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Abstract

Sediment and sedimentary rocks can be considered as geological archives that faithfully
reflect their provenance information if the bias introduced by physical and chemical
processes during transport angrastioncan be properly recognized andreected for.

The sediment provenance analysis both in modern and ancient settings is crucial to trace
the sediment sources, reconstruct paleoclimate and paleoenvironment, and interpret the

evolution sufacet he Eart hods

Modern sediment, unaffected biagenesiswith transport and deposit under climatic
conditions that are fully known, can provide valuable information on the interactions
among the different controlling factors that govern sotwegink systemsRivers
draining the Himalaya orogen proide the good opportunity to trace the source
fingerprinting that is documented in modern fluvial and eolian sand and how these
signatures reflect the erosion patterns of the modern and-padeosystems. A
multidisciplinary approach based on petrographynerology, geochemistry and
geochronology is emphasized in this research, in order to obtain a comprehensive

provenance information.

Our research area focused on the modern isatveb river systera Yarlung Tsargpo

and Indus River. In the Yarlungsangposystem, the Niachu River was chosen to
investigate the petrographic, mineralogical and chronological signature of sediment
from the Tethys Himalaya, Greater Himalaya, Kangmar gneiss dome and
Transhimalayan ophibic suture. Different tectonic domains are characterized by
distinct heavy mineral assemblages, e.g., thedysle sillimanite and garnet in Greater
Himalaya, young titanite and monazite in Greater Himalaya or Kangmar dome,
chloritoid in the lowgrade meapelites surrounding the Kangmar dome, and
clinopyroxene, olivine and enstatite in the forearc ophiolites. Sand carried by the
Nianchu River and its major tributaries, mainly reflects Tethys Himalayan
characteristics, consistent with the geochronoklgiesults. Erosion rates were also
evaluated and circumscribed in the middle Yarldisgngpocatchment. The average
erosion rate in the Nianchu catchment is estimated&t0 mma?, about twice as that

in the middle Yarlung Tsangpo catchment (01@% a) and about five times as that of
theLhasa Rivecatchmen{0.02mma?). This marked difference is principally ascribed

to the higher erodibility othe Tethys Himalayan sedimentary strata. Within the

Nianchu basin, low precipitation in the rain shadafvthe high Himalayan range may



explain a lower erosion rate in the headwaters (@0i&?) than in the less steep lower

reaches (0.1tma?).

In the Indus River system, minerochemical analysis of amphibole, garnet, epidote and
pyroxene grains, and gdwonological analysis of detrital zircons, associated with
analysis on petrography, budlediment geochemistry and isotopic geochemistry, in
eolian sand fronthe Thal Desert and fluvial sand selected tributaries draining one
specific tectonidomain inthe upper Indus catchmemterecarried out to discriminate
compositional signatures, decipher the provenance information, and trace the erosional
evolution of the western Himalaya syntaxifie compositional fingerprints tfie Thal

Desert sandre charaterized by lithefeldspathequartzose to quartzieldspathelithic

detrital modes and very richmphiboledominatedheavymineral assemblage¥he

high heavy mineral concentration, less negdiiMeabundant zircon ages at-200 Ma,

and specit mineralvarietal fingerprints, consistently refletihat theKohistan arc has

acted ashemain sedimensource The Karakorum appears to contribute less witile
Himalaya shows higher influence on the Thal Desert sand than modern river sand from
the IndusRiver. The Nanga Pebatwas also revealed as important sources of garnet,
amphibole and zircon grain&s a Quaternary repository of wirrdworked Indus River

sand at the entry point in the Himalayan foreland bésaT hal Desersand document
higher erosionratesthan todayin the glacided areas formed largely by batites
granitoids of the Asian active margiiithe closecompositionaland chronological
connection between the Thal Desert and the ancient Indus Delta and Fan deposits, shed
new light on the reonstructing of paleodrainage and the understandimglationship
between climatic and tectonic fang that controlled the erosional evolution of the
western HimalayaiiKarakorum oroge.
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1. Introduction
1.1 General remarks

Provenance analysef sediment/sedimentary rocks had always been a thorny business,
due to the physical and chemicab di f i cati on both before (fen
after depositionpracs s ( i d i a gZaffeeld8if Garzhniti, 2L ) (

However, tracing the detritsand from generation, transport to depositiomodern
setting,can help to understand the roles that tectonic or climate played souhee
to-sink systemProvenanceanalysisis considered athe efficient way to understand
the sedimenbehaviourduring the transport process the modern river system where
the diagenesis effect is negligible and the geological, geomorphological and climatic
information are fully known. Studies on provenanceen also help to correct for
hydraulicsorting effects, evaate the importancef weathering and recyclingand
realize the uncertainties and potenpdfalls in our thinking Garzanti, 2016 As we
always said that the presastthe key to the past, thiecreasing understanding of the
modern sediment can datty benefit the reconstructing of paleoclimate and
paleoenvironment, unravelingf clastic rock provenance, and interpretiof the

evolution ofthe Earthd surface.

Terrigenous detritus has ade spectrum ranging from few microns to several meters,
which isdifficult to study with one single methaQoarse detritus like pebbles, cobbles
and boulders caytithology, provenance, ages and exhumation informattamkl &

al., 2009 Spalla et al., 20Q9%arzanti et al., 2(a). However,they arebettertackled

in field instead ofaboratory Fine detritus, as the major part of the fluvial sedimisnt,
difficult dealt with by optical methods or singdeain techniques, anelying deeply

on the improvement of the measuring technigsiesh asxX-ray diffradion, Raman
spectroscopy and QEMSCAN microscofBunaciu et al., 2015Andoet al., 207;
Caracciolo et al., 20)9Sand is the best study object becausentdespreadh various

tectonic domains anits grainsizeis suitablefor mostof research techques.

High-resolution petrographic and mineralogical studies now become the primary and
essential step for the provenance analysis, which can providentiégral detrital
composition and indicativenformation of source aredHowever, petrography and
heary mineral analysis maguffer great challengas complicated orogenic setting
becausesignatures of diersetectonic domainsmaybe overlapped andifficult to



differentide. The petrography studglonecannot discriminate detritugoung or old,
allochthaous or autochthonous, and orogenic or anorogesetf (Garzanti, 2016
Therefore, detailed and characteristic geochemical and geochronolgadgsisare
needed to Weertracethe provenance.

1.2 Aims and outline of the thesis

The present thesisdevoted to the multimineral fingerprinting analysis in modern river
and desert sand, to explorepetrographic, mineralogical, geochemical and
geochronological applicationd the detrital mineral in provenance analysis, qdgnti

thesediment budgeand trae the erosional evolutiamithin the Himalaya orogen.

The thesis first @views the previous research on the composition of modern sand
derived from the Himalaya orogen and the analytical methodscluding bulk-
sediment, multimineral and singieineral methodscommonly usedn provenance
study. The main part of the thesis focuses on the specific modern sand stulées in

Yarlung TsangpaandtheIndus Riversystems

In the Yarlung Tsangpo catchment we present the first detailed compositional
fingerprirting of detritus relased from the Tethys Himalaya in southern Tdveined
by the Nianchu Rivelntegrated wittgeochronologicaind geochemicaignatureof
zircongrans (Guo et al., in presand previous petrographic and multimineralhes
on Lhasa RivercatchmeniGarzanti et al., 2(a), the sediment budget and erosion
ratesand their controlling factors imiddle YarlungTsangpo catchmemere also

estimated ad evaluated

In the Indus River system, muliethods have beeapplied inthe moden river and

dune sand. Minerochemical analysis of amphibole, garnet, epidote and pyroxene grains,
the four dominant heawsineral species in orogenic sediment worldwidad
petrographic, mineralogical, geochemical agebchronological analysisof sand
collected inthe Thal Desert andselected tributaries draining one specific tectonic
domain each in the upper Indus catchment wetermined tauantitatively identify
compositionaland chronological signatures di’erseHimalayan tectonic unitgrace

the distinct erosion patterns in thedus catchmentand unravel the relationship
between climatic and tectonic forces that controlled the erosional evolution of the

westernHimalayanKarakorum orogen in space and time.



Chapter 1 gives a brief introductioand an outline of the thesis.

Chapter 2 briefly reviewsthe previous research on sediment compositaers/ed

from the Himalaya orogen

Chapter 3 describes themulti-methods including petrographic, mineralogical,

geochemicalad chronologicainethods us#in provenancetudy:

Chapter 4 illustrates the petrographic and multimineral fingerprinting of modern sand
in the NiarchuRiverdraining the Tethys Himalaya, Kangmar doamel IndusYarlung
suturezone.Sediment budget arefosion pattern amorte Nianchu andthe middle
YarlungTsangpaatchmergarealsoevaluatedntegrated witlthe suspended sediment

load and forward mixing calculations.

Chapter 5 focuses on theproverance information carrieid amphibole, garnet, etk
and pyroxene, the four maimagip mineralsn the Thal Desert andelective tributaries
of theupper Indus catchmentith the combinationof Raman spectroscopy aSdtEM-

EDS spectroscopy.

Chapter 6 shows thepetrographic, geochemical agdochronological analysan the
same dune andver sandsamplesn the Indus River systerandthe different erosion
pattern of Indus Rivein the western Himalayan syntaxis and adjacent orogenic

segmentshroughout tie Neogene.



2.Modern River Sand in the Himalayan Orogen

The two main river sysitas inthe Himalayan orogen arehe Indussystemand Ganga
Brahmaputrasystem which deliver abundant sediment to the Indus and Bengal fan,
respectively. The Indus and Brahputra river$othoriginate fromthe Tibet, drainng
symmetrically the western andastern Himalaya syntaxes and ediealayan
tectonic units, whereas the Ganga Rimeginate within the Himalaya, receiving major
detritus from the Himalaya in the nodhd minor detritus from the Indian Shield in the
south (Garzantj 20199. The GangaRiver joins into the Brahmaputra River in
Bangladesh before draining into the Bay of Ber{gal. 2.1).

g
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Figure 2.1 Thesketch ofHimalayanderivedrivers andtectonic stuctures. Modified after
Garzanti(201%).

Different geological domainshed diffeent petrographiccharacteristicand mineral
assemblages, whidan bedirectly seerfrom theirthin sectionsinder the microscope.
Tributaries drainingliversegeologicaldomains(e.g., Gangdese arcadakhiKohistan
Arc, Karakorum, Nanga Parbat, NamchenBa syntaxis, Tethys, Greater, Lesser
Himalaya, and Indian shield)f the Himalayan orogen as the major sand carriers,
deliver detritus with distinctive petrographicand mneralogic compositions which
provide the best materials for provenance sikdy. 2.2).
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Figure 22 Endmember orogenic signatures in the Indus and GaBigdnmaputra catchments.
(modified from fig. 7 and 8 in Garzanti, 2019a (A) Feldspathequartzalithic

metasedimenticlastic sand with moderately poor amphittofeinated tHMsuite (B) litho-
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feldspathequartzose metamorphiclastic sand with rich amphibepedoté garnet tHMsuite;
(C) quartzefeldspathic plutoniclastic sand with rich hornblende domidatéM-suite (D)
litho-feldspathequartzose plutoniclastic sand with very rich hderimledominated tHMsuite;
(E) quartzelithic ophioliticlastic sand with very rich epiddtelinopyroxenéenstatité
amphibolé olivine tHM-suite; and F) feldspathequartzosenessiclastic sand with a very rich
hornblendedominated tHMsuite; G) quartzofedspathic plutoniclastic sand with moderately
rich hornblendedominated tHMsuite; (H) feldspathequartzose gneissiclastic sand with very
rich hornblendediopside tHMsuite (1) quartzelithic sedimenticlastic sand with poor
tourmalinedominated tHMsuite; (J) litho-feldspathequartzose metamorphiclastsand with
very rich diopsidedominated tHMsuite; (K) litho-quartzose metamorphiclastic sand with rich
amphibolé garnet epdote tHM-suite; ) quartzalithic metasedimenticlastic sand with very
poor tourmaine-dominateddHM-suite; M) feldspathequartzose sand with rich hornblende
dominated tHMsuite. Q, quartz; P, plagioclaseK, K-feldspar; L, lithic fragment (Lc,
carbonate Lmf, higherrank metasedimentary; Lms, lowemk metasedimentary; Lu,
ultramafic) a, amphibole; b, biotite; e, epidote; p, clinopyroxgsagfibrolitic sillimanite. The
bl ue bar for scale is 150 &m.

2.1 Indus River

The IndusRiver consistentlycarries feldspathelitho-quartzose to lithdeldspathe
guartzosesandalong itstrunk drainage, with subequal amounts of quartz (invariably <
50% ofthe total framework), feldspars and litlyairs (Fig. 2.3). Detritus entering the
foreland basin contairsubequal amounts of plagioclase andelispar,a variety of
sedimentary (limestone, siltste/shale, dolostone)very-low- to veryhighrank
metamaphic lithic fragments (slate, phyllite, schist, gneiss, metabasite), and common
mica (biotite > muscovite)Suture zone signals such aslcanicgrains serpentinite

and chert are veryveak The richh heavy mineral assen#dye is characterized by
dominait blue-greenhornblendeto subordinate greelorown hornblendeassociated

with epidote and minor garnet, clinopyroxene, hypersthene, staurolite, kyanite and
sillimanite (Garzanti et al., 200%5arzanti,201%).

ThelndusRiversediment in the delia somewlfatrichin quartz and sedimentary grains
(e.g. limestone)lisplaying a lower average rank of metamorpgiains, and depleted
heavy minerals (especialgmphibole and pyroxene), with a small relativcrease in
epidote and durable ZTR mineralSlift et al. 201(. Indus Fan turbidites retain the
litho-feldspathequartzose signature but with onlyninor garnet, suggesting

12



hydrodynamic fractionatiowf denser minerals between the delta anddbep sea
(Suczek andrgersoll 1985Andoet al. 2019.
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Figure 2.3 Detrital modes of modern sand derived from Hiamlaya (fig. @arzanti, 2019a
Major Himalayan rivers carry feldspathiitho-quartzose to lithdeldspathequartzose sand
rich in metamorphic andedimentaryithics, with moderately rich to very richmghibolé
epidoté garnet tHMsuites almost invariably including staurolite, kyanite, sillimanite and
clinopyroxene. Rivers draining the Indian Shield or Shillong Plateau carry instead mainly
feldspatlo-quartzose sad but locally include sedimentary and afeolcanic lithic fragments;
moderately rich to very rich tHMuites range from hornblengminated to amphibadle
epidoté garnei pyroxene with staurolite, kyanite and sillimanite. Feldspathoquditizic
Kabul sand and lithequartzefeldspathic Lohit sandre supplied to the NW and NE ends of
the Himalayan foreland basin. Q= quartz; F = feldspar; L = lithic grains (Lv = volcanic; Ls
= sedimentary; Lm = metamorphic); ZTR = zircon + tourmaline + rytenp = amphible;

Px = pyroxene; Ep = epidote; Grt = gaet; Cld = chloritoid; St = staurolite; Ky = kyanite;

Sil = sillimanite.

Nd and Sr isotope of bulgedimen{(Clift et al., 2002 Alizai et al., 2011aJonell et al.,
2018, 1%Be cosmogenic nuclided(nack etal., 2014 and clay mineralogyA(izai et
al., 2012 in sand ofthe Indus River and Thar Desert have b&arestigate to trace
the provenancé-or detrital minerals, major and trace elemeshislyin amphibole [(ee
et al., 2003 geochemical sty in garret (Alizai et al., 201§, Pb isotopes in detat
K-feldspar Clift et al., 2002 Alizai et al., 20113 U-Pb or *°Ar/4°Ar chronological
studies orzircon or micaandfissionttrack or (U Th)/He thermochronologytudy on
apatite(Clift et al., 20@; Campbell et al., 20Q%Alizai et al., 2011pin sand 6 the
middle Indus catchment and its Punjab tributahagealso beercarried outto trace

theerosional historyand climatic or tectonic controls on the erosion pattern
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2.2Ganga River

TheGangaRiver carriedeldspathelitho-quartzosesand characterideby K-feldspara
plagioclasemainly medium to highrank metamorphicock fragmentslimestone and
dolostone gains lithics, common mica (biotite > muscovite), and a rich garnet
amphibole heavy mineral assemblagacluding epidote, clinopyroxenekyanite,
staurolite andsillimanite. Across the foreland basin, the Garigaer receives
feldspathditho-quartzossandfrom the Yamuna, KarnaindGandakriversandlitho-
feldspathequartzose sanftom the SaptKosi river (Fig. 2.3) (Garzanti efal., 2003,
Garzanti, 2019).

There is penty of geochemical workocusedon the sand of Ganga River and its
tributaries, especially thgeoclemical analysis omajor, traceelementsandrare earth
elements REE) (Singh 2009 201Q Garzanti et al., 20a, 2011, Rai et al., 2010
Lupker et al., 2011 2012), to identify the provenance anceconstruct theerosion
processlsotopc analysisasan efficient complementary approachextensive applied
in the modern sediment studies in Ganga catchmensefélated studies includirthe
He-Pb double dating of detrital zirco@€ampbell et al., 2005U-series disequilibria
in suspended loadGfanet et al., 2090 Sr and Ndisotopes $ingh et al., 2008
Rengarajan et al., 20PRai et al., 2010Tripathy and Singh, 201Garon et al., 2013,

Hf, Pb isotopes and trace element contents of detrital min&rdéddspar, plagioclase,
muscovite, biotite, magnetite, zircotitanite, apatite, monazite/allanite, amphibole,
epidote, garnet, carbonate amaly} (Garen et al., 201% 1°Be concentradnson quartz
(Lupker et al., 2011, and so on.

2.3 Brahmaputra River

The Yarlung Tsangppasthe wpperreaches othe Brahmaputra River located the
Chinese partflows eastwards along thedusYarlungsuture zone anceceiveditho-
feldspathequarzose sanéfom northern tributaries drainintpe Lhasa BlockGarzanti
et al., 2084a), andfeldspathequartzalithic sandfrom southern tributaries drainirtge
Tethys and northern Himalay@venso,theerosion rate is low (< 0.1 ma; Garzanti
et al.,20043 andsediment load is negligible (1.586 Brahmaputra RiverShi et al.,
2018 in the Yarlung Tsangpo catchment.

The Brahmaputra Rer thendrains southwarat the eastern syntaxis and cuts across

the HimalayaThis part of rivelis also named aSiang, which carries lithefeldspathe
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guartzose sand, with higlank metamorphic rock fragments (paragneiss, metabasite),
dolomite grains and micas (biotite > muscovite) The very rich leavy mineral
assemblages are dominatechoynblende associated witpidote, garnet and diopsidic
clinopyroxengFig. 23).

After flowing into the foreland basithe river sand is gradually mixed by plagioclase
rich sand fronseveral major tributariesrdining the Transhimalayan arcs from the east,
guartz and metamorphic narals rich sand derived frorime Arunachal Pradesh,
Bhutan and Sikkim Himalayasom the north, andeldspathequartzosesandfrom
small tributaries draining the Ine®urman Ranges and Shilong PlateBig(2.1; Fig.
2.3). The BrahmaputraRiver carries litho-feldspathequartzose sandwith higher
plagioclasedominant metamorphic lithic grains, and a very rich amphibpldote
garnetheavy mineral assemblagecluding minor pyroxenes, titanite, sillimanite and
apatite(Fig. 23). As the twice higher sedime contributionfrom Brahmaputra than
that of Ganga, themixedsand in Bengal estuaiylitho-feldspathequartzoseshowing

a similar composition with thé8rahmaputrasand (Garzanti et al., 20@4 Garzanti,
201%).

The channel processes and sedimentaifahe Brahmaputra RivefColeman, 196p
andthe mineralogy, morphology, magnetic property and composition of the sand of
Brahmaputra RivefRahmanb etl., 2012 have alreadybeen detailednvestigated
Many researchlso focusedn thegeochemical signates, e.g.major, trace elements,
REE Garin et al., 198Datta and Subramanian, 19%aly and Francé&anord, 2001
Li et al., 2009 Garzanti etl., 2QL0a, 20113, Bhuiyan et al., 2011 Be, U, Th, Hf, Sr,
Rb, Os and Nd isotopesSarin et al., 1990Krishnaswami et al., 199&ingh and
FranceLanord, 2002 Singh et al., 2003Zhang et al., 203,2Goodbred et al., 2014
Lupker et al., 201)/ to track weathering processesdsedimensupply An increasing
number ofwork ongeachronologicalstudy hasbeen arried outmainly focused othe
fissiontrack and UPb zircon graingStewart et al., 200&ina et al., 200%Enkelmann
et al.,, 2011 Zhang et al., 207)2in sediment of the Brahmaputra Rivand Yarlung

Tsangpaecently.
2.3.1 Lhasa River

Mineralogicalcomposition of sediment derived from orogenic settag provide the

key information to reconstruct the erosional evolutiontle# source area in time
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(Dickinson, 1985 Garzanti et al.2018a). The Lhasa River,asthe largest northern
Tibetan tributary ofthe Yarlung Tsangpo, drarentirely within the Lhasa lbck.
Detritus carried by theLhasa River,provides an exemplary case to define the
petrographic, mineralogical, geochemical, and geochronological signatures of sediment
shed today by a continentaic terrane incorporated within a large collisiorogen

and offers an important complement for the following studies on modern sand derived

from theHimalayan orogeGarzanti et al.20133a).

Sand from theery low-grade Paleozoic metasedimentary covetgtis quartzalithic
sedimerdclastic dominaed by siltstone/metasiltstonand shale/slate with some
metarhyolite/metadacite lithic grairiss very poor heavy mineral suiteainly cansists
of amphibole, pyroxene, epidote and gar@snd from theCretaeous to Cenozoic
granitoid rocksis quartzoefeldspathic to feldspathquartzose plutoniclasticwith
plagioclase€OK-feldspar, a few high to very higlank metamorphic rock fragmentts
poor to moderately rich heaxrgineral assemblage dominatedimynblende associated
with garnet, apatite, epidote, zircon, clinopyroxene and titafite LhasaRiver sand
is litho-feldspathequartzose with microlitic and felsitic volcanic, shale/slate/phyllite,
siltstone/metasiltstone, metadacite, chloritoschigd, ramer higherank metamorphic
rock fragments, resulting from the mixture of the two end members in propoftich
The moderately rich, amphibettominatecheavymineral assemblag®mntains epidote,
and minor garnet, zircon, apatite, and clinopyrox@erzanti et al.20183).

The studies on chemically resistant detrital minerals which are more easily survive from
diagenesis, can help to define a modsamd reference useful to constrain provenance
diagnoses for ancient stratigraphic rec&dmbined with the zircodata of Zhang et

al. (2012, zircon agesmainly distribute inCenozoic, minor in Mesozoic and the
remainng valuesranging from 48 Ma to 1800Ma. The Upper Cretaceous to Eocene
magmatic rocks of the Gangdese batholith are cleraet by young ages between 40
and 100 Ma and positivéh(t) values, whereas the magmatic rocks of central Lhasa
terrane are characterized by the Early Cretaceous to Jurassic ages and ble(fhtive
values. The zircon grains older than 400 Ma aseribed tothe recycling ofthe
Paleozoic to Mesozoic sedintary and volcaniclastic straf@&arzanti et al.20183).

As for geochemical analysis,ast apatite grains shosomparablecompositions to
thosegrains inthe Gangdese batholithegativelis and *4’SmA*4Nd ratios~ 0.1). The

dominant Nbrich rutile indicatesa felsic sourceand minor Cr-rich rutile suggess a
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mafic source.Virtually all detrital garnets are derived from intermeditgisic
magmatic batholith or rockéSuggate and Hall2014; Mange and Morton, 2007
Monazite grainsare characterized byelative high Th content, markelight REE
(LREE) enrichment, and negative Eu anomatjowing theirgranitoid provenance
(Garzanti et al.20183).
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3. Petrographic andMineralogical M ethods inM odern Sand

A multidisciplinary approacks the most secure wdg trace provenandgy combining
a diversified sedf analytical methods and provenance traddegrfan, 2006Garzanti,
2019. Only by thecareful integration of these disparate pieces of information obtained
from diverse techniqguesan we hope to get a glimpse of the general pictiirdhe

source area
3.1 Bulk-sediment methods
3.1.1 Petrography

To avoid losing the representative of the plamn bulksediment approach should
always beconsideredgrimaiily in the provenance analysis order b investigate the
entire spectrum of graisized sedimentpetrograpiic study with the microscopas
consideredasthe most straightforward, cheap and efficient meandetermine the

mineralogicakharactasticsand textural paramete(&arzantj 2016).

