from Zamskar gorge as 12 'Wa From these ages and extrapotation with
e (ite cryseallinity, they deciphired the termination af sediment accumulation in the Indus
Valley in early Mincene, and the earliest possible time for the initiation of a paleo-Indus
River in this anga inoears Miocene (2 20 Ma), Interestingly, considering that the samples al
the hignest elevations of 5300 1o 5400 m from the Ladakh Batholith had crossed the | 10=10"

¢ geotherm (<33 km depth) between 23-25 Ma. one would expect that the overlying



harholith ealumn at the surlaée wvarlable for the erosion wisald have shown [T anatite gpe of

24-26 Ma. considering the average exhumution mte of 0, 10 mmar. |4 is, here fore, evident
Iramy owr dats as well that the Ladihh Batholith possibly was firsd exposed 10 the surfacg
betwern M -16 Mo and was dewined off by the paleo- Indus River aroune thatl Lime on s
southerm slpes, s has been deciphered by Sinelair and Jaffos (20017

Schlup el al 12003 determined corcon FT age of 4005121 Ma from 2 sasdstone of ke
Chultee Motsse and indicared that thesegircops were_derved [rom 3 single source as
etosionmal prodoct, probable frem the emplaced™sonh Flimdluan fanpe stack much to the
sucth. Tnstend, ourziecon Flduts elearly reveals that pant of the | ;|.;'!:ai-.h.. Batholith crissed
the 220257 Cusotherm herween<ls and 30 Ma in the region hf“thl."l._:." Upshi snd b yoma. thus
decoming gaininyg provenance fof the Indus sidiments dusing Ofzoeéne.

Mesyteleul the bathalith inherit o slow cooting and sxhumation Msiorsasshown
troe the el@vation v&! ape plots (1 igs 6.4, 6510 Yeer close ohservation fram the oxdumation
va Lime plot indieates o slighp chatpe inthe rates of exhumation dnitially, ke exhumarion
way & shighily fuster, wsoandicmed by the zireon cooling ages which yielded averape
exhumnation_pite 0bD2 1L mmén, Then, elevation ve, plors from the FI apafite aBes give an
average exhfimation “mite o 010 mmi®i Adier the minimom FT o dpafite age o the daed
sample ot 9 2 Nla# the F"n:hrr_!li' e buatholith again coowed End exhunedShmewhar rapidly
warht i rate of 3] mimye Waich & almost threegimes fhan the exhamofien’ from 25 33 Ma o

B2 MaFip.aal.






CHAPTER-7

DISCUSSIONS AND CONCLUSIONS

) — — A — e

T1TGEOLOGICAL FRAMEWORK

Mhe Himalasa marks the youngest-aropeny _on the Earth and has drawn globa
atention from @ wrge number, of jpesstiennsis because of s pastreconds of the collision
tectanics The Phmalava is@ine 68 the best bel w study the Sntricacies of plite tectonle the 0
sthting from sdbdbetion-risfated ¢4 tlean-typed processes o continent-continesr callision
Che Ladakh:Bathohtb=n patt of the Trans-Himalavan comples, s &oresull of notth dipping
subduction of the Tethvar crust bencath Burasia, As o resull, the bathalith has intruded into
the Dras Vowanics piving rise 1o Andean-type setive are setup after its acéretion and prior o
cillision and revends 4 unique threesdimensional exposure due 10 high reliel (Honegger et a!
1982 1iemch et al,, 1883 R and Honcgger, 1939,

e Lisdakh-Bathahth have been referred as “Ladakh Granite” b Tewdri | 1964),
“Ladakh Intugives” by Frank et al, (1977), “Ladukb-Deosal Batholith™ (Hpookfield and
Reyaolds, 19819 and “Ladakh Batholith™ by Rar (1983), The body has been described in
detaled tn fieid by garlier workers (Shama and Gupti! 1978: Thakur-and Virdi, 1979,
Thiskur, 1981; Raz and Hovegper, 1989, Singh. 1993}, Sharma and Gupta {1978 ohserved
it the body reveals a sarcd nature with mone hasic vanety eutside close 1o the - Indus
Molasse and the Indus Ulysch and more acidic varicties within the core, and atributed this
soming to magmatic differentiation. Thakur (198 1) descibed i as the Ladakh mugmatic are
with distinet three phueses of magmatic activiey. {a) tholeiilites and cale-alkaline valeanics of

