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Abstract

The erosion of major mountain ranges is thought to be largely cannibalistic, recycling
sediments that were deposited in the ocean or on the continents prior to mountain uplift.
Despite this recognition, it has ng¢t been possible to quantify the amouhtrecycled
material that is presently transported by rivers to the ocean. Here, we have analyzed the
Li content and isotope compositioh’l(i) of suspended sediments sampled aldrgr

depth profiles and bed sands in three of the largest EarthOsystems (Amazon,
Mackenzie and GangBrahmaputra rivers).The !'Li values of riversediments
transported by these rivers range from +5.33t64 and decreaseavith sedimentgrain

size. We interpret these variations as reflecting a mixture of unweathekeftagments
(preferentially transported at depth in the coarse fraction)paesentday weathering
products (preferentially transported at the surface in the finest fraction). Orfipeke
surface sediments contain the complementary reservoir oflubiBped by wateirock
interactions within the watersheds. Li isotopes also show that river sedinzntoe
interpreted as a mixture between unweathered fragments of igneous and sedimentary
rocks. A mass budget approach, based on Li isotopes, Li/Al affl Mitio, solved by an
inverse method allows us to estimate that, for the large rivers analyzed hgrarttbe

solid weathering products formed pyesenday weathering reactions and transported to
the ocean do not exceed 35%. Li isotopes also shainttie sediments transported by the
Amazon, Mackenzie and Gan§aahmaputra river systems are mostly sourced from
sedimentary rocks (> 60%ather than igneous rockshis study show that Li isotopes

in the river particulate loadre agood proxy for quatifying both the erosional rock
sources and the fingerprint pfeseriday weathering processes. Overall, Li isotopes in
rivers sediments confirm the cannibalistic nature of erosion and weathering.

1. Introduction

When water interacts with rocks at the EarthOs surface, chem@aghering
reactions neutralize the atmospheric acidity and transform rocks into dissolved chemical
speciesNewly formedsecondaryphasegclay minerals iron oxides)accumulate in soils
or are eroded and conveyed by rivers to sedimentary basins. These chemical weathering
reactionsare ofmajor importancdor the Earth systenOn geological timescalethey
control the evolution of climate through the consumption wfogpheric carbon dioxide

(Berner et al., 1983; Gaillardet et al., 1999b; Raymo et al., 1988; Walker et al., 1981)
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shape the EarthOs surfgm®ugh chemical denudation and soil produc(ideismath et
al., 1997 and modifythe composition of theontinental crusfLee et al., 2008; Liu and
Rudnick, 2011; Rudnick, 1995)Geochemical mass budgedf river-borne material
(dissolved and particulateohases show that rivers transporboth (presentday
weathering products@ew solid materias formed during the residenasd sediment in
river basinsby presentlay watesrock interactiony and carry Oinherited weathering
productsQlerived fromolder sedimentary rockswhich have beersubject toprevious
weathering episode®ouchez et al., 2011a; Gaillardet et al., 19984)reover,on the
basisof the Nd isotoperecordof shalesVeizer and Jansefi979, 1985ysuggestd that
the PostArcheansedimentary cycle i90% cannibalistic(i.e. 90% of the sedientary
rocks are formed by the recycling of ancient sedimentary roBlex)ycling of cation
depleted sedimentary rock®ay have impaactd the longterm evolution of Earth's
atmosphereby redudng the capacity of thecrust to neutralize atmospheric acidity
through time(Galillardet et al., 1999aTo test these hypotheses, first we need to quantify
the relative importance ofpresentday vs inherited weathering signas in river
sediments However,the amount of Onew@rsus OoldO weathered material transported
by rivers to the oceais poorly constrained

Over the last decade, lithium (Li) isotopes have proven ta pewerfultracer of
silicate weathering becaus@) Li is mobile (i.e. is mostly solubilized from inerals)
during watefrock interactions(ii) Li is mainly derived from the chemical weathering of
silicate rockgKisakurek et al., 20Q9Millot et al., 2010)while not involved in biological
processegLemarchand et al.,, 2010and (iii), Li isotopes are fractionated during

chemical weatheringHuh et al., 1998; Pistiner and Henderson, 2008h preferential
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incorporation ofLi in solid weathering products leaving the dissolved fraction enriched
in ‘Li. To date measurements dfi isotopeson solid weatheng materials have focused

on soil systemgKisakYrek et al., 2004; Lemarchand et al., 2010; Pogge von Strandmann
et al., 2012; Rudnick et al., 2004 small rivergKisakurek et al., 2005; KisakYrek et al.,
2004; Vigier et al., 2009Pogge von Strandmaret al., 2010; Wimpenny et al., 2010)
Here we exteth the use of Li isotopeto sedimentgarried inlarge rives, using depth
profiles to sample the full range of solid products of weathering and erdsisotopes

are usedalongsideelement ratios which track sediment grain size, provenance and
chemical weatheringprocessege.g. Al/Si, Na/Al, Li/Al) to construct amass balance
model| allowing us to quantify the proportion ahaterials derived fronpresentday
chemical weatheringversus thosenheritedfrom previous weathering episodeBhese
findings shed new light on theannibalistic nature oEarthOs erosion and weathering
engineand we discuss thpossibleimplications for the drawdown of G(by silicate

weathering.