In the preparation of thin sectioaquarteredraction of each bulk sand sample was
impregnated witharaldite before cutting into a standard thin section. To better
distinguish calcite and dolomite, alizarine red was dsednineralstairing. 400-500
grains were anaed for each sample undixe microscopewith theGazziDickinson
point countingnethodindependently developed by GazZz966 and Dickinsor{1970),
which help to minimize variation of composition with grain gizgjersoll et al.198%).
Results are reported in terms pércentage ofjuartz (Q), feldspars (F) and lithi
fragments (L) They arefurther used for sand classificati@acording to theethree
main componentshichexceeding 10%QF(e.g.,in alitho-feldspathequartzoseand

Q > F >L >10% QFLin afeldspathdlithic sand L> F > 10%QFL > Q; Garzanti,
2016 201%).

Rock fragmentsontain rich indicative information of parent rocksverseaphanitic
lithic fragments (L pole)including volcanic, ultramafic, metamorphisedimentary
types as well aschert, limestone, and dolostorgrains larger than62.5 € m
(conventional boundary between silt and s&ndkinson 1970, need to beonsidered
and classified Four main groups of metamorphic rock fragments (metapelite,
metapsammite/metafelsite, metacarate, metabasitavere recognizedccording to

protolith composition. In each groufive classes of increasing metamorphic grade
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(Rank 1 to Rank 5) were defined based on the degreecofstalization and the
progressive formation of cleavage asthistosity(Garzanti and Vezzoli, 2003The

metamorphigndex(Ml):

MI = (Rank 1x 1 + Rank 2x 2 + Rank 3x 3 + Rank 4x 4 + Rank 5x 5) / (Rank 1 +
Rank 2 + Rank 3 + Rank 4 + Rank>5)00,

ranging respectively from 0 (detritus frosedimentary and volcanic rocks) or 100
(detritus from very lowgrade metamorphic c&s) to 500 (detritus from higgrade
metamorphic rocks}anthusbe calculatedand thecrustal level reached by erosion in
sourceareacan thus be estimatedGarzanti et al., 2006201(). Considering the
various rock-fragment types, a suitable prefix neededto directly recognize the
common rockfragment grouge.g., volcaniclastic, carbonaticlastmetamorphiclastic,
ultramaficlastic;ingersoll, 1983

3.1.2 Bulk-sediment geochemistry

Bulk-sediment geochemistincluding the wide spectrum of chemicalements and
differentbehaviar in sedimenfprocessrepresents an importanbmplementaryay

in sedimentgeneration studieJ he dissolution and leactg which may considerably
alter the original geochemical signatures of buried sedimetiagenes, have only
negligible influence m modern sandUsually, the analsed sediment geochemical
compositios are normalized tothe estimated average concentration of upper
continental crust elements (UCW®IcLennan, 2001Rudnick and Gao, 20Q03u and
Gao, 20@), whereas theare earth elemesit(REE) dataare normalized to CI
carbonaceous chondritdd¢Donough and Sun, 1999REE are gouped here agght
REE (LREE; La, Ce, Pr, Nd and Smjiddle REE MREE; Eu, Gd, Th and Dyand
heavy REE (HREE; Ho, Er, Tm, Ybnd Lu). Medium REE/MREE?* is the ratio
between the average of Eu, Gd, Th, and Dy normalizeosgtArchean Average
Austrilian Sedimentary rockRAAS) and the average of light REE and heavy REE
values Haley et al. 200¢

Geochemistrycould beused toas®ss the fertility of detrital mineralderivedfrom
diversesediment source®(ckinson, 2008. For exampleZr and Hfelementgmainly
hosted in the ultradense zircon mineral and REE extremely enriched in monazite,
xenotime and allaniteGarzanti et al., @10s, 2011). Similar casesuch asthe richer

Na, Sr, Cr, Co and Ni in plagioclase, amphibole andnel, and Ca in carbonate,
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both obtained from theomparation betweechemical modeand mineral modes in

sediment provenance resear@afzanti et al2010s, 20115).

The primary chemical signatures sédiment generated from tkeurce are@anbe
considerably affected and transformed by the hydrodynamic effBoés sediment
homogeniation during the downstream transpont higher order rivers to the @e
(Ingersoll, 190; Garzanti et al., 205} also make the geochemistry rather blunt for
provenance analysisxcept some element (i.e. Cr, Ni and to a lesser extenvdg;
Eynatten et al., ZIB) preferentiallyhosted in mafic and ultramafic rock&nforosi

2012 Garzanti et al., 2092 However, hydraulicsorting effectswhich lead to the
anomalous concentration of mineralgenms of theidifferent density or size classes
canbe directly reflected byREE enrichment or depletipfior example, the strongl
positive Eu anomaly due to selective entrainment of feldspar, or strongly negative Eu
anomaly because of the progressive accumulation of ultradense monazite and allanite
(Garzanti et al., 20H).

Sediment geochemistry is alsm efficienttool to assesthe chemical weathering
(Nesbhitt and Young, 198Zrice and Velbel, 20038orges et al., 2008hao et al.,
2012, such as gochemical paramete(s.g., Al/Ti, Ga/Al Shiller and Frilot, 1996
Young and Nesbitt, 1998REE parameterg§McLennan, 1989Brown et al., 2003
Haley et al., 2004 The chemical index of alteration (ClAylesbitt and Youngl982
and the weathering index (WIRRarker 1970, are both calculatedby molecular
proportionsof mobile alkali and alkaline earth metalsd correcting for €0 inapatite

and carbonates
CIA =100 xA1,03/ (A1203 + CaO* + NaO + Kx0),
WIP =100 x(CaO*/0.7 + 2 N#/0.35 + 2 KO / 0.25 + MgO / 0.9)

where CaO* is CaO associated with thiéicate fraction.Stronger weathering is
indicated bya higher ClAvalue and lower WIPvalue. The CIA ischiefly used to
measue the extent of conversion of feldspars to clays such as kaolvtiereashe
WIP is most appropriate for heterogeneous saumeuding metamorphic rockBrice
and Velbel, 2003Borges and Huh, 20Q0Bhao et al., 2092The WIP is markedly
affected by quartz dilution anday causeverestimang of weathering inpolycyclic
quartzose san@Garzanti et al. 2013aThat is why the quartach sandsamples
commonly hae lower WIP compared witthat of mud samples. Chemical indices of
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weathering may not reflect weathering qrdyeven principallyGarzanti and Resentini,
2019. The comparison of CIA and WiIkhdices provides a key to discriminate
compositional modificationgaused byweathering and recyclg (Garzanti et al.,
2013). A modified CIX index CIX = 100xA1 205/ (A1203 + N&O + K20), in which
Ca was ignored, has also been introduced becazube weathering underestimation
of CIA and WIPin sediment containing carbonate rock fragments, rewarékche or

intrabasinal allochemsarzanti et al., 2013).

To circumvent thigproblem, veathering intensities can be calculateddach single
mobileelement during incongruemteathering of silicate®(g.,Mg, Ca, Na, Sr, K, Ba)
by comparing its corentration to that of a nemobile element with similar magmatic
compatibility (Al, Ti, Sm, Nd, Th) in our samples and in UOZ ( v a Gaillardet et
al., 1999. This ratio minimizes the uncertainty exigg on the composition of crustal
source rocks as Weas the effect of quartz dilutiompartly of grain size and recycling
(Garzanti et al., 2018. As mentioned before, theonmobile elements Th, Nd, Sm,
and to a lesser extent Ti greeferentially hosted imonazite, allanite, titanite, ilmenite,
and ruile etc., the dense and ultradensminerals that easily accumulate yb
hydrodynamic processd&arzanti et al., 2009 Therefore,the noamobile elements
which are not concentrated iftradense minerals (e.g. Al for any elemént A&
[AI/E] sampid[Al/E] ucc) can be used toalculak weatheringntensities(Garzanti et al.,
201%), even though h & valdestend to emphasize timeore subtle effects associated
with suspension sortin@ouchez et al., 201i&arzanti et al.20113).

3.1.3 Bulk-sediment isotope geochemistry

Radioisotopesystems especially the isotope ratios (€.8Srf°Sr, 1*Nd/A*Nd), are
commonlyused together tcharacterie fine-grained siliciclastic sediments worldwide
providing important information orrustal evolutionGoldstein and Jacobsen, 1988
and of coursesedimenfrovenanceanalysis(e.g.,FranceLanord et al., 1993Clift et
al., 2002 Meyer et al., 201;1Singh et al., 2003

Nd isotopeis an efficient tool in provenance discrimination the Himalayan orogen,

whosecompositiongisuallyexpressedvith the Chg notation

Gha = [(*N/**Nd) sampie/ (*Nd/Nd) crur T 1] 410*
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where {*Nd/A*Nd) chur is referred tothe Chondritic Uniform Reservoiin value of
0.512630 Bouvier et al., 208). Nd isotopc signaturesn bulk sedimentan reflect the
compositioral informationof source area becausetopicfractionationis negligible in
weathering, transport and even diageng@smsessege.g., Goldstein and Jacobsen,
1988 Goldstein and Hemimg, 2003. Combinedwith the Sr isotope, the radioisotope
system may also be used tharacterise theehemical weath#éng intensity in
siliciclastic sediment within the source to sink syste@rgeologi@l timescalesDerry
and Francd.anord, 1996Quadeet al.,2003 Jonell et al., 2018

The grain size especially the finesize € 63 € nfraction), can affect theNd isotope
compositionwhich mayblur the specific sighatures pfovenance changgdonell et
al., 2018 and chemical weathering (e.Garon et al., 2014 TheNd-rich monazite
and allaniteand feldsparsSr-rich epidote, carbonate indeedntrol the bulk sediment
isotopgc compositionsespecially whethese minerals are enriched or depleted caused
by hydraulic sorting, whereas other miner@sy. quartz) contained virtually no trace
elements haveeagligibleimpact on most isotope ratio&&ron et al., 2014Garzanti
et al., 2009Bouchez et al., 20118ouchez et al., 201)bEven though, the grain size
biases are not big enough to dim thékbsediment Nd isotap compositions of the
provenancalriven trems over the last 15a(Jonell et al., 2018 Case study from the
Indus delta shows that ti&q excursions larger thah04, while®’SrF8Sr larger than

0.0099can be considered as the yeoance induce@@onell et al., 2018

To assess the relative role playeddbsersetectonic domains with overlapping isotopic
signaturessupplementarynethods independently from environmental and diagenetic
biases should always be combir{€lift et al, 2002 Padoan et al., 201

3.2 Multimineral methods

Heavy minera are sensitive indicators of provenamacelysis(Morton, 198%), and
the distinct heavy minerahssemblage carry abundantprovenanceinformation
(Garzantiand Andg 2008. The beak yiMi ner al s Mangeabds e 0 e di |
Weight 2007 and the subsequent detailed update review by Mo?tot?, providea

complete panorama of the great potential of heauyeral studies.
3.2.1 Heavymineral suites

Sampling and preparation
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Samplesreusuallytaken at regular intervals as well as aftesinges dithologic units,

stratigraphy, facies, flow regime, bednfigurations, etcTo get a complete heavy
mineral assemblage, the fine to medium sized sand samplese@mmended
Meanwhile sanpleswhether enriched or depleted in high density mineraised by

hydraulic sortingshould be avoid for better representing the entire sand samples.

Grain size window is the first choice we need to make deliberately, otherwise,
irresponsible conclusiongould be made witmonrepresentative sampleBhere are
some misunderstandings, for example, increasing the consistency by narrowing the
sizewindow tolessthan 1« or even only 0.5 wide (125250 mCarver, 197163
125 Morton, 198% 901 2 5 Bateman and Catt, 20p{ig. 3.]). Thedifferent
grainsize classes of a sorted sedimeontain notably different heavy mineral
compositionsbecause thaigh-densiy minerals settle and deposit together with coarse
but low-density or platy mineds(Rubey, 1933Garzanti et al.2008. Thereforepulk-
samplefor the welltsorted sandor widest possible sizeindow centered about the
mean for poossorted sedimentan be the best choicéo accuratelyestimate the
percentagesf detritalminerals Garzanti et al.2009.

Multiple windows 40-710 pm Multiple windows 63-250 pm Multiple windows 125-180 pm

Amphibole Amphibole Amphibole
PO DELTA

O river levee 90
W river bar

B backshore dune
@ accretionary berm
@ beach placer

@ shoreface

Garnet Epidote Garnet Epidote Garnet Epidote

Figure 3.1Analytical biascaused by sizasindow @fter fig.3 in Garzanti and Andg 209).

Multiple-window analyses at 0.2%r 0.3 sieve intervals faithfully assesatural intersample
mineralogicalvariability in Po Delta sand (A). Instead, singkendow analysestroduce bias
which decreases with the width of the analysed size @a&y.(All paleyellow fieldsare 90%

predictive regions for data points. Data aftéarzanti et al(2009.

The required quantity of sediment varies depending on sample availability, sorting,
grain size, and geological settifly modern sand and weatled ancient sandstones.
Usually a smalamount of 10 g for welsorted and 15 g for poor§ortedmodernsand,
whereas30-50 g for sandstone and32g for siltstone are ta&k for heavy mineral
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extraction in each sample. disaggregatiorstepwith grinding machine or a steel or

agate mortais necessarnyfor sandstonandsiltstone.

Spliting is the primary step in sediment preparation to get the appropaateunt of
sediment(Krumbein and Pettijohn, 1938utton, 195(. Acid is used toeliminaing

carbonate, organic substancasdfreeing graindrom clays and iron oxidesoating
(Leith, 1950, authigenicminerals Milner, 1962. Seving is the next operationto

obtainsand inrequired size classegith dry method suit forfine-to-medium grained
beach, dune and baandwith mechanical shakeor wet methodused for pooisorted
bank sand or loess withsggnificant amount of silbr claywith tap waterWeighing of

the dry sand isequiredin every step.
Separating

Thewatersoluble sdium polytungstate (SPBNa&WOsA 9 WO LD, useli= 2.90 gent
%) is usuallyused as the heavy liqutd separate the heayy 2.90g cm®) and light
minerals(< 2.90 gcm®) according to their density. The minerals denser thahehgy
liquid will sink to the bottomwhile lighter ones will floaton the top Adding dry
sedment andappropriate heavy liquithto the tubeo reach a certain weiglaisually
100.00 g)or every sampleandnextputting them in the centrifuge in three minutes at

the speed of 3000 rpm.

After the centrifugationjnmerging the lower part of thabe which ontains the heavy
fraction into the liquid nitrogeto make thdower partfreezein a few minutes. Then
recovering the noffrozen upper parlight fraction firstly and heavy fraction part
secondly. Cleaning the recovered fraction with tiéstiwater,and thenrecycling the

heavy liquidat last
making slides

Splitting moderate amount dfieavy minerak with the micresplitter and mounting
grains on the slide with Canada balsam (n = 1.53&@not plate {30€C ). Spreading

the heavy minalson the slide to avoid overlap and then coating with the cover glass.
The readymade slide can be moved to the microscope for the heavy mineral
identificationand countingaccording to their diagnostic optical proper{igsangeand
Maurer, 2012
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Grain counting

The area (or ribbon) method and point counting method are commonlyiruggdin

counting(Galehouse, 1969.97)). For the slide with welsorted sediment or quite few

transparent grains, area method is applied by counting all graitiee randamly

selected area (ribbon), to get the mineral number percentages. For the slidelkvith

samples or wide graisize windavs, pointcounting method (Fig. 32) is highly

recommended for heavy mineral analybig countingall thegrains on theyrid points

in a fixed distancgGarzanti and Andg 2019 This counting method converts the

number frequencies to real volumgercentages avoiding the systematically

overestimatfor denser minerals that are smaller than settiggivalent lowetdensity

minerals Galehouse, 1971
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Figure 32 Point-counting methods (after fig. 4 irGarzanti and Andg 209). It allows

obtaining real areal and therefore volumetric percentages of heavy minerals in grain mounts

(Galehouse, 1971 Choosing an appropriate grid is crii¢ In the case represented hére

heavy mineral mount from the size window3® 0
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Fan (1 ODP1456A) , 0 seyewmbgraies areicdurded thh@esthas ance, but with
a largerspacing more than a single slide wit be needed to count a representative number of

transparenteavy minerals (usuall§y 200).

Heavy mineral parameters

Therelative abundance of heavy mineralsonsidered agnimportant parameter, as
well astheir absolute abundanc&he Heavy MineralConcentration index (HMC;
Garzanti and Andq 209) and transparemteavyMineralConcentrationndex (tHMC;
Garzanti and Andg 2003) generallycontrolledby their parent rockand their crustal
level positiors, which means that denser rocks, equilibraa¢dlepth, contain and
consequently sheshuchmore heavy minerals than shallowecdted rockgGarzanti
et al., 2005. The similarHMC and tHMC valuesan be generated ohetritus from
high-grade metamorphic rocks, wheregreat differencegtHMC much lower than
HMC) are commonly seein detritusgeneratedrom very lowgrade andetrogressed
metamorphic rocksSimilarly, HMC values aredeeply influenced by lithology, which
arehigh inmafic igneous and metamorphic roeksd lowerin limestone, chert, sh&
andgranite This distortive fertility effect indicatig thatdifferent potential of heavy
mineral generation in different rock types, should be considered in the interpretation of
provenanceHMC and tHMCvaluescan be dramaticallynodified by the sekective
entrainmat of low-density grains Garzanti et al., 20H) and selective leaching of
unstable minerals during diagenetic procé&sazgzi, 1965Andoet al., 2013, which

should also be taken into full account in provenance analysis.

SourceRock dendly (SRD)index s another parametehatcanbeusedto estimate the
crustal level of source rock and hydraulic sorting eff€etrzanti et al., 20Q&5arzanti
and Andg 200D). SRDis defined as:

SRD =[Dwm (1i % opaqui + 5.00 x % opaque)HMC + 2.65x (1007 HMC)]/100,
wheredeltaDwm is the weighted average density of transparent dense mifaral

average densitpf opaque grainss taken as 5.0@/cn?, andthe averagelensity of
il i ghti®tkenrasa2i6q/ent.

Theaverage metamorphic grademetasedimentary source rocks can be estimated by
Metasedimentary Minerals Index (MMBarzantiand Andg 20078) with these high

rank metamorphic minerals expressed as:
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MMI = [(1/3 staurolite + 2/3 kyate + sillimanite) / (chloritoid + staurolite + kyite +

sillimanite)] x100.

As for the medim-to-high grade metaigneous rock3prnblendeColour Index (HCI,
Garzanti et a] 200b, 2009 is calculatedased on the relative abundance of {gueen,
green greenbrown and brown hornblende graimgpresents a useful indicatof
average source rock graded an efficient tooin tracing metamorphic provenance
(Garzanti et al., 200% Andoet al., 2014. The HClindexis defined as:

HCI = (1/3 green hornleinde + 2/3 greebhrown hornblende + brown hornblende) /
hornblende x100,

which may provide unambiguous results because it considers only one single mineral
that selective dissolutiowould be neglectabl@he indexhas been proved work well

in both metararphic rocks and metamorphiclastic sedimenespective of the colo
identification of different operatordViMI and HCI indices both range from 0 in
sediment generatefilom greenscist facies to lowermost amphibolifacies rocks
sheddingchloritoid andblue/green amphibole to 100 sediment generatefiom
granulite facies rocks yielding sillimanite and brown hornblgi@sezanti et al. 2004,
2009.

Some ratio paametersare also commonly used in provenance analysis. Parameters
(e.g.,% opaque% ultracensé based ordensitycontrast(Garzanti and Andg 2003),
canrevealthe effect of hydraulic sorting and diagenetic dissolutidmere are some
parametes based on stability contrast, for example #¥R index(Hubert 1962, is
definedas the percentagaf chemicallyultrastable species (zircon, tourmaline, and
rutile) over total transparent detrital heawyinerals. Sand derived from collision
orogens, magatic arcs, volcanidfted margins, dissected rift shoulders and cratonic
shields,usually observetb have loweZTR index(mostly < 10, Garzanti andAndo,
2007), whereasand derived fromndissected rift shoulders aadhtonic shieldbave

higher ZTR values, corresponding with thaftundant ultradense heavy minerals.
Raman spectroscopy

As a useffriendly, accurate, efficient and versatile technique, Raman spectroscopy is
the ideal complementary tool for heavy mineral analysisdatigkal geochronologin

provenance studyAndo and Garzanti, 2014 This method isconsideredas non
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destructiveto minerals withoutspecific preparatioon both heavynineral slides and
thin sections Griffith, 1969, McMillan, 1989 Hope et al., 200INasdala et al., 2004
Anotheradvantage is that it can helpdstinguishsimilar grains, colarless crystals
with uncetain orientation and rounded morphology, opaque and altered heavy minerals

under the optical microscope.
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Figure 3.3 Discriminating within the isomorphous series of gartiiets2 inAndoand Garzanti,
2014). Pyralspite and ugnadite garnets can be disguishedby the position of peaks found at
high frequencies and caused by@istretching modes (87880 cnt in ugrandites 907 926

cmi*in pyralspites;Bersani et al.2009.
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With the Raman spectroscopy, additional informatinmpolymorphssolid, liquid and
gaseous inclusions within singlgainscan also be obtaing#/lernagh and Liu, 1991
Beyssac et al., 20Q03tefaniak et al., 20Q@ersani et al., 20QFrezzotti et al., 20])1
Besides, Raman spectroscopy allows to determine minerals in a fesns@arzanti
et al., 2014), even finer grain§Villanueva et al., 2003 which is not feasible witthe
opticaltechniquesThe accurate and efficient analysis of finer minerals mospheric
particles(Godoi et al. 2006PotgieterVermaak et al. 20)1suspended load invers,
distal turbidites and winthid loess deposit@latt 1985 Godoi et al. 2006T ottenand
Hanan 2007PotgieterVermaak et al. 20)1bring a promising prospefor provenance

research.

The Raman identification relies on theagnition and comparison of diagnostic peaks
of distinct minerals and different specieghin one mineral group with reference
spectraThe constant position of a Raman peak, indepdrafehe orientation, reflest
the crystallographic structure and mialechemistry only.Peak intensity strongly
depend®n crystal orientation. Thatio between the intensities of different peaks help
to identify the isomorphous series of isotropic minerals (e.g. gaffets3.3. The
Raman spectroscopy identiition on group minerals(e.g., garnet amphibole
pyroxene and epidotaccording tolesedistinct peaks and intensitidgas been applied

in provenance analysiGAndo and Garzanti, 2014Garzanti et al., 2@a). Semt
automated heawgnineral analysis Maalso bea applied by combining Raman
spectroscopy with highesolution geochemical techniques applied to single grains
(Linsdorf et al., 2019, which cangreatly improve the efficiency of heavy mineral

identification in the future.
3.3Single-mineral methods

The cetailed studies on heavy minefalg., zircon)chemistrybeganfrom the 1980s
(Morton, 198%; Dodson et al., 1988Thesubsequergtudiegrovedthatsingledetrital
mineral servewell in tracing provenance and reconstimgthe generation process of
sediment(Lawrence et al., 201¥on Eynatten and Dunkl, 20}, 2specially from the
coarse silt to lower medium sgrelven thought may bring on risk of ignoring the
information of remaining huge part of bulk sedimédhe of he principle advantage
of single mineral studies is that tlketailed geochemical and isotopic composition
within single mineral phase can tensiderechegligibly affected byhysical processes
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during erosion, transport and deposition, and by chemical processes during weathering

anddiagenesis

The studiesinvestigated on chemical signatures of single mineral plese been
developing in an increasing speed recent yeaith the evolutive techniques o
geochemistry and isotope geochemistry, such as the Raman Specti@sggopyndo

and Garzanti, 2034 X-ray diffraction (XRD; e.g., Norrish and Chappell, 79),

Cathodoluminescence spectroscdi@L; e.g, Kempe and Gdze, 2002 Scanning
ElectronMicroscopeEnergy Dispersive Ray Spectroscop{EEM-EDS; e.gLiang et al.
2019, ElectronprobeMicroanalysis(EMP; e.g, Morton, 1984 andLasefrAblation

InductivelyCoupledPlasma MassSpectrometry (LAICP-MS; e.g., Jarvis and
Williams, 1993.