Dras and Luzantu Formation, (B) the calc-alkaline intrusives of the Ladakh pluonic
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complex, and {¢) the aced voleames of e Rhardung Fepnaton, However, Singh § 1995
camed ol a detailed mapping of the whole bathalith and divided =1 into fiee difterent zones

i e B chi lFedent ros b by paey
T2PETROGRAPHY AND GEOCHEMISTRY

The hatholith bas been studied further petrographicatly and geochemically (R
(977, 1920, 1983, 1986, Rai and Pande, 1978, Sharma et al.. 978, [983: Honegeer ¢t al..
1982 Pande and Hai, 1982 Sharma, §%8Y Sharma and Choubey, 1983 Singh, 19493, Ahmad
el al, 1998 Availahle petrolopical and geochemrcal data fromeahe Ladakh Bathalith supgest
that the majority of the rocks Tange in composition. from diorite 0 granite’ with occasonal
occurrence of more basic vatieties like norite and gabbro in the Kuaresl apea. The geochemical
ufTinily andicanes that it has evelved asan Andean-Tvpe dclive margin

Intiee present Study, Systematic work has been camed out for temporal and lateral
varations of petrography and geochemistry, along three sections.ofthe Ladakh Bathalith. viz.
| th-Khardung Lo, KhareChang Ta and [yvoma-Hanle. For this parposs 33 <amples hove
hecn selécted fram these theee seceions (Leh- Khardung Lad 10 samples: Khane-Chang La: 1
samples and Pyoma-Harde: 10<amples). The petrographic studhes-{ Chapter 23 learly indicate
theee main hopes of rocks-diorite (16 samples), grangdionte (27 samplés) and Sranite {10
sumples). Similaepiciere has emerged from the Quartz- Adkali Fefdspar-Plagiueluse (0-A-P)
parmative caleulationplot of Streicksen (197615 The mujorexide plots. in-particalar the S0,
vy (R0 Nt slot indicates iy sub-gialime530- va B30 plot mdicates medium o high &-
hedring rocks and AFM plat indicates its cale-alkaline characier. In the discrimimation RE vs
¥ +Nb) and Bb vs (Yh+Ta b plots of Pearce et al. (1984} the batholith &lls in the Valcanic
Arc Grimite (VALY Hiekd The nommalized spiderpiots and REL plot: show enrichment of

LREE-LILE and depletion af HFSE which are characieristic ol subduction-related



magrmilism (Saunders ef al., 1980; Holm, 1985). Typical signature of negative Nb anemaly
for subduction zone environment (Wood et al. 19791 is also charscrerized b the spiderplot
at the samples from the Ladakna Batholith, Similar charecter of REF pamem has been reporcd
by Honneger et al. { 1982, Digtrich e al, (19831, and Anmad et al. { 1998} from the study f

the |adakh Barholith from dilTerent sections.
TIGEOCHRONOLOGY AND CRYSTALLIZATION AGE

For abladning the erstallization age ay well as biotiegacling apes. Rh-Sr systematics
on 21 whote rock and T whole rock-brotite pairs from the Dadakh Batholith have heen
attempted. ANl RS and 8¢S values havebeen derrmized in powly- establizhed
TIMS Laborarore at B Reorkee (Chapler ). The data geserated shows d pood<pread in the
VRBSe rtios bulni proper isoghron could Be drown. However, four samples L B85,
i