2. Geographical setting

Large rivers integrate weathering and erosion processes over vast portions of the
continental crust and therefore providsightonthemajor processes operating at EarthOs
surfaceIn this paper, we investigated tamsion products transportedthreelarge river
systemgepresentative of various geodynamic settifigg. 1) the Amazon, Mackenzie
andGang-Brahmaputraiver systemsThese riversogethercontribute to 1015% of the

global suspended sediment flux to the oc@difliman andFarnsworth 2011) anddrain
variouslithologies The selectedasirs are characterizely moderate to high erosion

ratesand so we do notonsiderlower erosion and weathering ratégeas(e.g. Congo
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River), nor volcanic islands. Theesults are likely to beepresentative of large
continental rivers draining OweatherlimgitedO areas and staforeland basins, underlain

by mixed lithologies

The Amazon River is the largest river system on Earth with a mean discharge of 209,000
m/s and a suspended sediment flux of about 1000 NMi§itmann et al., 2011b)with

the Andean cordillera (11% of the total Amazon river atgfaltitudes ranging from 400

m to 6700 np beingthe major sediment source af€zibbs 1967). We focus onthe two

major tributarieswhich dominatethe suspended sediment flux of thenazon RiverOs

the Solim>es River (55% of the totlng-termdenudatiorflux) in the western part of the
basin and the Madeira River in the south (45% of the tatialidatiorflux) (Wittmann et

al., 2011b) The Andean part of the Madeira River is almost exclusively composed of
uplifted Paleozoic to Tertiary sedimentary rocks while there is a significant proportion of
arctype igneous rocks (mainly andesite) in the Andean part of the Solim>es River basin.
In addition and to test the influence of lithologye report data onhé Beni River
(tributary of the Madeira Riveryhich drains almost exclusively sedimentary rocksd

on the Ucayali, Pastaza and Napo Rivefsibutaries ofthe Solim>e$ which drain a
significant proportion of igneous rocks

The Mackenzie River basin is located in northwest Canada between latitudes 52{N and
68iN. It drains tothe Arctic Ocean with a mean discharge of 9,700s rand a mean
depthintegrated sedimentary flux of 124 Mt/f€arson et al., 1998Aside being one of

the largest river basin in the world, the Mackenzie Rhess characteristics of interest

here because i)tiis localized in the coldub-Arctic to Arctic region with very low
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chemical weathering rates, ii) about 70% of its basin rocks are covered by sedimentary
rocks, which combined with the low degree of chemical weathering, makes this basin
ideal to studyrecycling of sedimentaryrocks iii) it drains a relatively pristine area.
Details about geology, climate and weathering rates can be fotmel fiollowing studies
(Millot et al., 2003; Millot et al., 2010; Tipper et al., 201%e sampledhe Mackenzie
River immmediatelyupstream of its delta in addition tbe major tributariesn the basin

the Peac&lave River system in the southern part of the Mackenzie basin, the Liard, the
Peel and Red Arctic rivers in the northern part.

The Gang-Brahmaputra (&) river system drains the Himalaya and is characterized by
high erosion rates with a mean suspended sediment flux of abouQ@00Mt/yr(Galy

and Francd.anord, 2001) The majoHimalayangeological formationare from north to

souh the Tethyan Sedimentary Series (TSS) composed bgilagde marine sedimentary
rocks;the High Himalayan Crystalline (HHC) composgithigh-grade metasedimentary
rocks @mphibolite to granulite facies) with minor local leucogranite intrusions; the
LesserHimalaya (LH) formed mostly by lowrade sedimentary rockand finally the
Siwaliks plain which correspond tdleogene deposits uplifted by the Himalayan
deformation fron{Galy and Franc&anord, 1999, 201; Lupker et al., 2012Basd on

Sr and Nd isotope ragpabout 80% of the rivesediments arthoughtto be derived from

the HHC and 20% from the LHGaly and Francéanord, 2001) The Gang and
Brahmaputra riversvere sampledat their outletin Bangladesh(Lupker et al, 2011

2012).

3. Sampling strategyand analytical protocols
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Weathering and erosion produce solid particles with variable grain size, mineralogy and
weathering intensitySediments are naturally sorted witharge rivers, with the finest
particles transported at the surface and the coarsest at the bottonclodrihel A novel

depth profilesampling approactwasusedheren order totake into account the variability

of the suspended sediment concentration, grain sizey@mchemistryacrossthe whole
water column. This procedure has been presented and extensively discussed elsewhere
(Bouchez et al.,, 2011b; Galy et al., 2007; Lupker et al., 20Rfigfly, suspended
sediment samples were collectedlatretedepths along vertical profiles using ditérs-
sampler similar to adrizontal Niskin type bottleProfile sampling locationaere chosen
based on ADCRAcoustic Doppler Current Profilesurveyalongriver transectgrior to
collection ADCP quantifiesflow velocity, riverdepth andccrosssection, water discharge

and heterogeneity of river turbiditiRiver samples were transferred isterilizedplastic
bagsof known weight The sample set was completed by river sarudlected fromthe
channel thalweg (using a bucket dredge) and frerentflood depositonriver banks. In
some cases, when deggmpling was not possible, only surface suspended sediments
and bed sands were collected.

Using this sampling protocol, ajor tributaries and the mainstream of the Mackenzie
River were sampled during 3 consecutiveaggat different times over the hydrological
cycle, including at high water stage (July 2009, September 2@h@ June 2011) to
capture the temporatriability of sediment transporfThe Amazon River and tributaries
were sampled at various depths duringesal field campaigns between 2005 and 2008
(Bouchez et al., 2ak; Bouchez et al., 2012; Bouchez et al., 201 $b)yface samples

from the Beni River watershed were sampled in 280d 2007(Dosseto et al., 2006



#+#1  Bouchez et al., 20)2Napo River samples arever bed sediments samglesieved at 125
#+$!  um and provided by the German Research CefureGeosciencegGFZ Potsdam
#+% (Wittmann et al., 2011afinally, the Ganga and Brahmaputra rivers samples from this
#+8 study are from field campaigngerformedin 2008 by the GCentre deRecherches
#+' | PZrographiques etGZochimique® (Lupker et al., 2012and from a field campaign
#+(! carried outin 1999 by IPGP (only surface and bed sediments san(@ed)ardet et al.,
#+)!  1999b)