3.3.1 Singlemineral chemistry

More and more sophisticated geochemical methods are beingdfmptacethe source
informationonan increasing number of target mineraitsn( Eynatten and Dunkl, 201.2
Multiple chemical signatures for exampleetmajor elements in amphibdM/inkler
and Bernoulli, 1986Morton, 199}, garnet(Morton, 198%), pyroxene(Krawinkel et
al., 1999, spiné (Pober and Faupl, 1988lu et al., 2011 tourmaline yon Eynatten
and Gaupp, 1999Fe-Ti-oxides(Grigsby, 199, the trace elements in amphiboleé
et al., 2003, apatite Morton and Yaxley, 2007titanite Aleinikoff et al., 2002, zircon
(Belousova et al., 20@% REE in amphibole@ecou et al., 2001 apatite Belousova
et al., 2002) epidote iang et al., 2019 Monazite Williams etal., 2007, titanite
(Tiepolo et al., 200R zircon Belousova et al., 20@®, isotopes in apatiteBfzzarro et
al., 2003 Foster and Carter, 20Q) €pidote Epiegel et al., 2002K-feldspar Tyrrell et
al., 2010, rutile (Meinhold, 2010 tourmaline Ehabaga et al., 201&nd zircon (e.g.,
Knudsen et al., 200Q,lhave been applitto discriminate the source lithology anace

theprovenance.

The varietal studiefocused orthe characteristics and variability of single mingral
have beenprovedto bean efficient provenance indicator, especially on detrital garnet,
amphibole, pyrgene and epidotévorton, 198%; Liang et al., 201p Different heavy
minerals are expected to carry different provenance signals, hbusidltimineral

fingerprinting obtained by the integration of sevetiffierentmineral groups can help
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to get a compieensiveunderstanding of source are@he more minerakpecies

investigated, the more abundant provenance informatgran get.
3.3.2Single-mineral geochronology

Compared withminerochemical methodshich can beapplied to anyletrital minerals
with  significant  compositional  variability, the geochronological and
thermochronological methodsan be only appliedo suitable mineralglisplaying
unstablasotopesThe diverse time structures of source terranesieesch et al., 20p9
supported by singigran geochronology and thermochronolaggn provide additional
essential provenance information beyadhe ability of traditional petrographiand

geochemical approaches.

Single-grain geochronological methamnsists ohigh-temperature chronology (e.g.,

zircon UPb age) and lovtemperature chronology (e.g., apatite (Th)/He age)

method according to the closure temperatures. Ailgb-temperature chronologgfers
to igneous activities, rerystallization and metamorghievent at mid crustal levels,
reflecing major geodynamic events in source afidse lowtemperature chronology
relates to exhumation and sediment generation processes, reflecting cooling histories in
shallow crustal levelgvon Eynatten and Dunkl, 20L.2Multiple methods generally
include ArAr chronology on amphiboleCpohen et al., 1995U-Pb chronologyChew
et al., 201}, AHe (Stock et al., 2006andfission track (AFT, e.gl.aslett et al., 1987
on apatite Ar/Ar chronology on Kfeldspar Chetel et al., 2005Th-U-Pb chronology
(Hietpaset al., 2019 and MHe Boyce et al., 20060n monaziteU-Pb ack et al.,
2017 andRtHe (Stockli et al., 200)on rutile U-Pb (McAteer et al., 2010andfission
track Gleadow, 1978on titanite Ar/Ar (Brewer et al., 2006or Rb/Sr Chen et al.,
2009 on white micaU-Pb Gehrels et al., 199%nd fission track (ZFTHuford et al.,
19849 or ZHe Reiners et al., 200®n zircon.

The highly diagnostic signatures of ageecpum provide the direct provenance
information, especially combining with heamyineral study (e.gyon Eynatten et al.,
1996. Zircon is the most common mineral used for geochronology study, because it is
stable in weathering and diagenesis. Even thatggaverage contenh sediment is

only 2 grains out of 10,000ig. 3.4 Garzari et al., 2083, roughly correspondintp

200 ppm of Zr in the upper continental cr@&aylor and McLennan, 1995However,

the geochronological results can be significantly influenced by the number of grains
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dated as well as the method of grain setecg.g.Vermeesch, 20Q4Andersen, 2006

Ancther problem is that the zircon age spectra tend to display homogeneous
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characteristics in time and space in some cases because of the successive recycling

exclusively, may result in misunderstanding or even wrong interpretation in provenance

(Garzanti et al., 2013cBesides, enrichment or depte of zircon grains may occur in
hydrodynamé processeglLawrence et al., 20)1The research focused on zircon

analysis Garzanti et al., 2(83).

Figure 3.4 Zirconis not enouglffig.2in Garzanti et al.2018d). This emblematic sand contains

2.5% heavy minerals (depicted as 120 aodal circles out of 4800), with the one zircon grain

representing~ 0.8% of heavy minerals ane0.02% of the bulk sample. Provenantedges

relying exclusively on zircon datj neglect all of the information potentially retrieved from the

other 99.98% of detrital grains, generally including not only quartz and feldspar, but also a

variety of diagnostic rock fragments and accessory raleer
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4. Multimineral fingerprinting of modern sand generated from the Tethys

Himalaya (Nianchu River, Tibet)

Submittedfor publication inSedimentary Geologg sMufiimineral fingerprinting of
modern sand generated from the Tethys Himalaya (KigRiver , T i Mertdon® by
Liang, AlbertoResentini Ronghua GuandEduardo Garzanti

4.1 Introduction

Orogenic belts are composefh series of distinct tectonic domains, generally arranged
roughlysubparallel to tectonic strike. Each of these domains den$ian assemblage

of diverse lithological unitsvhich may shed wide range of sediment compositon

(Garzanti et al., 20@®j. In orderto unravel the erosional evolution ohage orogenic

belt such aghe Himalayaswe need to quantitatively identifiie signature of detritus

derived from eaclone of these tectonic domainls i f i r st order sampl ir
Ingersoll, 1990Garzanti et al., 20Gy.

The Himalaya orogen is #hick-skinnedthrust beltproduced by collisiobetween the
Indian passive and Aen active continental margins along the Indf@slung ophiolitic
suture zongGansser, 1980Hodges, 2000 The YarlungTsangpo(the headwater
branch of the Brahmaputra River in south Tiisingpomeans big river in Tibetan
languageflows eastwardalong the ophiolitic suture zone over a total length of 2057
km (Guan et al., 1984 and receivedetritus from both the Lhasa Bloak the north,
representing the original Trashimalayan active margin of Neot¢fthyset al., 201)L

and from the Tethys Himalayin the south, representing the former passive continental

margin of India facing NeotethySciunnach and Garzanti, 2012

Assessinghe fingerprint of each detrital souroeck domainin an orogeit beltis a
fundamentalstep to understand its erosiomalolution (Garzanti et al., 20@&}. Our
paper is the firsbne thatdescribs in detail the compositional fingerprints oftdeus
released from the Tethys Himalayasouthern Tibetthus providing a reference for
comparison for any provenance studiéancientHimalayansandstoneshe Nianchu
(chu= water, river in Tibetan language), a relatively large river that drains northward
across the entire Tethys Himalayan zone, cutting acrossottiie NimalayarKangmar
gneissdome(Fig.1 Chen et al., 199Mauck et al., 1998 ee et al., 2000 providesan
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excellentcasan whichto define thepetrographicmineralogicaland geochronological

signature®f sediment shed today Ayethys Himalayan stra@uo et al, in pres3.

Unraveling the complex mutual sractions among climatic, geomorphological and
tectonic processes remains as a major challenge in the fieldgénicresearch{e.g.
Lavéand Avouac, 2001 Burbank et al., 20Q35odard et al., 2094In symmetry with

the previous provenancestudy of thelLhasa River(Garzanti et al., 203, and
combined with recent detrital geochronology wofku¢ et al. in pres$, we can
tentatively estimate the relative sediment contribution from diverse tectonic domains,
useful to trace regional erosion patterns, ntletter understand and disentangle the
lithological (e.g.Carrapa et al., 20]17Garzanti et al., 2018aand cimatic (e.g.

Bookhagen and Burbank, 2Q08hi et al., 201Binfluence on erosional processes.
4.1.1 Geologicaframework

The continentalcollision betweerindia and Asiaook place around 60 M@eCelles

et al., 2014Hu et al.,2015 2016. TheTethys Himalayan stratigraphieguenceFig.

4.1), represenhg the sedimentarguccession of northernmost Indfac{unnach and
Garzanti, 201p, is bourded to the north by the soutlipping Great Counter Thruahd
traditionally suldlivided into southern and northern zones by the Lhagoi Kangri
anticline Burg et al., 1987Ratschbacher et al., 1994 he southern Tethys Himalaya
includes platform cadnates and siliciclastic rocks of Paleozoic to Eocene age that
have undergone thrusheet deformation and mainly veow grade metamorphism
after continental collisiofWillems et al., 1996Jadoul et al., 1998Hu et al., 201p
Differently, the northar Tehys Himalaya includesuter shelf, continental slopand
risedepositof Mesozoic to Paleogerage, and a series of gneiss domes expaisag)

the axis of the Lhagoi Kang(Hu et al., 2008Cai et al., 201l These domes aie

fault contact withtie oerlying Tethys Himalaya sequence, and waeenly exhumed
duringthe middle Miocene (e.gMaluski et al., 1988Chen et al., 1990TheKangmar
Dome perhaps the best studied example, has aafd@ambrian orthogneiss mantled
by Carboniferous and Permiametapelites overlain bylow-grade Triassic
metasedimentary roclstruded bymaficand aplite dikeglLee et al., 2000Wagrer et

al., 2010. South of the Tethys Himalaya and comprised betweerStiuth Tibetan
Detachment in the north and the Main Cenfialust in the south, the Greater Himalaya

forms the axial core of the orogen, consisting of medium to locally-drigtie
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metasedimentary rocks and Camf@alovician orthogneisgAikman et al., 208;
Carosi et al., 2018 North of the Tethys Himalaya, thedusYarlung suture zone
includes méange unitsAn et al., 201y and the Cretaceous Xigaze forearc basin
stratigraphically overlying the Yarluagisangpo forearc ophiolite\( et al., 2014Hu

et al., 2016Wang et al., 2017

Q A Tibentan Plateau B !
ig‘1B 1

e
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Gangdese
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Figure 4.1. Location of thestudy area (A) and geological setting (B) afan et al.(2004).
Detailed information on sample locations is providedppendixXTable AL

4.2 The Niarchu River

The Niarchu is sourced from thaorthern slope of th&reater Hinalaya andcuts
northwardacross the Tethys Himalayaoneto eventually join the Yarlungsangpo
nearthe Xigaze city.As the largest southern tributary of the middle reaches of the
Yarlung Tsangpo the Niarchuoriginates from the Noijinkangsang Glacier (90.20°E,
29.04°N, 5,950m aovesealeve) and flows for 217 km nortlvestwardcoveringa
drainage area of 11,130 KifFig. 4.2A). The upper reaches the Nianchu catchment
are narrow and ste¢pverage gradient 9%6), whereas the lower reaches northwest of
Gyangze are broad dropen(average gradient 232). The largest tributary ithe
Chongbayonghu (length 105 km, drainage area 2864 Rralso originating from the
northernslope of the GreateHimalaya and flowing northward to join the Néu at
GyangzeTwo major damsrebuilt on the river for hydropower and flood regulation,
the Manla reservoir (2001) at the confluence with the Nisangpdributary, and the
Chongbahu reservoir (1989®) the upstreamreaches of the Chongbayongchithe
smallerChusong reservoir (2000) whsilt on the Jiagaxiong tributary.
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Figure 4.2 Topography (A)channel steepness (B), precipitation (C) and relative distribution
of geological units (D) in thélianchu catchment. Relief and fluvial network are delineated in
TopoToolbox from a 36rresolution digital elevation model provided by Advanced
Spaceborne Thermal Emission and Reflection Radionj@®FER)global digital elevation
model. Precipitation datafter Liu and Cher(1995. The area of the Nianchu catchment was
calculated with QGIS basexh the 1:1500 000 geological mapPan et al (2004). Geological
units as inFig. 4.1.

Climatic conditions in the Nianchu catchment are plateau -aechiwith humid
summer and dry winter seasons. The period from June to September accounts for 90%
of the aanual precipitationYang et al., 2011 which is on serage430 mm at Xigaze

(3836 m a.s.l.) 288 mm atGyargze (4090 m a.s.l.) and much lower in the
Chongbagpngchu and Nieru Tsangpo catchments in the rain shadow of the high
Himalayan rangel{u and Chen1995 Fig. 4.2Q. The average annual temperature is

4.7 at Gund 6.3 zteXigaze(Zhouet al., 2009, usually below zero in winter

and relatively warm in summer (average temperature 138ecause of cold semiarid
climate, the effect o€hemicalweatheringon sandmineralogycan be considereas

very minor. Wind storns are frequent in late winter to springhe annual water

36



discharge recorded at the Gyangze and Xigaze stations aré $8and 51 m s?,
respectively; 65% of total discharge oczum the wet seasorréng et al., 2011 The
mean sediment concentratienli.25kg m3. The annuasuspendetbad of the Nianchu
measured at Gyangzmuging statiorwas estimated a8.90x 10° t at (Guan et al.,
1984 and 1.10 X1P t a* (Liu, 1999 andat Xigazegauging statioms 2.44 xX1CP t at

in the 1980s and as 3.1318° t a' in the 1990sl(i, 2001). The glaciated aredrig.
4.1; 224 km?) represents 2% of the Nianchu catchment. Ice and snow melting in
summer contributes largely to peak disgea which occurs in Augustccounting for
24% of the annual flux. Summdobds may occur, whereéseriver has lowest levels

in winter when it commonly freezes.
4.2.1 Geology of theatchment

Tethys Himalayan sedimentary rocks represent 72% of theMNiazatchment. The rest

is accounted for by Quaternary cover (10%), Kangmar Dome and surrounding
Paleozoic strata (9%dphiolites, méange and forearc turbidite€s%), other igneous
rocks (3%)and Proterozoic metamorphic rocks (1Pig. 4.2D). The Greagr Himalaya
represents the largely sna@vered southernmost part of the catchment, with igneous
and metamorphic rocks characterized b¥PkJzircon ages clustering around 508,M

850 Ma, 1.1 Ga, .bi 1.8 Ga, and 2i2.6 Ga(DeCelles et al., 2002004 Gehels et

al., 201). Paleozoic strata are exposed along ribeth-dipping Gyirong Kangmar
thrust(Ratschbacher et al., 1994vith theChongbayongchu branch cutting across the
orthogneisscore of the Kangmar Dome. Zircon ages in the Kangmar Dome cluster
araund 500 Mal(ee et al, 2000Wu et al., 201} with much younger zircon rims dated
between 30 Ma and 21 Maléckeret al., 201). The mainly Mesozoic sedimentary
rocks of the Northern Tethys Himalaya yielded zircon age spectra with three modes at
480570 Ma, 7501200 Ma and 2430 2560 Ma(Gehrels et la 2003 2011). An
additional minor cluster at 22@80 Ma may reflect foreign sediment provenance from
either the Lhasa blocfLi et al., 2010 Webb et al., 201)3or farraway sources in the
Gondwanide orogenNangJ.et al., 201% The ophiolite sequence, formed at 1230

Ma (Li et al., 2009 Héert et al., 2012 Dai et al., 201} is exposed along the Indus
Yarlung suture and is drained by the Qiang@igngrang and Zire tributaries. Strata

in the Xigaze foearc basin yielded mostly Cretaceous, some Jurassic, and a few older
zircon agesWu et al., 201pAitchison et al., 20L,1An et al., 201%
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4.3 Analytical methods

Twenty-onesamples of fingrained ¢ coarsegrained sand wereollectedduring the
summerf 2013 and2016from active river barseight fromthe Nianchurunk river
andthirteen fromtributariesdraining different geological domains. Another set of five
samples draining forearc ophiolites exposed in adjacent drainage basins were also
analysedor heavy minerals. Information on sampling sites andp#tteograpit and

heavymineral datasets aprovided inAppendicesTablesAl, A2 andA3.
4.3.1 Frameworkpetrography

Fourteen samples were prepared for the petrographic framework. For each dulk san
sample, auarteredractionwas impregnated with araldigaxdcut into a standard thin
section stained with alizarine red to distinguish caltiben dolomite On each thin
section, 350 sand grains were counted for each samglker the microscope (Gazz
Dickinson methodjngersoll et al., 198. Sandwere classifiecby their three main
componentguartz (Q), feldspars (F), and lithic fragments (L), considered if >10% QFL
(e.g.,a sandsample is calleditho-feldspathequartzose if Q > F > L > 10% QFL;
Garzanti, 201620191. Themetamorphic indices Ml or MI*, rangingspectively from

0 (detritus from sedimentary and volcanic rocks) or 100 (detritus from vergrace
metamorphic rocks) to 500 (detritus from higtade metamorphic rock§arzanti and
Vezzoli, 2003, were used to express theeaage rank of metamorghiock fragments
Median grain size waalsodetermined in thin section by ranking and visual comparison

with sievedstandards of /4 classes.
4.3.2 Heavyminerals

Twenty-one samples were ared for the heavy mineral analyseleavy minerat
wereseparated with sodium polytungstate2(90 g/cr) from a quartered aliquot of

the 325 0 0 & mobtaihed Byssievingrecovered by partial freezing with liquid
nitrogen,and mounted on a glass slide with Canada balsam. For each sample, between
200 and 250transparentheavy mineral grains wereither graircounted under the
petrographic microscopeith the area method, or poinbuntedat a suitable regular
spacing to obia real volumepercentages3alehouse, 19j1Raman spectroscopyas

applied to check dubiousans(Andoand Garzanti, 201A insdorf et d., 2019. The

sum of zircontourmaline, and rutile over total transparent heavy minerals (Adé&x
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of Hubert, 1962 provides information on thextent of recyclingGarzanti, 201). The
transparent heavy mineral concentration (tHM@Jculated as theolume percentage
of transparenteavy mineral§Garzanti and Andqg 2003, 2019, ranges from very poor
(0.1OtHMC <0.5)p o o r tHMIC <$51) ad moderatelg o0 o r tHMT < ), to
moder at e |tyMCr<i5)amd ri¢h(25 tiKIC < 10).

The Source RdcDensity(SRD; g cn?) index defined ashe weighted averagkensity
of terrigenous graings usedto estimatehe average density of source roeksd to
check for significant hydrauksorting modifications of sand compositiddrzanti et
al., 2009.

4.3.3 Arealexposures andriver morphometry

The areal exposure of each lithological unit exposed in the Nianchu catchment was
calculated with QGIS using STRM DEM data and based of:##0 000yeological

map ofPan et al(2004). Therelief and fluvialnetwork of Nianchu catchmenwere
delineatedn TopoToolbox (software shell implemented in MATLABghwanghart

and Scherler, 20)4from a 30Gm-resolution digital elevation model provided by
Advanced Spaceborne Thermal Emission and Reflection Radiofketeal Digital
ElevationModel (ASTER GDEM:http://www.gdem.aster.ersdac.o).jhe dannel
steepness inddk, used to measure the bedrathannel response to differential rock
uplift (Whipple andTucker, B99 Kirby et al., 2003, is defined according to the

powekrlaw relationshipS= kA (S local channel slope\: contributing drainage area

d: concavity index Flint, 1974. This equation assumes thather controls such as
lithology, climate, flood hgrology, orsediment flux are negligible or sufficiently well
constrainedKirby et al., 2003 Whipple, 2004. The concavity indexf is the rate of
change of local slope as a function of increasing drainage area, generally found to lie
within a narrow rang between 0.3 and 0.6 under a stesidye bedrock channel profile
(Tucker and Whipple2002 Whipple, 2004. A normalized channel stpeess index,

ksn, is calculated usingfaxed referencesoncavitydies = 0.45to comparechannel slopes

with markedlydifferent drainage areasdconcavitiegfKorup and Schlunegger, 2009
4.3.4 Statisticaltools

Relativesediment budgets (i.e., the relatar@ount ofdetrituscontributed by different

tributariesto the trunk river)were assessed by forward mixing modelsedohon
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integrated bulk petrography and heavy mineral dataedload sand (method illustrated

in Garzanti et al., 2012 The Aitchison distancevas used to measure the goodness of
fit between theoretical detrital modes of sediment supplied by differerttinations

of diverse endnember sources and the observed detrital mode of the trunk river
sedimeniResentini et al., 2017 In order b improveon the accuracy of calculations,

we analysedwo replicate samples eafdr the Zire tributaryandthe Nianchwpstream

of the Yarlung Tsangpo confluence

Statistical/graphical techniques used to illustrate @rographic and heauyineral
datasets include trmompositionabiplot (Gabriel, 1977, which allows discrimination
among multivariate observations (p@in while shedding light on the mutual
relationships among variables (rays). The length of eachsrayoportional to the
variance of the corresponding variable in the dataset. If the angle between two rays is
close to 07 90°or 1805 then the corresporidg variables are directly correlated,

uncorrelated or inversely correlated, respectively.
4.3.5 Ercsion rate calculations

The sediment yield @ km™) of a given source was calculated as the ratio of sediment
flux (10° t at) and the area of the souraitained from the digital geological map. The
erosion rate (mm4 is estimated next by calculagjrthe ratio between the sediment

yield and the estimated average density of exposed source rocks.
4.4Results

Table4.1 Petrographic and heavyineral signaures of Nianchu san® = quartz; KF = k-
feldspar; P = plagioclase; L = lithic grains (Lvm = volcanic and ksank metavolcanic; Lsm

= sedimentary and lowank metasedimentary; Lmfb = highnk metamorphic; Lu =
ultramafic); HM = heavy minerals; MI* and M= metamorphic indicefGarzanti and Vezzoli,
2003). tHMC = transparent heavyineral concentration; ZTR = zircon + tourmaline + rutile;
Ttn = titanite; Ap = apatite; Ep = epidotgroup minerals; Grt = garnet; Cld = chloritoid;
HgM = staurolite + andaluge + kyanite + sillimaite; Amp = amphibolePx = pyroxene; OS

= olivine + spinel; &HM = other transparent heavy minerals (monazite, barite, vesuvianite,

prehnite).