I

FRIAMLLE 1432 and. LBISGE, rom the Khar-Chang La section) pive 4 wern
sochron ape of 61 592041 Ma with an initial ™ Se™Sr eaio of 1.7041759L0.0000060 wilh
MSWI 82y This age has been considered o be the age of eeystallization of thebrdakh
Bathalithiend i similaf i SETRIMP T L-Pb arcom age ol 604009 Ma [rom the same séction.
[Ringh 1 ar. 00, Jaif et al. 2003, 2004). Initial S1 sMopic  rdios from thigg Ladakh
Batholith range bepween (.703000 10 0763413 and, when considered with the alreads
published valoes hetwieen 07034 1o K764 (cf Honneger &t al . 19821 thege pdint to oceanic
erust and mantle ongor ot the miagmas

The proflem of petling o geod machron an the samples of Ladakh Batholith s quite
ail. Thas was first encountered by Honneger ¢t al. {1982), who could generale only o three -
piting Bsochron age of 610 Ma from the Shey granite body near Leb. Schrarer et al. | 1984)
amd Sorkhabi et al, (1994 have also made efforts (o date the bedy by Rb-Sr svstematics but

fatled o generate any sochron. The lack of good sochron can be altributed 0 nnn-

| 5



coguilibrnnn ol the S badages aml their imogene ity withoes the Body 10 may reflect e
Linnitead e span of generation prad emplicement of lcat mebls (Flonneger elal, TWE2 1L vun
alse be attributed to real age differences in the rocks due 1o mulople phases of emplacement
on relatively smiall scale which is evident from the fact that the batholith consises of phases of
abcut 103107 Mo in Koeredl ared o about 60 Ma aear Leh and later wath later on pulses of
magmatic activity at around 46 Ma. These pulses themselves reflect the heternpenety ot
pateil suuerial, The ether explanation ean be,that vhe system by become opes with sespeel
to the RbSr Sysiematics gué o some laler nctivity. SO lee iwhelages obtained by Ziecon
dabmp by SHREMPYU PR and Somventiona! L1-Ph methiods apd RBSr whole rock dating
lechmigues are glubbed together, an overall weghted mean age of DOE= 124 Ma has neen
otained and Soasidersd s the crvstailization ase,

TAFISSION TRACK AGES AND EXHUMATION RATES

[1ssion track dating of the Ladakh Bathalith on 30 spatite gnd 3 cscon samples Gom
three seftings  (Chapter 6) show o pood correlation of FTapatite age with glevalion sseept in
Lo Hanle seetion and provide inveluable dats on the exbumation rate ol the hathobith.
I'te does ramge fram 9210 Ma to 2535 Ma. However, FT zipcon 8es are 4 LMO45.17 Ma
and 21,71 Ma from west toeast and show yoonging lowards east B apatitce data on 7
samples from Kargilplotonie egmplex: by Sorkhabi etal (1994) from the western sector
range from 135+ 8 Mt 25600 Na while 2 #irdon ages are age 41,427 2Ma and
45 243 5 Ma and Tall within the age ranges obtained in this work (Table 7,11,

Two " Ar"Ar homblende azes, viz, 45. 7208 Ma (Wenberg and Dustap, 20080} and
44.7£0.3 Ma (Schlup et el 20037 from the Ladakh Batholith are currently available and
revenl That this hatholith has crossed the sno+sn" ¢ geatherm (of, MoDougall ane Harrison,

PGRE) an - 44 K3 Ma (overall weighted mean) However, Schlup et al. (20037 have interpreied

4
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the B1.000 3 Mo hamblende sgme represanting o fime sear s erystallizain aml bead |y
cusrval with the magmatic activiny of the Ladakh Batholith, bused on youngest magmatic
SHIIMP |-Ph zircon age of 49.8-108 Ma. |n this work, “'Ar""Ar homblende zge af 4483
W has been considered as the couling age of the Ladakh Batholith through 3004307 C {nom
ts. crvstallzation semperature of -7504050° C a 6005 Mu Tt indicates thar the lLadakh
Bathalith has cooled @@ 16 42°CMa and exhumed (@ 1L.55mmyyr during 6043 Ma in the
central parts of the pluton arcund | gh.