#+*1  River samples were filteredn-site using a frontal filtration systemhrough 0.22um

#'+1 porositypolysulfone B2 mmmembranes. Special attention was paid to recover all grain
#™ 1 sizes including the silt fraction that tied to settle in the sampling bags and the finest
#'#! partides that teded to sorb on the plastic wall. Sediments were recovered froniténe f
#'$! andplaced with filtered watein 125 miglass bottles. In the labiver sediment samples
#'%  were dried either at 50;C or by freeze dryimghin 3 weeks of collectioncrushed in an
#'&! agate mortar and their major and trace elements content were measured respectively by
#" | ICP-AES and ICPMS by the SARM (Service dOAnalyse des Roches et des MinZraux,
#'(! INSU facility, VandoeuvrdesNancy, France, analytical details available on
#") 1 http://helium.crpg.cnrmancy.fr/fSARM). Most of th&i concentratioomeasurement@ =

#*1 119 weremadeby ICP-AES by the SARM with an analytical uncertainty of 5%. The Li
##+!  contentof theremainingsamplegn = 33) were measured by ICRES atthe Laboratory
##'!  of OGZochimie des eauxO (IPGP, Paris) with an analytical uncertainty of 8%.

###! Before Li isotope analyses,ilwas separated from the matrix by 4ierchange
##$! chromatography using a method similar James and Palmer (200@fter sample

##% digestion A sample aliquot was loaded onto a column filled with 2.7 mL of A%5P
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resin and the Li was eluted in HCI 0.2N. The 1 mL elution cuts immediately before and
after the elution peaks were collected in several occasions to check for absence of Li. At
leag two Standard Reference Materials (BH\2Q0JB2, NASS5, BCR2) and one blank

were systematically processadeach chemistry session to control the reliability of the
separation. After the separation, the elution fraction containing Li (about 24vas.)
evaporated at a temperature of about 90;C and kept as a solid salt until the measurement
session. Li isotope composition was measured using d@PEMS Neptune (Thermo
Scientific, Bremen) at IPGP using an APEX desolvation system and at typical Li
concentrabns of 2030 ppb. Each sample was successively measured 3 times within a
standaresample bracketing (SSB) sequence, yielding ! ‘Li values, from which an
average value was derived. For each sample and bracketing stdhid&rdratios were
recordedfor 12 cycles of 8 seconds each, with typical signals of 0.4 V/ppb. Background
intensitieswere recorded before each bracketing standard and each sample, and corrected
for. The intensity of the backgroumdas no more than 0.5% of the sample intensity.

The uptake time was 90 sec and the wiasle 4 min, resulting in a throughput rate of
about 50 min/sample. The overall internal standard errdiLibfLi measurements of
sampleswas typically between 0.05 dr0.15a (x2"). The longterm reproducibility of

the measurement itself was checked by repeated measurements of theDIFBNLi =

+0.14 + 0.244, +2", n = 78), and SPEC (VLi = +94.38 + 0.274, +2", n = 69). The

overall reproducibilityand accuracyf the procedure (including solid sample digestion

and Li separation) was checked by repeated measurement of the basalt reference
materials JB ('Li = +4.47 + 0.534, +2", n = 30 separations and 15 digestions) and

BHVO-2 (I'Li = +4.34 + 0.414, +2", n = 6 digstions) In addition,several samples
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were duplicatedor triplicated andfor each sampleve report the mean value of all the
duplicates The duplicatesstandard errox2") was better that0.54 . Finally, the
concentration of théotal procedural blanka€id digestion and¢olumn chemistry)wvas
assessed to bdess than 0.05 ngd.e.insignificantcompared to thamountof Li from the

samples.

4. Results

A wide range of Li isotopic composition is observed in sediments from large rivers
(Tables 1 to 3. Sediment dpthprofiles show thatsome of thelarge river systems
investigated appear strongly stratified forisotopeand Li concentrationswvhile some
others show no variation with deptig. 2. The I'Li of analyzedSuspended Particulate
Matter SPM) ranges from over #3.6&or surfacesedimentdo +1.54 for bottom SPM
with significant overlapbetween the Amazon, Mackenzie andBQiver systemsin
general, ihe surface SPM samples have lofLi! values while coarse SPM from the
bottom of the river prafe have ahigher! Li signature(Fig. 3). River Bed Sand (RBS)
have systematically higherlli values compared to SPM, ranging between #2.04 and
+5.34 andthus confirm previous observations from small riéisakuek et al., 2005;
Poggevon Strandmann et al., 201@onsdering bothSPM and RBSwe found similar
I’Li and Li concentration ranges withia single deptiprofile and acrosshe overall
datasetEach river sedimerdepthprofile defines a hyperbolielationbetween the Li

and the Al/Si ratio (Fig3). The Al/Si ratio is a grain size prox{Bouchez et al., 2011a;
Lupker et al., 2011)and the trend suggestisat any river sediment sample taken on a

river depthprofile can be described as a mixture between fine surface particle and coarse



#(" |
H(# !
#(S!
#(%
#(&!
#( |
#(( !
#() !
#(* |
#)+1
#)" |
H)# |
#3 !
#)%
#)&!
#) |
#)( !
#)) |
#)* |
#h+
# |
## |

#*$!