River Sample Q KF P Lvm Lsm Lmfb Lu mica HM total ~ MI* MI

Greater Himalaya and dome
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Chongbayongchu 16A047 53 3 11 03 22 9 0 0.3 1 100 130 85
Chongbayonghu 16A048 43 3 5 01 30 12 O 3 3 100 196 148
Chongbayonghu 16A050 23 1 6 1 49 18 O 2 1 100 162 95
Mesozoic strata

Rilang S4682 39 2 5 1 38 14 O 1 0.3 100 110 63
Danxiong 16A057 46 3 6 01 34 6 1 0 3 100 136 47
Including

Qiangdui 16A056 25 1 7 03 13 9 40 1 6 100 134 101
Qiongrang 16A059 20 1 9 2 20 18 22 1 7 100 155 133
Other tributar ies

Zire 16A061 49 0 4 1 26 6 9 03 5 100 142 71
Zire S4685 43 1 6 2 29 11 7 03 1 100 127 76
Trunk river

Nianchu @upper 16A051 20 2 5 03 59 11 O 1 0.3 100 142 45
Nianchu @lower 16A055 36 1 4 01 46 10 O 1 2 100 140 55
Nianchu @ower 16A060 47 2 7 1 24 8 5 1 4 100 128 74
Nianchu @final 1 S4686 35 1 6 1 33 13 9 03 2 100 135 81
Nianchu @final 2 16A062 30 2 9 3 30 20 3 03 2 100 141 105
River Sample tHM zZT Ttn Ap Ep Grt Cld Hg Amp Px OS &HM Tot
Greater Himalaya anddome

Chongbayonghu  16A047 0.8 7 1 10 8 33 05 19 15 7 O 0 100
Chongbayonghu 16A048 09 12 05 7 9 15 4 7 4 5 0 05 100
Chongbayonghu 16A049 17 14 3 5 17 14 15 4 22 6 0 04 100
Chongbayonghu  16A050 0.7 16 2 4 8 11 38 2 17 3 O 0 100
Mesozoic strata

Rilang 16A046 05 23 4 8 15 16 10 3 14 7 0 04 100
Rilang S4682 1.1 13 3 5 11 32 8 9 13 5 0 1 100
Sala 16A054 1.3 16 6 7 22 12 13 2 18 3 0. 0 100
Danxiong 16A057 1.0 21 4 8 16 12 4 5 16 10 1 3 100
Including

Qiangdui 16A056 2.8 4 0 4 20 9 5 5 14 26 8 4 100
Qiongrang 16A059 3.2 6 04 3 28 4 8 1 34 8 3 4 100
Other tributar ies

Qumei S4717 05 11 4 6 20 11 9 3 17 12 2 3 100
Zire 16A061 2.6 29 3 4 10 7 10 2 17 10 6 2 100
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4.4 .1Modern sand of Nianchutributaries

The Chongbayogchu carriesfeldspathditho-quartzose sedimentaclassand with
plagioclase> K-feldspar pelitic, sparitic, ananetasedimentarythic grains,and some
plutonic rock fragnentsandmica (Fig. 4.3A, Fig. 44A, B). The poorto moderately
poorheavymineral assemblage inclugi@mphibole and garnet, associated \ejpidote,
tourmaline,sillimanite, apatite, and clinopyroxenkig. 44C, Table 4.). Common
sillimanite and garneh sample 16A047, where chloritoid is raf€able 4.}, reflect
Greater Himalaya contributioiMetamorphic detritus from the Greater Himalaya is
however subordinate, because of both limited exposure af@ 6f the catchment)

and presence of the ManladaClongbahu reservoirs that may have trapped part of the

sediment flux generated in the headwaters. Sedimentary lithics thus prevail over

metamorphic lithics, and metamorphic indices are very [oable 4.1). Additional
metamorphic detritus from the Kangmgreiss dome is reflected by an only slight
downstream
muscovite), heawnineral concentration, epidote and chloritoid, but otherwise
ovewhelmed by a further increase of sedimentary todoade metasedimentary grains
including sparite Table4.1).

The Rilangand Danxiog tributaries draining Mesozoic Tethys Himalayan stratarry

ncrease

n

met amor phic

guartzalithic to litho-quartzose sand with dominant sliglate, siltstone/metasiltstone,

phyllite, and schstfragmentgFig. 4.3B, Fig. 4.4A, B). Thar poor to moderately poor
heavymineral suies mainly includearnet, amphibolegpidoteandtourmaling with

minor clinopyroxene, chloritoid, apatitarcon and titanite Fig. 4.4C, Table 4.). The
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Sala tribuary, mostly draining Jurassic strata, carries a moderately poor assemblage

mainly including epidote, amphibole, tourmaline and garhable 4.).

B) Danxiong sand derived from the Tethys Himalaya
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C) Qiangdui sand derived from the Indus-Yarlung suture zone D) Nianchu sand upstream of the Yarlung Tsangpo confluence

Figure 4.3 Photomicrographs illustrating the variability of sand composition in the Nianchu
catchment. (ALitho-quartzose sand derived from orthogneisses and surrounding Paleozoic
strata of the Kangmar dome; (B) littquartzose sedimenticlastic/lenank
metasedimenticlastic sand derived from weakly metamorphosed Mesozoic strata of the Tethys
Himalaya; (C) quatzolithic sand with dominant serpentinite grains derived from ophioltes of

the Yarlung suture zone; (D) feldspatoartzolithic Nianchu sand.Q = quartz; Lc =
carbonate, Lp = pelitic/lowrank metapelitic, and s = serpentinite rock fragmeads photos

were taken with crossed pol ars; bl ue bar for
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Figure 4.4 Sand petrography (A, B) and heavy mineral assemblages (C). Data frogn Xian
Nyemo, Lhasa and Yarlung Tsangpo sand &tzanti et al(2018a). QFL (A) and LmLvLs

(B) diagrams afte Garzanti(2016, 200h). Q = quartz; F = feldspars; L = lithic grains (Lm

= metamorphic; Lv = volcanic; Ls = sedimentary). ZTR = zircon + tourmaline + rutile; MM
= chloritoid + garnet +staurolite + andalusite + kyanite + sillimanite; Amp = amphibole; Px

= pyroxene.

Different tothe Chongbayongchu, Rilang and Danxiong,@ngdui and Qiongrang
tributaries carry quartzdithic to feldspathequartzelithic ultramaficlastic sand
dominated by serpentinitgainsassociated with metapelite, metasandstshede/slate,
and metabastrock fragments(Fig. 4.3C, Fig. 44A, B). Moderately richheavy
mineral assemblagesiostly includeamphibole, clinopyroxene and epidote, with
subordinate garnet, olive, prehnite, apatite, chloritoid, tourmaline, and rare spine|

orthopyroxeneKig. 4.4C, Table 4.).

The Zire tributary carries quartzdithic to litho-quartzose sand with sedimentary
metasedimentary lithics and serpettérrock fragments(Fig. 4.4A, B), reflecting
provenance fronboth lowrank sedimentary roskand ophiolite. The moderately rich
transparenheavymineral assemblagacludes mainlyamphibole, clinopyroxene and
epidote, associated with chloritoid, garnet, tourmaline, zircon, apatite)elspinel,
titanite and ahopyroxene fig. 4.4C, Table 41). The Qumei tributary carries a poor
assemblage mainly consisting of epidote, amphibole, clinopyroxene, garnet, tourmaline
and chloritoid Table 4.).

The SRD values (AppendicesTablesA3) obtained for sand samples derived from
Tethys Himalaya strata (SRD 2.56'2.67 g cni®) and partly supplied by forearc
ophiolites (SRD2.7412.77 g cm®) are well within the range expected for the
corresponding source rockSdrzanti et al., 20Q9indicating minor hydraulicsorting

bias, if any
4.4.2 Modern Nianchuriver sand

Nianchu sand at Xigaze, just upstream of the Yarlung Tsangpo confluence, is
feldspathequartzalithic and dominated byshale/slate andnetasandstongyrains
associated with serpentinite, sparite, metafelsite and metabaditéragmentgFig.
43D, Fig. 44A, B). The moderately poaransparenheavymineral suig¢ includes

amphibole, clinopyroxendmostly green augite)epidote, chloritoid, garnet and
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tourmaline with minorolivine, zircon,enstatite, apatite, titanite, prehnite anesginel
(Fig.4.4C, Table 4.).

In the upper reaches (Nieru Tsangpo), sandjusrtzelithic sedimentaclastic with
dominant shale/slateand metasandstone grainfFig. 4.4A, B). The very poor
transparentheavymineral assemblage includes epidote, chloritoid, clinopmex
(mostly green augiteamphibole, tourmaline, apatite and garirég.(4.4C, Table 4.).
Sand collected from thdower reaches upstream of thedusYarlung suture zone
displaysa relative increasein quartz indicatingconsiderable supplfrom tributaies
draining Mesozoic sedimentary amery-low-grade metasedimentary rocksf the
Tethys HimalayaAdditional quartz iscontributed by theDanxiorg tributary High-
rank metamorphicock fragmentsonstantlydecreasdrom upper reaches to Nianchu
final becaise of progressive dilution Isedimentarimetasedimentary and eventually
ultramafic detritus(Fig. 4.4B). Downstreamof the sutwe zone, the increase in
ultramafic lithicgrairs & the expense of sedimentdithic clastsand of clinopyroxene,

enstatiteand olivineindicat significant local supply from the forearpluolites.
4.4.3 River morphometry

The Nianchwatchment shows a relatively homogeneous morpholsigyough slope
gradients are higher in the upper reaches than in the lower realches¢ steepness
remairs in a narrow range for most stream segmé6@s<ks,» < 90; Fig. 4.2B). The
NieruTsangpoKks» = 87) and Chongbayongchks{= 79) have relatively high steepness,
whereas other tributaries display lower valugs~ 60)(Fig. 4.2B).

4.5 Detrital sources and Nianchusand budget
4.5.1 Heavy mineral sources

In the Nianchu catchment, in particular sillimanite, garnet, chloritoid, enstatite, and
olivine identify specific sourceock domains. Sillimanite, associated with garnet
(sample 16A047), is shed from uppeamphibolitefacies metasedimentary rocks
exposed in the upper tectonic levels of the Greater Himalagsarvbrphic rocks
surrounding the Kangmar Dome display a zonation from kyanite to chloritea €t

al., 2000, whichis particulary abundan{Samplel6A050 and 16A051) in lowrade
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Mesozoic netapelites in the outer part of the dome. Enstatite #vithe® arederived

from ultramaficforearc ophiolites of the Indugarlung suture zone.

Among other minerals, mostly augitic to diopsiaitnopyroxenes are supplied in
limited amount not only froomafic rocks of thesuture zonebut also frommafic
volcanicand volcaniclasticocks interbeddedr intrudedin Triassic Wang J. et al.,
2016 Meng et al., 201PandCretaceous strataddoul efal., 1998 Hu et al., 2008
Wang Y. et al., 2016

4.5.2Endmembers and povenancebudget

The accurate definition of endember sources, which are represented by either
tributaries or specific geological domains, is an essential prerequisite to @laulat
reliable provenancéudget(Garzanti et al., 20)2 The Chongbayongchu tributary,
sourced in the Greater Himalaya and draining the Kangmar dome, provides information
on the mineralogy of detritus shed from metamorphic roEks. ¢.1B). Ultramafic

lithic grains olivine, enstatite and Cr-spinelcharacterizingsand ofthe Qiangdui and
Qiongrang tributariesffer indications on thephiolite endmemberUnfortunately all

five samples exclusively or mostly draining different lithospheric levels (mantle to
diabase dykes and pillow lavas) of foreaphiolites exposed in adjacent drainage
basins yielded mixed heavwygineral assemblages including large amounts of garnet or
other minerals recycled from sedimentary strata, suggesting contamination by fine sand
windblown during the dry season. A pure opit@lkendmember could thus not be
obtained.Sandin the Rilang, Salaand Danxiong tributaries, draining Mesozoic strata

exclusively, bestepresentletritus derived from Tethys Himalayan strata.

The Nianchu sathin its final reach is dominantly supplieg bethys Himalayan strata
and subordinately by foreatmasin ophiolites and overlying strata. Contribution from
the Greater Himalaya and Kangmar dome, significant in the upper reaches, is

progressively dilutedavnstreamKig. 4.5).

Forward mixing calculations suggest that the Zire tribupsoyides 30 +11% of total
Nianchusandflux, whereas th&iongrang,Danxiong,Rilang + Saldributariesmay
account forl5i 20% of the total sand budgetch. Supply fromhie Chongbayogchu
and NeruTsangpo headwater branches is limitedl1&9% and 8 £8%only, whereas

other tributaries contribute very little.g, ~ 1% from theQiangdui).
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Figure 45 Compositional biplofGabriel, 197) based orall petrographic and nmeralogical
parameters. Data for Yarlung Tsangpo, Xiang, Nyemo, and Lhasa Rivers draining the Lhasa
block after Garzanti et al.(2018a). Lch = chert; other petrographic and heavy mineral

parameters as in Tabkel and Figured.3.

Sard collected in Qiangduind Qiongrang tributarieonsisiof ophiolite and Mesozoic
sedimentarydetritus in similar proportions. The petrographic and heavperal
datasets Table 4.1) combined indicate thatost of Nianchusand (79 + 10%) is
generated from erosion eéry low-grade Mesozoic strata of the Tethys Himalaya, with
a subordinate busignificant contribution from forearc ophiolites and overlying
siliciclastic rocks {1 +8%) and limited supply from igneous and metamorphic rocks

of the Greater Himalaya and Kangmar dof@e7%; Table4.2).

The Nianchu sand provenance budget can be refined using the information available on
age spectra of detrital zircon grains. Thé&bage distribution of zircon grains obtained
from our same finaNianchu sample 16A062 displays threaimpeaks at ca. 500 Ma,

900 Ma and 1150 Ma, and minor clusters in thE2B® Ma, and 240®800 Ma range

(Guo et al., in pre3sThis geochronological data from Nianchu sand is consistent with

the age distributions observed in other rivers chiefly draifietpys Himalaya strata
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(i.e., Xiabu:Carrapa et al., 201 Aand Renbu RiverZhang et al., 2002(Fig. 4.1B).

Unlike the Xialu Riverdraining the Mabja Dom&ouwu granite: 14.4 Ma; Kuday
granite: 27.5 MaZhang et al., 200&ndthe Kampa Dome (Kampaucogranite 26.9

24.9 Ma;Liu et al., 201, the Kangmar granite contains only a few newly grown
zircons Wu et al., 201k This explains the lack of zircon grains younger than 50 Ma
in Nianchu sand. All zircon grains younger than 200 Ma (8%) found in sal6062

were thus derived from forearc ophiolites (dated a$ 138 Ma;Li et al., 2009 Dai et

al., 2013 or stratigrapheally overlying foreardasin turbidites (main age cluster at
130/ 80 Ma; Wu et al., 2010Aitchison et al., 201;1An et al., 2013 exposed along the
IndusYarlung suture zone. Because age spectra of detrital zircons are not markedly
different in Greater Hnalayan metamorphic rocks, Tethys Himalayan sedimentary
rocks, and Kangmar gneiss dorme¢ et al, 2000Gehrels et al., 2002011), the much
larger age population older than 200 Ma, accounting for about 92% of detrital zircons
in sample 16A062 cannot partitioned accurately among these three sources. Textural
evidence, however, provideschie usefulto distinguish between firstyde euhedral
grains and recycled abraded grail®st zircon grains in Nianchu sand are rounded,
and they thus appear to be largely recycled from silicicldgihys Himalayan strata.
Besides at least 5% zircon grains aged betweeni@200 Maare charactezed by

Th/U < 0.1(Guo et al.jn pres$, suggesting origin froometamorphicocks(Hartmann

and Santos, 2004nd thus provenance fratime Kangmar Dome or Greater Himalaya

Provenance budgets based on the age spectra of zircon grains are inevitigsly far
accurate than bukedimentprovenance budgets, because zircon is only a rare
accessory component, generally representing only ~ 0.02% of the sed¥ieeral{ et

al., 2016 Garzanti et al., 20H}, and because the zircon fertility of different end
member sources needs to be knowd eorrected forNlalusaet al., 2016 Malusaand
Garzanti, 2012 Nevertheless, detrital zircon is a powerful carrier of provenance

information.

Dominant zircon contribution from the Tethys Himalaya relative to othercesus
explained also in the lighof heavymineral analyses, which point out the notable
differences in zircon concentration among different source rocks. Under the assumption
of negligible hydrauliesorting bias, a zircon concentration of ~ 0.04% isciawed for
Tethys Himalayan stratéaverage between sampl84682 andl6A057), which is
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notably higher than in samples derived partly from forearc rocks, Greater Himalaya, or
Kangmar domgTable4.2).

These considerations support the conclusions basdwontégrategetrographic and
heavymineral dataset, allowing us to refine our best estimate for sand generation in the
Nianchu catchment, inferred to be ~ 81% recycled from the Tethys Himalayan zone,
with subordinate supply from forearc rocks of the mifarlung sutue zone (~ 10%)

and from theKangmar Dome + Greater Himalafa9%) (Table4.2).

Table 4.2Tentative sand provenance budget and erosion rates in Nianchu, Lhasa and middle
Yarlung Tsangpo catchments. Provenance calculations are based oatietefgrwardmixing
modelling considering bulpetrography, heavy mineral, and zircon age data. Erosion rates
are based on suspended sediment load measured at gauging stations.

Nianchu Yarlung Lhasa
Tsangpo
Dome + Tethys  Sutue Total Upper Lower Nugesha Total
Greater Himalaya zone  (Xigaze) Reaches Reaches (Lhasa)
Himalaya (Gyangze)
Contribution 9% 79% 11%
PTHM
7% 10% 8%
Contrib. Age > 5% <87% 8%
Avg. Contrib. 9% 81% 10%
Area (%) 12% 83% 5%
Area (km?) 1336 9238 557 11130 ~6020 ~5110 106060 32470
Suspended
load (10t a?) 0.25 2.26 0.28  2.002.79 1.02 1.77 12.23 1.80
Sdm. load
(1°ta?) 0.28 2.49 0.31 2.203.07 1.12 1.95 13.45 1.98
Sdm. yield
(tatkm) 207 269 552 198276 186 381 127 61
SRD
(g cnd) 2.66 2.61 2.76 2.66 2.62 2.66 2.66 2.67
Erosion rate
(mm a?) 0.08 0.10 0.20 0.07-0.10 0.07 0.14 0.05 0.02

Note Gauging stations are shownkigure 1; PTHM) petrography + heavy minerals; Sdrsediment;
SRD3 average gain density of analed sand sampleS§érzanti and Andg 2009); Mean  values are
in bold, and standard deviationsitalics. Gyangze gaugingtationinformation afterGuan efal. (1994
andLiu (1999; Xigaze Lhasagaugingstationinformation afterLi (2001); Yarlung gauging informatior
after Shi et al.(2018. Bedload is considered as 10% of the suspended load.

It is noteworthy that these values are similahi percentage ¢heexposure areas
the corresponding geological domaifisljle4.2), which suggesté within the major

uncertainties involved in our assessmén&milar sanegeneration potential for all
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lithologies. The Tethys Himalaya thysovides, as expected, the bulk of the sand
because of its wide exposure area. Our dataseteqpasuggests a greater potential

for sand generation only in the case of sutzore ophiolites. However, this may be
artefact created by amderestimatiorof the extreme heavsnineral concentration in
dense mafic and ultramafic rocks. Conversely, dbetribution from granitoid and
metamorphic rocks exposed in the Greater Himalaya and Kangmar dome is apparently
lower than expected, which may be partly asctitzethe presence of reservoirs in the

Nianchu headwaters.

The petrographic and heavyineralsignatures o¥arlung Tsangpo sandownstream
of Xigazeis similar to those oNianchusand(Fig. 4.4, Fig. 4.5), which indicates
significant contribution from Tethys Himalayan rocks upstrearBuspendedbad
measurements in thdugesha gauging statiaffrig. 4.1) on the Yarlung Tsangpo,
located80 km downstream of the Nianchuonfluence suggests that supply from the
Nianchumayaccounfor as much as 23% of Yarlunglr'sangpo suspendéshd (Table
4.2).

4.6 Erosion rates andcontrolling factors

The total semnentflux from a river catchment includesispended loaavhich may be
estimated from measurementgauging statios) and bedloadvhichso far has proved
to be too hard to measure directly and is thus generally roughly calcaisted
proportion of susended load (e.g. 6%sergusson, 1984~ 10%, Summerfield and
Hulton, 1994. Considering bedload equal to 10% of suspended load and an average
suspended load of ~ 22X° t a or 2.79 x10° t a' as estimated bghi et al.(2018 or
measured at Xigaze gging station I(i, 2001), the total Nianchu sediment flux can be
constrained as 2.28.07 x1(° t a?, correspondindo a sediment yield of 19876 t a

1 km. Taking an average souroeck density of 2.6 cni®, based on the SRD index
of Nianchu sand, theverage erosion rate for the entire catchmesstisnated as 0.07
0.10 mm & (Table4.2), which isfully consistent with the erosion rate assessed as
0.1 mma? for southern Tibet byzarzanti et al(200449).

Within the Nianchu basinwe cancalculate from suspendetbad measurements
carried outin the Gyangze gauging station 16° t a'; Guan et al., 1984.iu, 1999,
anerosion ratef ~ 0.07 mm a* for the catchmentpstream and of 0.14mm a* for

thecatchmentownstrean{Table4.2).
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Based orthe Yarlung Tsangpo suspended lmadasured at Nugesha gauging station
(Table4.2), the average erosion rate for the entire middle Yarltsapgpocatchment

is estimated at 0.08ma, which is only half othe average erosion ratetire Nianchu
catchmeh An even lower average erosionad0.02mma?) is calculated for the Lhasa

River catchment based on the flux of suspended sediment measured at Lhasa gauging
station (i, 2001; Table4.2).

Suchlow erosionrates, compared to superfast erosion acragls the eastern and
western Himalayan syntaxes, explains why sediment contribution from dry southern
Tibet to the Himalayan foreland basin is very minor (3% +Z8arzanti et al., 20G4}

2005 1.5%:Shi et al.2018.

4.61 Lithological versusclimatic control on sand generation

If indeed a similar sand generation potential characterizes all diverse geological
domains within the Nianchu basin, as suggested by the broad correspondence between
exposure area ansediment supply from each, then we can readigwdgeneral
inferences on the relative effect of lithological and climatic control on erosion
efficiency. The Tethys Himalaya sedimentary and stew-grade metasedimentary

rocks contain a greater proportiofi shale and slate grains, which are prone to be
comminuted to silt and clay particles preferentially entrained in suspemdarifie

and Picad, 1987 Garzanti et al., 201). Such mechanical comminution explains the
much higherannual concentratioof suspended sedimeint the Nianchu(2.19 kg m*

in 1980s, 2.5%g m3in 1990sLi, 2001 than in theLhasa Rivercatchment (0.15d

m3, Guan et al., 1984.13 ky m3, Li, 2001), where nearly a half of exposed bedrock

is represented by toughgranitoids and volcanic rock&érzanti et al., 20H. The

higher erodibilityof sedimentary rocksorel et al., 200Brepresents a most plausible
explanation why average erosion rate is so notably higher in the Nianchu than in the
Lhasa River catchment, even though #mmual precipitations lessin the Nianchu
basin(300'450 mm) thann the Lhasa Rivebasin (450 500 nm) (Garzanti et al.,
201&). Land use $hi et al., 201Bandriver channel morphologw{ang et al., 2015

being similar in the two regionare consequently held not represent relevant factors.

Moreover, if indeed the diverggologicaldomairs have similacapacity togenerag
sandin the Nianchu basirthen thehigher erosiorrate by a factor of 4 the lower

reaches than in the upper reaches, where slope gradient is much Righdr2B),
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would bebest explained by the notably higher pp&ation in the lower reaches.u

and Chen, 199%ig. 4.2C). Thepossiblylessextensive land us@hang et al., 2000
and dominance of dam the uppermpart of the river system may represent additional
explanations.

4.7 Conclusiors

TheYarlung Tsangp@upper Brahmaputra River) flovesong thendusYarlungsuture
zoneseparating the former continental marginsnafia and Asisandreceives detritus
from both the Lhasa block in the north and the Himalayah@south.The Nianchu
River, & the major southern tributary of the Yarlung Tsangpo in the region, drains
mainly Tethys Himalaya sedimentary and viw-grade metasedimentary rocksd
carries quartzdithic to litho-quartzosesedimentaclastic/metaseatntaclasticsand

with a few meamorphic,volcanic and ultramafidithic grains The moderately poor
heavymineral assemblage is mainly composed of amphibole, clinopyroxene and
epidote, with minor garnet, sillimanite, chloritoid, olivine and enstatiteéchviare

derived from different gological domains in the Nianchu catchment.

From the combination of higtesolution petrographic, heavgineral and detrital
geochronology datasets we could estimate that four/fifths of total sediment in the
Nianchu catchmerare recycled from Tethys Hinglan strata, the rest being supplied

in subequal proportions by forearc ophiolites and overlying siliciclastic rocks and by
metamorphic rocks of the Greater Himalaya and Kangmar dome.

Mineralogical fingerprints of enthemter sources, combined with gaugsediment

fluxes, helped us to disentangle the interplay of lithological and climatic control on
erosion patterns. Under the assumption that bedload is equal to 10% of suspended load,
we could thus estimate for the Nianclatahment an averageosion ratef about 0.10

mm a’. Lithological control explains the much higher erosion rate in the Nianchu
catchment than in the Lhasa River catchment draining the Lhasa block to the north.
Climatic control represents the most platlsiteason why erosion rates sismgly

appear to be double in the lower Nianchu reaches than in the upper reaches despite the
notably higher slope gradients. Sediment sequestration in artificial reservoirs and less

extensive land use in the upper readleesesent additional explanatm

The petrographic, heauyineral, and geochronological signatures of Nianchu sand
accurately defined in this study, especially as Tethys Himalayan source rocks are
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concerned, provide a useful reference for provenanceiestibased of ancient

sandstonederived from the Himalayan orogen.
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5. Multimineral Fingerprinting of Transhimalayan and Himalayan Sources of
Indus-derived Thal DesertSand (Central Pakistan)

Published in Minerals volume on Heavyneral as iiMultimineral fingerprinting of
Transhimalayan and Himalayan sources of Iadieisved Thal Desert sand (central
Pakistan)  Mgndong Liang, Eduardo Garzanti, Sergio Andg Paolo Geratild

Alberto Resentini
5.1 Introduction

Heavy minerals provigl detailed information on the geology of source areas, which is
particularly useful in the study of modern sand unmodified by diageriaisye and

Wright, 2007. Subtler distinctions, however, may teguired in provenance analysis

wherever several diffent potential sources of sediment consist of similar lithological
assemblages shedding similar heaviperal assemblages. This is often the case in

orogenic sediment containing transpaskeeavyminerd suites typically dominated by

amphibole, garnet, epitie, and pyroxene in various proportio@a(zanti et al., 200}

201(b, 2019. In this case, distinctive geochemical signatures of single groups of

detrital minerals can be used as a genetic tooftate t heir provenanceée
s t u dMaage and Mdon, 2007.

