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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 not yet been possible to quantify the amount of recycled &#!
material that is presently transported by rivers to the ocean. Here, we have analyzed the &$!
Li content and isotope composition (! 7Li) of suspended sediments sampled along river &%!
depth profiles and bed sands in three of the largest EarthÕs river systems (Amazon, &&!
Mackenzie and Ganga-Brahmaputra rivers). The !7Li values of river-sediments &' !
transported by these rivers range from +5.3 to -3.6ä and decrease with sediment grain &(!
size. We interpret these variations as reflecting a mixture of unweathered rock fragments &)!
(preferentially transported at depth in the coarse fraction) and present-day weathering &*!
products (preferentially transported at the surface in the finest fraction). Only the finest '+ !
surface sediments contain the complementary reservoir of Li solubilized by water-rock '" !
interactions within the watersheds. Li isotopes also show that river sediments can be '# !
interpreted as a mixture between unweathered fragments of igneous and sedimentary '$ !
rocks. A mass budget approach, based on Li isotopes, Li/Al and Na/Al ratio, solved by an '%!
inverse method allows us to estimate that, for the large rivers analyzed here, the part of '& !
solid weathering products formed by present-day weathering reactions and transported to '' !
the ocean do not exceed 35%. Li isotopes also show that the sediments transported by the '( !
Amazon, Mackenzie and Ganga-Brahmaputra river systems are mostly sourced from ') !
sedimentary rocks (> 60%) rather than igneous rocks. This study shows that Li isotopes '* !
in the river particulate load are a good proxy for quantifying both the erosional rock (+ !
sources and the fingerprint of present-day 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 EarthÕs surface, chemical weathering () !

reactions neutralize the atmospheric acidity and transform rocks into dissolved chemical (* !

species. Newly formed secondary phases (clay minerals, iron oxides) accumulate in soils )+ !

or are eroded and conveyed by rivers to sedimentary basins. These chemical weathering )" !

reactions are of major importance for the Earth system. On geological timescales, they )# !

control the evolution of climate through the consumption of atmospheric carbon dioxide )$ !

(Berner et al., 1983; Gaillardet et al., 1999b; Raymo et al., 1988; Walker et al., 1981), )%!
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shape the EarthÕs surface through chemical denudation and soil production (Heismath et )&!

al., 1997) and modify the composition of the continental crust (Lee et al., 2008; Liu and )' !

Rudnick, 2011; Rudnick, 1995). Geochemical mass budgets of river-borne material )( !

(dissolved and particulate phases) show that rivers transport both Òpresent-day )) !

weathering productsÓ (new solid materials formed during the residence of sediment in )* !

river basins by present-day water-rock interactions) and carry Òinherited weathering *+ !

productsÓ derived from older sedimentary rocks, which have been subject to previous *" !

weathering episodes (Bouchez et al., 2011a; Gaillardet et al., 1999a). Moreover, on the *# !

basis of the Nd isotope record of shales, Veizer and Jansen (1979, 1985) suggested that *$ !

the Post-Archean sedimentary cycle is 90% cannibalistic (i.e. 90% of the sedimentary *%!

rocks are formed by the recycling of ancient sedimentary rocks). Recycling of cation-*&!

depleted sedimentary rocks may have impacted the long-term evolution of Earth's *' !

atmosphere by reducing the capacity of the crust to neutralize atmospheric acidity *( !

through time (Gaillardet et al., 1999a). To test these hypotheses, first we need to quantify *) !

the relative importance of present-day vs. inherited weathering signatures in river ** !

sediments. However, the amount of ÒnewÓ versus ÒoldÓ weathered material transported "++ !

by rivers to the ocean is poorly constrained.  "+" !

 Over the last decade, lithium (Li) isotopes have proven to be a powerful tracer of "+# !

silicate weathering because: (i) Li is mobile (i.e. is mostly solubilized from minerals) "+$ !

during water-rock interactions, (ii) Li is mainly derived from the chemical weathering of "+%!

silicate rocks (Kisakurek et al., 2005; Millot et al., 2010) while not involved in biological "+&!

processes (Lemarchand et al., 2010) and, (iii), Li isotopes are fractionated during "+' !

chemical weathering (Huh et al., 1998; Pistiner and Henderson, 2003), with preferential "+( !
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incorporation of 6Li in solid weathering products leaving the dissolved fraction enriched "+) !

in 7Li. To date, measurements of Li isotopes on solid weathering materials have focused "+* !

on soil systems (KisakŸrek et al., 2004; Lemarchand et al., 2010; Pogge von Strandmann ""+ !

et al., 2012; Rudnick et al., 2004) or small rivers (Kisakurek et al., 2005; KisakŸrek et al., """ !

2004; Vigier et al., 2009; Pogge von Strandmann et al., 2010; Wimpenny et al., 2010). ""# !

Here we extend the use of Li isotopes to sediments carried in large rivers, using depth-""$ !

profiles to sample the full range of solid products of weathering and erosion. Li isotopes ""%!

are used alongside element ratios which track sediment grain size, provenance and ""& !

chemical weathering processes (e.g. Al/Si, Na/Al, Li/Al)  to construct a mass balance ""' !

model, allowing us to quantify the proportion of materials derived from present-day ""( !

chemical weathering, versus those inherited from previous weathering episodes. These "") !

findings shed new light on the cannibalistic nature of EarthÕs erosion and weathering ""* !

engine and we discuss the possible implications for the drawdown of CO2 by silicate "#+ !

weathering.  "#" !

 "## !
2. Geographical setting "#$ !
 "#%!
Large rivers integrate weathering and erosion processes over vast portions of the "#&!

continental crust and therefore provide insight on the major processes operating at EarthÕs "#' !

surface. In this paper, we investigated the erosion products transported in three large river "#( !

systems representative of various geodynamic settings (Fig. 1): the Amazon, Mackenzie "#) !

and Ganga-Brahmaputra river systems. These rivers together contribute to 10-15% of the "#* !

global suspended sediment flux to the ocean (Milliman and Farnsworth, 2011), and drain "$+ !

various lithologies. The selected basins are characterized by moderate to high erosion "$" !

rates and so we do not consider lower erosion and weathering rate areas (e.g. Congo "$# !
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River), nor volcanic islands. The results are likely to be representative of large "$$ !

continental rivers draining Òweathering-limitedÓ areas and vast foreland basins, underlain "$%!

by mixed lithologies. "$&!

 "$' !

The Amazon River is the largest river system on Earth with a mean discharge of 209,000 "$( !

m3/s and a suspended sediment flux of about 1000 Mt/yr (Wittmann et al., 2011b), with "$) !

the Andean cordillera (11% of the total Amazon river surface, altitudes ranging from 400 "$* !

m to 6700 m) being the major sediment source area (Gibbs, 1967). We focus on the two "%+!

major tributaries which dominate the suspended sediment flux of the Amazon RiverÕs: "%"!

the Solim›es River (55% of the total long-term denudation flux) in the western part of the "%#!

basin and the Madeira River in the south (45% of the total denudation flux) (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 "%&!

arc-type igneous rocks (mainly andesite) in the Andean part of the Solim›es River basin. "%' !

In addition and to test the influence of lithology, we report data on the Beni River "%(!

(tributary of the Madeira River) which drains almost exclusively sedimentary rocks, and "%)!

on the Ucayali, Pastaza and Napo Rivers (tributaries of the Solim›es) which drain a "%*!

significant proportion of igneous rocks. "&+!

The Mackenzie River basin is located in northwest Canada between latitudes 52¡N and "&" !

68¡N. It drains to the Arctic Ocean with a mean discharge of 9,700 m3/s and a mean "&#!

depth-integrated sedimentary flux of 124 Mt/yr (Carson et al., 1998). Aside being one of "&$!

the largest river basin in the world, the Mackenzie River has characteristics of interest "&%!

here because i) it is localized in the cold sub-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 study recycling of sedimentary rocks iii) it drains a relatively pristine area. "&) !

Details about geology, climate and weathering rates can be found in the following studies "&* !

(Millot et al., 2003; Millot et al., 2010; Tipper et al., 2012). We sampled the Mackenzie "'+ !

River immediately upstream of its delta in addition to the major tributaries in the basin: "'" !

the Peace-Slave River system in the southern part of the Mackenzie basin, the Liard, the "'# !

Peel and Red Arctic rivers in the northern part. "'$ !