bottom sednentcomponents

Using the depthintegrated values fothe Amazon, Mackenzie, Ganga, Brahmaputra
rivers and surface sediments of tkkxinoco (Huh et al., 2001and Changjiangrivers
(Wang et al 2008) we calculate aneanLi concentration andi’Li value for large rivers
sediments dischardeto the oceanof 50+15 ppm and#1.5t14 . This Li isotopic
compositionof large river sediments sightly lowerbut closeto the mean composition
of the Upper Continental Crug+2a ) of Teng et al(2004)but significantly lower than
the mean value oflobal riverine dissolved loaqHuh et al., 1998; Liu and Rudnick,
2011)calculated at iLi = +234. The results of this study confirm at the global scale that
weathering and erosion processes fractionate Li isotepds the heavy isotope being
concentrated in the dissolved loafihey show that the Li isotopic shift between

suspended sediments and dissolved load in rivers is close2®i24

5. Discussion

The Li content andli isotope composition ithelarge riversedimens showed significant
variability between locations, and withindividual river depth profilesThese banges
may reflect variability in sediment provenancandor the redistribution ofLi and its
isotopes during chemical weathering, either in phesent day, omherited from the
geological past. Herein, we seek to explain the variabilityhéli isotope composition
of sediments carried lihesemajorriver systems, firsby assessinghe patterns in coarse
RBS, before interpreting theomposition of SPM in the Amazon, Gagrahmaputra
and Mackenzie rivelpasins

5.1. Liisotope signature ofiver bed sands the crustal diversity
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We first focus on identifying the nature of the coarsmponentising Na/Al and fLi vs
Li/Al mixing diagrams (Fig. % Normalization to Alallows usto correct Li concentration

in sediments fothe dilution by quartz, carbonate or organic matisranalogy to other
elements redistributed by chemical weathering proceBsegliez et al.2012. All RBS
samplesplot along a negative trendvith G-B bed sediments lying slightly below the
overall trend. This negative relationstipes not reflecprogressive weathering of fresh
bedrockbwhich wouldlead to a positive trends weathering tends to deplete sediment in
Li Pand rather reflesta mixture between twendmembersof distinct chemical and
isotopic signaturesThis mixing interpretation is supported by petrological observations
(Franzinelli and Potter, 1983; Potter, 1978)dicating that RBS contain mainly rock
fragments, quartz and heavy miner&dscause l&ali elementsarevirtually absent from
quartz and heavy minergBouchez et al., 2011a; Vital and Stattegger, 200@) Li and

Na budgets of RBS are mostly controlled by the nature of their lithic fragmbuoss, t
reflecting the composition of the unweathered or poorly weathered bedrock matezial.
bedrockendmember with high fLi (> +3.54), high Na/Al (> 0.25) and low Li/Al (<
0.45$10% falls in the range of mantiéerived igneous rock¢Magna et al., 2006;
Schuessler et al., 2009; Teng et al., 2009; Tomascak et al., ZD@SRBS samples from
the Solimyes, Ucayali, Liard and Slave rivers plot close to thisreachber, which is
consistent with th@resencef igneous rocks in their sediment source areas (Andes and
Rocky Mountains).

The secondbedrockendmemberhas asignature consistent with that of shalegh high
Li/Al ratio (up t01.10%), lower! "Li (O to #24) and low Na/Al ratio (Holland, 1984; Qiu

et al.,, 2011a; Qiu et al., 2009; Teng et al., 20@halesare finegrained sedimentary
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rocks formed in the ocean by the deposition of particles derived from the erosion and
weathering of continental roskShales arenriched in Li compared to igneous rocks
feature attributed by Hollan(Ll984)to the scavenging of seawater Li onto clajke
RBS of the Beni River platlose tothis endmembey here again consistent with what is
known of this basin's geologyhe RBS samples from the-B lie slightly below the
trend defined byAmazon and Mackenzie RBS (Fig). #his may bethe result ofa large
erosionalcontribution fromthe high-grade metaseadimentary rocks of theligh Himalaya
Crystalline Series (Galy and Francéanord, 2001) High-grade metamorphism of
sedimentary rocks results in a loss ofliihout isotopic fractionatioduringdehydration
processegPennistorDorland et al., 2012; Qiu et al., 2011#ccordingly, the average
chemical composition of the continental crust eroded from a given basin should lie
between the three emdembers (igneous, low and highade metaedimentary rocks) of
Fig. (4). The use of RBS to derive the compositminthe bedrock here is similar tbe
appoach ofHilton et al. (20D0) for sourcingorganicmatterin Taiwarese riversOverall,
thelow ! ‘Li valuesof someRBS sample<learly demonstratthe presence of a recycled
metasedimentary component in the continental cruktis is consistent with the
conclusionsinferred from the major elements in large river denudation products
(Galllardet et al 1999a)

5.2. Li isotopes in riversuspended sedimentlepth-profiles: mixture of weathering
products and bedrock fragments

The !’Li and Li/Al valuesof suspended sediments from river deptiofiles generally
plot below thenegative correlatiomlefined by RBS fronthe Amazon and Mackenzie

RBS (grey shaded regionFig. 5a), and tend towards’li values lower than their
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corresponding RB%down to #3.54). Each river profile defines specifida/Al-Li/Al
and! ‘Li-Li/Al trends (represented by the arrowrs Fig. 5) with the lowest [Li values
measured in stace sediments sampleés the dissolvedithium of the Amazon,
Mackenzie andsangxBrahmaputraivers is enriched ifLi (Huh et al., 1998; Millot et
al., 2010) the presentday weathering qocesses are expected to produckiadepleted
reservoir complementary ahebedrock(and thus RBPLi isotope compositionThe low

Li isotope composition of large river suspended sediment suggests that SPM contains this
complementary reservoir asontemporary weathering productdikely mixed with
unweathered bedrock materisWeathering products are typicattiays and Fl oxides

i.e. fine particles that we expect to be most enriched in the finest river SPM fraction,
sampled at thsurface of theiver. However, the finest river fraction is not necessarily
the pure weathering product, as it might also contain fine-weatheredbedrock
fragments.In a given river,the finest river sample does give the closestasured
constraint on the elemental armmbtopic composition of the pure weathering product.
However,one can go further bgssuming that Nawhich is one of the most mobile
elemens during chemical weatherin@Gaillardet et al., 2003 is not incorporated into
secondary productherefore, m mixing diagrams Na/Alks Li/Al and !’Li vs Na/Li,
trends formed by river depibrofiles can bextrapolatd to Na=0to infer the Li/Al and

I Li values of a theoretical fully weathered componéii.(6).