After the pioneering study dedicated to tourmaline Koynine (1946, and since
modern geochemical techniques were applied on gaMettqn, 198%), single
mineral analyses have beenjuently used and proved to be an efficient meansde tra
sediment provenance (eldorton, 1991 von Eynatten and Gaupp, 199deinhold,

201Q Andoet al., 2014 Malusaet al., 201Y. More and more sophisticated geochemical
and geochronological methods are being applied with the aim to fingerprint the source
of an increasing number of target minerals (evgn Eynatten and DunkR012.
Singlemineral studies have the advantage tinattionation by physical processes
during erosion, transport and deposition, and by chemical processes during weathering
and dagenesis, can in general be held as minimal. On the other hand, the information
obtained from singlenineral datasets needs e deciphered by correcting for the
generally strong differences in mineral fertility of different potential source rocks
(Moeche and Samson, 200®alusaet al., 2018. This thorny fertility problem is best
tackled when several mineral groups are ingeatit ed ( Amul ti mi ner al fi

Garzanti et al., 2@a Guo et al.,in pres$, because provenance signals carried by
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different minerals are expected to differ, reflecting their different abundance in different
sourcerock domains. Emphasizing thisucial point is one of the goals of this article,
which focuses on Transhimalayan and Himalayan sources of detritus transpahied by
Indus River across northern Pakistan to pinpoint the provenance of heavy minerals
contained in eolian sand of the Thal BesThis small dune field is locatedéentrat
northern Pakistan, confined between the Indus River in the west and the dadtsse o
major Punjab tributaries in the eaBid. 5.1). The overall petrographic, mineralogical,

and geochemicaignatures of Thal dunes indicate that the contribution of Himalayan
derived Punjab tributaries is negligibl&drzanti et al., 2005 The Thal Desert,
therefore, can be safely considered as representing a relict Quaternary repository of
wind-reworked allwial-fan sediment originally deposited by the upper Indus at the
entry point in the Himalayan foreland basin. The detailed compositional fingenp

Thal Desert sand, if contrasted with that of Punjab tributaries exclusively draining the
Himalayan beltthus provides an additional actualistic key to trace changes in erosion
patterns within the huge catchment that has fed detritus to the leldasdd deegea

fan throughout the late Neoge(@lift et al., 2001 2010. To this goal, our dataset
complemats a previous work on major and trace elements in amphibetedt al.,

2003 and integrates the geochemical study of detrital garnet iro$émel middle Indus
course and its Punjab tributarieslizai, et al., 201% We chose to focus on the
chemicalcomposition of detrital amphibole, garnet, epidote, and pyroxene because
these four minerals, all solgblution series, represent the four doarmit species in
orogenic sediments worldwid&érzanti and Andg 2008). Other studies investigating
provenancef Indus sediments focused on Pb isotopes in detrifaldspar and bulk
sediment Nd and Sr isotope fingerprin@ifg et al., 2002 Alizai et al., 2011aJonell

et al., 2013, zircon UPb or mica®Ar/*°Ar geochronology andpatite fissiortrackor

(Ut Th)/He thermochronologyClift et al., 2004 Campbell et al., 20Q%Alizai et al.,
2011b, sand petrography, heavy mineraf8e cosmogenic nuides Garzanti et al.,

2005 Munack et al., 2014 and clay mineralogyAlizai et d., 2012. Such mul
technique approaches have shed new light on the relative role played by the interacting
climatic and tectonic forces that controlled the erosionalutiosl of the western

HimalayanKarakorum orogen.

5.2 The Indus River and theThal Desert
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The Indus River, sourced from the central southern Tibetan Plateau, flows in its upper
course along the suture zone and the Transhimalayan forearc basin, whiimgecei
detritus from both the Ladakh arc in the north and the northern sitie éfilmalayan

belt in the southMlunack et al., 2014 Next, it cuts a deep gorge through the western
Himalayan syntaxis, where very rapid erosion rates generate large amodetistao

from the Karakorum belt, the Nanga Parbat crystalline massif, andathistan arc
(Treloar et al., 1996DiPietro and Pogue, 200#&her et al., 2008Burg, 201).
Farther downstream, the Indus flows across the Himalayan belt and the Potean Plat
(Khan et al., 199/where it is joined by the Kabul River draining tHendukush belt
(Hildebrand et al., 20Q1crosses the Salt Range, and eventually reaches the foreland
basin where it flows southward, confined between the front of the Sulaimae Rang
the west and the Thal Desert in the eksg}.(5.1).

The upper InduRiver is mainly fed by melting of ice and snow, and sediment flux
consequently increases by two to three orders of magnitudes during the summer
(Ferguson, 1984 The annual suspendi¢oad of the Indus River, estimated as ~x14
10° t upstream of the Shyatonfluence Fig. 5.1), increases rapidly downstream owing
to major contributions from the Shyok River (~ 230t a?), Karakorum tributaries

( O 210, ~ 18x 1P t of whichfrom the Hunza River), the Astor River draining
Nanga Parbat (~ 2 10°t), and diverse tributaries draining the Kohistan arc, summing
up to ~ 176x 1P t at the Besham gauging statidfatanAli and De Boer, 2008 The
annual sediment load readlgj the Trbela Dam, which was closed in 1974 in northern
Pakistan, has been estimated at 200(° t (Einsele and Hinderet997 Tate and
Farquharson, 200@r even at 28% 1Pt (Rehman et al., 1997

The hydrology of the Indus River has been so intgnegulted since the 1930s that
most of its sediment has been trapped in artificial reservoirs and canals, and the annual
flux in the lower course has been reduced to «30° t (Rehman et al., 1997The

Indus Waters Treaty signed in 1960 gave rights tonhieeeflow of the Indus, Jhelum,

and Chenab Rivers to Pakistan, and of the Ravi, Beas, and Sutlej Rivers to India.
Subsequently, all Punjab tributaries have been dammed and linked by canajat® irri

the arid lowlands and compensate for lost waterssteega Pakistan. Water discharge
dropped sharply, and flow in the Ravi and Sutlej rivers ceased altogether except during
monsoon floods. The Mangla Dam, completed in 1967, reduced sediment Iba&d of t
Jhelum River from 4% 10°t a' to < 0.5% 10° t a* (Milliman et al., 1984Meadows
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and Meadows, 1999Among Indus tributaries draining the Sulaiman Range in western
Pakistan, the Gomal River (basin area 36,000)kis characterized by extreme

concetration of suspended solids (429 and high sediment éml (30x 10° t a?),
followed by the Kurram River (& 10° t a'; Rehman et al., 1997Other rivers are

minor and mostly flow during flash floods.
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Figure5.1The Indus drainage system and sample locations in northern Pakistan.

5.2.1 Karakorum Belt

Thecomposite Karakorum belt includes the Northern Karakorum sedimentary domain,
the Central Karakorum batholith, and the Southern Karakorum metamorphiéigelt (
5.2; Searle et al.,, 199Hildebrand et al., 2000 In the Northern Karakorum, an
Ordovician toUpper Cretaceous sedimentary succession lyingcooformably onto
crystalline baement is expose@gaetani et al., 1990Black slates in the north, intruded
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by calcalkalinegabbradiorite, granodiorite, granite, and tonalite, contain andalusite,
chloritoid, and epidoteZanchi and Gaetani, 20L.IThe Central Karakorum batholith
comprises mieCretaceous granitoids intruded before the k#B& collision, and
containng amphibole with residual clinopyroxene and accessory titanite, epidote,
allanite, apate, zircon, and opaque mineral€réawford andSearle, 199 Post
collisional leucogranites were intruded between 13 Ma and 25 Ma (e.g., Baltoro
batholith;Searle et al., 20)0The Southern Karakorum belt includes migmatitic domes
undergoing rapid erosmal exhumation and displays a northeastwarcte@se in
metamorphic grade from structurally lower phyllites to staurglikyanite, and
eventually sillimanitebearing metasedimentary rocks at the toppure dolomitic
marbles containing diopside and codum, and amphibolites with hornblende and
gamet also occurSearle and Tirrul 199Rolland et al. 2001Palin et al., 201R
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Figure 5.2 Geological map of the Indus catchment in northern Pakistan (modifiedHédimar
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et al., 2008. Geological units,rbm north to southKarakorum belt 1: northern sedimentary
belt; 2: axial batholith and other granitoid rocks; 3: southern metamorphic belt; 4: felsic gneiss;
5: Masherbrum Greenstone Compl&hyok suture zoné: mostly terrigeneous strata; 7:
méange one (mainly volcanic rocks); 8: twhmafic rocks (Shyok and Dobabassu
lineament)Kohistan and Ladakh arc8: Paleogene Chalt (Kohistan) and Khardung (Ladakh)
volcanic rocks, Turmik volcaniclastic rocks; 10: undifferentiated volesedimentary group;

11: metasedimentary rocks; 12: pbmic rocks; 13: gabbronorite (Chilas complex); 14:
southern amphibolite; 15: Dras volcarsedimentary group; 16: ultramafic rocks (Jijal
complex).Indus suture zonel7: Indus Group; 18: Spontang ophiolite; 19: imbricabeust

units with blueschisfTettysand Greater Himalaya20: PaleozoieEocene sedimentary rocks;

21: Miocene leucogranite; 22: Permian Panjal Traps; 23: Greater Himalayan
neometamorphic rocks; 24: Paleozoic intrusives; 25: mainly Paleoproterozoic oeissga6:
Besham metaigneous rockesser Himalaya27: PaleozoieEocene strata; 28: upper nappe
(mostly Mesoproterozoic metasedimentary rocks); 29: lower nappe (mostly Neoproterozoic
and Paleozoic metasedimentary rocks); 30: Salt Range (NeoproterozBioceme Indian
margin strata).SubHimalaya 31: Muree and Subathu Formations (Cenozoic); 32: Siwalik
Group (Neogene); 33: Peshawar and Srinagar Quaternary intramontane ba&ssPakistan

Belt 34: Sulaiman Range.

5.2.2 Ladakh and Kohistan Arcs

The Lad&h and Kohistan batholiths expoaecomplete section of mantle to upper
crustal igneous rocks representing the dissected remnants of magmatic arcs fed by
northern subduction of Neotethyan lithosphere during the Cretaceous to earliest
Paleogene. The arcseailelimited by the Shyok ophiolitsuture in the north, generally
ascribed to Upper Cretaceous g@ampanian) collision with the Karakorum block
(Treloar et al., 1989%Gaetani et al., 199Robertson and Collins, 200Rehman et al.,

2011, Borneman et al 2015, and the Indusphiolitic suture in the south, closed when
India collided with Asia during the Paleocer@afzanti et al., 198MNajman et al.,

2017).

The Kohistan arc is composed of six main units from bottom to top (south to north): 1)
Jijal ulramaficmafic complex yelding garnet, amphibole, clinopyroxene, and minor
olivine, orthopyroxene, spinel and zoisi#@ Kamila amphibolite; 3) Chilas ultramafic
mafic complex, containing orthopyroxene and clinopyroxene with minor olivine,
magnetite, ilmaite, hornblende, and sl; 4) Kohistan batholith, yielding mainly
hornblende and locally clinopyroxene; 5) Jurasaietaceous metavolcanic and
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metasedimentary rocks of the Jaglot and Chalt Groups, and the-Agitian volcane
sedimentary Yasin Groupgdn and Howie, 1981Tagutz et al., 200;7/Dhuime et al.,
2009.

The Ladakh batholith consists of a suite of Cretaceous to Paleogene mafic to felsic
rocks (olivine norite to granite) yielding hornblendegite, titanite, apatite, epidote,

and zircon KHonegger et al. 1982Weinbag and Dunlap, 20Q0The batholith is non
conformably overlain by Upper Cretaceous to Paleogene strata of the Indus Group
(Garzanti and van Haver, 1988enderson et al., 20LRocks exposed along the Indus
suture also includeower Cretaceous carbonates, ophiolitic méange, and blueschists
(Anczkiewicz et al., 1998Vlahé® et al., 2008.

5.2.3 Himalayan Belt and Nanga Parbat Massif

The Himalayan Range formed ag@nsequence of continental collision between the
Indian passive mang and the Asian active margin at ~ 60 Mze(Celles et al., 2014

Hu et al., 2015 The orogenic belt consists of a series of southward propagating thrust
sheets, which resulted in crusthickening starting from the Eocendtschbacher et

al., 1994 Seale et al., 199)Y. The Neoproterozoic to Eocene Tethys Himalayan
succession consists of siliciclastic and carbonate rocks originally deposited onto the
northern continental margin of Indi@aetani and Garzanti, 199%ciunnach and
Garzanti, 201 The Grater Himalaya, including slate intruded by Ordovician
granitoids and sillimanitéearing metasedimentary rocks at the top, represents the axial
crystalline backbone of the rangeognantend Lombardo, 189; DiPietro and Pogue,
2009). It is delimited to tle north by the South Tibetan Detachment system lined with
Miocene tourmalindearing leucogranite intrusionslgrren, 198y and by the Main
Central Thrust to the soutBteck, 200B Lesse Himalayan and Sublimalayan rocks
exposed farther south includeespectively, Paleoproterozoic basement and
Mesoproterozoic to Cenozoic cover strata displaying southward decreasing
metamorphic gradéireco and Spencer, 1998nnay et al., 2004and orgenderived
Cenozoic molass@&pssart and Ottiger, 1988lajman andsarzanti, 2000White et al.,

2002. These rocks are drained by Punjab tributaries and shed detritus that contributes

to Indus River load only downstream of the Thal Desert.

Only the IndusRiver cuts across the western Himalayan syntaxis, where the N/S
elongated crustatcale Nanga Parbat antiform exposing Precambrian Indian gneissic
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basement overprinted by Himalayan metamorphism is bounded to the north by the
Karakorum belt and flanked tbhe west and east by the Kohistan and Ladakh arcs. In
the Nanga Padi massif, sillimanitdearing gneisses are structurally overlain by
kyanitebearing schist¢Zeitler et al, 1993 Chamberlain et al., 1995Leucogranite
intrusions yielding tourmaline, apatite, zircon, monazite, and gateélgf et al, 1991

are asyoung as 1.4 Ma. Cooling ages of 5 Ma or even 1 Ma in the core of the dome
(Schneider et al., 200 1estify to ultrarapid exhumation and vefgst fluvial incision
(Burbank et al., 1996 Shroder and Bishop, 2000vith high denudation rates ofs3

mm a?® (Whittington, 1996 Moore and England, 200Zeitler et al., 2001l Upstream

of the entry point in the foreland basin, the Indus Rivaverses the Potwar Plateau,
where Himalayafderived molassic Cenozoic rocks are widely expodelr(son et al.,
1985 Najman et al., 2003and finally cuts across the Salt Range, including Paleozoic
to Paleogene strata detached over uppermost Neopmoigfambrian salt and
uplifted during the latest MiocenB(rbank et al., 199§.

5.2.4 Thal Desert

The Thal Desert, miangular region located icentralnorthern Pakistan between ~ 30°
and 3230 N and between ~ 71°and 72°EKig. 5.2), is characterised by arid to semi

arid subtropical climate. This desert occupies the-Siaglar or Thal Doalalpab=land
between twoivers, fromdo = two andab = water in Urdu and Farsi), the region
extending bewveen the course of the Indus River in the west and the Punjab in the east,
the fertile region crossed by the Himalayan rivers Jhelum, Chenab, Ravi, Beas, and

Sutlej punjab= five waters, fronpanj= five andab = water).

The Thal Desert is delimited ltlge Salt Range foothills to the north, whereas the Indus
floodplain is bounded by the Sulaiman Range to the Wégt®.1). The desert area is
covered by low sand dunes {2 m in height) or rolling sand plains alternating with
narrow valleys of cultivale land, and is underlain by Quaternary fluvial and eolian
deposits more than 350-thick in the south and even thicker in the central part of the
desert Nickson et al., 20056 The underlying alluvium mostly consists of laterally
continuous fine to coarsand, with minor gravel and isolated mud lenses. The coarsest
deposits occur in the north close to the Salt Range, but otherwise the distribution of
grain size is irregular, fiecting deposition by the constantly shifting paledus River.
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5.3 Methods
5.3.1 Sampling

The sample set considered in this study includes four edliar sandsamples
collected in February 2001 from the Thal Desert, along with 11 ssamglescollected

during 2001 and 2011 from active river bard intributaries draining eac different
geol ogi cal domain in the -apper ddamdplsi IR VeT
Ingersoll, 199). These samples were accurately selected from a much largdesamp
set, described elsewhe@drzanti et al., 200Munack et al., 2014Garzanti, 201%),

as the best suited to represent-emember sources of detritus from the Karakorum belt
(upper Hushe, upper Braldu, upper Hunza, and Hispar samples), the Ladakimo(Stag
and Domkar samples) and Kohistan arcs (Kandia and Swat samples), théPHeraga
massif (Astor sample), and the Himalayan belt (Zanskar and Nandihar samples). The
Thal dune samples are upper very fine to lower fine and well to moderately sorted sand
(3.05-2.67f, 0.43- 0.84s¢); fluvial samples are upper very fineltaver medium and
moderatelywell to moderately sorted sand (3.2Q.51f, 0.63- 0.97 st) (Appendix
TableB1).

5.3.2 Heavymineral analyses

For each of the 15 selected samplesavy minerals wergeparatedvith sodium

polytungstate (density 2.90 gcm®) from a split aliquot of the 6250¢ nor 32500

em fracti on o,becavdred bygpartalfreesing aithliquig nitrogen, and

mounted on a glass slide. A polished thin section wagpaégmared, and mineralogical

composition was determined dyot h counti ng under t he mic
transparent heavy minerals on the glass slide and byaéomated analysis of the

polished thin section with a Raman spectrometadpand Garzanti, @14).

Heavymineral concentration, calculated as the wodypercentage of total (HMC) and
transparent (tHMC) heavy minerals in the bulk sample, ranges from poor (tHMC < 1),
moderately poor (T tHMC < 2) and moderately rich (@ tHMC < 5), to rich (5¢
tHMC < 10), very rich (10¢ tHMC < 20) and extremely rich (2¢ tHMC < 50)
(Garzanti and Andq 2003, 2019.
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5.3.3 Sources obias

As a consequence ghoosing a 2 to 4f -wide size window for analysis in order to
reduce technical problems during separation, mounting on the glass slide, and
identification under the microscope caused by detrital grains with great size differences,
heavy minerals occurring in the fingail of the size distribution (3 2% of each bulk
sample) and in the coarse tail (322% of each bulk sample) were discarded. The
sediment fraction considered for analysis ranged between 58 +21% for fluvial samples
to 85 £9% for the better sorted @heolandune samples. The analytical bias thus
introduced can be considered as minor, because the fine tail was almost entirely
included whereas the coarse tail is strongly depleted in heavy minerals as the
concentration of denser grains drops rapidlythe carser classes of sediments
deposited by tractive current8bey, 1933Garzanti et al., 2008

Another potential source of bias is represented by hydraoiting processes, which

may concentrate different minerals in distinct depositionaleswlsonments based on

their size, density, and shafriggs et al., 1962Komar, 2007. An efficient way to

test for heawymineral enrichment or depletion in sediment samples is provided by
chemical analyses, which readily reveal anomalous concentratibrehemical
elements such as rare earth elements (REE) or zirconium preferentially hosted in
ultradense mineral<s@arzanti and Andg 2010 Among the four Thal dune samples,
heavymineral enrichment is apparent for the Muzaffarghar $ar8470 containing

mucach more Zr than the Munda sample S1474 &2406 ppm), whereas the other two
samples S1462 and S1463 have Zr concentrations very close to the Upper Continental
Crust standard (UCC; 195213 versus190 - 193 ppm in the UCCiTaylor and
McLennan, 1995Rudhick and Gao, 2003Appendix TableB1). Among river sand,

only the Hispar sample shows high concentration of Zr, Th, and REE relative to all
other samples (Zr 398.110- 186 ppm; Th 5%s.3- 14 ppm; La 11%s.12- 55 ppm

and Y 41vs.12 - 27 ppm) suggesting hydraulic enrichment in heavy minerals. The
heavymineral spectrum of samples systematically showing anomalous concestration

in these elements is expected to be enriched in denser heavy minerals such as garnet

relative to lowdensity heavy nmerals such aamphibole.
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5.3.4 Microchemicalanalyses

The polished thirsectionsin a photographic image of which all grains were properly
identified and numberedvere carborcoated and analysed IBnergy Dispersive X

Ray Spectroscopy (EDS) under the stag electon microscope (SEM) to obtain
guantitative chemical information on the four most common detrital minerals in
orogenic sediments (i.e., amphibole, garnet, epidote, and pyroxene). Microghemi
analyses were carried out thie Department of Eartand Environmental Sciences,
University of MilaneBicocca(Milano, Italy), using a TESCAN TS5136XM with an
electronic microprobe EDAX GENESIS 4000 XMS Imaging 60 SEM, voltage 20 KeV,
detection time 2@, spot size 250 nm and absorption current 190 +£1 pAasnesd in

Faraday cup, medium heating, take off angle 45 working distance 23 mm.

In each thin section, we counted ~ 100 grdgrseach mineral groufor all of those
present in case we did rotd enough). In the four Thal Desert samples, 400 amphibole
395 epidote, 317 pyroxene, and 280 garnet grains were analyzed, thus allowing
identification even of small detrital population¥efmeesch, 2004 Overall, we
analyed 1504 amphibole, 1129 eptdp861 pyroxene, and 755 garnet gramihe 15

selected amples

Information on sample locations, the result of hemrgeral analyses, and the complete
geochemical dataset including the percentages of each mineral variety in each sample
are providedn AppendicesTablesB1 to B10. Statistical techniques useditlnstrate

our dataset include multidimensional scaling, which produces a map of points in which
samples with similar mineralogical signature cluster closely together and dissimilar
samples plot far apart/érmeesch and Garzanti, 2QJnd the biplotGalriel, 1977,

which allows us not only to discriminate among multivariate observations (data points)
but also to visualize the mutual relationships among an even large number désariab
(rays). The length of each ray is proportional to the variance ofdhesponding
parameter in the dataset, whereas if the angle between two rays is close to 07 907 or
1805 then the corresponding elements are directly correlated, uncorrelateceosaly

correlated, respectively.
5.3.5 Amphibolechemistry

The generathemical formula of the amphibole supergroup i@Hs022W>, where
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A, B, and C are cations and W anions (A3 Na, K, Ca, Pb, Li; B = Na, Ca, Mp

Fe?*, Mg, Li; C = Mg, Fé*, Mn?*, Al, F€¥*, Mn®*, Ti**, Li; T = Si, Al, Ti**, Be; W=

(OH), F, Cl, G : Hawthorne et al., 20120berti et al., 2012 Following the
recommendation of the International MineralogicasAciation, amphibole minerals

are divided into two groups based omr thominantanions at site W, i.§OH,F,CI)
versus oxo-amphiboles. The (OH,F,Cl)group is further subdivided into eight
subgroups based on B cations. An Excel spreadsheet developeddak (2014 was

used to calculate the chemical formula and classify detrital amphilddie Fe**/EFe

and Mr#*/EMn ratios were calculated based on rgfeabalance by normalizing the
formula to one or more sets of cation suyesausette valence state of Fe and Mas

not measured. All amphibole grains were considered to be monoclinic because only a
few (< 2%) orthorhombic amphibole grains were detected with Raman spectroscopy.
For amphibole with W = 2 (OH, F, CI), sufficient OH content was calculated to reach
2 (OH, E Cl) per formula unit becausexB+ was not measured and OH could not be
estimatedqLocock, 2019.