seven Rb-% bioting ages obtuned in theswork, show sewidefange hinm 3671401035
Ma te 32,7820005 Ka and, wiied the nee obtained by Honneger et ol (19873 s considered
topether. an oyerall oweighted mean averape age of 43652009 Ma das hegn ablained.
Considering the sges, obigined in this work an Rb-Sr hiotie, the batholih appCars o have
crossed the300£50°C geotherm an -43.6 Ma, When this Rb-Sr biofite age ssconsidered with
rther scany AR Ar homblebnde ages - 4408 Ma, thene appeads o bean anamdly in the
cocling ages with réspect-ta_blocking temperature of horrhlende und Bietite: #omllesde
having uhigher Blocking temperature of 050" has an apparent’ vounger age of - 448
Ma than higiite o456 Ma with 300250°C blocking remperature-with = 436 Mafage tither
avitileble hamblende gges are very scanty (only 2n aumbers) and thus-giving at *apparent’
conling ape or semegof the bigtiles.in_this work reveal-higher Rb-Sr ages.An “apparent’
culitng ol 200°C i, Mere fore, inforred a1 ppprogimarely 4245 Ma

Twa rrore hiotite aged fan the Ladakh-Batholith, one by'kK-Ar method {Honegaer ot
al, 1982y and the ciher by "ArTAr method (Schlup et al, 2K13) are 4874 16 Ma and
3hr? Ma. respectively, When plotted in the exhumation path diagram, the former iz older 10
Var™Ar hormblesde weighted mean age. though indicating a cosling lemperature ol

300450 O Like many other lermains, it appears o be dug to retention ol excess argon in
3 (REh =

i 5k



rlatite, Ui the other hand, biotite age of 22,6202 Ma is much younger o the FT zircon ages,
ohtamed in the present work trom the Kharu-Chang La section. and appears 1o be anamolous
poam, possibly dide 10 subseguent wectonics anound Chumathang. Both these apes have,
thetelore. not been considered in the calculation of exhumatien rates. Hence. “Ar™ Ar
hormblende age of ~ 448 Ma and the [T zircon age with an overall weighted mean al
21722 145 Ma [5 samples from thes work and 2 from Sorkhabi et al, {1994)] provide an
cslimated extremely tasi cooling of (337 GMo through 500+50° C and 220225" ¢, and
Lherefore. an unexpectedly fasteshumation raie of 4.47 mma,

Conling sate ol the Ladakh Bathalith trom Rb St biotite to FT Zircon during the tme
span Trom 5.4 o 827 Macones out toobe 2730507 Ma with an exhumition rate of (.15
e indicatinga soddén sfow down in s eshimation,

It appearsthal subsequent coaling histary of the Ladakh Butholith has been very slow,
wa it s apparent fromia single modeled "'An™ A K-feldspar age of - 36 Ma (Eunfap et al.,
L8, Cooling rses between FT arcon anoealing temperature of 220" € and Ar reténtion
lemperatere i [eldsplrs = 1300 O have, therefore, been considerably fallen o 1042 /M,
and amaunts 1@ an‘exhufation rate of 33 mmiyy between 42,7 aad 36 Mo There is lurther
decrease ineotling andd exhumation rates when an™ar K- feldspir dee of—36 Ma and
apalite age of Jlo48+0.3 Ma hive been Considered foroehe caledlation=ofcaoting and
exhumation rates durimg this time spanwhen she bathplith has fumner conled down by
anather 40°C w 10°C. Cidving rates appear 0 hove siowed down Lo a5 low as 2.053°C/Ma
it an exhumation rate of GAT mmeyvr

Elevation profiles of apatite ages along the [ eh-Khardung La and the Khary-C hany
La sections alsa provide an insight into the exhumatinn rates of the Ladakh Batholith.