For each river, thextrapolatedchemical and isotopic composition tife weathering
productcomponentshould be compatible with what is known about ble&aviorof Li
and its isotopes during weatherifidne Beni Rivera tributary of the Madeira RivéFig.

la), represerd a simple studycaseas this river mostly drais sedimentary rocksThe
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Beni SPMdepicta pattern ofLi- and Lidepletion in the SPMith decreasing sampling
depth (Fig. 5b)illustraing a mixture between coarse materiaith a compositionclose

to a shaleype bedrockand a°Li-enriched finecomponentorresponding to thpresent
day shale weatheringroduct.For this case, wcanindependenthpredict the evolution

of I 'Li values of the solid phaskiring weatheringexpected from thé&ransformatiorof
igneous and sedimentary rocks into secondary minewaleg a twestep weathering
modeltakenfrom Vigier et al (2009).The first step corresponds to bedrock dissolution
with noLi isotope fractionation, and the second to formatiorotl sveathering products
with an apparenfractionation factor [$ductdissoivec= ("Li/ °Li) product("Li/ °Li) dissoived . The
Ybroductdissolved Values available in the literatuspan a range from 0.972 to0@O0 (see
Burton and Vigier 2011 for a review)hesefractionation factorsare either determined
experimentally oderived from field studieandreflect both adsorption or precipitation
processesOnly two experimental studiesave been conducted @rioustemperatures
(Millot et al., 201Q Vigier et al., 2008)and fractionation factsrfor the temperature
between0 and30;C rangebetween0.979and 0.984.In addition fractionation factors
determined by the study of the dissolved load of the Mackenzie River range@.8@&bn

to 0.987 (Millotet al., 2010 Tipper et al., 2012) and for the Amazon River from 0.982 to
0.989 (Dellinger et al.2013. Therdore, we use in the following a fractionation factdr
0.985+0.006 The uncertainty allow us to accountfor a range of likelyfractionation

factorsvalues which may be refined by future work.

Classically,in an open systentwo extreme fractionatioscenarioxan be proposetb

model isotope fractionation in the weathering z@Beuchez et al., 2013; Georg et al.,
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2007) a "batch" mode(in which solid secondary products and the liquid phes®eainin
contac) and a "Rayleigh distillatiod model (where the liquid phase is continuously
removed from the system and hence cannieractwith the solidonce formedl The
ratclO and (Rayleigh distillatio® weathering scenarios correspond respectively to

equations and2:!

" 7L| produd = , 7Lirod( + 1000" (1# I:Li ) ! In($ produa#disx)lved) I (1)

. Ty 1_ F ) O product—dissolved _ 1
5L e || SDem 1] L ~1|x1000 @)
1000 “F.

where ""Ligissolved ! "Liproducs ! "Lirock are the Li isotope compositions of the solution, of

secondary weathering products and of the initial rock respectively amithe fraction

of Li removed from solution (i.e. incorporated into weathering products during their
precipitation). Assuming #t dissolved Al concentration inegligible which is the case in
the majority of the EarthOs rivgGaillardet et al., 208), F; can be expresseds
(Li/Al) product/ (Li/Al) rock @and then the trersdpredicted by equations (1) and (2) can be
represented ih’Li vs Li/Al diagrams Sensiivity tess show thawithin the range of F
and %roductdissovedCONsidered here, the difference between the twostgpéactionation
models does not lead to isotopic differences latigar 44. We find that he weathering
modek can reproduce the composition thie BeniRiver fine component(determined
using the method of extrapolation to Na concentration proyidedthat 70+15% of
solubilizedLi is incorporated into solid secondary produgéis. 6).

In the Mackenzie watershed, SP8&amplesgenerally plot on or close to the RBS
correlation betwen igneous rocks and shalésappearshatbedrock heterogeneity rather

than modern weathering processes mostly control their chemical and isotopic variability



%+) This is entirely consistent with the very low degree of silicate weathering and low
%+1 temperature conditions in the Mackenzie watergihitlot et al., 2010) but precludes
%"H the use of the weathering model developed here.

%"l Interpretatiorof depthprofiles datdor theotherrivers (e.g.Solim, es,Liard or Ganga is
%"# lessstraightforward Most of themshow adecrease of’Li values inSPM towards the
%"8# surface ofthe depthprofiles, associated with an increasettod Li/Al ratio, thus a Li
%"% enrichmen{Fig. 5a). Thisfeatureappeas as a conundrum, given the soluble nature of Li.
%"8 We would indeed have expectedhat chemical weathieg would deplete the fine
%" ! suspended sediments in both Li &hid However in a similar manner to the mosemple
%"(! case of the Beni RiveSPM sampled along deptpbrofiles of theselarge rivers can be
%")! interpreted as a mixtutgetween a coarse, bedreldke component and a fineomponent
%"*! whichitself is amixture of(a) presertday weathering productd bothshale and igneous
%#+ or highgrade metamorphic rocks (for theBsrivers)and (b)unweatheredmechanically
%#"1 eroded sedimentary rock particlegn other wordsthe fine suspended sediments of the
%## Solim, es are enriched in Li compared to RBS because they contaiex pigportion
%#$ of Li-rich shalederived particleseven if some Li has been solubilized by modern
%#% weatheing processes}han coarse sediment3he geological context supports this
%#& interpretation, as these drainage areas are composed of mixed igneous and sedimentary
%#'!  lithologies.