5.3.6 Garnetchemistry

The general formula of garnet contains 8 cations and 12 anie¥isZXi 12, where X

= Na, Mg, Ca, MA&*, F€*, Y; Y = Mg, A, Si,Sc, Ti, V, Cr, Mi*, F&*, Fe®*, Zr, Sn; Z

= Al, Si, Fé*. The Excel spreadsheet developed.bgock (2008, which considers 15
different garnet varieties and 14 endmembers, was used to calcutateoiar
proportion of garnet endmembers framemical data. The iron was entered asieO
in the spreadsheet and the amount 6f Bad Fé* were calculated by stoichiometric
constraints because the proportion of Re@usFe0s was not determined. Mhwas
calculated only for compositions that can charge balance with #ealone.

Garnet, common in orogenic sediments derived from metasedimentary rocks, is a
particularly valuable provenance tracer because it displays a wide range of major
element composons and resists diagenetic dissolutiondyethan epidote, amphibole,

and pyroxeneNlorton and Hallsworth 20Q/Andoet al., 2012 Garzanti et al., 2013.
Different types of detrital garnets can be empirically distinguished according to their
provenane by the use of the Fe+MNKIgi Caternary plot /orton et al., 2004Mange

and Morton, 200y Type A garnet (high Mg, low Ca) is mainly shed by grandatses
metasedimentary rocksharnockites, and intermedigtdsic igneous rocksType B
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garnet (low Mg variable Ca) is derived fronitkeer intermediatefelsic igneous rock
(subtype Bi; Xmg < 20%, Xca < 10%) or amphibolitefacies metasedimentary rocks
(subtype Bii). Type C garnet (high Mg, high Ca) is preferentially contained in-high
grade metabasitésub-type Ci) or ultramafic rocksugh aspyroxenite and peridotite
(subtype Cii; Xmg > 40%, Xca> 109, and type D garnet (low Mg, very high Ca) in
metasomatic rocks (skarn), very layade metabasite, and highade calesilicate

rocks.

The different origns of detrital garnet aralso highlighted by the use of the MWgi
Ca diagram, based on the observation that'Mopgressively substitutes for Mrand
Fe’* in pyralspite garnet with increasing metamorphic temperature, wheréas Ca

increases at increagjpressuresWin et al., 207)
5.3.7 Epidotechemistry

For the classification of epidogroup minerals we used th&indows™ program
WinEpclasdeveloped byvavuz and Yildirim(2018 and based on the nomenclature
recommended by the Comission on New Minerahd Mineral Names of the
International Mineralogical Associatioihe structural formula of monoclinic epidete
group minerals can be expresseda82M1M2M3 [T207][TO4](04)(010),whereAl

= Ca, Mrt*; A2= Ca, Sr, Pb, C& (REEJ*; M1= Mg, F&*, Mn?*, Al, Fe*", V3*, Mn®*,

Cr¥*; M2= Al, Fe; M3= Mg, F&*, Mn*', Al, F€**, V3 Mn*, CP"; T = Si; 04 =G,

F; and O10 = OH O* (Armbruster et al., 2006 The normalization scheme based on
the BE(A+M+T) = 8.0 deter mi ne sthetddmgnanmi ner al
cations at sites Al, A2, M1, M2 and M3, and of anions at sites O4 and O10. Zoisite,
the orthorhombic polymorph of clinozoisite, cannot b&tidguished chemically from

its monoclinic polymorph clinozoisite, and consequently is not considered as a distinct

species byVinEpclassoftware.
5.3.8 Pyroxenechemistry

The general formula of orthorhombic or monoclinic pyroxene can be expressed as:
ABZ,0s, where A = Ca, ¢, Li, Mg, Mn?*, Na, Zn; B = Al, C¥*, F&*, F€*, Mg, Mré*,

Sc, Ti, \®*; Z = Al, Si. Composition of detrital pyroxene was calculated on the basis of
6 oxygen atoms in the chemical formula, using the software develofEtdroy(2002).

The nomenclature follows the rules set Morimoto et al. (1988. The prefixes
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fial umi ni and or fAsodi ano &r6.1aomdpedorniuar ¢
unit(a.pfu)orNa> 0.1 a.p.f.u., respecti @S vy.

is < 1.75 a.p.f.u. Most pyroxene grains belong to the Quad chemical group (i.e., plotin
the classical pyroxene quadrilateral, part of theMggFe classification triangle;
Morimoto et al., 1988 The J parameter is twice Na a.p.f.u.; thpa@Pameters Ca +

Mg + Fe* a.p.f.u..

5.4 Heavymineral sources

Transparent heavmineral suites in all anatgd samples mostly consist (84% on
average) of amphibole (47 £17%), epidote (17 £9%), pyroxene (12 £9%), and garnet
grains (9 +8%).

Heavymineral concenation results to be much higher in river sand derived from the
Kohistan arc (1914%) than from the Ladakh arc-20%), and higher in river sand
derived from the Nanga Parbat massilL{®n0) than from both the Karakorum belt and
the Grater Himalaya (2%). Heavy mineral concentration is remarkably high in dune
sand of the Thal Desert (26%; Table5.1).

Table5.1Heavymineral assemblages in river sand of the upper Indus catchmentr(@mder
sources) and eolian dunes of the Thal Deg¢sediment sink) pesfmed by serutomated
Raman spectroscopy. On average, over 700 transparent heavy minerals were counted per
sample (ranging from 275 for S4426 to 1300 for S1A4endixTableB2). HMC = heavy
mineral concentration; tHMC #ransparent heavy mineral condeation; Zrn = zircon; Tur

= tourmaline; Rt = rutile; Ttn = titanite; Ap = apatite; Amp = amphibole; Cpx = clinopyroxene;
Opx = orthopyroxene; Ol = olivine; Zo = zoisite; Czo = clinozoisite; &Ep = allanite and other
epidotegroup minerals; Grt = garnet; {@ = chloritoid; St = staurolite; And = andalusite; Ky

= kyanite; Sil = sillimanite; &HM = other transparent heavy minerals (monazite, anatase,
brookite, prehnite, axinite, gahnite, barite, vesuvianite). Percentages of astghifarnet,

epidote, and pyr@ne on each bulk sample are given in the four last columns to the right.

Sample River/Dune Domain HM  tHM Zr  Tur Rt Tt A Am Cp Op
S1749 Hushe Karakorum 4.8 25 2 0.2 1 9 6 60 5 0
S1748 Braldu Karakorum 6.5 4.5 0.9 1 3 8 6 42 11 0
S1437 Hunza Karakorum 2.9 15 0.5 2 9 10 5 45 8 0.2
S1438 Hispar Karakorum 8.7 6.7 2 1 1 10 3 26 6
S4426 Stagmo Ladakh arc 126 120 04 04 04 6 09 82 6
S4430 Domkar Ladakh arc 9.7 8.1 2 0.3 1 7 1 73 6 0.3
S1439 Kandia Kohistan arc 442 334 0 0 05 7 05 51 4
S1440 Swat Kohistan arc 314 275 0.2 0 2 1 06 49 37
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S4419 Zanskar G. Himalaya 4.8 4.6 1 5 2 8 8 21 11 0
S1426 Nandihar G. Himalaya 4.8 4.0 0.6 8 1 5 3 32 13 2
S1432 Astor Nanga Parbat 17.9 16.9 0.2 1 2 1 03 64 6 0
S1462 Mankera Thal Desert 212 153 0 1 1 4 03 40 10 1
S1463 Haidarabad Thal Desert 242 18.6 0 0.4 2 6 1 36 11 3
S1470  Muzaffargha Thal Desert 264 177 03 038 2 4 1 35 13 2
S1474 Munda Thal Desert 123 100 03 1 1 4 1 40 13 2
Sample Ol Zo Czo &Ep Grt Cld St And Ky Sil &HM Tot
S1749 0.5 0 1 11 4 0 0 0 0 0.2 0.6 100.0
S1748 0.5 0.1 5 11 7 1 0.4 0.8 0 0.4 1 100.0
S1437 0 0.2 6 13 1 0 0.2 0.3 0 0 0.5 100.0
S1438 0.2 0 9 15 26 0.2 0.5 0 0 0 0.2 100.0
S4426 0 0 3 0 0 0 0 0 0 0 100.0
S4430 0 0 0.5 7 1 0 0 0 0 0 0.8 100.0
S1439 0.2 2 22 10 2 0 0 0 0 0 100.0
S1440 0 0 2 4 0.6 0 0 0 0 0 0 100.0
S4419 0.2 0 0.3 11 21 0 0.3 0 0.5 9 1 100.0
S1426 0 0.6 1 2 22 0 2 0 8 0.6 0.4 100.0
S1432 0.2 0.6 5 9 9 0 0.2 0.2 0.8 0.2 0.2 100.0
S1462 0.5 0.5 15 9 14 0.3 0.8 0 1 0.2 0.7 100.0
S1463 0.4 0.9 11 13 14 0 0.6 0.2 0.4 1 0 100.0
S1470 1 0.7 14 11 11 0 0.5 0 0.8 0.5 0.5 100.0
S1474 0.3 0.3 11 12 10 0 0.6 0 1 0.3 0.1 100.0

5.4.1 Karakorum

The studied river sand derived from the Karakorum contain moderately poor to rich
transparenheavymineral suites dominated by amphibole, with subordinate epidote,
clinopyroxene, titanite, and rare clinozoisite, apatite gathet. TheHispar River,
draining midcrustal rocks rapidly exhumed in metamorphic domes of the Southern
Karakorum Belt, carries the richest transpardrgavymineral suite containing

subequal amants of garnet and amphibol€aple5.1).

Amphibole grains in sand ohé upper Hushe Rivewhich largely drains granitoid
rocks, aremainly pargasite (52%), hastingsite (26%), and hornblefie 5.3A).
Garnet grains mainly plot in the Bi field of tRe+Mni Mgi Caplot and in the low P/T
field of theCa Mgi Mn plot (Fig. 5.4A), reflecting provenance from intermedidigdsic
igneous rocks. Epidotgroup minerals include REg&ch allanite (11% on average) and
detrital pyroxene isainly diopside with subordate augitevith low wollastonite (Wo)

value and negligible orthopyroxenéid. 5.5A and5.6A).
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Sand of the upper Braldu River draining the axial part of the Karakorum belt contains
mainly hornblende prevailing over pargasite and actinolite, and mainlyvitBi
subordinate Bii garnet plotting in the low and intermediate P/T fidtig 6.4A).
Epidote dominates over allanite and clinozoisite. Pyroxene is mostly diojasigiely
derived from uppeamphibolite facies metasedimentary rocks (9%9g. 5.6A).
Similar mineralogical signatures characterize upper Hunza and Hispas, saaitly
derived from theNorthern Karakorum sedimentary domaind from the Southern
Karakorum belt, respectively. Hispar sand, however, lacks all&hges(5A), whereas

upper Huna sand contains only a few garnet grains, dominantly of typaeddH.4A),
and some ferroaugite grainsid. 5.6A).
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Figure 5.3 Chemical composition of detrital amphibaferiver and eolian sand of northern
Pakistan All data were plotted in one sindbiplot, and next separated into four panels to allow
comparison betwedheendmember sources (A = Karakprum, B = Ladakh andiktm arcs,

C = Himalaya) and the sediment sink (D = Thal Desert).
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5.4.2 Ladakh and Kohistan Arcs

Stream sand derived from tHeadakh arc contain rich to very rich, amphibole
dominated transparent heamyneral suites including minor titanitelinopyroxene,
epidote, and only rare garnétd. 5.4B). Amphibole grains are mostly hornblen@e
81% on averagdrig. 5.3B). Epidote isdominant (allanite is rare in Stagmo sand and
absent in Domkar sanBig. 5.5B). Detrital pyroxene is mainly diopsiéad augiteKig.
5.688B); Domkar sand includes a few orthopyroxene grains.

The very rich to extremely rich transparent heavperal suite shed from the Kohistan

arc are more variedrable5.1). Kandia sand yields mainjyargasite, hornblende and
actinolite among the amphibole grougbundant epidotgroup minerals (mostly
clinozoisite;Fig. 5.98), mostly highCa garnet of type DFg. 5.4B), and only a few
diopside andorthopyroxenegrains €ig. 5.6B). In Swat sand, comnmo detrital
amphibole is mainly hornblende (42%), with minor pargasite and hastingsite, and rare
actinolite and tschermakite. ClinopyroxeftBopside, minor augite) is abuaot and
orthopyroxene minorKig. 5.6B). Epidotegroup minerals are represented Ipydete

and clinozoisiteKig. 5.5B). The raregarnet grains are high in Ca and Mg 5.4B).
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Figure 5.4 Chemical composition of detrital garnigt river sand of norther Pakistan(A =
Karakorum, B = Ladakh and Kohistan arcs, C = Himalaya) and in (b Thal Desert
(Fe+Mni Mgi Ca plot afterMange & Morton,2007 Cai Mgi Mn plot afterWin et al.,2007).
Xre, Xumg, Xca, Xvn = molecular proportions of Fé, Mg, Ca, and Mn.
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5.4.3Greater Himalaya

Rivers draining amphibolitéacies metamorphic rocks of the Greater Himalaya carry
moderately richtransparent heawvgineral suites including amphibole, garnet,
clinopyroxene and epidote, with minor titanite, tourmaline, apatite, sillisnand

kyanite Table5.1).

The Zanskar River, sourced from the topmost part of the Greater Himalaya and cutting
across the Tethys Himalaya, carries pargasite and hornblende with minor hastingsite,
mainly Bi garnet with a few Bii and Ci grainBig. 5.4C), anddominant epidote with

minor allanite Fig. 5.5C). Diopside accounts for the vast majority of pyroxene grains

(Fig. 5.6C).

Similar amphibole varieties characterize Nandihar river sand, which contains mainly
Bi garnet with minor A, Bii, and D graingmig. 5.4C), epidoteclinozoisite but no
allanite Fig. 5.5C), and a higher proportion of augite (30%) and orthopyroxene (25%)
(Fig. 5.6C).
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Figure 5.5 Chemical composition of detrital epidegeoup mineraldn river sand of northern
Pakistan(A = Karakorum B = Ladakh and Kohistan arcs, C = Himalaya) and in the (D) Thal

Desert A to D) The proportion of clinozoisite, allanite, and epidote were calculated as Al
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(a.p.fu)i 2,if Al (a.p.f.u.) > 2 (otherwise the proportion was taken as zero), as REE (§.p.f.u
and as 1- allanite - clinozoisite, respectivelyGraser and Markl, 2007 Aln: allanite; Ep:
epidote; Czo: clinozoisiteE) Classification of REfbearing epidote grains aftekartashov
(2014.

5.4.4 Nanga Parbat

The very rich transparetieavyminerd suite of Astor River sand draining the Nanga
Parbat massif is dominated laynphibole with subordinate epidegeoup minerals,
garnet, and clinopyroxend@dble5.1). Detrital amphibole is mainly hornblende with
common tschermakite (14%) and minor pargaiig. 5.3C). Garnet grains are mainly
Ci (57%) and minor Bii typesHig. 5.4C). Epidote and clinozoisite occur whereas
allanite is lacking Fig. 5.5C), and detrital proxene is dominantly diopside with rare
augite and orthopyroxen€ig. 5.6C).
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Figure 5.6 Chemical composition of detrital pyroxeneriver sand of northerrPakistan(A =
Karakorum, B = Ladakh and Kohistan arcs, C = Himalaya) and in the (D) Thal Desert
Pyroxene quadrilateral fronPoldervaart and Hes61951) and Morimoto et al.(1988. Wo:
Wadlastonite (CaSkOe); En: enstatite (MgSkOs); Fs: ferrosilite (FeSbOs).

5.5 Heavymineral provenancetracers in Thal Desertsand

Transparenheavymineral suites of Thal Desert sand reflect the mineralogy of their
diverse magmatic and metamorphaugces. As each sourceock domain contributes
detrital species to the sediment load of the upper Indus River in different proportions,

depending not only on exposure area and erosion rate but also on the different mineral
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concentrations (fertilities), ewe detrital mineral is expected to carry a distinct
provenance signaF{g. 5.7). A sourcerock domain may contribute one mineral (e.g.,
amphibole) in large proportion, but another mineral (e.g., garnet) in negligible
proportion; as a consequence, that domwill be overrepresented in the detrital

amphibole spectrum but hardly seerhia detritalgarnet spectrum.
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Figure5.7Multidimensional scaling maps based on the chemical signatures of the four studied
mineral groupsn river sand of northern Pakian and in the Thal Deserfppendice§ ables

B7 to B10). The four Thal dune samples are considered as subsamples of the same unitary
population.Solid and dashed lines link closest and seedpdest neighbors, respectively. The

hi gher st r ae ft)oobtainad far the amphibole (11.2%) and pyroxerss

(8.9%) than for the garnet (2.4%) and epidote maps (0.8%) largely reflect the higher number
of varieties identified for amphibole (32) and pyroxene (39) than for epidote and garnet (6
each. The fourmaps- plotted using the provenance package/efneesch et al(2016 -

differ because different minerals are contained in markedly different proportions (fertilities)

in different sourcegock domains. Similarities among mineralogical spectra iatdicthe
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Kohistan arc as the main supplier of epidote and pyroxene, whereaskeaigpand garnet

were largely derived also from the Karakorum (Southern Karakorum gneiss domes drained by
the Hispar River) and Himalaya (Nanga Parbat masdif)e shape and ocolr of sample
symbols are same with those of Fig6ra-5.6.

5.5.1 The Thal Desrt as a Quaternarysedimentsink

The very rich transpareffieavymineral suite of Thal Desert sa(iMC 15.4 +3.9)
mainly consists of amphibole, with common epidote, closife, clinopyroxene, and
garnet. Detrital amphibole includes mainly hornblende, subordinate pargasite,
actinolite (11% on average), hastingsite, and minor tschermakite (up €id%.3D).
Detrital garnet mainly consists of Bi grains with minor(€38%), Bii (18%), A (13%),

and a few D grainsHig. 5.4D). Epidotegroup minerals are mainly clinozoisite (54%

on average) and epidoteig. 5.5D). Detrital pyroxene is mainly diopsidéth common

orthopyroxene (32% on average) and minor augitg 6.6D).

The four studied dune samples are compositionally homogen€ahkeb.1) and can

thus be considered as subsamples of the same unitary popuMinor differences,
however, are observefr instancebetween the adjacent Mankera and Haidarabad
samples Fig. 5.1). Sample S1462 yielded more hornblende and more Bii than Ci
garnets (20%s5s.18%), whereas sample S1463 yielded more hastingsite (27%), less Bii
than Ci garnets (12%s.26%), and a lower diopside/augite ratiog. 5.8and5.9).

5.5.2 Heavymineral concentration and provenanceestimates

A fundamental parameter in provenance analysis is represented byrhie@vgl
concentration (HMC@Garzanti and Andg 2003, 2019, which depends originally on

the mineralogy and on the average density of parent rdtkesdenser a rock is, the
greater amont of dense minerals it contains and therefore can shed. Hidaeyal
concentration in sediments, however, can be modified even by an order of magnitude
or more by hydraulic sorting during erosion, transport andvesttation Garzanti et

al., 2009, or by chemical processes including weathering in soils and intrastratal
dissolution during burial diagenes{S4rzanti et al., 20182018. Only in the absence

of such environmental and diagenetic bias can terrigendusudebe considered as
produced purgl by physical comminution and the mineralogy of daughter sand held to
faithfully reflect the mineralogy of parent rocks. Under this strict assumption, the
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concentration (fertility) of each mineral can be determinecfyr specific source by

the mineralogial analysis of daughter sanddlusaet al., 2016.

Our mineralogical dataset, integrated by data ft@anzanti et al(2005 andMunack

et al.(2014), indicates that erosion in the diverse tectonic domains of {her updus

catchment generate different amounts of heavy minerals. This depends principally on
arcversuscontinental protoliths and crustal level exposed to erosion in each domain,
becausecontinental crust is more felsic and therefore less dense thamustc and

because the Earthos crusGarzanBetahp2006ed!| y str a

The very high transparehieavymineral concentration in all of our four Thal dune
sand samps, which are not systematically enriched in densest mineraldduyige
entrainment effectsAppendix Table B1), points by itself to major heauyineral
supply especially from dense mafic rocks exposed in deep tectonostratigraphic levels
of the Kohistararc andminor heavymineral supply from either the Karakorum oe th
Greater Himalaya. Similarity analysi&#rzanti et al., 204) indicates that heavy
mineral suites resembling more closely those of Thal Desert dunes are those of Braldu
and Hisparsand derived from the Cent@buthern Karakorum, whereas the least
similar are those of stream sand derived from the Ladakh arc. Femvsrd)
calculations based on heamyineral data shown iffable 5.1 (mathematical method
illustrated inWeltje, 1997ard Garzanti et al., 20)Zonfirm theKohistan arc and the
CentratSouthen Karakorum as major sources of sediment for the Thal dunes.

5.5.3 Theamphibole signal

The composite amphibole population of Thal Desert sand includes hornblende as well
asother species identified in sand carried by diverse mountain tributaries ofitie In
River, pointing to mixing from several sourcésg; 5.8). The relatively high amount

of actinolite suggests contribution from Karakorum and/or Kohistan, and the presence

of tschermakite indicates significant supply from Nanga Parbat.

The massive appeance of bluggreen hornblende in Upper Miocene foreldras$in

strata of northern Pakistan was used as an indicator of rapid exhumation of the Kohistan
arc Cerveny et al., 989. Geochemical data frorhee et al.(2003 confirm the
Kohistan arc as a majeource of amphibole, whereas the Nanga Parbat massif together
with the Himalayan belt and the Ladakh arc in the uppermost catchment were held to
be minor contributors. Major supply from the Kohistan arc was principaltyibed to
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high fertility, whereashte Southern Karakorum Belt was identified as the dominant

source of bulk sediment also based on Nd isotope fingerp@htsdt al., 2002.
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Figure 5.8 Calculated proportions of different varieties of detritahphibole foundn river
and eolian sad of northern PakistanAct: actinolite; Hbl: hornblende; Hst: hastingsite; Prg:

pargasite; Tr: tremolite; Ts: tschermakite.
5.5.4 Thegarnet signal

As the studied rivers draining the Ladakh and Kohistan arcs carry little garnet, most of
which are Caich type-D grains, the arcs cannot be considered as significant sources
for garnet Fig. 5.9). However, Thal Desert dunes contain common #ghCi and A

garnet grains, which may have been derived not only from Nanga Parbat and the Greater
Himalayg respectiely, but also from granulitbacies metagabbros and
metasedimentary rocks exposed in the southern part of the Kohistan arc drained by the
Indus River.These Igh-grade rocks of the lower arc crust may in fact contain up to 20

- 30% garnetYamamoto, 1993Jagotz and Schmidt, 20)2High-Mn garnets plotting

in the low P/T field are sporadic in Thal Desert dunes, but common in all river sand
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derived from the Karakorum belt and the Greater Himal&yg 6.4), which argues

against dominant garnet contributifstom these sources.