The Ganga-Brahmaputra (G-B) river system drains the Himalaya and is characterized by "'% !

high erosion rates with a mean suspended sediment flux of about 1000-2000 Mt/yr (Galy "'& !

and France-Lanord, 2001). The major Himalayan geological formations are from north to "'' !

south the Tethyan Sedimentary Series (TSS) composed by low-grade marine sedimentary "'( !

rocks; the High Himalayan Crystalline (HHC) composed of high-grade metasedimentary "') !

rocks (amphibolite to granulite facies) with minor local leucogranite intrusions; the "'* !

Lesser Himalaya (LH) formed mostly by low-grade sedimentary rocks, and finally the "(+ !

Siwaliks plain which correspond to Neogene deposits uplifted by the Himalayan "(" !

deformation front (Galy and France-Lanord, 1999, 2001; Lupker et al., 2012). Based on "(# !

Sr and Nd isotope ratios, about 80% of the river sediments are thought to be derived from "($ !

the HHC and 20% from the LH (Galy and France-Lanord, 2001). The Ganga and "(%!

Brahmaputra rivers were sampled at their outlet in Bangladesh (Lupker et al, 2011, "(& !

2012).  "(' !

 "(( !

3. Sampling strategy and analytical protocols "() !
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Weathering and erosion produce solid particles with variable grain size, mineralogy and "(* !

weathering intensity. Sediments are naturally sorted within large rivers, with the finest ")+ !

particles transported at the surface and the coarsest at the bottom of the channel. A novel ")" !

depth profile sampling approach was used herein order to take into account the variability ")# !

of the suspended sediment concentration, grain size and geochemistry across the whole ")$ !

water column. This procedure has been presented and extensively discussed elsewhere ")%!

(Bouchez et al., 2011b; Galy et al., 2007; Lupker et al., 2011). Briefly, suspended ")& !

sediment samples were collected at dicrete depths along vertical profiles using a 7 liters-")' !

sampler similar to a horizontal Niskin type bottle. Profile sampling locations were chosen ")( !

based on ADCP (Acoustic Doppler Current Profiler) survey along river transects prior to ")) !

collection. ADCP quantifies flow velocity, river depth and cross section, water discharge, ")* !

and heterogeneity of river turbidity. River samples were transferred into sterilized plastic "*+ !

bags of known weight. The sample set was completed by river sands collected from the "*" !

channel thalweg (using a bucket dredge) and from recent flood deposits on river banks. In "*# !

some cases, when depth-sampling was not possible, only surface suspended sediments "*$ !

and bed sands were collected.  "*%!

Using this sampling protocol, major tributaries and the mainstream of the Mackenzie "*& !

River were sampled during 3 consecutive years at different times over the hydrological "*' !

cycle, including at high water stage (July 2009, September 2010 and June 2011) to "*( !

capture the temporal variability of sediment transport. The Amazon River and tributaries "*) !

were sampled at various depths during several field campaigns between 2005 and 2008 "** !

(Bouchez et al., 2011a; Bouchez et al., 2012; Bouchez et al., 2011b). Surface samples #++!

from the Beni River watershed were sampled in 2001 and 2007 (Dosseto et al., 2006, #+" !
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Bouchez et al., 2012). Napo River samples are river bed sediments samples, sieved at 125 #+#!

µm and provided by the German Research Centre for Geosciences (GFZ Potsdam) #+$!

(Wittmann et al., 2011a). Finally, the Ganga and Brahmaputra rivers samples from this #+%!

study are from field campaigns performed in 2008 by the ÒCentre de Recherches #+&!

PŽtrographiques et GŽochimiquesÓ (Lupker et al., 2012) and from a field campaign #+' !

carried out in 1999 by IPGP (only surface and bed sediments samples) (Gaillardet et al., #+( !

1999b). #+) !

River samples were filtered on-site using a frontal filtration system through 0.22 µm #+* !

porosity polysulfone 142 mm-membranes. Special attention was paid to recover all grain #"+ !

sizes including the silt fraction that tended to settle in the sampling bags and the finest #"" !

particles that tended to sorb on the plastic wall. Sediments were recovered from the filters #"# !

and placed with filtered water in 125 ml-glass bottles. In the lab, river sediment samples #"$ !

were dried either at 50¡C or by freeze drying within 3 weeks of collection, crushed in an #"%!

agate mortar and their major and trace elements content were measured respectively by #"&!

ICP-AES and ICP-MS by the SARM (Service dÕAnalyse des Roches et des MinŽraux, #"' !

INSU facility, Vandoeuvre-les-Nancy, France, analytical details available on #"( !

http://helium.crpg.cnrs-nancy.fr/SARM). Most of the Li  concentration measurements (n = #") !

119) were made by ICP-AES by the SARM with an analytical uncertainty of 5%. The Li #"* !

content of the remaining samples (n = 33) were measured by ICP-AES at the Laboratory ##+!

of ÒGŽochimie des eauxÓ (IPGP, Paris) with an analytical uncertainty of 8%. ##" !

Before Li isotope analyses, Li was separated from the matrix by ion-exchange ###!

chromatography using a method similar to James and Palmer (2000) after sample ##$!

digestion. A sample aliquot was loaded onto a column filled with 2.7 mL of AG50-X12 ##%!
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resin and the Li was eluted in HCl 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 ##' !

least two Standard Reference Materials (BHVO-2, JB2, NASS-5, BCR-2) and one blank ##( !

were systematically processed in each chemistry session to control the reliability of the ##) !

separation. After the separation, the elution fraction containing Li (about 24 mL) was ##* !

evaporated at a temperature of about 90¡C and kept as a solid salt until the measurement #$+!

session. Li isotope composition was measured using a MC-ICP-MS Neptune (Thermo #$" !

Scientific, Bremen) at IPGP using an APEX desolvation system and at typical Li #$#!

concentrations of 20-30 ppb. Each sample was successively measured 3 times within a #$$!

standard-sample bracketing (SSB) sequence, yielding five  ! 7Li values, from which an #$%!

average value was derived. For each sample and bracketing standard, 7Li/ 6Li ratios were #$&!

recorded for 12 cycles of 8 seconds each, with typical signals of 0.4 V/ppb. Background #$' !

intensities were recorded before each bracketing standard and each sample, and corrected #$( !

for. The intensity of the background was no more than 0.5-1% of the sample intensity. #$) !

The uptake time was 90 sec and the wash-time 4 min, resulting in a throughput rate of #$* !

about 50 min/sample. The overall internal standard error of 7Li/ 6Li measurements of #%+!

samples was typically between 0.05 and 0.15ä (±2"). The long-term reproducibility of #%"!

the measurement itself was checked by repeated measurements of the IRMM-016 (!7Li = #%#!

+0.14 ± 0.24ä, ±2", n = 78), and Li-SPEC (!7Li = +94.38 ± 0.27ä, ±2", n = 69). The #%$!

overall reproducibility and accuracy of the procedure (including solid sample digestion #%%!

and Li separation) was checked by repeated measurement of the basalt reference #%&!

materials JB-2 (! 7Li = +4.47 ± 0.53ä, ±2", n = 30 separations and 15 digestions) and #%'!

BHVO-2 (! 7Li = +4.34 ± 0.41ä, ±2", n = 6 digestions). In addition, several samples #%(!
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were duplicated or triplicated, and for each sample we report the mean value of all the #%)!

duplicates. The duplicates standard error (±2") was better that 0.5ä .  Finally, the #%*!

concentration of the total procedural blank (acid digestion and column chemistry) was #&+!

assessed to be less than 0.05 ng, i.e. insignificant compared to the amount of 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 depth-profiles show that some of the large river systems #&' !

investigated appear strongly stratified for Li-isotope and Li concentrations while some #&(!

others show no variation with depth (Fig. 2). The !7Li of analyzed Suspended Particulate #&)!

Matter (SPM) ranges from over #3.6ä for surface sediments to +1.5ä  for bottom SPM #&*!

with significant overlap between the Amazon, Mackenzie and G-B river systems. In #'+ !

general, fine surface SPM samples have low !7Li values while coarse SPM from the #'" !

bottom of the river profile have a higher ! 7Li signature (Fig. 3). River Bed Sands (RBS) #'# !

have systematically higher !7Li values compared to SPM, ranging between #2.0ä and #'$ !

+5.3ä and thus confirm previous observations from small rivers (Kisakurek et al., 2005; #'%!

Pogge von Strandmann et al., 2010). Considering both SPM and RBS, we found similar #'& !

! 7Li and Li concentration ranges within a single depth-profile and across the overall #'' !

dataset. Each river sediment depth profile defines a hyperbolic relation between the !7Li #'( !

and the Al/Si ratio (Fig. 3). The Al/Si ratio is a grain size proxy (Bouchez et al., 2011a; #') !