%#( Therefore Li isotopesn large river sedimenkflect several processes

%#) (a)Modern weathering processes he fine fraction of river sediments is depletedlin
%#4 andcontainsghe complementarseservoir of the dissolved lithium.

%%+ (b) Contribution ofthe differentrock sources, especially in coarse sediments rich in rock



%3$"1 fragments.

%$# (c) Impact ofancient weathering@pisodesas they recordthe contribution of recycled
%$$ sedimentary rocks.

%$%

%%$& In the following section we quantify the relative contributionsof these different
%$'! componentgunweatheredgneous, highlgrade metasedimentary rocksand sedimentary
%$( rock fragments, and respective weathering produectf)e solidmaterial transportebtly
%3$) large rivers in order to discuss theelative importance of sedimentary recyclirand
%%$4 modern weathering processes

% %0+

%%!" 5.3 An inverse model to calculate the mportion of presentday versus inherited
%% weathering products in river sediments

%%$ The proportions of Onew@rdsentday weathering products) versus OdfuiQerited
%% weathering productanaterial in river particulatesan be determineddased ora set of
%%& mass budget equations using Na/Al, Li/Adtios and !'Li values The Li isotope
%% composition of river sediments refledise contributionof six endmembers igneous
%%k rocks, shale (low-grade metsedimentary rocRs high-grade metasedimentary rocks
%%) andthethreeassociated weathering produdts.the Amazon and Mackenzie basins, the
%%¥* contribution of the high-grade metamorphicendmember is negligible because i)
%&+ metamorphic rock outcrops are scarce in the sediment source area and ii) Mackenzie and
%&! Amazon river sands defir@mplerelationships in Na/ALi/Al and ! 'Li-Li/Al diagrams
%&# (Fig. 4) that arecompatible with a mixing between only tvemd membergsedimentary

%&$ and igneous rocks). In the-Briver system, the dominant source of suspended sediment
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is the HHC formation correspondirtg high-grade metsedimentary rockswith the
remaining sediments deriving from legvade sedimentary rockath minor contribution
from igneous rockssuch adeucogranites{Galy and Francéanord, 2001)As a result,
for all the river systems studied hereach calculation is doneith only four end
memberd.

Importantly!theseendmemberswill be valid for any river sediment from a degihofile,
but also for the coarse and figemponentof the depthkprofile. Such mixtures can be

expressedavith a series o€oupledmixing equationsFor theriver coarsecomponent

#%gﬁm ='i5¢%§P(!i(N)H! e (3)!
#%%0 =" %%(L(Al)!!! e N T T (4)

s ) 7

'I7Licoarse:( L ! M' ) T T R B B 5)!

with & = the proportion of Afrom each lithology in the coarse entembeyi = shale (S)
and igneous (I) (or highgrade metsedimentary rocks (HGYor the GB). The
contribution of modern weathering products in the coaoseponents most likelysmall

for thereasons developed in section (5.1) and tdamsbeneglectechere

For the fine component

#%gb:';%gb()w). S S Y S R T A (6)!



%" #NT% = L%‘gﬁ( AN T (g

Li %
o I7Li _( /7L|l$(/A') '(:”(AI)
o(# fine 2(—r& Lo I (8)!
fine

%(¥ With '; = the proportion of Alfrom each endnmembeyj = unweatheredine-grained
%(% shales (FGSand shale weathering products (SWR)nd igneous weathering products
%(& (IWP) (or highgrade metasedimentary rocks weathering prodtts®NVP) for the GB.
%(! Mass balance calculation using the Na/Al rasibow that the contribution ofthe
%((! unweathered igneous and higrade metasedimentary rocks to the finenponents low

%()! (7% maximum,)and hence can be neglectbthss conservation implies that:

Z!!(!")! |

%1 ] ©
%)+ and

Z L)
%)u! ! (10)

%)# Any sample from a river SPM depfrofile can be described as a mixture between the
%)¥ coarse and the fine components, or equivalently as a mixture of the foureeniders
%)% described above. To account for timsxing equationgan be written for SPM:

%)&

ILig  _1Lig ILig
%) | %3 a%h Mcoa,se(Al)+#N Mie(ADL 0 1 L)

ne



%)(! #—! ila% =#—! ila% ' umarse(AI)+#—! iﬁ% Yo (A Lo ny12)!
M oarse ine
#( Li & #(Li &
o)1 ! s =! Ligs" /A')“’a'*(" (A)+! 7L, " ‘V( /A')“"e("

L%AJ N ( Hooarse fine % L%AJ SFM( Hine(Al) !”Kl?))
%)*! Where the subscriptézoars® and GineO denote the coarse and firmomponerg
%*H respectively Ucarse@nd Wiine are the proportion of Al in the coarse and fawnponerd
%*"!  respectivelyln the following, we use thdepthintegratedcomposition for the.i/Al and
%*# Na/Al ratio and! ‘Li of the representative sediment sampliass conservation implies

%*# that:

%*% (14)

%*& It should be emphasized thdtetmixing proportionscalculated by the mod€g, ',

%*'!  Mcoarse Miine) represent the contribution of the different andmbers to the Al budget of
%*(! river sediments, and not to the total river sediment messvever, given that Al
%*)! concentration is not very different between sediments and parent bedrocksxitigp

%**!  propotionscan be considered, within error, @mtributionsof the different reservoir®

&++H total sediment mass

&+"l A fourth set of model equationsorresponds tahose of the fractionation rodel

&+# (equations 1 an®). These equations constrain the Li isotopic composition of the
&+3 weathering product eathembers for each rock type, by using the Rayleigh and/or batch

&+% model and an isotope fractionation factor of 0.985 (x0.006).