Geochemical data fromlizai et al. (2019 indicate that garnet in Kabul saiés
intermediate signatures between those of the Karakorum belt and the Kohistan arc, and
that Punjab rivers draining the Himalayan belt carry mainly BiBindjarnets with

minor Ci grains [fig. 5.9). Type D garnet occurs in all geological domains drained by
the Indus River upstream of the Thal Desert but not in Punjab tribut&igess(9),

which do not contribute significant amounts of sediment to thé Dasaert. Mgrich

garnet derived from the Kohistan arc and subordinately from the Karakorum belt,
characteristic of Indus sand, are still the mark of the Thar Desert dune field in southern
Pakistan, chiefly representing wimeworkedalluvial fan of thelndus River Alizai et

al., 2019.
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Figure 5.9 Calculated proportions of different varieties of detrital garnet (as defindbinge
& Morton, 2007 found inriver and eolian sand of northern Pakistdbata for Kabul, Indus,
Jhelum, Chenab, Ravi, Beand Sutlej sand, circled in black, are fraizai et al.(2016.
Garnet types are explained in the tesegtion5.3.6).
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5.5.5 Theepidote signal

Although epidote has been generally used asosenance tracer based on isotopic
fingerprints Keane and Mrrison, 1997 Spiegel et al., 2002 major element
geochemistry also provides critical information. Most importafanae grains were

not detected in all four Thal sand samples, whiccludes significant contribution
from the Northern and Central Kekorum drained by the upper Hunza, upper Braldu,
and upper Hushe rivers, and by the upper part of the Greater Himalaya drained by the
Zanskar River KFig. 5.10. The abundance of clinozdisi favours instead major
contribution from the Kohistan arc and pib$gfrom the Southern Karakorum, drained
by the Hispar which is the only Karakorum river that does not carry allanite.
Subordinate supply from the Nanga Parbat massif, mainly sheddohgfespand from

the Greater Himalaya in Pakistan, dominantly sheddlimpzoisite, cannot be ruled
out. Although isite cannot be identified from geochemical data\VBnEpclas
software Yavuz and Yildirim,2018, Raman spectroscopy revealedataindance in
both Thal Desert and Kandia River saiidlgle’5.1), confirming tke Kohistan arc as a

major source of detrital epidote for Thal dunes.
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Figure 5.10 Calculated proportions of different varieties of detrital epidgteup minerals
foundin river and eolian sand of northern Pakistayiote that Thal dunes, as well as sé&mn
Kohistan and Nanga Parbat, lack allanite. Among Karakorum rivers, only the Hispar does not
carry allanite, which singles out the Southern Karakorum as the only dom#emtiadly
representing a major source of epidote within the belt. Aln: allanite: €linozoisite; Ep:

epidote.
5.5.6 Thepyroxenesignal

The abundance of orthopyroxene in Thal Desert dpagds to dominant contribution

from the Kohistan arc, witlminor to negligible additional contributions from other
sourceskig. 5.11). In fact,the Ladakh arc (Wo < 30), the Karakorum belt (upper Hushe
sand; Wo ~ 30), and the Greater Himalaya (Nandihar sand; Wo < 40) shed mestly Ca
poor augite Fig. 5.6), whereasaugite grains in Thal Desert dunes are mostlyiCla

(Wo > 40). Detrital ferroaugites negligible in Thal dunes, whereas it occurs in sand

derived fromthe Nanga Parbat, Greater Himalaya, and Karakorum belt (upper Hunza
sand) Fig. 5.6).
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Figure5.11Calculated proportions of different varieties of detrital pyroxtnad inriver and
eolian sand of northern PakistaAug: augite (25 < Wo < 45); Di: diopside (Wo > 45); Opx:
orthopyroxene (Wo < 5).

5.6 Conclusions

Varietal studies of heavyimerals have long been provi® provide crucial information

on sedimenprovenance. The presentudy focuses on the chemical composition of
detrital amphibole, garnet, epidote, and pyroxene because thesgsatolidn series are

the fourdominant minerals in orogenic sediments worldwide. fltfeminerochemical
dataset produced is intended as a hase$ul to discriminate among the diverse sources

of detritus within the upper part of the Indus River catchment in northern Pakistan,
upstrean of its entry point in théPunjabforeland basin. Therefore, the thorough
guantitative description of mineralogic signaturesof Thal Desert dune sand,
representing a relict sink of sediment entirely derived from the upper Indus River in the
Quaternarypffers a complementary way to trace erosion patterns across the western

Himalayan syntaxis and adjacent orogemigraents.

High-resolution analysis of Thal Desert dune sand indicates that the Kohistan arc has
played the principal role as a source of heaugerals, especially as pyroxene and
epidote are concerned. The similarity among mineralogical spectra sudgstset
Southern Karakorum gneiss domes undergoing fast exhumation and the Nanga Parbat
massif were important suppliers of amphibole and darae#lecting high erosion rates

in the western Himalaya syntaxis. Among other Himalayan domains, a minor amount
of heavy minerals was supplied by the Greater Himalaya, whereas detritus from the
Lesser Himalaya and Subhimalaya becomes significant in bahgsonly in southern
Pakistan, downstream of the confluence with Punjab tributaries. The contrast between
minerabgical fingerprints of Thal Desert sand, entirely derived from geological
domains exposed around the western Himalayan syntaxis, andflietatus carried

by Punjab tributaries, which drain the Himalayan belt exclusively, can be exploited to
assess howthe relative contributions from these different parts of the Himalayan
Karakorum orogen to the Indus delta to huge esssgpfan have changétrough time.

Such a clear differentiation between Transhimalayan and Himalayan sources of detritus
provides a seivactualistic key that can be used, together with complementary

compositional datasets and geological information, to make a step forwahné in t
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understanding of the erosional evolution of the Himalayan orogen and of landscape
changes in the Punjab forethbasin as controlled by the complex interplay between

climatic and tectonic forces in the recent and less recent past.
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6 Provenance of Thal Desert sand: a Pleistocene inland archive of Indus River

sediment (central Pakistan)
Lianget al., in preparation
6.1 Introduction

The western Himalaya aréasgreat height differences, resaly from the rapid uplift
among Neogene and erosion unroofing of crystalline basement (®bksder and
Bishop, 2000 The complete transect across todlision areaalsoexposecere from
the Asian margin to the Indian passive mar@adrle et al., 199%Hodges, 2000 The
Indus River, draining the various tectonic domains of western Himatayaes sand
with distinct compositional signatures whicanfaithfully reflect the geology terranes
(Garzanti et al.,, 2005 providng a superbopportunity for investigating the
relationships of among orogenic processes, climate and eroswhaion amongthe

western Hmalayan Syntaxis.

Plenty of researchds been focused omderstanahg how thelndus Rver system has
evolved over time (e.gQayyum et al., 1997%inclair and Jaffey 200 Clift et al 2001,
2002, 2a4; Najman et al., 20Q3Henderson et al., 201@huang et al., 20)8Desert,
as asubstantinsedimentrepositoryof rivers has drawmreat attention recent years
(Clift and Giosan, 20%4ast et al., 20D)5especially the Thar Desdd.g.Singh et al.,
199Q Enzel et al., 199%inghvi and Kar, 2004inghvi et al., 2010with large amount
of sedimentsrecycled from the lower Indus ®ir and deltalift and Giosan, 2014
East et al., 200)5However, thaneighbairing Thal Desert, located at the entry point in
the Himalayan foreland basiandheld thekeyinformation to interpret the stratigraiph
record and understand the erosive dyita of the recent Indus systenauses only

little concern.

The arid desert characterized by niggple chemical weathering and minor effect of
fluvial transport and human activities, cgenerallypreserve provemee information
perfectly. Most sand congpents of the dunes may survive for a million years
(Vermeesch et al., 20)@vith only considerable mechanical modification. Therefore,
the desert area provislan excellent opportunity to investigate the interreteghips
between tectonics and climate and their influemteadimentatiorduring Quaternary.

Zircon geochronologyepresergone of the few available methods to tracedftienate
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provenance of degesand Dickinson andsehrels, 2009 because zircon isne of the

few accessory minerals consisting the sand seas in the (Murtts, 2004, although
focusing on zircon only thus inevitably entails missing information on the remaining
99.98% of thesand compositiofGarzanti, 206).

We emphasize the importanmf an integrated, multhethod and mukmineral
approach in provenance analysis (evgn Eynatten and Dunkl, 2013myth et al.,
2014 Garzanti et al., 2(88). The detailed provenansgudyon Thal Desert sandsing
the highresolution sand petrogrhp and heavy mineraanalysis, bulk sediment
geahemstry, Nd isotogesand zircon chronolog integratedwith previous analysis of
Raman spectroscopy andrietal studies oamphibole garnet,epidote angyroxene
grains(Liang et al., 201p can help t@ocumen detritussignakin river and dune sand
distinguish the sandrovenanceandidentify distinct erosion patterns the western

Himalayan Syntaxis through the Quaternary.

6.2 The Thal Desert

70°E 727 E 74°E 76°E

Figure 6.1 Google Map of Thal Desert afithal Desert dnesample.
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Central Pakistan is an arid to seanid subtropical region hosting in the south the large
Thar Desert+ 175,000 krd), straddling the political border with Indi&iaghv and

Kar, 2004 East et al., 200)5and in the north the much smalle@03kmlong and 100
km-wide Thal Desert, located between about 30°and 32R0and between about 71°
and 72°E (Fig. 6.1). This triangulasshaped desert extending between the course of the

Indus River in the west and the Punjebutariesin the east
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Figure 6.2 Geological sketch map of the Indus River catchment (redrawn@éteranti et al.
2009, indicating the studid tributaries and sampling sites.

The Thal Desert, comprised between the Indus and Jhelum rivers, is delimited by the
Salt Range footlis in the north, whereas the Indus floodplain is bounded by the
Sulaiman Ranges in the wesfFig. 6.2). Exposed inthe Salt Range are
NeoproterozoilCambrianevaporites overlain by a fossiliferous Cambrian to Cenozoic
successionghah, 197Y. The Sudimanfold-thrust belt includes largely shelfal upper
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Paleozoic to Eocene strata, Neogene molasse, andadgepturbidies underlain by
ophiolitic complexesJadoon et al., 1994The Punjab plains are underlain by up to
450 mthick Quaternary alluvium and ka&n deposits overlying semiconsolidated
Cenozoic rocks or directly Precambrian crystalline basement, which crops the
Kirana Hills straddling the Chenab River course and representing the topographic
culmination of the Sargodha Ridgéreenman et al1967 Kadri, 1999.

6.2.1 Climate

Summers are very hot in the Thal Desert, with average temperatures around 35€C in
June to July, dropping to about 10€ in December to January. Average annual
temperatures increase fronR4€ in the north and west te 28C in the south. Most

of the regiorreceives less than 350 mm of rain per year. Annual rainfall progressively
decreases from the northern (annual average of 617 mm recorded from 1991 to 2013 in
the Mianwali meteorological statioBhah and Ahmad, 2010 the southern edges of

the desert @0 mm;Greenman et al., 19%57Cold dry winds blow from the north in
winter, whereas hot raibearing winds blow from the south in summer, with average
speed of several km per hour. Between March and April, hailstornesaged by air
turbulence owing tae high temperature difference between the warm surface and the
cold upper atmosphere may cause major damage to crop and bui@oxgs, (2004

In the summer, dust storms may be fostered by unsteady thermal conditidbns

north/south temperature gradigiftiussain et al., 2005
6.2.2 Geomorphology hydrology and hydrogeology

Different physiographic units can be distinguished in the Thal Desert, which lies at
altitudes above sdavel decreasing from 200 m in the ndh to~ 120 m in the south.

The piedmont area transitional to the Salt Range foothills hosts alluvial fanstiogns

of detritus reworked and deposited during sheet floods, and fining downstream within
a distance of 10 km.The Quaternary fluvial and eah depositén the southdeseris

~ 350 mthick andmuchthicker in the central deseftlickson et al., 2006

The underlying alluviunbasicallyconsists of laterally continuous fine to coarse sand
bodies, with minor gravel, and isolated mud lenddsvial environments can be
distinguished into three categ@jehe active flood plain, the abandoned flood plain,

and bar uplands. The present active floodplain of the Indus River reaches a width of
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more than 20 km in the south. The abandoned flood plawes wider and includes
areas of higher ground termed as bpland. In the upper part of the desert, bar uplands
are actively eroded by the Jhelum River with scarps locally up to 10 meters above the
floodplain Greenman et al., 1957

The Thal Doab aqugfr, consisting of Quaternary alluvial and eolian depesitslocal

mud lenses, is recharged rapidly from river water and rainfall. The Indus River and its
tributaries to a lesser extent give rise to one of the largest irrigation systems in the world,
including the Chashmadhelum link canal supplied with Indusiters and built between
1967 and 1971. A network of dams, barrages and canals aim to convert into cultivable
land the Thal Desert, where the water table lies between 9 and 0.5 m from ground
surface(Shah and Ahmad, 2016lussain et al., 2037

Other detailed information on geomorphology, hydrology and hydrogeologye
provided inChapters.2.

6.3 Methods
6.3.1 Sand petrography and heavy minerals

Dune sand samples from the Thal Desert were collent€@bruary 2001Detailed
information on sample location, petrography, heavy mineral, geochemistry and Nd
isotopic data iMAppendcesTables C1to C5. A quartered aliquot of each bulk sand
sample was impregnated with araldite, cut into a standard thiiorsestained with
alizarine red to distinguish dolomite and calcite, and analyzed by counting 400 points
by the GazzDickinson method Ifigersoll et al., 1984 Metamorphic grains were
classified by protolith composition and metamorphic rank. Average odniock
fragmentsin each sample was expressed by the metamorphic indices MI and MI*
ranging from O to 500vith the increasing metamorphic graf&arzanti and Vezzoli,
2003. Sand classification is based on the main component quartz, feldspars and lithic
fragmentsconsidered if exceeding 10% QFG4drzanti, 20162019hH. Median grain

size was determined in thin section by ranking and visual comparison with standards of

f /4 classes prepared by sieving in our laboratory.

Heavy minerals were separated in sodipolytungtate (density ~ 2.90@n3), using
the 63250 ¢ mfraction treated with oxalic and acetic acids. 200 to 225 transparent

heavy minerals were counted on grain mounts by the area métaod€ and Maurer,
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2012). Heavymineral concentrations;alcdated as the volume percentage of total

(HMC) and transparent (tHMC) heavy minerat3a(zanti and Andg 2003), range

from fivery pooro (tHMC < 0.5) and fApoor o (
10), riivweroy (10 O t HMC <0 2@3Q &AAME TReeZBAO N e me | y
index(Hubert, 1962 estimates the durability of the assemblage (i.e., extent of recycling;
Garzanti, 201). The Hornblende Colour Index (HCI) varies from 0 to 100 and

estimates formation temperatures of metamorphic and ignecks{Andoet al., 2014.

Detrital componentare listed in order of abundance throughout the text.

6.3.2 Bulk chemistry and Nd isotopes

Chemical analyses were carried out at ACME Laboratories (Vancouver) on a split
aliquot of the 632000 m fraction obtainé by wet sieving. Major oxides and some
minor elements were determined by HEB and trace elements by KBS, following

a lithium methorate/tetraborate fusion and nitric acid digestion. A separate split was
digested in aqua regia and analysed for Mo(Mi, Ag, Au, Zn, Cd, Hg, Tl, Pb, As, Sb,

Bi, Se, but the concentration of these elements may be underestimated because of only
partial leachingof refractory minerals. For further information on adopted procedures,
geostandards used and precision for werielements septtp://acmelab.con{code

LF200).

Several grams dhe bulksediment were powderetbfn each sample to ensure a good
average composition. Each sample was then dissaiva solvenand the Nd separated
usng standard column extraction techniques. Nd isotopic compositions were determined
on VG354 mass spectrometer at Woods Hole Oceanlaigrépstitution. 143NdA*Nd
valuesare normalized td*Nd/A*Nd = 0.7219 and are relative to 0.511847 for the La
Jollastandard. We calculat¢he parametelhg (DePaolo and Wasserburg, 198ing
al*NdA*Nd value of 0.51263for the Chondritic Uniform Reservo{Bouvier et al.,

2008.

6.3.3 U-Pb zircon geochronology

On the heawymineral separates @4 samples (3 frorthe Thal Desey2 from the Indus
River and 9 from various endember sourcés Detrital zircons were identdd by
Automated Phase Mappinyg¢rmeesch et al., 201 Wwith a Renishaw inVi&! Raman

microscopeU-Pb zircon ages were determined at the LondendBronology Centre
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using an Agilent 7700x LAICPMS (laser ablatioductively coupled plasmmass
spectrometry) system, employing a NewWave NWR193 Excimer Laser operated at 10
Hz with a35 nm spot size and ~ 2.5cin fluence.No cathodoluminesce imaging was
done, and theaker spot was alwapsacedi b | i im the intediorof zircon grains. Data
reduction was performed using GLITTER 4.4.2 softw&effin et al., 2008. We used
20ppPBY  and 2°PbP°Pb ages for zircons younger and older than 1100 Ma,
respectively.No common Pb correction was applie@rains with > +5 /-15% age
discordanceavere discarded, ant392concordant ages were obtained overall. The full
geochronological datasistprovided inAppendixTableC?7.

6.4 Compositional fingerprints of Thal Desert sand
6.4.1 Petrography and heavy minerals

All four Thal Desertsamples are fingrained, lithefeldspathequartzose to quartzo
feldspathelithic sand. Q/F and Q/L ratios arel}0.1 and 1.3 £0.5, respectivel¥(g.

6.3). Quartz is mostly monocrystalline (Qp/Q 0.09 +0.03)féddspar and plagioclase
occur in subequal amounts (P81 +0.07). The varied rockragment population
includes metasedimentary (paragneiss, s@iag, calcschist, phyllite, metasatutee),
metabasite (prasinite, chloritoschist, amphibolite), carbonate (limestone, dolostone),
other sedimentary (shale, siltstone, minor chert), granitoid, felsic to mafic volcanic and
metavolcanic, and minor ultramaf{serpentineschist, cellular serpeitg) grains (Ml

253 £33, MI* 293 £20). A few muscovite and biotite occur. Very rich heaweral
assemblages (HMC 16 4HMC 12 +2) are dominated by amphibole (mainly blue
green hornblende; HCI 9 % 3) associatedith epidote, garnet, green to colourless
clinopyroxene, and hypersthene. Titanite, staurolite, kyanite, zircon, tourmaline, rutile,
sillimanite, olivine,andclr i t oi d al s o(Tablebc)lur (ZTR O 4)

Table6.1 Petrographic and heavsnineral signatures of Thal Desert sand compared with that
of sand carried by the Indus River and by its tributaries draining different ssackedomains.

Q = quartz; F = feldsparsLv = volcanic; Lc = carbonate and metacarbonate; Lp = shale,
siltstone; Lh = chertL m = metamorphicLu = ultramafic; MI* = metamorphic iné@x HM =
heavy minerals; tHMC = transparent heamyineral concentration. ZTR = zircon + tourmaline

+ rutile; Ttn = titanite; Ep = epidotegroup minerals; Gt = garnet; HgM = higlgrade

metasedimentary mineral (staurolite + kyanite + andalusite + sillimanite); Amp = amphibole;
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Cpx = clinopyroxene; Opx = orthopyroxene; &HM = other transparent heavy minerals

(apatite, olvine, spinel, prehnite, pumpellyite, brookite, barite).

Sample Q F Lv Lc Lp Lh  Lm Lu total  MI*
End members
Hushe S1749 55 41 0 2 0 0 3 0 1000 405
Braldu S1748 50 26 0 18 0.3 0 6 0 100.0 350
Hunza S1437 23 23 0 18 13 0 24 0 1000 247
Hispa S1438 58 31 0 5 1 0 5 0 1000 381
Stagmo S4426 41 57 0 0.4 0 0 1 0 100.0 456
Domkar S4430 47 50 0 0.2 1 0 2 0 1000 403
Kandia S1439 32 18 0 2 0 0 48 0 100.0 320
Swat S1440 26 47 2 0 0.5 0 21 3 1000 339
Zanskar S4419 49 15 0.3 29 1 0 6 0.3 1000 356
Nandihar S1426 59 25 0 0 0 0 16 0 100.0 411
Astor S1432 67 30 0 0 0 0 3 0 1000 390
Soan S1454 48 18 1 11 10 4 9 0 100.0 192
Indus River
Indus S1447 42 22 0 9 6 1 21 0.4 1000 292
Indus S1455 43 16 1 15 11 1 11 1 100.0 253

Indus S1461 45 24 2 12 4 3 11 0.4 1000 296
Desert dunes

Thal S1462 39 34 1 5 1 1 18 1 1000 317
Thal S1463 35 33 1 7 2 04 22 0.4 1000 283
Thal S1470 30 34 3 8 2 0 23 0 100.0 294
Thal S1474 43 36 0.4 7 5 0 9 0.4 1000 273
Sample HMC tHMC ZTR Tin Ep Gt HgM Amp CPX OPX &tHM total
End members
Hushe S1749 4.8 2.5 7 10 11 2 1 67 1 0 0 100.0
Braldu S1748 6.5 45 6 3 34 6 1 46 2 1 0 100.0
Hunza S1437 2.9 1.5 5 4 20 2 0 66 2 0 0 100.0
Hispar S1438 8.7 6.7 3 9 21 21 1 41 3 0 0 100.0
Stagno S4426 126 120 O 3 2 0 0 90 3 0 1 100.0
Domkar S4430 9.7 8.1 2 2 7 0 0 86 0 1 0 100.0
Kandia S1439 442 334 O 0O 38 O 0 60 1 0 0 100.0
Swat S1440 314 275 1 0O 8 O 0 67 8 15 0 100.0
Zanskar S4419 4.8 4.6 6 1 12 14 23 31 10 0 4 100.0
Nandihar S1426 4.8 4.0 2 0O 10 26 8 47 0 6 1 100.0
Khwar
Astor S1432 179 16.9 1 0O 19 7 0 71 1 0 0 100.0
Soan S1454 5.0 3.8 3 0O 76 5 0 16 0 0 100.0
Indus River
Indus S1447 12.2 9.8 0 1 17 9 3 60 7 4 0 100.0
Indus S1455 8.7 6.7 3 2 30 8 4 44 4 3 1 100.0
Indus S1461 277 229 1 4 22 29 2 40 0 2 0 100.0
Desert dunes
Thal S1462 21.2 153 1 1 15 11 1 64 2 4 0 100.0
Thal S1463 242 186 1 1 16 14 2 55 7 3 0 100.0
Thal S1470 26.4 177 4 1 20 13 4 45 5 6 0 100.0
Thal S1474 123 100 O 1 18 9 1 60 8 3 0 100.0
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Figure 6.3 Detrital modes QFL (A)LmLvLs (B)(diagrams afteringersoll et al., 1984and
Garzanti, 20198), Ep-Grt-Amp (C) and biplot (D). Indus river sand downstream of the Kabul
Riverconfluence is a mixture of detritus derived froma Kohistan and Ladakh arcs, and the
Himalaya, Karakorum, Hindukush and Simhan ranges. Thal Desert sastowsvirtually the
same compositiorsimilar with that of thelndus Riversand The Thal dune sandis more
feldsparrich thanthat ofmodern Indugiver sand,indicating a higher Kohistan Arc influence
in dune sand than the river sarnihe most abundaniicanic lithicsoccurs inthe Kamlial
Formation, reflecting only incipient dissection of the Kohisfan in mid-Miocene times
(Najman et al., 2003K = K-feldspar; P = plagioclasgL = lithic grains (Ls = sedimentary
Lvm = volcanic and metavolcanic; Lsm = shale, siltstonegsiatd metasiltstone; Lmf = felsic
metamorphic; Lmb = metabasjtelther parameters as Table Rata in the LmLvLs diagram
were re-centered to allow better visualizatioin the compositional biplotgabriel, 197), all
petrographic and mineralogical parasters are considered. The length of each ray is
proportional to the variability of the corresponding compositional paraniattre data set. If
the angle between two rays is close to 07 907 or 1805 then the corresponding parameters are

directly correlaed, uncorrelated, or inversely correlated, respectively.
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6.4.2 Geochemical signatures

The bulk geochemsal compositiorof Thal Desersandsamples show similar pattern
whichis errichedin Be, Mg, Ca,Si and depletin Na, K, Rb, Cs, Sr, Ba, Mo, Cu, Zn,
Cd, Tl, Sn, Pb and Sb compared with thgper Continental Crust standard (UCThe
samplesS1462 and S146a@re slightly enriched inY, REE, Th, Ti, V and Cr and
depletel inU, Hf, Nb and TaThe amourgof Y, REE, Th, U, Ti, Zr, Hf, V, NlandTa
in sample S1470 are about three timigherthanthese elements in sample S14Fig(
6.4A), reflectng aselective concentratiorf beavy minerain sample S14703arzanti
et al., 2018).