Lupker et al., 2011), and the trend suggests that any river sediment sample taken on a #'* !

river depth-profile can be described as a mixture between fine surface particle and coarse #(+ !
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bottom sediment components.  #(" !

Using the depth-integrated values for the Amazon, Mackenzie, Ganga, Brahmaputra #(# !

rivers and surface sediments of the Orinoco (Huh et al., 2001) and Changjiang rivers #($ !

(Wang et al., 2008), we calculate a mean Li concentration and ! 7Li value for large rivers #(%!

sediments discharged to the ocean of 50±15 ppm and #1.5±1ä . This Li  isotopic #(&!

composition of large river sediments is slightly lower but close to the mean composition #(' !

of the Upper Continental Crust (0±2ä ) of Teng et al. (2004) but significantly lower than #(( !

the mean value of global riverine dissolved load (Huh et al., 1998; Liu and Rudnick, #() !

2011) calculated at !7Li = +23ä. The results of this study confirm at the global scale that #(* !

weathering and erosion processes fractionate Li isotopes, with the heavy isotope being #)+ !

concentrated in the dissolved load. They show that the Li isotopic shift between #)" !

suspended sediments and dissolved load in rivers is close to 24-25ä.  #)# !

 #)$ !

5. Discussion #)%!

The Li content and Li isotope composition in the large river sediments showed significant #)&!

variability between locations, and within individual river depth profiles. These changes #)' !

may reflect variability in sediment provenance and/or the redistribution of Li and its #)( !

isotopes during chemical weathering, either in the present day, or inherited from the #)) !

geological past. Herein, we seek to explain the variability in the Li isotope composition #)* !

of sediments carried by these major river systems, first by assessing the patterns in coarse #*+ !

RBS, before interpreting the composition of SPM in the Amazon, Ganga-Brahmaputra #*" !

and Mackenzie river basins.  #*# !

5.1.  Li isotope signature of river bed sands: the crustal diversity #*$ !
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We first focus on identifying the nature of the coarse component using Na/Al and !7Li vs, #*%!

Li/Al mixing diagrams (Fig. 4). Normalization to Al allows us to correct Li concentration #*&!

in sediments for the dilution by quartz, carbonate or organic matter, by analogy to other #*' !

elements redistributed by chemical weathering processes (Bouchez et al., 2012). All RBS #*( !

samples plot along a negative trend, with G-B bed sediments lying slightly below the #*) !

overall trend. This negative relationship does not reflect progressive weathering of fresh #** !

bedrock Ð which would lead to a positive trend as weathering tends to deplete sediment in $++!

7Li Ð and rather reflects a mixture between two end-members of distinct chemical and $+" !

isotopic signatures. This mixing interpretation is supported by petrological observations $+#!

(Franzinelli and Potter, 1983; Potter, 1978), indicating that RBS contain mainly rock $+$!

fragments, quartz and heavy minerals. Because alkali elements are virtually absent from $+%!

quartz and heavy minerals (Bouchez et al., 2011a; Vital and Stattegger, 2000), the Li and $+&!

Na budgets of RBS are mostly controlled by the nature of their lithic fragments, thus $+' !

reflecting the composition of the unweathered or poorly weathered bedrock material. The $+( !

bedrock end-member with high !7Li (> +3.5ä), high Na/Al (> 0.25) and low Li/Al (< $+) !

0.45$10-3) falls in the range of mantle-derived igneous rocks (Magna et al., 2006; $+* !

Schuessler et al., 2009; Teng et al., 2009; Tomascak et al., 2008). The RBS samples from $"+ !

the Solim›es, Ucayali, Liard and Slave rivers plot close to this end-member, which is $"" !

consistent with the presence of igneous rocks in their sediment source areas (Andes and $"# !

Rocky Mountains).  $"$ !

The second bedrock end-member has a signature consistent with that of shales, with high $"%!

Li/Al ratio (up to 1.10-3), lower ! 7Li (0 to #2ä) and low Na/Al ratio (Holland, 1984; Qiu $"&!

et al., 2011a; Qiu et al., 2009; Teng et al., 2004). Shales are fine-grained sedimentary $"' !
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rocks, formed in the ocean by the deposition of particles derived from the erosion and $"( !

weathering of continental rocks. Shales are enriched in Li compared to igneous rocks, a $") !

feature attributed by Holland (1984) to the scavenging of seawater Li onto clays. The $"* !

RBS of the Beni River plot close to this end-member, here again consistent with what is $#+!

known of this basin's geology. The RBS samples from the G-B lie slightly below the $#" !

trend defined by Amazon and Mackenzie RBS (Fig. 4). This may be the result of a large $##!

erosional contribution from the high-grade meta-sedimentary rocks of the High Himalaya $#$!

Crystalline Series (Galy and France-Lanord, 2001). High-grade metamorphism of $#%!

sedimentary rocks results in a loss of Li without isotopic fractionation during dehydration $#&!

processes (Penniston-Dorland et al., 2012; Qiu et al., 2011b). Accordingly, the average $#' !

chemical composition of the continental crust eroded from a given basin should lie $#( !

between the three end-members (igneous, low and high-grade meta-sedimentary rocks) of $#) !

Fig. (4). The use of RBS to derive the composition of the bedrock here is similar to the $#* !

approach of Hilton et al. (2010) for sourcing organic matter in Taiwanese rivers. Overall, $$+!

the low ! 7Li  values of some RBS samples clearly demonstrate the presence of a recycled $$" !

meta-sedimentary component in the continental crust. This is consistent with the $$#!

conclusions inferred from the major elements in large river denudation products $$$!

(Gaillardet et al., 1999a).  $$%!

5.2.  Li isotopes in river suspended sediment depth-profiles: mixture of weathering $$&!

products and bedrock fragments  $$' !

The ! 7Li  and Li/Al  values of suspended sediments from river depth-profiles generally $$( !

plot below the negative correlation defined by RBS from the Amazon and Mackenzie $$) !

RBS (grey shaded region, Fig. 5a), and tend towards !7Li values lower than their $$* !



! "%!

corresponding RBS (down to #3.5ä). Each river profile defines specific Na/Al-Li/Al $%+!

and ! 7Li -Li/Al  trends (represented by the arrows in Fig. 5a) with the lowest !7Li values $%"!

measured in surface sediments samples. As the dissolved lithium of the Amazon, $%#!

Mackenzie and Ganga-Brahmaputra rivers is enriched in 7Li  (Huh et al., 1998; Millot et $%$!

al., 2010), the present-day weathering processes are expected to produce a 7Li -depleted $%%!

reservoir, complementary of the bedrock (and thus RBS) Li isotope composition. The low $%&!

Li isotope composition of large river suspended sediment suggests that SPM contains this $%'!

complementary reservoir as contemporary weathering products, likely mixed with $%(!

unweathered bedrock material. Weathering products are typically clays and Fe-Al oxides, $%)!

i.e. fine particles that we expect to be most enriched in the finest river SPM fraction, $%*!

sampled at the surface of the river. However, the finest river fraction is not necessarily $&+!

the pure weathering product, as it might also contain fine un-weathered bedrock $&"!

fragments. In a given river, the finest river sample does give the closest measured $&#!

constraint on the elemental and isotopic composition of the pure weathering product. $&$!

However, one can go further by assuming that Na, which is one of the most mobile $&%!

elements during chemical weathering (Gaillardet et al., 2003), is not incorporated into $&&!

secondary products. Therefore, in mixing diagrams Na/Al vs. Li/Al and !7Li vs. Na/Li, $&' !

trends formed by river depth-profiles can be extrapolated to Na=0 to infer the Li/Al and $&(!

! 7Li values of a theoretical fully weathered component (Fig. 6).  $&)!

For each river, the extrapolated chemical and isotopic composition of the weathering $&*!

product component should be compatible with what is known about the behavior of Li $'+ !

and its isotopes during weathering. The Beni River, a tributary of the Madeira River (Fig. $'" !

1a), represents a simple study case as this river mostly drains sedimentary rocks. The $'# !
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Beni SPM depict a pattern of 7Li - and Li-depletion in the SPM with decreasing sampling $'$ !

depth (Fig. 5b), illustrating a mixture between coarse materials with a composition close $'%!

to a shale-type bedrock, and a 6Li -enriched fine component corresponding to the present-$'& !

day shale weathering product. For this case, we can independently predict the evolution $'' !

of ! 7Li values of the solid phase during weathering expected from the transformation of $'( !

igneous and sedimentary rocks into secondary minerals, using a two-step weathering $') !

model taken from Vigier et al. (2009). The first step corresponds to bedrock dissolution $'* !

with no Li isotope fractionation, and the second to formation of solid weathering products $(+ !

with an apparent fractionation factor [%product-dissolved = (7Li/ 6Li) product/(
7Li/ 6Li) dissolved]. The $(" !