&+& The full set ofequations constitusean overdeterminedsystem. Some of the parameters
&+'! of the mixing model have a large uncertaintfile others areelativelywell known (see
&+(! supplementary informatiorfer details) The equationaresolved by an inversmethal
&+)! well suitedfor such a situationThe mathematical technique of data inversion firas
&+*! popularizedm geochemistryor mantle studiegAllegre et al., 1983 Allegre and Lewin,
&"+! 1989, and have been applied to interpret chemical weathering processes from the
&" ! dissolved and particulate loads of rivé@aillardet et al., 1995; Gaillardet et al., 1999a)
&"#! In a proper inversion procedure al parameters(called thea priori parametersyre
&"$! attributed a mean value and an associatatcertainty that quantify our degree of
&"% knowledgeof the parametédere, the leasknown parameters are the mixing proportions
&"&! and thecomposition of theveatheing productendmembers. The be&nown parameters
&" ! are the chemal and isotopic ratios measured along the river dpptfiles. The
&"(! inversion algorithmteratively modifies the parameter values and errors tagst to fird

&") ! a unique solutiorso that all the parameters values(ifit the sense of least squards
&"* ! imposed model equations. The inversion is successful (converges) whaligdhtim
&#H  finds a unique set o posterioriparameters satisfying all model equations and improves
&#"!  the uncertainty on the leaspnstrained parameteiGaillardet et al., 1995)

&#H The inversion was run on the river samples where the gepfiles were avéable
&##  (for the Slave andaddtazaNapo rivers, only surface SPM were sampléull cases, the
&#% inversion procedureonverged on asolution, i.e. a set ofa posteriori parameters
&#& fulfilling all the model equations. The gain of informati{@alculated by comparing
&#'! posterioriuncertainties witha priori uncertaintiesyvas the most important on the mixing

&#(! proportions A priori anda posteriori parameters are given fable (S1). The inversion



&#)! was run using the two extreme scenarios (batchRaydeigh fractionation model) and
&#*! gaverelatively similar mixing proportiorregarding the differenmodeb. Resultsare

&$H summarized imMable(S1) and Fig.(7). The model sensitivity to the priori values of the

&$"! parameters was tested t@stingthe @lasticity of the parametersO as defined by Allegre
&$# and Lewin (1989)Thea priori valueof each parametavas change¢by half thea priori

&$P associateduncertainty one after the othefor each modifieda priori parameterthe

&$% inversion model was run again ¢alculate a new set af posteriorivalues For example,

&$8& for the Solim»es River, the! Lije = -3.8:0.84 was changed t63.4+0.84 and -

&$'! 4.20#0.84 , or the! Liswp= -7+44 was changed te9+44 and-5+44 . The new a
&$(! posteriori parameters were compared toréisailt of the OreferenaeversionO (parameter
&%$)! values ofTableS1). As a resultthe mixing proportions were changed by lébkan0.05

&$*!  This sensitivity analysis shows thatir findings donot depend strongly on the chosen
&%+ values of the parametessd thathe inversion procedure is robust.

&%

&%# 5.4Results of the inverse model and potential implications

&%%$ The inverse model presented above sheds new light over weathering processes and
&%% erosion as inferred from large river systems.

&%& (1) The first important overallesult is that river particulates, at least in the Amazon,
&%" Mackenzie and Gang@rahmaputra river systems, are preferentially deriedre than

&%( 60% for most riversjrom the erosion and weathering of sedimentary rocks. This source
&%) information is consistenwith the geochemical mass budget of major and trace elements
&%* (Gaillardet et al., 1999b). Li isotopes therefore confirm the cannibalistic nataizer

&&+# and Jensen, 198%)f continental erosion as the majority of river particulates that will
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further accumiate in the ocean are derived from a reservoir formed by ancient weathered
material. In turn, Li isotopes indicate that 40% of the river particulates are sourced from
igneous rocks. Within the Amazon watershed the different proportions calculated by the
inversion procedure for the Solimog¢88 % of sedimentargerived material)and
Madeira rivers 91 %) are in good agreement wigeological evidence, asore igneous
rocksare present ithe Solimoes watershe@he preferential transport of old sedimentary
sourced material in the suspended load of large riveflects the abundance of
sedimentary rocks at the Earth surface, especially in active mountain beltsthdsere
rockshave been uplifted and where thpreferentialerosion is facilitated by their high
erodibility.

(2) The second relevant information deduced from the inversion of Li isotopics diadé
preseniday chemical weathering products account bess than35% of the SPM
transported by théackenzie, GB and Amazon rivers (relative uncertainty of £15%)

This means that most die river particulateé> 65% of total SPMhave been mobilized

by physical erosion processes without undergoing any signifppr@seniday chemical
weathering Out d these preserday weathering products, those sourced from old
sedimentary rocks are more important than secondary minerals produced by weathering
of igneous rocksAs shown inthe Fig. (7), within errors, the proportions of l@wE
weathered materiabk fairly uniform acrossthe different rivers investigated heréhe
relatively modest fingerprint of preseddy chemical weathering reactions in large river
suspended sediments is probably due to the poor chemical reactivity of sedimentary rocks
in contactwith water. Sedimentary rocks have already been exposed to surface processes

during ancient weathering episodes and the new phases formed at that time are relatively

! #Y
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stable under the conditions of the Earth surf@endie, 1993; Hd&nd, 1984) In
addition, large outcrops ofsedimentary rocks have been uplifted high-elevation
mountain ranges where rapid erosion and therefore short residence tireeveathering

zone preclude highchemical weatheringntensity (QveatheringlimitedOregimes).One
implication of this result is thain order to use large river SPM to understand predant
weathering processes, the recycling of old weathered material must be taken into account.
In particular, it is not possible teetermine isotopic fractionation factors during chemical
weathering by comparing river dissolved and bulk suspended loads without separating the
OoldO from the OnewO weathered component in suspended material (in addition to
separating the primary from thecondary component).