Elevation vs ape profiles (Fig 6 3 and 6.4 plong these twn sections yield exhumation rates of

1)



G vy Detweent 2000 andd BP9 B Lo the fesmer secbion i a tate of B9 nany
hetween 2545 gnd 9,21 Ma for the latter. Therefure, it 15 evident that the Ladakh Bathalith
has exlamed st a very slow rale somewhere between (.07 mmiyr w0 0.1 mmeye sinee it has
crossed 1507 C geotherm for the retention of Ar in feldspar st -36 Ma and -9 Ma-the
weungest apatite FUages fram the bathalith

Considering the the werghted mean ages of FT apatite geochronemeter from the
Leh Khardung Lo the Khar-Chang La and the Dvamae-Hunle sectons, the exhumation
rates o .18 mmv, .21 mimdegand 0.22 amiyf since | 738 M, 758 Ma and 1523 Ma
to the present for these sections, respeetively, Figure 7. 1o presents the exhumation path al
the Ladakh batholith on the hasisol the avallable data

TACUMPARISON WITH OTHER WORKS

Ahour 250 km ko the west from Leh, detailed studvof FT Zircon and apatite Sges from
the Kargil pluten which intrudes the Deas Volcanics, has revealed that gircon ranges from
414427 Ma and 452410 Ma from 2 samples, while cogeneétic apate yeld§™ e of
19,30 2.0 Masand 24, 725 May respeclively (Sorkhabi eral, 19940 Theretore, cooling rines
have vared hetwee 3 451 4" C/Ma 1o $.85177 C/Ma for a perind hemwern 41 45 Ma o
19-25 Ma anil consequently the exhumation rotes us 0.18-0,09 mmdyr. Thesc have almost
rernained the same@naund 0 1Sapmive since 20 %a 611 present 1 is jntefesting Lo note that
the Ladukh Batholitn has sxhumed almaost at the same rate sigee 4| -85 Ma over a distarce af
more than 300 km, as b5 evident from= the=FF zifcon—-apatite studics Trom Kargil,
| eh-Khasdung La, Kharu Chang La, and Lvoma-Hanle sections, Older exhunistion fistory
of the Kargil bedv appears o be more complex smce s crystatlization 0D Ma. Two
eranadionites from Kargil vield L-Pb zircon concordia sges of 10323 Ma (Honegger et al.

1982 and 10242 Ma (Scharer etal,, 1984 k—Ar and " ar ™ Ar hornblende ages Tram the

51
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hrgal ringe from 9042 Mo (Sarkbabi o0 sl 19947 0 82+6 Ma from a svenile (Brookiisld
und Rexnnlds, 1981, and 80,7152 Ma and 82.6=2.5 Ma from the contact zone with the Dras
Voicanies (Frost e al. (9845 All these apes average -85 Ma when ihe Kargil body coaled

=il

theough SHE507 C geotherm @ 147" /Mo and exhumed 1 049 MITEAT Sifee s
erystallizativon. Though much obder in age 1o the main body of the Ladakh Batholith it reves s
almast similar exbumation rates.

The FT resulis obtamed m this work on 30 apatite and 3 2econ samples from the
Ludakh batholitn are not gn sgreementwith isolared agey dogainets by Sinclor and JatTey
12001 ), wha determiped the BT apatife ages un 2 samples frone Uipshi™as 2823 and 2002 Ma
Ihese apes arg much aldero M.0220.77 Ma, ohatined in the presentavork ampund K hary
which iz abian 10.km from Upshi. They also calcalsigd the FT apabite apes from 2
sedimentaryosequences in mmediate vicinity of the Ladskh Batholith™ie. the Nimmu
Formation as 1443 Ma and from a boulder in the Choksli conglomerate from the Zanskar
gorpe as 12 VA, From these ages ard exteapolation with the illice crestallinky they deciphercd
the terminaton of sedirtent accumulation in the Indus Wallev and enrliest possible time for
e imitiatinnal a pakes- IndosBiver in this areacin the early Miosene (€76 Mal, [Atepestingly,
considering that the samples at the highestelesations of $300 1 3400m frim the |adakh
Hathelith had croessed the 110410 C geothern, e - 1.5 ki depth betwegn 2325 Ma, one
worahd expect that thevoverlying bataolith colima b the surlace ‘gvafluble for the crosion
st Id have shown T'T apatine agesgl 2426 MY, consideringthe average exhumation rale ol
0 Hmmive. |t 35, therefore. evident from the data generated i this work than the Ladakh
Bathilith pessibly was first expesed 10 the surface between 24 26 M and was drained off by
the pales Indus River around thay time on ils southern slopes, as has been deciphered by