%product-dissolved values available in the literature span a range from 0.972 to 1.000 (see $(# !

Burton and Vigier 2011 for a review). These fractionation factors are either determined $($ !

experimentally or derived from field studies and reflect both adsorption or precipitation $(%!

processes. Only two experimental studies have been conducted at various temperatures $(&!

(Millot et al., 2010; Vigier et al., 2008) and fractionation factors for the temperature $(' !

between 0 and 30¡C range between 0.979 and 0.984. In addition, fractionation factors $(( !

determined by the study of the dissolved load of the Mackenzie River ranges from 0.985 $() !

to 0.987 (Millot et al., 2010; Tipper et al., 2012) and for the Amazon River from 0.982 to $(* !

0.989 (Dellinger et al., 2013). Therefore, we use in the following a fractionation factor of $)+ !

0.985±0.006. The uncertainty allows us to account for a range of likely fractionation $)" !

factors values, which may be refined by future work.  $)# !

 $)$ !

Classically, in an open system, two extreme fractionation scenarios can be proposed to $)%!

model isotope fractionation in the weathering zone (Bouchez et al., 2013; Georg et al., $)&!
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2007), a "batch" model (in which solid secondary products and the liquid phase remain in $)' !

contact) and a "Rayleigh distillationÓ model (where the liquid phase is continuously $)( !

removed from the system and hence cannot interact with the solid once formed). The $)) !

ÒbatchÓ and ÒRayleigh distillationÓ weathering scenarios correspond respectively to $)* !

equations 1 and 2:!$*+ !

   (1) $*" !

       (2) $*# !

where !7Li dissolved, !
7Li product, !

7Li rock are the Li isotope compositions of the solution, of $*$ !

secondary weathering products and of the initial rock respectively and FLi is the fraction $*%!

of Li removed from solution (i.e. incorporated into weathering products during their $*&!

precipitation). Assuming that dissolved Al concentration is negligible which is the case in $*' !

the majority of the EarthÕs rivers (Gaillardet et al., 2003), FLi can be expressed as $*( !

(Li/Al) product / (Li/Al) rock and then the trends predicted by equations (1) and (2) can be $*) !

represented in ! 7Li  vs. Li/Al  diagrams. Sensitivity tests show that within the range of FLi $** !

and %product-dissolved considered here, the difference between the two types of fractionation %++!

models does not lead to isotopic differences larger than 4ä.  We find that the weathering %+"!

models can reproduce the composition of the Beni River fine component (determined %+#!

using the method of extrapolation to Na concentration = 0) provided that 70±15% of %+$!

solubilized Li is incorporated into solid secondary products (Fig. 6).  %+%!

In the Mackenzie watershed, SPM samples generally plot on or close to the RBS %+&!

correlation between igneous rocks and shales. It appears that bedrock heterogeneity rather %+'!

than modern weathering processes mostly control their chemical and isotopic variability. %+(!

!! 7Li product = ! 7Lirock +1000" (1# FLi ) " ln($ product#dissolved )

7Li product ��
7Lirock

1000
�
 1

1 FLi�� �	 product dissolved 1

FLi

1 1000



! "( !

This is entirely consistent with the very low degree of silicate weathering and low-%+)!

temperature conditions in the Mackenzie watershed (Millot et al., 2010), but precludes %+*!

the use of the weathering model developed here. %"+!

Interpretation of depth-profiles data for the other rivers (e.g. Solim, es, Liard or Ganga) is %""!

less straightforward. Most of them show a decrease of ! 7Li values in SPM towards the %"#!

surface of the depth-profiles, associated with an increase of the Li/Al ratio, thus a Li-%"$!

enrichment (Fig. 5a). This feature appears as a conundrum, given the soluble nature of Li. %"%!

We would indeed have expected that chemical weathering would deplete the fine %"&!

suspended sediments in both Li and 7Li. However, in a similar manner to the more simple %"' !

case of the Beni River, SPM sampled along depth-profiles of these large rivers can be %"(!

interpreted as a mixture between a coarse, bedrock-like component and a fine component %")!

which itself is a mixture of (a) present-day weathering products of both shale and igneous %"*!

or high-grade metamorphic rocks (for the G-B rivers) and (b) unweathered, mechanically %#+!

eroded, sedimentary rock particles. In other words, the fine suspended sediments of the %#"!

Solim, es are enriched in Li compared to RBS because they contain a higher proportion %##!

of Li -rich shale-derived particles (even if some Li has been solubilized by modern %#$!

weathering processes) than coarse sediments. The geological context supports this %#%!

interpretation, as these drainage areas are composed of mixed igneous and sedimentary %#&!

lithologies.  %#'!

Therefore, Li isotopes in large river sediment reflect several processes:  %#(!

(a) Modern weathering processes, as the fine fraction of river sediments is depleted in 7Li %#)!

and contains the complementary reservoir of the dissolved lithium. %#*!

(b) Contribution of the different rock sources, especially in coarse sediments rich in rock %$+!
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fragments. %$"!

(c) Impact of ancient weathering episodes as they record the contribution of recycled %$#!

sedimentary rocks. %$$!

 %$%!

In the following section, we quantify the relative contributions of these different %$&!

components (unweathered igneous, high-grade meta-sedimentary rocks, and sedimentary %$'!

rock fragments, and respective weathering products) to the solid material transported by %$(!

large rivers in order to discuss the relative importance of sedimentary recycling and %$)!

modern weathering processes. %$*!

 %%+!

5.3 An inverse model to calculate the proportion of present-day versus inherited %%"!

weathering products in river sediments. %%#!

The proportions of ÒnewÓ (present-day weathering products) versus ÒoldÓ (inherited %%$!

weathering products) material in river particulates can be determined based on a set of %%%!

mass budget equations using Na/Al, Li/Al ratios and !7Li  values. The Li isotope %%&!

composition of river sediments reflects the contribution of six end-members: igneous %%'!

rocks, shales (low-grade meta-sedimentary rocks), high-grade meta-sedimentary rocks %%(!

and the three associated weathering products. In the Amazon and Mackenzie basins, the %%)!

contribution of the high-grade metamorphic end-member is negligible because i) %%*!

metamorphic rock outcrops are scarce in the sediment source area and ii) Mackenzie and %&+!

Amazon river sands define simple relationships in Na/Al-Li/Al and ! 7Li -Li/Al diagrams %&"!

(Fig. 4) that are compatible with a mixing between only two end-members (sedimentary %&#!

and igneous rocks). In the G-B river system, the dominant source of suspended sediment %&$!
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is the HHC formation corresponding to high-grade meta-sedimentary rocks, with the %&%!

remaining sediments deriving from low-grade sedimentary rocks with minor contribution %&&!

from igneous rocks (such as leucogranites) (Galy and France-Lanord, 2001). As a result, %&'!

for all the river systems studied here, each calculation is done with only four end-%&(!

members.!%&)!

Importantly,!these end-members will be valid for any river sediment from a depth-profile, %&*!

but also for the coarse and fine component of the depth-profile. Such mixtures can be %'+!

expressed with a series of coupled mixing equations. For the river coarse component-!%'" !

! ! ! ! ! ! ! ! ! (3)!%'#!

! ! ! ! ! ! !!!!!!!!!!! ! (4) %'$!

! ! ! ! ! ! ! (5)!%'%!

with &i = the proportion of Al from each lithology in the coarse end-member, i = shale (S) %'&!

and igneous (I) (or high-grade meta-sedimentary rocks (HG) for the G-B). The %'' !

contribution of modern weathering products in the coarse component is most likely small %'( !

for the reasons developed in section (5.1) and thus can be neglected here. %') !

For the fine component: %'* !
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! ! ! ! ! ! ! !!!!!!!!!!! (7) %("!

! ! ! ! ! ! ! (8)!%(#!

With ' i = the proportion of Al from each end member, j = unweathered fine-grained %($!

shales (FGS) and shale weathering products (SWP), and igneous weathering products %(%!

(IWP) (or high-grade metasedimentary rocks weathering products, HGWP) for the G-B. %(&!

Mass balance calculation using the Na/Al ratio show that the contribution of the %(' !

unweathered igneous and high-grade metasedimentary rocks to the fine component is low %((!

(7% maximum), and hence can be neglected. Mass conservation implies that: %()!

           (9) %(*!

and %)+!

        (10)  %)"!