Our results also show that the finest river sediments, fatititetop of the depth profiles

are more influenced by presatdy weathering processes with regards to Li isotopes than
sediments found at greater depths. An important consequence of the inversion of Li
isotopic data in river sediments is that the samplinguspended sediments just below

the surface of large rivers (as done in most studies) therefore ints@iugaportant bias
toward the weathered component of suspended material.

Finally, aur quantification of the source of preselaly weathering productssing Li
isotopes may have important implications for the geological carbon cycle. While the
consumption of atmospheric G@as not been quantified here, silicate minerals in meta
sedimentary rocks are generally depleted in base cations such as Ca andnidig,(C
1993), which means that their weathering might not result in an efficient sink of
atmospheric Co@when compared to the weathering of igneous rocks. This implies that

recycling during continental erosion and weathering may limit the capacity of



&*(! sedinentaryrock dominated orogens for atmospheric C® consumption. Indeed,
&*)! although increased silicate weathering rates are expected during mountain building in
&**1 regions where temperature is warm enough and water supply high enough to fuel
'++ ! chemical weathering/{est et al., 2005; West 2012), the strength of this process may be
'+" 1 reduced if most of the exhumed rocks are base cdgpieted. In that case, catiooh

'+# ! volcanic islands and basaltic provinces would likely represent the most efficient

'+$ | geodynamic settirg) to regulate climate through chemical weatheriBgprZ et al.,

'+%! 2003)
+& |
'+' I 6. Conclusions

'+( ! Based on the correlatiobetweensediment grain size, Li content and Li isotope
'+) I composition in the sedimentscarried by the Amazon, Mackenzie and Gang
'+* 1 Brahmaputra riversve show thatheselarge rivers mostly recycleedimentary material.
"+ 1 This confirns the hypothesis that thepreseniday erosion cycle isdominantly
""" I cannibalistidn nature(Veizer and Jansen, 1979, 1988%ing amass budget approach
"# 1 the river sediments with the Li, Na content and Li isotope composition, an inverse
"$ I methodquantifies thalegreeof cannibalism(for the Amazon, Mackenzie and&rivers)
"% ! to be betweel®0% to 85% in reasonable agreement witie estimate (90 %)ased on
"& ! the study of Nd isotope in shal@geizer and Jansen, 1985)

I The variation of Li isotope composition in river sediment deptbfiles of large rivers
"( ! therefore integratethe weatherig history of the continental crust over long periods of
™) ! time. Modern weathering products are mixed with thoseherited from ancient

"* 1 weathering episodes. The tinmdegrated view offered by river depginofiles (similarly
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to that offered by soil profiledyut over much longer timescales) is in contrast to the

Gnapshddinsight provided byiver dissolvedoad onpresentdayweathering processes.
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)** 1 Figure captions
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*+" I Fig. 1: Map showing the locatioof the river basins anthe samples.
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*+$! Fig. 2: Example oftypical river-profiles of (A) Li isotope composition versu¥H (the
*+0d sampleposition in the river deptprofile with d: samplingdepth and Hchanneldepth)
*+&! for the Solimes, Madeira, Liard, Peel and Ganga riveand (B)Li concentrations versus
*+' 1 d/H.
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*+) I Fig. 3. Li isotope composition of river sediments as a function of Al/Si ragBed heras
*+* 1 a proxy for grain sizeSamples with low Al/Si (< 0.15) are river bed salfsiguares)
*+ 1 while highAl/Si samples are suspended sedimdoisles) Data for each river depth
*" 1 profile alignalonga mixing hyperbolaThe green and orange dott@aves correspond to

*'# 1 examples ofcalculatedmixing hyperbola between coarse and fine sediméotghe

*'$ 1 Solim>esand Madeira rivers, respectively.
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Fig. 4. (A) Na/Al and(B) ! "Li vs. Li/Al ratio for the Amazon and Mackenzie tributaries
andGang-Brahmaputra bed sediment samgRBS). The Makenzie and Amazon RBS
data can bétted by a leassquare mixing hyperbola (solid line, with grey error envelope
at 95% confidence) corresponding to the binary mixture between igneous and
sedimentary rock having similar ranges oLi/Al and Na/Al as those defined ithe
studies ofCondie (1993 andHolland (1984) Endmembers are,or the igneous rock
component, Li/Al ( 0.30$1F, Na/Al ( 0.32 and 'Li ( +4.58, and for the shale
component Li/Al ( 0.95$1C, Na/Al ( 0.08 and 'Li ( #0.54. The tigh-grade meta
sedimentary rock eachemler is defined by the trend andlues fronthe literaturgGaly

and Francd.anord, 2001; Gardner and Walsh, 1996; PenniBtorland et al., 2012)

Fig. 5. (A) ! 'Li vs. Li/Al ratio for the Amazon and Mackenzie tributaries @bang:-
Brahmaputra SPM and RBS samples. The arrows represent the sedimergroigpth
trends(from the bottom to the surface of the water coluofrthe main river sampleéB)
Closeup on the sedimentary rock®minated river basins whettee enrichment ofLi of
particlesis associatedo a los