10
o 11
o
=2
2
o
E
% 0.1
—&— 51462 Mankera —— $71470 Muzaffargnar
—+— 51463 Hadarabad —&— 51474 Munda
L o e e e e o o o B S R ) N NS e e s s e e e e e S B S
Na KRLCs BeMuCaSrBaSe ¥ laCp PrNdSmFUGATh Dy Ho SrTmYb luTh W 7 Zr Hf WV Ne Ta ko WhMiFeCo NiCuZn Cd A4l GaTI S S Ph P Az S 00
10
g A7
Q
2
=
oo
=
2 0.1
— Hispar Karakcrum Kandia Kohistan Nandihar Himalaya Aslor Nanga Parbat Kushalgarindus
Domkar ¢ s Zanskar Himal Soan Ponwar Pl — Kabagodis
omkar Ladakh Swat  Kohistan nskar Himalaya oan Potwar Plateau Dhera lsmail Khan indus
ot Hr——-—7---———— T T T
Na K RbCs BeMgCaSrBaSc Y LaCe PrNdSmEuGdTb DyHe ErTmYbLuTh U Ti Zr Hf V NbTa CrMo'W MnFeCo NI CuZn Cd Al Ga Tl Si SnPb P AsSb Bi
1000 1000 @
100 \\\‘\
2 ]
= =
=] T
g 5
8 = w £
S 5]
2 L
=3 [
5 10 %
2 i Hi Karakorum Nandihar Himalaya
ot P —— Hispar  Karakor andihar Himalaya
- 51462 Mankera Domkar Ladakh — Zanskar Himalaya
——t— 51463 Haidarabad Kandia Kohistan — Kushalgarindus
Sffaraha Swal  Kohstan —— Kalabagh Indus
—&—S flar: o Al
1470, Muzallarghat — Astor  Nanga Parbal ——— Dhera ismail Khan Indus
—— “474 Munda Svan  Potwar Plateau Avarags Thal Desert
1 1 T y T T T T T T T T T T T T

La Ce Pr Nd Sm Eu Gd Tb Dy Ho E Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tbh Dy Ho Er Tm Yb Lu

Figure 6.4 Geochemistry of eolian and river sand. U@@rmalized chemical composition of
sand in Thal Desert samplés) and in tributaries from the upper Indus catchméBy;
Chondritenormalized REE patterns in Thal Desert samgl€} and in tributaries from the
upper Indus catchmeiiD). Elements in UC@iormalized diagrams are arranged following the
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periodic table group by group. The REE enrichment in S1470 and depletion in S1474, reflect
different heavy mineral concentration. Plutonic and volcaniclastic sedinfims Kohistan

and Ladakh arcsare enriched in Na, Mg, Ca, Sr, whereas metasedimentclastic and
sedimentclastic sediments fréine Himalaya and Nanga Parbafiassif areenrichedin K, Ry,

Ba. Sand of theHispar River draining th&arakorumis rich in REE and Zr, Hfsuggesting

hydraulic enrichment in heavy minerd{Sarzanti et al., 2010a

Chondritenormalized REE patterns show classical LREE enrichmiéaitt HREE
distribution, and nedave Eu anomaly(Mcdogough and Sun, 199%ndvary slightly
(Lan/Smy 45 £ 0.3, Gdv/ Hon 1.5 = 0.1, Hon/Ybn 1.0+ 0.2) in Thal Desersamples
(Fig. 6.4C). The Eu anomaly changsystematically from less negative value 0.74 in
REE-poor S1474 to strongly gative value 0.46 in REEch S1470, reflecting igher
concentration of ultradense minerfdsy.,allanite and monazite Wi strongly negative
Eu anomalyin sample S1470anda higher concentration of feldsparsample S14¥

(feldspar hastronglypostive Eu anomaly.
6.4.3 Nd isotopic signatures

Neodymium isotope ratios range widely in the studied Thal Desert sand. Because their
bulk-sediment mineralogy is rather homogeneous, indicating notably constant
provenance, this marked variability is mostklik controlled by local factors such as
grain ske and/or hydraulic sorting. All four samples are fine sand, but cegnaeed
samples (242.2f) have less negativihd (-3.5 and-8.7) than finemgrained samples
(2.3-2.7f; Uq-10.9 and-13.2). Studies of Himalayaterived sand have shown that
their isotopic signatures are buffered by few minerals, and that the Nd budget is chiefly
controlled bymonazite and allanite despite their very low concentraGamganti et al.,

2010y, 20113 Garpn et al., 2013 We note that the two samples with lasgativeend

display the highest heaaryiineral concentration and are enriched in ultradense minerals

including opaque F&i-Cr oxides, garnet, zircon.
6.4.4 Detrital geochronological signatures

91 concordant UPb agesvere obtained from the zircon grains in Thal Desert sand,
with half of them younger than 200 Ma. Tiwen youngest ages are same at 21.63t0.

Ma, with discordances of 1.9% and 2.8%, respectively. The thaggeage clusters are
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at40-50 Ma, 70100 Ma and 800-1900 Ma with minor age populations at 1000 Ma,
640-850 Ma and 230@500 Ma(Fig. 6.5.
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Figure 6.5 U-Pb age spectra of zircon graims Indus drainage and Thal Desert. The KDEs
(kernel density estimates) are shown with logarithmic abscigsareesh, 2018.

Zircon grains are more abundant in sample S1470 compared to S1474, due to its higher
heavy mineral concentration. Zircon age mlisttion of S1470 concentrates in younger

age clusters with 49% of zircons younger than 100 Ma, compared with 3GFirs

in S1474. At the same time, sample S1474 contains a higher (24% of total grains) age
population at ca. 850200 Ma which is about tae times than that in S1470 (only ~ 9%

of total grains).

6.5 Provenance othe Thal Desert
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6.5.1 Signatures of ptential sand sources

Potential sediment sources for Thal Desert sand include the majbaidftand right
bank tributariesof the Indus River which drain the Ladakh and Kohistan arcs, the

Himalayan belt including the Nanga Parbat massif, the Karakorum, and the Hindukush.
Petrographic and mineralogial signatures

The petrographic andnineralogical signatureAppendix Table C6) of the diverse
geological domains drained by these rivers are defin€glanzanti et al(2005 and
briefly summarized belowComplementary petrography and heavy mineral data from

Ladakh and Zanskar tributaries are also included.
Tributaries of the Indus River

Indus trbutaries draining the Ladakh arc carry quafddspathic and subordinately
feldspathequartzose plutoniclast sand with rich to very rich heauyineral
assemblages dominated by blyreen hornblende (HCI & 5) with minor epidote,
titanite, apatite, ciopyroxene and hypersthene. The Kohistarsheds sand ranging
in composition from feldspathquartzalithic to litho-quartzefeldspathic
metamorphiclastic with common prasinite and epigotghibolite grains and very rich
to extremely rich heawnineral assemblages dominated by blreen hornblende

(HCI 8 £3) and including epidote and minor hypersthene amplyroxene.

Indus tributaries draining the Karakorum carry sand ranging in composition from
quartzefeldspathelithic sedimentaclastic (North Kakorum) to quartzdeldspathic
plutoniclastic (Central Karakorum), and litheldspathequartzose metamorphadtic

with marble grains (South Karakorum). Heawneral assemblages are mostly
moderately rich and include dominant bigieen hornblende (HCI 8 1; North and
Central Karakorum) or amphibole associated with epidote, garnet, titanite, diopside,
and minokyanite, staurolite, and sillimanite (HCI 2®%; South Karakorum). A similar
mineralogy characterizes feldspattpoartzelithic sedimentaclastisand of the Kabul

River upstream of the Swat confluence.

Detritus from the Greater Himalaya, contributed g Zanskar River in Ladakh and
by minor rivers in northern Pakistan, is litheldspathequartzose metamorphiclastic

with moderately rich heavgnineral assemblages including hornblende, garnet and
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kyanite or sillimanite (HCI 16 £6). Sand supplied by triates draining the Nanga
Parbat massif is mainly feldspach feldspathequartzose with up to very rich,
amphiboledominated heawnineral assetrlage (HCI up to 52) including garnet,
clinopyroxene, epidote, and sillimanite. The Soan River, recyclingZoentoreland
basin units of the Potwar Plateau, carries feldspkith@quartzose sedimentaclastic
sand with a moderately rich, epidateminatel heavymineral assemblage with garnet,
hornblende, and tourmaline. The Jhelum and Chenab Rivers as wdlleasmatjor
Himalayan tributaries of Punjab carry feldspatitioo-quartzose sand with varied
sedimentary and metamorphic rock fragments and meiolyerately rich amphibole

epidotegarnet heawymineral assemblages

Right-bank tributaries in west central Rstan mainly draining the sedimentary
succession of the Sainan Range (Kurram, Gomal, Sanghar Rivers) carry quartzo
lithic to feldspathequartzaelithic sedimentaclastic sand with poor to moderately rich
heavymineral assemblages including epidote, amgeibgarnet, clinopyroxene,
enstatite, and commonly rounded tourmaline zircon, and rutile. The Kurram River
contributes granitoid and metamorphetritus derived from the Indian basement rocks
of the Spinghar CrystallindBadhsah et al., 2000whereas the Tochi tributary of the
Kurram and the Zhob tributary of the Gomal carry ultramaficlastic detritus derived from
the Waziristan, Zhob, and MuslimaBh ophiolite complexe$sfos et al., 1997

Trunk -river sand through time

The modern Indus Riveracries to the Pakistan foreland basin feldspditho-
guartzose sand including a variety of sedimentary and metamorphic rock fragments,
and rich hornblenddominated heawmnineral assemblages (HCI 13 £6) with epidote,
garnet, and minor clinopyroxene, lgrpthene, staurolite, titanite, kyanite, and
sillimanite. Back in the midMiocene, the Burdigaliahanghian (1814 Ma) Kamlial
Formation, exposed in the Cliiarea of the Potwar Plateau and inferred to have been
largely deposited by a pakdodus river, ontains feldspathquartzalithic sandstones
including sedimentary as well as rich volcanic, metavolcanic, and metabasite detritus
(Najman et al., 2003 This may represent the time when a drainage system similar to
the present one was first establishedjemeas the existence and compositional
fingerprints of a paledndus at older times remain loosely constrairn@drganti et al.,

1996 Clift et al., 200@; Roddaz et al., 203 Zhuang et al., 2095
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Geochemical signatures

Sandfrom the Hispar River draining th&arakorumdisplays an enrichment in REE
and Zr, Hf, indicating a hydraulic enrichment in heavy mindtatszanti et al., 20H).
The Kohistan derivegdedimentends to be richer in Na, Sr, Cr, Co, and \Majle the
Ladakh derivedandis lowin Cr, Co and Nireflectingthe influence oheterogeneous
distribution ofplagioclase, amphibole and-Spinel(Garzanti et al., 20H). Plutonic
and volcaniclast sediments frontheKohistan and Ladakh areserich in Ng Mg, Ca,
Sr, whereas metasedimentclastic and sedimentclastic sedimentbdidimalaya and
Nanga Parbat enrich in,KRb, Ba. Among sediments derived frothe Himalayan
orogen, sand fronthe ZanskarRiver is richer in REE, Th and U elements thame
Nandihar River, indicating a hydraulic concentration of ultradense minerBfe
Nandihar sandk rich in Na, K, Rb, Cs, Bayhereaghe Zanskar sand rich in Ca and
Mg, reflecting theoccurrence bcarbonate rockin the Tethys HimalayaThe Soan
tributary draining the Potwar Plateau shows similar chemical variagdifhal Desert
sand as well as the Indus trunk sample collected upstream and downstream of the Soan
confluence. Indus trunk samgEheralsmail Khan) tose to the Thal Desert, displays

a hydraulic concentration characterigimilar as eolian sample S14{#€g. 6.4B).

The REE patterns show similar trend with a LREE enrichment and flat HREE
distribution and mostly negative Eu anomdhig. 6.4D). The strong negative Eu
anomaly in Hispar sampl&g/Eu*0.37), results from the enrichment of the ultradense
minerals. The slightly negative Eu anomalytieKohistan Arc Eu/Eu*0.94 in Kandia
and 0.95 in Swat) anthe Ladakh Arc Eu/Eu* 0.87), reflecting te influence of

abundant feldspar.
Nd isotope signatures

Nd isotopic compositions can be used to distinguish tectonic domains among the
collision zone, including the Karakorum, Transhimalaya, Nanga Parbat, Greater
Himalaya and Lesser Himafa(Clift et al., 2002, 201) The mean documentégq in
the Transhimalayarcs is about 3Fetterson et al., 199Bhanet al., 1997 Clift et al.,
200, 2002, wherethe Kohistan arc is estimated at72(Petterson et al., 1998han
et al., 199 andthe Ladakhbatholith is measured &t (Clift et al, 2009. Mean(iqin
the Karakorum can be estimatedHt(Schaer et al., 1990Clift et al., 2002, where
the batholithis about-10 and the metamorphic belt-1 (Braldu tributary irClift et
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al., 2003. Gy measuredri bedrock(-18i -30, Whittington et al., 1999 and nodern
sand {237 -27,Clift et al., 2002 of the Nang#@arbatrestrongly negativel heGreater
Himalaya shows relatively radiogeriitermediate feature Wi mean (g value
estimated atl6 (Denielet al, 1987;FranceLanordet al.,1993 Parrish and Hodges,
1996 Harrisonet al., 1999Whittington et al., 1999Ahmadet al., 200), whereaghe
Lesser Himalaya is consideréo possesa muchmore negativevalue at about25
(Parrish and Hodges, 1998hmadet al., 200).

Detrital zircon chronological signatures

The Domkar tributary entirely draining the Ladakh Arc carries youngitdétzircon
grains (< 100 Mayvith ages peahkg at 60 Ma associated with minor populations at 50
Ma and 80 MaFig. 6.5). The young agepopulationis consisént with the previous
researcton bedrock(Schaer et al., 1984Weinberg and Dunlap, 2008&ingh et al.,
2007). Kohistan Arederived tributaries mostly yield ages-96 Ma (94% in Kandia
96% in Swat)corresponding to the Kohistan batholith and Chilas germages (e.g.
Schaltegger et al., 20p2agoutz et al., 2009with few zircon grains oler than 700
Ma. TheDir, tributary of the Swat Riverdraining Kohistan batholith and Butror
groups Treloar et al., 1989agoutz et al., 200%isplays a youngeage cluster at 40
50 Ma ghuang et al.2018.

The Hushe and BraldiRivers mainly drainingthe ®uthern Karakorum metamorphic
belt and batholith athecentral Karakorunearry zircons thamainly cluster at 10020

Ma and 6001000 Ma witha minor young @e cluster at ~ 20 Mge.g. Baltoro granite

in Baltoro regionSchaer et al., 1990; Weinberg et al., 20@hdanold age cluster at
23002800 Ma.The HisparRiver draining the southern Karakorum metamorphic belt
shows similar age distribution,bedit with a more abundanEocene age population.
Zircon grainsfrom theUpper HunzeRiver displays main age clusters at 1020 Ma
and 5565 Ma, associated witliminor age clustebetweerb00and900 Ma Fig. 6.5),
corresponding well with thieedrock inthesouthPamir(Blayney et al., 2006northern
Karakorum and axial granitoidraser et al., 20QDain and Singh, 2008

The Astor River draining mainly the Nanga Parhisiiassif showsan age distribution
with the main age peak at ~ 1850 Mahich is consistent ith the Gneiss basement
(Zeitler et al., 1998 anda minor subordinatage population at 600 Ma Detritus
from the Greater Himalaya, contributed by the Zanskar Riard]l et al., 201)7and
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NandiharRiver, mainly carry zircon grainith Neo-Proterozac (7001000 Ma) and
Paleozoic ages (35000 Ma)(Fig. 6.5), whereas Punjattibutariesdraining the Greater
and Lesser Himalaya show major age clusterg5@&1250 Ma and 150@300 Ma

(Alizai et al., 201b).

Samples collected ithe trunk Indus Riverupgream ofthe Thal Desert show ages
cluster at 4660 Ma (17%), 76000 Ma (15%), 10A.30 Ma (17%), 45@00 Ma (22%)
and850-1100 Ma (12%)The age spectra adand inKushalgar(upstream of the Soan
confluenceppnd Kalabaglidownstream of the Soan confluendesplayextremely high

similarity (Fig. 6.5).
6.5.2 Sediment provenance of the Thal Desert
Kohistan Arc and Ladakh Arc

The lowQ/F ratio(~ 1) and abundant metabasiteek fragmentgFig. 6.3A and6.3B),

as well as the relatively higher clinopyroeeand hypersthene conteiitid. 6.3D),
indicate the abundant contribution of the Kohistan.Allce average heavy mineral
concentration (HMC 21;@HMC 15.4)of Thal dune samplashich are not affected by
selectiveentrainmentenriched S1470 and depletet¥34) is very rich,andpoints by

itself to major heavy mineral supply from the dense mafic rocks exposed in Kohistan
Arc with extremely rich havy mineral concentration (average HMC 3THMC 30.5)
(Table6.1). The aeragelkq value in Thal sand is9.1, which is less negative thére
Karakorum Greater Himalaya and much less ththe Nanga Parbat andlesser

Himalayasand indicating asignificantcontribution from the Transhimalaya arcs.

The young age clusterat 40-50 Ma and 70-100 Ma correspond well with the age
distribution in sand dKohistan derivedrom the Swaand KandiaRivers (Fig. 6.5and
6.6). Even though the Ladakh Ars also characterized by young ages, the Eckge

cluster at 60 Ma in Thal Desert sasmbaks againghe Ladakh Arc as a major source.

According to the detailed minerochemical fingerprints analysis, the relatively high
amoun of actinolite in amphibole group, clinozoisite and zoisite in epidote group,
orthopyroxene in pyroxene groupigng etal., 2019, certificate that the Kohistan Arc
has played majorrole as a source of Thal Desert sand. dabendant Cgooraugite

(Wo < 30)in Ladakh Arc isnegligiblein Thal Desertl(iang et al., 2019, which further

indicates the minor contributiondim Ladakh Arc.
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Figure 6.6 U-Pb age spectra of detrital zircons from river and eolian sand of northern Pakistan
(age vs. frequencies plotted as KDEs using IsopfaiR Vermeesch, 20)8Tributaries in

bold are from this studyData of Dir tributary after Zhuang et al(2018; Zansar Riverafter
Jonell et al.(2017%; Punjab (Jhelum, Chenab, Ravi, Beas and Sutlej) tributaries and Indus
trunk @Attock afteAlizai et al.(20117).
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Karakorum

Tributaries draining the Karakorum carry abundant quartz andp@tdand less
volcanic lithc grains comparedavith the Thal Desert sandF{g. 6.3A and 6.3B).
However, thdess negativélq value Clift et al., 2003, comparable with the dune sand,

indicate asignificantinfluenceon the ThaDesert

Sand from théNorthernand CentraKarakorum HCI 8 + 1) and SouthrnKarakorum
(HCI 20 = 5) have apparent differences on their petrographmineralogical and
chronological signature$ig. 6.3and6.6). The main age peak at ~ 60 Ma in Nertin
and Central Karakorum is negligible ime age spectrum of Thal Desert sand
Combinedwith the abundantigh-Mn garnet, allanite and Qaoor (Wo ~30) augite
(Liang et al., 201 a majorcontribution from the Nor#rnand Central Karakorum
can be ruled outThe Soutrern Karakorumbelt drained by the Hispar tributanyas
revealed as importargrovenance areagccording to the corresponding garreid
amphibolespeciesand the zircon age distribution (2220 Ma and ~ 20 Md&ig. 6.6).
Besides, the chemicéingerprint of the His@r sandcorrespond well with the Thal
Desert sand, especially the sample S147. 6.4).

Nanga Parbat

The Nanga ParbaMassif shals high rank quartzdeldspathic detritus, which is
different from Thal dune san#i@. 6.3A). Thevery negativehq valuedoes notndicate

a major sand contribution for the Thal Desefaple6.1). However, the characteristic
age peak at 4850 Maoccurs also irdune sandKig. 6.6). Mineral varieal studies
show the presence of tschermakite and abundant typer@tgim Thal Desert sand
which may beexplained by significarguppl from the Nanga ParbMassif(Liang et
al., 2019.

Himalaya

Sediment delivered by Himalayan tributarissharacterized bligh Q/F valus of 2
~ 3 and high amount of higlank metarorphic minerals (e.g. garnet, kyanite,
sillimanite), differing from the Thal Desert petrographic signatufedlg 6.1). The
more negtive (Lq value and distinct geochemical variabiljiyeclude the Himalaya as

a major sand provenanteethe Thal DeserfThe UPb age spectrum indicate the zircon
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age clusters a&t00-1000 Maand15002300 Mamaybesupplied by the Himalaya, even
though théPalezoicagecluster aB50-500 Mais lacking in eolian sand{g. 6.6). The
varietal studyshows that the commomigh-Mn garnetsCapoor augite (Wo < 40) in
Greater Himalaya are sporadic in THahes (Liang etal., 2019.

Sediment budget

Based on thsigndures ofall different potential sources illustrated above, the relative
contributions from various rivers and geological domams betentativelycalculated

by forward mixing modelsGarzanti et al., 2092 The calculation depending on a
variety of assmptions (e.g., lack of mechanicabreakdown chemical dissolution,
and/or lydraulic sorting, which are never strictly verified. Four samplegnir the
Karakorum, andtwo from theKohistan Arc, Ladakh Arc and Himalayeespectively,
were considered Calculdions according to e single groups ofminerak (i.e.,
amphibole, epidote and pyroxene) were alaoied out This range of separate trials,
together with isotopi@and geochronologicahformation, proved to be essential in

testing the overallansisteng of the results obtained.

The overall bulksediment budget calculated from the integrated petrographic
mineralogical data set indicates tttat sediment was providedainly by the Kohistan

Arc (34%),the Karakorum (31%) andhe Himalaya (24%), uth the emaining 7%
from the Ladakh Arc and 4% fromthe NangaParba Massif Calculation based on
amphibole group mineral indicatéhatthe major amphibolsourcein Thal Deseris
represented bthe Kohistan Arc (64%), with minor contribution fratme Karakorum
(17%), LadakhArc (10%) and Nanga Parbistassif (9%). A majority of thepyroxene
and epidote minerals (70%) wesepplied bythe Kohistan Arc.

Consideringall potential source arggheKohistan Arc(40%) andthe Himalayg24%)
haveprovidal the majorsadimentin the Thal Desert, with subordinate contributson
from the Karakorum (10%), Kabul River (9%), Nanga Parbat (7%), Soan River (7%)
and Ladakh Arc (3%).

Zircon grains datethetween 4Ma and100 Ma, accounting for 42% of the total age
spectrumalso rdlect a major supplyfrom theKohistan Ar¢ which isconsistent with

the calculation from the bulk petrographic and mineralogical data.

6.6 Paleoclimates angaleodrainages
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6.6.1 Distinct erosion pattern forthe Thal Desert

Figure 6.7 Multidimensional saling (MDS) plot (A) Thal Desert sample arts potential
provenancendmembergStress value, 10.9%J hal Desert sand has closest connection with

Indus sandipstream of the Thal Desegnd therthe Karakorum Kohistan and Ladakh arcs,

and Nanga Parbadtassif.(B) Thal Desersandand samples from Indus drainaf#tress value,

2.3%). Sediment irthe lower reaches othe Indus River has close relatiship withthe
Himalayaderived detritus The group configurations show the salient similarities and

difer ences between samples as a Omapd in which
dissimilar samples plot far apart. Solid lines mark the closegthheiurs and dashed lines the

second closest neighbours. Data sources sank@ya$.6.

The closest connémn between thélhal Desert sandnd the modernindus snd
upstream of the Thal DesdFRig. 6.7) reflectsthat the dune sand was mainly delivered
by the Indus RiverThe eolian Thal sand have a peculiar composition, characterized by
higher feldsparsmore concentrated heavy mineral assemblagekless negativlq
value with respect tahe trunk river sandat the Salt Range frontThe Indus trunk
sediment at the Salt Range fromas mainly from the Kabul River (33%) and
Karakorum (32%), with subordinate contributions fr@man River (11%)Kohistan

Arc (8%), Nanga Parbat (7%)and equally less contribohs from Himalaya and
Ladakh Arc Garzanti et al., 20Q05The Thal sand, by contrast, receives higher sediment
supply fromthe Kohistan Ar¢40%yvs.8%) and Himalayd24%vs.3%), and less from
Karakorum(10%yvs.32%)andKabul (9% vs.33%).

Because thd&arakorum(60%) rather tharthe Kohistan (14%) and Himalaya (6%)
provides the majority othe predam sedimen{Garzanti et al., 2005 which is

inconsistent with Thal Desert sand, the anthropic activéres thehuge amount of
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