Any sample from a river SPM depth-profile can be described as a mixture between the %)#!

coarse and the fine components, or equivalently as a mixture of the four end-members %)$!

described above. To account for this, mixing equations can be written for SPM:  %)%!

 %)&!
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!!!! ! ! ! !!!!!!(12)!%)(!

!!!(13) %))!

Where the subscripts ÒcoarseÓ and ÒfineÓ denote the coarse and fine components %)*!

respectively. µcoarse and µfine are the proportion of Al in the coarse and fine components %*+!

respectively. In the following, we use the depth-integrated composition for the Li/Al  and %*"!

Na/Al ratio and ! 7Li  of the representative sediment sample. Mass conservation implies %*#!

that:  %*$!

 
             

(14) %*%!

It should be emphasized that the mixing proportions calculated by the model (&i, ' i, %*&!

µcoarse, µfine) represent the contribution of the different end-members to the Al budget of %*' !

river sediments, and not to the total river sediment mass. However, given that Al %*(!

concentration is not very different between sediments and parent bedrocks, the mixing %*)!

proportions can be considered, within error, as contributions of the different reservoirs to %**!

total sediment mass. &++!

A fourth set of model equations corresponds to those of the fractionation model &+"!

(equations 1 and 2). These equations constrain the Li isotopic composition of the &+#!

weathering product end-members for each rock type, by using the Rayleigh and/or batch &+$!

model and an isotope fractionation factor of 0.985 (±0.006).   &+%!
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The full set of equations constitutes an overdetermined system. Some of the parameters &+&!

of the mixing model have a large uncertainty, while others are relatively well known (see &+' !

supplementary informations for details). The equations are solved by an inverse method &+(!

well suited for such a situation. The mathematical technique of data inversion was first &+)!

popularized in geochemistry for mantle studies (All•gre et al., 1983; All•gre and Lewin, &+*!

1989), and have been applied to interpret chemical weathering processes from the &"+!

dissolved and particulate loads of rivers (Gaillardet et al., 1995; Gaillardet et al., 1999a). &"" !

In a proper inversion procedure, all parameters (called the a priori parameters) are &"#!

attributed a mean value and an associated uncertainty that quantify our degree of &"$!

knowledge of the parameter Here, the least-known parameters are the mixing proportions &"%!

and the composition of the weathering product end-members. The best-known parameters &"&!

are the chemical and isotopic ratios measured along the river depth-profiles. The &"' !

inversion algorithm iteratively modifies the parameter values and errors as it tries to find &"( !

a unique solution so that all the parameters values fit (in the sense of least squares) the &") !

imposed model equations. The inversion is successful (converges) when the algorithm &"* !

finds a unique set of a posteriori parameters satisfying all model equations and improves &#+!

the uncertainty on the least-constrained parameters (Gaillardet et al., 1995). &#"!

The inversion was run on the river samples where the depth-profiles were available &##!

(for the Slave and Pastaza-Napo rivers, only surface SPM were sampled). In all cases, the &#$!

inversion procedure converged on a solution, i.e. a set of a posteriori parameters &#%!

fulfilling  all the model equations. The gain of information (calculated by comparing a &#&!

posteriori uncertainties with a priori  uncertainties) was the most important on the mixing &#' !

proportions. A priori and a posteriori parameters are given in Table (S1). The inversion &#(!
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was run using the two extreme scenarios (batch and Rayleigh fractionation model) and &#)!

gave relatively similar mixing proportion regarding the different models. Results are &#*!

summarized in Table (S1) and Fig. (7). The model sensitivity to the a priori  values of the &$+!

parameters was tested by testing the Òelasticity of the parametersÓ as defined by All•gre &$"!

and Lewin (1989). The a priori  value of each parameter was changed (by half the a priori &$#!

associated uncertainty) one after the other. For each modified a priori parameter the &$$!

inversion model was run again to calculate a new set of a posteriori values. For example, &$%!

for the Solim› es River, the ! 7Li fine = -3.8±0.8ä  was changed to -3.4±0.8ä  and -&$&!

4.20±0.8ä , or the ! 7LiSWP = -7±4ä  was changed to -9±4ä  and -5±4ä . The new a &$' !

posteriori parameters were compared to the result of the Òreference inversionÓ (parameter &$(!

values of Table S1). As a result, the mixing proportions were changed by less than 0.05. &$)!

This sensitivity analysis shows that our findings do not depend strongly on the chosen &$*!

values of the parameters and that the inversion procedure is robust. &%+!

 &%"!

5.4 Results 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 overall result is that river particulates, at least in the Amazon, &%&!

Mackenzie and Ganga-Brahmaputra river systems, are preferentially derived (more than &%'!

60% for most rivers) from the erosion and weathering of sedimentary rocks. This source &%(!

information is consistent with the geochemical mass budget of major and trace elements &%)!

(Gaillardet et al., 1999b). Li isotopes therefore confirm the cannibalistic nature (Veizer &%*!

and Jensen, 1985) of continental erosion as the majority of river particulates that will &&+!
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further accumulate 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 Solimoes (38 % of sedimentary-derived material) and &&%!

Madeira rivers (91 %) are in good agreement with geological evidence, as more igneous &&&!

rocks are present in the Solimoes watershed. The preferential transport of old sedimentary &&' !

sourced material in the suspended load of large rivers reflects the abundance of &&(!

sedimentary rocks at the Earth surface, especially in active mountain belts, where these &&)!

rocks have been uplifted and where their preferential erosion is facilitated by their high &&*!

erodibility.  &'+ !

(2) The second relevant information deduced from the inversion of Li isotopic data is that &'" !

present-day chemical weathering products account for less than 35% of the SPM &'# !

transported by the Mackenzie, G-B and Amazon rivers (relative uncertainty of ±15%). &'$ !

This means that most of the river particulates (> 65% of total SPM) have been mobilized &'%!

by physical erosion processes without undergoing any significant present-day chemical &'& !

weathering. Out of these present-day weathering products, those sourced from old &'' !

sedimentary rocks are more important than secondary minerals produced by weathering &'( !

of igneous rocks. As shown in the Fig. (7), within errors, the proportions of Ç new È &') !

weathered material is fairly uniform across the different rivers investigated here. The &'* !

relatively modest fingerprint of present-day chemical weathering reactions in large river &(+!

suspended sediments is probably due to the poor chemical reactivity of sedimentary rocks &(" !

in contact with water. Sedimentary rocks have already been exposed to surface processes &(#!

during ancient weathering episodes and the new phases formed at that time are relatively &($!
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stable under the conditions of the Earth surface (Condie, 1993; Holland, 1984). In &(%!

addition, large outcrops of sedimentary rocks have been uplifted in high-elevation &(&!

mountain ranges where rapid erosion and therefore short residence time in the weathering &(' !

zone preclude high chemical weathering intensity (Òweathering-limitedÓ regimes). One &(( !

implication of this result is that, in order to use large river SPM to understand present-day &() !

weathering processes, the recycling of old weathered material must be taken into account. &(* !

In particular, it is not possible to determine isotopic fractionation factors during chemical &)+!

weathering by comparing river dissolved and bulk suspended loads without separating the &)" !

ÒoldÓ from the ÒnewÓ weathered component in suspended material (in addition to &)#!

separating the primary from the secondary component). &)$!

Our results also show that the finest river sediments, found at the top of the depth profiles &)%!

are more influenced by present-day 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 sampling of suspended sediments just below &)( !

the surface of large rivers (as done in most studies) therefore introduces an important bias &)) !

toward the weathered component of suspended material. &)* !

Finally, our quantification of the source of present-day weathering products using Li &*+!

isotopes may have important implications for the geological carbon cycle. While the &*" !

consumption of atmospheric CO2 has not been quantified here, silicate minerals in meta-&*#!

sedimentary rocks are generally depleted in base cations such as Ca and Mg (Condie, &*$!

1993), which means that their weathering might not result in an efficient sink of &*%!

atmospheric CO2 when compared to the weathering of igneous rocks. This implies that &*&!

recycling during continental erosion and weathering may limit the capacity of &*' !
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sedimentary-rock dominated orogens for atmospheric CO2 consumption. Indeed, &*( !

although increased silicate weathering rates are expected during mountain building in &*) !

regions where temperature is warm enough and water supply high enough to fuel &** !

chemical weathering (West et al., 2005; West 2012), the strength of this process may be '++ !

reduced if most of the exhumed rocks are base cation-depleted. In that case, cation-rich '+" !

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

geodynamic settings to regulate climate through chemical weathering (DuprŽ et al., '+$ !

2003).  '+%!

 '+& !

6. Conclusions '+' !

Based on the correlation between sediment grain size, Li content and Li isotope '+( !

composition in the sediments carried by the Amazon, Mackenzie and Ganga-'+) !