Sinclair and Jaffey (200,

[ d



7.6 TECTONIC IMPLICATIONS

From the torzgoing discussions, it is cvident that the subdoction of the Neo Tethyan
cocanic lthesphere beneath the soathern margin of Eurasin along the Indus Tsangpo Sulure
Zone (11547 and parial melting of the mantle has produced hrge volumes of cule-alkahme
plutoms in pilses starting from T3 Ma ull 30 Ma. These badies ranpe trom gabloo- nocie
near Karal of 103 e 101 Ma - a concordamt U-Ph 2incon age (FHonegger ¢1 al., 982
Scharer eral.. 19845, granodionte’io dicrde of a0 Y Ma agross Chang La and 58,42 | Ma
el Kharu (SHRIMP LoPh Zircon age. Simgh ‘et nl, 2003 Jain e o, 2004 ). granodiorite 1o
granile ol sU=F &y (Rh-Sr whole toch age of Shevepranite-Honegg rowt oal, J9EZ)
G004 Mo ARb-Er whale rock Gsochron age on pranodiorite from' Khan-Chang La
seclion} and possibly o sounger quasrts diofie Sotrasion ol 498208 Mo [(SHRMP U -Ph
zircon age of Leh granodofite-Weinberg and Dunfap, 20007, [mbal manitestation-of the
Andeandtvpe marin appeased only after the ¢losure of the vast Tethysh ocean along the
1157 when the oveanic lithosphere anderwert exiensive partial melting roproduce #nommeus
quantities of granodionte-diorite pluons, which were emplaced and erystallired at an
appraximatesdenth of about ] 3-20%m,

“ACTAr homblende agesvof —415 Ma from the Ladekh Bathotith eleasfy reveal tal
this piuton has undergdng couling ind exhumation: since its emplacement —60 Ma @
1642 Ca and CASmmive respectisely  assurming .a constanr geothermai gradient of
A0k A this stage, it appears likely that the Indian continental lithosphere deteched
ivsel Calmost completely ram the oeeanic lithosphere and has underwent deep subduction o a
depth af = 1D km e prodoce UHP coesite- bearing rocks in omemedibe vicinity ta the south
e Swover eroal, (20040) determined the age of this ulirebegh pressure the (UHF)

motampmhbism ~53 Ma in the Tao Morard by SmeNd method on gr-gln-whaole mock (35=7

I 5l



Mub Tu D apeoowe prn pes whinle mock €555 12 Mad and (1= i larnite (A5 00T Nlag,
SHEIME LU TE arcon apes wlbaimed by Leack of al, 2000 (in eview) have ndicaed
meremofphig srcon prewth at 3800 Ma duriog the TTHP metimarphiem aned previde: maee
precise age tor this imporant event on the subducting [ndian lithosphere (Fig 7, by
Theretore, initial exhumation of the Ladakh Bathalith appears to be controlled by the
subducting Indian continental lithosphere peior 1o s ataining the UHP metamomhisem - 51
Ma., It s @ remarkabie similanty  that subSegquent superpused  amphibalite  (acies
metamurphism dering the fsothepmal deeampression has been dated between 28 Ma and 45
Ma by Marar phengite (48=2 Ma), SmiNd prmi-hb whateorgek (47417 Ma) and Rb-Sp
phengite-apatite- whole rock (4544 Ma) (de Sipover et al,, 2000} Inthe | adakh Buathofih,
this evesl chincides with “Ar " Ar bomblende age of <45 Ma and gives an exkumAion rane
of 0L53 mmise. As the 1hdian cominental lithnaphere undergos exhumation angd retragmessicn
of the UHP assemblage ' the amphibolite facies -47 43 Ma @Smmdvr de Sizever of al..
SUTHY, theLedakh Bathodith alse exhumed at accelerated speed of 442 mmive between-24 83
phd 42.33 Ma on top of the dismeinbered segment of the Indian [ithosphere aleng the 1757
(Fig. .1k
7.7 CONCLUSIONS
The work gndetaken Jor ine present=thesis s an infegratipn d8F fichd data with