Brahmaputra rivers, we show that these large rivers mostly recycle sedimentary material. '+* !

This confirms the hypothesis that the present-day erosion cycle is dominantly '"+ !

cannibalistic in nature (Veizer and Jansen, 1979, 1985). Using a mass budget approach on '"" !

the river sediments with the Li, Na content and Li isotope composition, an inverse '"# !

method quantifies the degree of cannibalism (for the Amazon, Mackenzie and G-B rivers) '"$ !

to be between 60% to 85%, in reasonable agreement with the estimate (90 %) based on '"% !

the study of Nd isotope in shales (Veizer and Jansen, 1985).  '"& !

The variation of Li isotope composition in river sediment depth-profiles of large rivers '"' !

therefore integrates the weathering history of the continental crust over long periods of '"( !

time. Modern weathering products are mixed with those inherited from ancient '") !

weathering episodes. The time-integrated view offered by river depth-profiles (similarly '"* !
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to that offered by soil profiles, but over much longer timescales) is in contrast to the '#+ !

ÒsnapshotÓ insight provided by river dissolved load on present-day weathering processes. '#" !

 '## !
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Figure captions )** !
 *++!
Fig. 1: Map showing the location of the river basins and the samples. *+" !

 *+# !

Fig. 2: Example of typical river-profiles of (A) Li isotope composition versus d/H (the *+$ !

sample position in the river depth-profile with d: sampling depth and H: channel depth) *+%!

for the Solim› es, Madeira, Liard, Peel and Ganga rivers and (B) Li  concentrations versus *+&!

d/H.  *+' !

 *+( !

Fig. 3. Li isotope composition of river sediments as a function of Al/Si ratio, used here as *+) !

a proxy for grain size. Samples with low Al/Si (< 0.15) are river bed sands (squares) *+* !

while high-Al/Si samples are suspended sediments (circles). Data for each river depth-*"+ !

profile align along a mixing hyperbola. The green and orange dotted curves correspond to *"" !

examples of calculated mixing hyperbola between coarse and fine sediments for the *"# !

Solim›es and Madeira rivers, respectively.  *"$ !



! $%!

 *"%!

Fig. 4. (A) Na/Al and (B) ! 7Li vs. Li/Al ratio for the Amazon and Mackenzie tributaries *"& !

and Ganga-Brahmaputra bed sediment samples (RBS). The Mackenzie and Amazon RBS *"' !

data can be fitted by a least-square mixing hyperbola (solid line, with grey error envelope *"( !

at 95% confidence) corresponding to the binary mixture between igneous and *") !

sedimentary rocks having similar ranges of Li/Al and Na/Al as those defined in the *"* !

studies of Condie (1993) and Holland (1984). End-members are, for the igneous rock *#+!

component, Li/Al ( 0.30$10-3, Na/Al ( 0.32 and !7Li ( +4.5ä, and for the shale *#" !

component Li/Al ( 0.95$10-3, Na/Al ( 0.08 and !7Li ( #0.5ä. The high-grade meta-*## !

sedimentary rock end-member is defined by the trend and values from the literature (Galy *#$ !

and France-Lanord, 2001; Gardner and Walsh, 1996; Penniston-Dorland et al., 2012).  *#%!

 *#&!

Fig. 5. (A) ! 7Li vs. Li/Al ratio for the Amazon and Mackenzie tributaries and Ganga-*#' !

Brahmaputra SPM and RBS samples. The arrows represent the sediment depth-profile *#( !

trends (from the bottom to the surface of the water column) of the main river samples. (B) *#) !

Close-up on the sedimentary rocks-dominated river basins where the enrichment of 6Li of *#* !

particles is associated to a loss of Li. (C) Conceptual model proposed to explain the !7Li *$+ !

of river sediments applied to the Beni and Solim›es river depth profiles (yellow and *$" !

green curves). In this diagram, mixtures between end-members are represented by *$# !

hyperbolae. The bold grey dotted curves represent theoretical calculated Li isotopic *$$ !

composition of weathering products (batch and Rayleigh distillation models) with an *$%!

average isotope fractionation factor %product-dissolved = 0.985. The hexagons correspond to *$&!

the finest end-member estimated for the river depth profiles. Each sample can be *$' !



! $&!

described as a mixture between the four end-members. *$( !

 *$) !

Fig. 6: (A) Li/Al vs  Na/Al ratio and (B) ! 7Li  vs. Na/Li for the Beni and Solim›es rivers *$* !

depth-profile. These diagrams are used to estimate the composition of the fine component *%+!

between the surface SPM composition and a purely weathered component assumed to *%"!

contain no Na. *%#!

 *%$!

Fig. 7. Results of the mass-balance mixing model giving the proportions of unweathered *%%!

rock end-member (shales, igneous and high-grade meta-sedimentary rocks) and those of *%&!

modern weathering product end-members calculated by the inversion method for each *%' !

river system. The red line delineates the proportions of unweathered material from those *%(!

of contemporaneous products of weathering. *%)!

 *%*!
 *&+!
 *&" !
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Table captions "+") !

Table 1: Chemical and Li isotope data for the Mackenzie River system. "+"* !

Table 2: Chemical and Li isotope data for the Amazon River system. Numbers marked "+#+!

with an asterisk (*) are Li concentrations measured by ICP-AES at the Laboratory of "+#" !

ÒGŽochimie des eauxÓ (IPGP, Paris)   "+## !

Table 3: Chemical and Li isotope data for the G-B River system. Numbers marked with "+#$ !

an asterisk (*) are Li concentrations measured by ICP-AES at the Laboratory of "+#%!

ÒGŽochimie des eauxÓ (IPGP, Paris)   "+#&!
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Table 1. "+$) !



! %%!

Sample  Date River  Location  Type Depth 
(m) 

SPM 
(mg/L)  

Al 
(ppm)  

Li 
(ppm)  

Na 
(ppm)  

Si 
(ppm)  

! 7Li 
(ä)  

CAN09_49 07/22/09 Red Arctic Tsiigehtchic Bed sands 
  

43372 37 3294 297504 0,3 

CAN09_50 07/22/09 Red Arctic Tsiigehtchic SPM 4 416 79837 78 2975 258931 -2,5 

CAN09_51 07/22/09 Red Arctic Tsiigehtchic SPM 2 417 79022 78 3079 254831 -2,4 

CAN09_52 07/22/09 Red Arctic Tsiigehtchic SPM 0 366 81849 80 2990 260974 
 CAN09_53 07/22/09 Red Arctic Tsiigehtchic Bed sands 

  
45330 42 2960 300177 

 CAN10_17 09/07/10 Red Arctic Tsiigehtchic SPM 6 123 73830 71 3042 251246 
 CAN10_18 09/07/10 Red Arctic Tsiigehtchic SPM 3 134 70602 69 3116 250826 
 CAN10_19 09/07/10 Red Arctic Tsiigehtchic SPM 0 123 71608 70 3042 251246 
 CAN10_20 09/07/10 Red Arctic Tsiigehtchic Bed sands 

  
47146 40 3539 290371 

 CAN10_21 09/07/10 Red Arctic Tsiigehtchic Bed sands 
  

54010 47 3924 273590 
 CAN09_01 07/15/09 Liard Fort Simpson SPM 6 462 47527 35 4985 309788 0,0 

CAN09_02 07/15/09 Liard Fort Simpson SPM 4 191 63896 49 4125 272384 -1,1 

CAN09_03 07/15/09 Liard Fort Simpson SPM 2 346 55730 42 4600 289898 -0,7 

CAN09_04 07/15/09 Liard Fort Simpson SPM 0 166 64955 51 4266 273169 -1,3 

CAN09_11 07/16/09 Liard Fort Simpson Bed sands 
  

28744 17 5816 350604 4,0 

CAN09_12 07/16/09 Liard Fort Simpson Bed sands 
  

40620 28 5490 313359 0,9 

CAN10_46 09/13/10 Liard Fort Simpson SPM 4,8 492 38265 27 5712 336460 1,5 

CAN10_47 09/13/10 Liard Fort Simpson SPM 3 387 40858 30 5564 332907 0,9 

CAN10_48 09/13/10 Liard Fort Simpson SPM 1,5 208 49220 40 4822 308928 -0,3 

CAN10_49 09/13/10 Liard Fort Simpson SPM 0 79 73830 64 3709 262745 
 CAN10_50 09/13/10 Liard Fort Simpson Bed sands 

  
26796 13 6803 384839 

 CAN10_51 09/14/10 Liard Fort Simpson Bed sands 
  

32988 22 5512 338002 
 CAN11_03 06/04/11 Liard Fort Simpson SPM 6,5 490 56524 43 5200 275974 
 CAN11_04 06/04/11 Liard Fort Simpson SPM 5 595 52655 39 5304 282611 
 CAN11_05 06/04/11 Liard Fort Simpson SPM 3,5 542 55058 42 5059 274805 
 CAN11_06 06/04/11 Liard Fort Simpson SPM 1,5 495 57916 43 5141 271393 
 CAN11_07 06/04/11 Liard Fort Simpson SPM 0 438 58509 45 5015 264288 
 CAN11-62 

 
Liard Fort Simpson Bed sands 

  
41155 29 5519 299158 

 CAN09_54 07/22/09 Mackenzie Tsiigehtchic Bed sands 
  

40244 27 4659 304057 0,8 

CAN09_43 07/22/09 Mackenzie Tsiigehtchic SPM 19,8 526 74757 65 3835 261520 
 CAN09_44 07/22/09 Mackenzie Tsiigehtchic SPM 15 542 73873 64 3754 259239 -1,3 

CAN09_45 07/22/09 Mackenzie Tsiigehtchic SPM 10 501 77953 68 3657 261362 -1,5 

CAN09_46 07/22/09 Mackenzie Tsiigehtchic SPM 5 528 74407 65 3732 258730 -1,5 

CAN09_47 07/22/09 Mackenzie Tsiigehtchic SPM 0 505 76477 67 3783 257323 -1,7 

CAN09_48 07/22/09 Mackenzie Tsiigehtchic Bed sands 
  

27225 14 5490 342499 
 CAN10_08 09/07/10 Mackenzie Tsiigehtchic Bed sands 

  
31326 21 4696 301589 

 CAN10_10 09/07/10 Mackenzie Tsiigehtchic SPM 23 255 80393 72 3561 244655 
 CAN10_11 09/07/10 Mackenzie Tsiigehtchic SPM 19,4 245 80658 69 3561 242599 
 CAN10_12 09/07/10 Mackenzie Tsiigehtchic SPM 15 228 84468 73 3487 242552 
 CAN10_13 09/07/10 Mackenzie Tsiigehtchic SPM 10 230 82934 72 3487 241383 
 CAN10_14 09/07/10 Mackenzie Tsiigehtchic SPM 5 225 83304 72 3487 239140 
 CAN10_15 09/07/10 Mackenzie Tsiigehtchic SPM 0 231 83833 72 3487 242552 
 CAN10_16 09/07/10 Mackenzie Tsiigehtchic Bed sands 

  
27913 14 6766 358803 

 CAN11_65 06/11/11 Mackenzie Tsiigehtchic SPM 13 941 39509 27 5512 312667 
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CAN11_66 06/11/11 Mackenzie Tsiigehtchic SPM 10 445 50607 39 5089 291446 
 CAN11_67 06/11/11 Mackenzie Tsiigehtchic SPM 5 322 56614 46 4436 264428 
 CAN11_68 06/11/11 Mackenzie Tsiigehtchic SPM 0 291 59948 49 4281 260268 
 CAN10_22 09/08/10 Mackenzie Inuvik SPM 15 

 
57334 45 4065 273174 

 CAN10_23 09/08/10 Mackenzie Inuvik Bed sands 
  

49321 38 4525 277002 -0,4 

CAN10_26 09/08/10 Mackenzie Inuvik SPM 0 212 80870 70 3561 245076 
 CAN10_27  09/08/10 Mackenzie Inuvik Bed sands 

  
32290 22 4740 309115 

 CAN10_28 09/09/10 Mackenzie Inuvik SPM 19 513 56947 46 4229 276161 -0,9 

CAN10_29 09/09/10 Mackenzie Inuvik SPM 17 275 77165 67 3635 250498 -1,9 

CAN10_30 09/09/10 Mackenzie Inuvik SPM 12 260 79864 68 3561 248301 
 CAN10_31 09/09/10 Mackenzie Inuvik SPM 6 251 79441 70 3561 246665 
 CAN10_32 09/09/10 Mackenzie Inuvik SPM 0 162 90608 79 3264 238298 -1,7 

CAN10_34 09/09/10 Mackenzie Inuvik SPM 8 345 69014 58 3783 256295 
 CAN10_35 09/09/10 Mackenzie Inuvik SPM 6 393 67427 57 3858 259333 -1,0 

CAN10_36 09/09/10 Mackenzie Inuvik SPM 3 334 71502 61 3783 257136 
 CAN10_37 09/09/10 Mackenzie Inuvik SPM 0 217 84363 73 3635 244095 -1,6 

CAN10_38 09/09/10 Mackenzie Inuvik Bed sands 
  

32258 21 5037 326363 
 CAN09_31 07/18/09 Peace Peace_Point SPM 

 
1515 81309 59 3160 265400 

 CAN09_32 07/18/09 Peace Peace_Point Bed sands 
  

51946 34 6009 323339 
 CAN09_33  07/18/09 Peace Peace_Point Bed sands 

  
34708 20 6914 345411 3,5 

CAN09_28 07/18/09 Slave Fort_Smith SPM 
 

125 77069 53 4251 275099 -1,3 

CAN09_30 07/18/09 Slave Fort_Smith Bed sands 
  

32739 12 8739 358831 
 CAN10_65 09/15/10 Slave Fort Smith SPM 

  
77271 60 4748 273356 

 CAN10_66 09/15/10 Slave Fort Smith Bed sands 
  

33168 17 7960 373060 4,1 

CAN09_37 07/21/09 Peel Fort McPherson SPM 9 164 71094 71 3457 283326 -2,2 

CAN09_38 07/21/09 Peel Fort McPherson SPM 6 150 72364 71 3398 283574 -2,2 

CAN09_39 07/21/09 Peel Fort McPherson SPM 3 154 72285 71 3286 282261 -2,1 

CAN09_40 07/21/09 Peel Fort McPherson SPM 0 113 80981 82 3331 273819 -2,1 

CAN09_41 07/21/09 Peel Fort McPherson Bed sands 
  

40620 34 2708 342723 -0,3 

CAN09_42 07/22/09 Peel Fort McPherson Bed sands 
  

52983 49 4065 301411 -1,5 

CAN10_01 09/06/10 Peel Fort McPherson Bed sands 
  

59647 55 4896 306684 
 CAN10_03 09/07/10 Peel Fort McPherson SPM 8,5 250 58694 55 3338 305188 -1,8 

CAN10_04 09/07/10 Peel Fort McPherson SPM 5,5 121 72401 69 3635 283312 -2,5 

CAN10_05 09/07/10 Peel Fort McPherson SPM 2,5 105 75842 74 3561 279059 -2,7 

CAN10_06 09/07/10 Peel Fort McPherson SPM 0 101 76053 73 3487 277376 
 CAN10_07 09/07/10 Peel Fort McPherson Bed sands 

  
34205 28 2982 360439 0,1 

CAN11_77 06/11/11 Peel Fort McPherson SPM 6 325 58519 55 3680 285790 
 CAN11_78 06/11/11 Peel Fort McPherson SPM 3 294 59964 57 3776 285556 
 CAN11_79 06/11/11 Peel Fort McPherson SPM 0 146 72153 69 4028 267139 
  "+$* !

 "+%+!

 "+%"!

 "+%#!
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Table 2. "+%$!