petropraphy, genchemistn, g,_m‘u;hmrmlr_v__r-_-. {Rb-Srdating) along With eooling and exhumation
history by FT dating of the Trans-ITimilayan Ladakh Bathotich, The main conclusions of this
Wik mre as follows:
. Fhe Ladakh bathodith s located between two [lmalavan sulwre zones, the lndus

Isangpe Suture Zone (ITSZ) and the Shyok Suture Zane 2s @ WRW-ESE 1reading

linear belt of about 600 km land 3080 km in width, The batholits is domanated b

| &3



pramdiorite. though miner amount of more basic varieties ke nonte and gabbra also
cenr i Koarpil arcs Cienclemecally, the beebe shaowes, Calo-alkaling, bl v mediam
bl doekes sath sl alkoline chaeeter e normelesead ience elment spaler plhol
e B paatteernk shoewes sapmabures ol Subdiwe o ecBatedd st van doe b pard sl
meltng of cceane lithosphere,

Razed on the Al-content in homblende geoharnmeter, the bathalith appears to hasw
bt erystallieed at depth bepween 14 27 and 78 hm over @ vertcal section ol aroend
I kmowath dbente ndcating - lower grustal depth aroond 1430 km and granadiorne
arocnd 7.35°km, Whea'the crustal depths.sre plotied against the elevation, a good
correlation betwesn Crussl depths with elevation has been obtamed indicating that the
dinrftes 4l lotwer elevation have crystallized first, Also, W the total deptn difference -
comsadered, it comes outbe- 7 km whereas the elevation difference 1= 2 kmeltcan he
mlerred that this body s undergong either magmaric eomprassion o, WO tome
remaval withm this section,

The Trans-Himalavan cale-alkaline Ladakh Batholith piuten has developed due o
partiad melting offthe 1eading cdge of the subducting Neo- Telthwan oeeanic Bhasphere
and way emplaced along the southerm margin of the Eurasian Plate between
Gl A9 041 Mo and 584410 Moy as s indicaled by the Rb-Sr whole tock ages and
SHRIMP L -Ph zirgon ages. These'ages, when considered with the already available
Rb-5r whale rack faoehron ages of the Shey granie and the L-Ph xircon concordia
ages from Leh, reveal an extensive and widespread piutonism in the { adakh Range
around 60 Ma, which was subsequently aftected by manor intrusive plutons and
dolerite dvbes.

FIozircen and apatite ages from 3 widespread sections through the Ladakh Barhaolith

I &6



reveal its exhumation history through low temperature gestherms of 220-25°C and
HO+16°C around 43.37+ 166 Ma and 25354757 Ma. as is evident from the oldesi
FT zircon and apatite ages. Fxtremely auod correlations have beer establishad
netween the elevation and age for FT apatite in twe profiles of the Ladakh Bathaluh
and provade a very slow average exhumation rates of 0,11 mmive berween 2535 Ma
and 9.21 Ma. imespective of any assumed valuss for peothermal gradient, annealing
termperatures and present-iday temperatures,