Sample  Date River  Location  Type  
Depth 

(m) 
SPM 

(mg/L)  
Al 

(ppm)  
Li 

(ppm)  
Na 

(ppm)  
Si 

(ppm)  
! 7Li 
(ä)  

AM05-15 06/06/05 Madeira Foz Madeira SPM 23 94 103611 90* 5312 271259 -3,33 

AM05-17 06/06/05 Madeira Foz Madeira SPM 12 74 106544 94* 4956 263317 -3,53 

AM05-18 06/06/05 Madeira Foz Madeira SPM 8 61 110435 101* 5090 252910 -3,45 

AM05-19 06/06/05 Madeira Foz Madeira SPM 3 49 111822 99* 5194 245341 -3,38 

AM05-20 06/06/05 Madeira Foz Madeira SPM 28 
 

35756 34* 4971 395817 0,30 

AM05-24 06/06/05 Madeira Foz Madeira SPM 21 
 

73191 67* 5105 321001 -2,85 

AM06-33 03/19/06 Madeira Foz Madeira SPM 12 1269 72339 65 5513 326125 
 AM06-34 03/19/06 Madeira Foz Madeira SPM 6 524 86554 77 5646 300939 -3,18 

AM06-35 03/19/06 Madeira Foz Madeira SPM 0 219 105221 91 5312 266672 
 AM06-36 03/19/06 Madeira Foz Madeira SPM 15 455 85336 77 5483 300295 -2,79 

AM06-37 03/19/06 Madeira Foz Madeira SPM 10 473 85590 
 

5468 300328 -2,73 

AM06-39 03/19/06 Madeira Foz Madeira SPM 11 461 88597 
 

5438 296842 -2,82 

AM06-43 03/19/06 Madeira Foz Madeira SPM 0 303 100324 
 

5453 280915 -2,90 

AM06-44 03/19/06 Madeira Foz Madeira Bed sands 
 

25094 
 

2723 403643 0,69 

AM05-4 06/04/05 Solimoes Manacapuru SPM 28 283 69358 
 

10387 319256 -0,51 

AM05-6 06/04/05 Solimoes Manacapuru SPM 14 136 84081 45* 9860 290607 -1,39 

AM06-1 03/15/06 Solimoes Manacapuru Bed sands 
 

25698 11 6188 411180 
 AM06-2 03/15/06 Solimoes Manacapuru Bed sands 

 
36842 15 8777 391216 3,10 

AM06-3 03/15/06 Solimoes Manacapuru Bed sands 
 

31426 13 7486 401534 3,85 

AM06-4 03/15/06 Solimoes Manacapuru Bed sands 
 

25481 11 6180 405258 
 AM06-5 03/15/06 Solimoes Manacapuru Bed sands 

 
47017 19 11040 361844 1,45 

AM06-6 03/15/06 Solimoes Manacapuru Bed sands 
 

32538 14 7983 399317 
 

AM06-7 03/16/06 Solimoes Manacapuru SPM 20 425 70306 35 10714 319079 -1,04 

AM06-9 03/16/06 Solimoes Manacapuru SPM 0 131 98042 57 7783 264077 
 AM06-10 03/16/06 Solimoes Manacapuru SPM 22 302 86019 49 8925 280224 -2,09 

AM06-11 03/16/06 Solimoes Manacapuru SPM 15 277 88745 
 

8762 279417 -2,50 

AM06-12 03/16/06 Solimoes Manacapuru SPM 10 209 87231 50 9207 283710 
 AM06-13 03/16/06 Solimoes Manacapuru SPM 5 141 97613 54 7568 264213 -2,83 

AM06-14 03/16/06 Solimoes Manacapuru SPM 0 79 100535 58 7301 260358 -2,60 

AM06-15 03/16/06 Solimoes Manacapuru SPM 25 333 79539 42 10402 298769 -2,14 

AM06-16 03/16/06 Solimoes Manacapuru SPM 18 143 90349 52 8080 275627 
 AM06-17 03/16/06 Solimoes Manacapuru SPM 12 92 98074 57 6915 262999 
 AM06-18 03/16/06 Solimoes Manacapuru SPM 6 73 99450 57 6729 260993 
 AM06-19 03/16/06 Solimoes Manacapuru SPM 0 54 105972 63 5023 242023 
 

AM06-55 03/22/06 Amazonas Obidos SPM 55 341 69395 48 7427 324567 
 AM06-58 03/22/06 Amazonas Obidos SPM 10 124 92652 68 6707 279930 
 AM06-60 03/23/06 Amazonas Obidos SPM 35 482 84939 60 7523 291335 
 AM06-63 03/23/06 Amazonas Obidos SPM 45 250 90032 64 7167 285591 -3,09 

AM06-64 03/23/06 Amazonas Obidos SPM 20 141 98688 
 

6395 271325 -2,99 

AM06-65 03/23/06 Amazonas Obidos SPM 0 81 107370 81 5483 253531 -3,58 

AM05-35 06/08/05 Amazonas  Obidos SPM 58 318 65234 
 

8354 332229 
 AM05-36 06/08/05 Amazonas  Obidos SPM 45 297 67961 40* 8577 325313 -1,79 



! %(!

AM05-37 06/08/05 Amazonas  Obidos SPM 30 175 75907 
 

8332 312522 -2,11 

AM05-44 06/09/05 Amazonas  Obidos SPM 42 
 

29234 
 

5646 359973 1,94 

AM05-46 06/09/05 Amazonas  Obidos SPM 51 
 

29531 15* 6870 403312 1,67 

AM07-1 05/05/07 Beni Rurrenabaque SPM 4,5 666 58225 59 4125 349421 
 AM07-2 05/05/07 Beni Rurrenabaque SPM 3 236 91466 84 5743 298027 
 AM07-3 05/05/07 Beni Rurrenabaque SPM 1,5 222 92928 87 5809 289123 
 AM07-4 05/05/07 Beni Rurrenabaque SPM 0 109 95289 87 6025 289193 -3,09 

AM07-5 05/05/07 Beni Rurrenabaque Bed sands 
 

37991 41 3005 391375 -0,86 

AM01-14 02/18/01 Beni Rurrenabaque Bed sands 
 

67655 65* 5920 
 

-1,39 

AM07-6 05/07/07 Beni Riberalta SPM 7 2551 68469 65 5023 335487 -2,35 

AM07-7 05/07/07 Beni Riberalta SPM 5 3373 64212 62 4971 341768 
 AM07-8 05/07/07 Beni Riberalta SPM 2,5 2213 72805 68 5208 322919 
 AM07-9 05/07/07 Beni Riberalta SPM 0 1003 83319 78 5231 302321 -2,88 

AM07-10 05/07/07 Beni Riberalta Bed sands 
 

35248 37 3124 394053 -0,62 

AM01-16 02/21/01 Beni Riberalta SPM 0 1036 107113 93* 5550 273587 -2,99 

AM08-10 04/25/08 Ucayali Jenaro Herrera SPM 23 641 84229 54* 10120 288269 -1,85 

AM08-13 04/25/08 Ucayali Jenaro Herrera SPM 0 490 85664 58* 9964 278353 -1,90 

AM08-14 04/25/08 Ucayali Jenaro Herrera Bed sands 
 

48182 20* 12620 385261 1,27 

AM08-17 04/25/08 Ucayali Jenaro Herrera SPM 23 2065 63805 33* 12902 340102 -1,02 

AM08-36 05/04/08 Pastaza Mouth SPM 0 102 97031 26* 15840 246652 -0,18 

AM08-37 05/04/08 Pastaza Mouth Bed sands 
 

79814 12* 26955 291835 3,31 

Napo 3 
 

Napo 
 

Bed sands < 125!m  80349 18* 22052 
 

1,01 

Napo 4 
 

Napo 
 

Bed sands < 125!m  78077 21* 19235 
 

1,32 

Coca 1 
 

Napo 
 

Bed sands < 125!m  78875 27* 14584 
 

0,54 
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Table 3. "+%&!

Sample  Date River  Location  Type  
Depth 

(m) 
SPM 

(mg/L)  
Al 

(ppm)  
Li 

(ppm)  
Na 

(ppm)  
Si 

(ppm)  
! 7Li 
(ä)  

BR8218 09/01/08 Ganga Harding bridge SPM 2 1390 73670 41* 8140 292340 -0,52 

BR8217 09/02/08 Ganga Harding bridge SPM 4 1590 69430 40* 8140 298920 -0,31 

BR8216 09/03/08 Ganga Harding bridge SPM 7 1590 69430 35* 8880 299390 -0,31 

BR8215 09/04/08 Ganga Harding bridge SPM 12 3300 55120 28* 9620 332760 0,34 

BR8221 09/05/08 Ganga Harding bridge Bed sands 
  

46110 21* 11100 369420 0,36 

IND99-19 S 
 

Ganga Harding bridge Bed sands 
  

47145 19* 11093 
 

0,39 

IND99-19 MES 
 

Ganga Harding bridge SPM 
  

94322 55* 4748 233473 -1,02 

BR8210 08/31/08 Brahmaputra Jamuna bg. SPM 0 1000 86920 47* 11840 282940 -1,38 

BR8211 08/31/08 Brahmaputra Jamuna bg. SPM 2,5 1400 77380 32* 13320 300330 -0,67 

BR8208 08/31/08 Brahmaputra Jamuna bg. SPM 5 1700 74200 40* 13320 309730 -1,07 

BR8207 08/31/08 Brahmaputra Jamuna bg. SPM 10 3600 65190 28* 14060 337930 -0,66 

BR8213 08/31/08 Brahmaputra Jamuna bg. Bed sands 10 
 

53530 14* 11100 312550 0,69 

IND99-20 S 
 

Brahmaputra Jamuna bg. Bed sands 
  

72063 30* 14707 
 

0,12 
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