Comparisen of exhumution hissory of e continental lithosphere of the LHP Tso
Murarn terratninthe somthe wiich has subdocted ' torg deprh ofabout 100 km arousnd
33 Ma witlrahe part of thes T adakh Batholith ceveal S that the laer bas cxhumed i a
piaoy oac s sequence slong north-dipping ITSA Nince s emplicemet=around o1l
Ma till a3 My gshurgation Bas been calculmed atop rste herween (S8 mmyvr.in the
Imithal stapes o 842 numfr subsequenily. The! Lsdakh Batholith  has&rossed

P0+25°C peotherm it

|-

L= 41 Muoas 5 mdicated by averppe FTodircen ape and
| BT around =25 Ma <the oldest apatite age from the barhalith, Tn comparison
o thgarvasthble " FT mwcon and apatite. ages fronr any wather fectofiic umits of the
Himakya, the Ladakh Batholith reveeks an almost uniform andsslow E8huimation
pamem belwegn -5 105 Mival an average rate of ahotit U Himmd/a Fxamation paths
ol the Tso Miwert ol the Ladakh Batholith-are alinest identichl sthee —~ 33 Ma and
alder when compared o the exbummtion al the Higher Himalavan Crvstallines turther

seli.
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M3 62112

T 95133

L& 18/36

Photomicrographs of representative diorites from the Ladakh Batholith {all the
photographs are in X-Nicol position with 20X magnification).

(a) T 96342 : Coarse grained, plagioclase (oligoclase-andesone, 18'-20° extinction), qual
biotite, hornblende. Also showing alteration.

(b)NS 62/112:Coarse grained, plagioclase, quartz, opaques, showing interlocking textu

{c) K-2: Very coarse grained, plagioclase, quartz, hornblende, arthoclase and opaq

{d) LB 17/35 :Fine to medium grained, biotite, hornblende, plagioclase, orthoclase and
quartz (very few), hypidioophic texture.

(e) LB 18/36: Medium grained hypidiomorphic texture, orthoclase, plagioclase, harnblen
biotite, opaques very few,

(f) T 95/339.; Fine to medium grained, biotite, hornblende, plagioclase, orthoclase and
quartz (very few), hypidiomorphic texture,
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T 100:350 NS 512

Photomicrographs of representative granodiorite from the Ladakh Bathaolith [all the
photographs are in X-Nicol position with 20X magnification).

(a]NS3I5:

(b)LB10/2E:
jciLB 14032

{DILB B/23:

(E}T100/350:

(FINS5/M12:

Medium to coarse grained, showing K-felds par. quartz, hornblende
and biotite with hypidiomorphic texture. Part of myrmekitic texture
an right-bottom side of the pictlure.
Coarse grained with K-feldspar, quartz, hornblende and blotite with
intergranular texture.
Medium Lo fine grained, showing hypidicmorphictexture with
grains of quartz, orthoclase hornblende and biotite with opaques.
Medium to coarse grained with guartz, plagioclase, orthoclase,
biotite and cpague, hypidiomorphic texture. Alsa showing myrmekitic
toxluire.
Medium grained with quartz, orthoclase, hornblende, hiotite and
apaque with hypidiomorphic texture. Apatite is also present
Medium to fine grained with arthoclase, quartz, microcline,
harnblende and green biotite.
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NS 72/128 L.l
Photomicrographs of representative granite from the Ladakh Batholith {all the
photographs are in X-Nicol position with 20X magnification).

(a)NS1/2: Fine to medium grained, hypidiomorphic texture with orthoclase, qu:
hornblende and biotite.

(b)NS 84/159: Medium to coarse grained interlocking texture, orthoclase, quartz,
hornblende, and biotite.

(c]LB 16/34; Medium to coarse grained, orthoclase, quartz, hornblende and biotite

(d)T 931334 : Medium grained hypidiomorphic texture, orthoclase, microcline,
quartz and blotite, graphic texture. Also showing alteration.

(e)NS 72/128: Medium grained hypidiomorphic texture, arthoclase, quartz, biotite
and hornblende. Also show myrmekitic intergrowth.

{(f)T 96/341: Coarse grained, showing orthoclase, quartz, hornblende, biotite and

opaque.






