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Abstract

River sediments naturally sample and average large areas of eroded continental
crust. They are ideal targets not only for provenance studies based on isotopic
compositions, but also can be used to establish average continental crust isotopic values.
In large fluvial systems, however, mineral sorting processes significantly modify the
mineralogy, and thus the geochemistry of the transported sediments. We still do not
know, in any quantitative way, to what extent mineral sorting affects and fractionates the
isotopic compositions of river sediments. Here, we focus on this issue and try to decipher
the role of each mineral species in the bulk isotopic compositions of bedloads and
suspended loads sampled at the outflow of the Ganga River that drains the Himalayan
mountain range.

We analyzed Nd, Hf, Sr, and Pb isotopic compositions as well as trace element
contents of a large number of pure mineral fractions (K-feldspar, plagioclase, muscovite,
biotite, magnetite, zircon, titanite, apatite, monazite/allanite, amphibole, epidote, garnet,
carbonate and clay) separated from bedload and bank sediments. We combine these data
with mineral proportions typical of the Ganga sediments to perform Monte-Carlo
simulations that quantify the contributions of individual mineral species to the Nd, Hf, Sr,
and Pb isotopic budgets of bedloads and suspended loads.

We show that the isotopic systematics of river sediments are buffered by very few
minerals. Despite their extremely low proportions in sediments, zircon and
monazite/allanite control Hf and Nd isotopes, respectively. Feldspars, epidote, and
carbonate buffer the Sr isotopic budget while clay, feldspars, and heavy minerals
dominate Pb isotopes. Hafnium, Sr, and Pb isotopic differences between bedloads and

suspended loads are well explained by their different mineral compositions. This
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confirms that Hf, Sr and Pb isotopic compositions of sediments are strongly biased by
mineral sorting processes during fluvial transport; hence they do not always constitute
good proxies for provenance studies. In addition, we anticipate that fractionation of the
isotopic systems continues at the river/ocean interface to deliver sediments to the deep
ocean that are not necessarily similar to their crustal precursors, creating a systematic

bias between the compositions of crustal sources and oceanic sediments.

Keywords: isotopic fractionation, bedload, suspended load, continental crust,

Himalayas, minerals
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1. Introduction

Because they integrate large portions of continental crust exposed to weathering,
river sediments from worldwide fluvial systems have been widely used to trace sediment
provenance, estimate the average isotopic composition of the upper continental crust, and
constrain its evolution through time (Goldstein et al., 1984; Goldstein and Jacobsen, 1988;
Asmerom and Jacobsen, 1993; Allégre et al., 1996; Clift et al,, 2002; Singh and France-
Lanord, 2002; Millot et al., 2004; Kamber et al., 2005; Richards et al., 2005; Roddaz et al.,
2005; Singh etal., 2008; Cinaetal., 2009; Belousova et al., 2010; Hawkesworth et al., 2010;
Wu et al,, 2010; Dhuime et al.,, 2011; Padoan et al,, 2011). Most studies assume that the
isotopic compositions of river sediments reflect that of the drained continental area.
However, depending on its size, shape, and density, detrital material transported by rivers
is segregated within the water column by hydrodynamic processes: fast-settling coarse
and heavy minerals concentrate in bedloads while fine, platy and light minerals are
preferentially transported in suspension, and at different depths in the water column
depending on their settling velocities (Singh and France-Lanord, 2002; Komar, 2007; Galy
et al., 2008; Garzanti et al., 2008). Because chemical elements are carried in different
amounts by the various minerals, it is now well described that mineral sorting processes
lead to large chemical variability between bedload and suspended load sediments
(Garzanti etal.,, 2010; Bouchez et al., 2011; Garzanti et al,, 2011; Lupkeretal., 2011; 2012).
In contrast, our knowledge of how such processes affect the Nd, Hf, Sr and Pb isotopic
compositions of sediments is relatively limited. While several studies have pointed out
Nd, Hf, Sr and Pb isotopic fractionations between fine and coarse-grained sediments due
to mineral sorting processes (Patchett et al., 1984; McLennan et al., 1989; Revel et al,,

1996; Eisenhauer et al., 1999; Singh and France-Lanord, 2002; Chauvel et al., 2008; Bayon
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et al., 2009; Carpentier et al., 2009; Chauvel et al., 2009; Vervoort et al., 2011; Garcon et
al., 2013a, 2013b), the influence of each mineral species on the isotopic composition of
sediments has never been thoroughly quantified.

In this paper, we report trace element contents and Nd, Hf, Sr and Pb isotopic
compositions for a large number of pure mineral fractions separated from a bedload and
a bank sediment sampled at the outflow of the Ganga fluvial system in the Bangladesh
delta. Using Monte-Carlo simulations, we combine these data with mineral proportions
reported by Garzanti et al. (2010; 2011) and Lupker et al. (2012) in river sediments
sampled at the same location to (1) evaluate the individual contribution of each mineral
species to the Nd, Hf, Sr and Pb isotopic budgets of bedloads and suspended loads and (2)
determine if the known mineralogy of bedloads and suspended loads accounts for the
observed difference in isotopic compositions. Finally, we discuss the implications of our
results for sediment provenance studies based on isotope data and for large-scale isotopic

partitioning between continental and oceanic sediments.

2. Studied Area and Samples

The studied mineral fractions were separated from two samples (bank sediment
BGP 6 and bedload BR 717) collected at the outflow of the Ganga River, before the
confluence with the Brahmaputra River (Figure 1). The sampling site was selected
because it is located downstream, far away from the mountain range. As a consequence,
the sediments integrate all materials transported by the Ganga River and its tributaries.
These rivers belong to one of the largest fluvial systems on Earth (Milliman and Meade,
1983), stretch over more than 2500 km and deliver about four hundred million tons of
sediments to the ocean each year (Lupker et al., 2011). Such sediments are dominantly

(>95%) derived from the Himalayan mountain range with minor contributions from the

5
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Deccan Trapps and Indian craton supplied by the southern tributaries of the Ganga (Galy
and France-Lanord, 2001; Singh et al., 2008; Lupker et al., 2011). Himalayan materials
mainly consist of sedimentary series and crystalline metamorphic rocks (e.g., Le Fort,
1975). Because of the large lithological and chemical diversity of Himalayan rocks, the
Ganga basin can be considered as a representative portion of the upper continental crust.
All minerals analyzed in our study are thus ubiquitous in the erosion products of any
upper continental crust exposed to weathering (McLennan, 1989; Taylor and McLennan,
1995; McLennan, 2001) and our results should be relevant for river sediments sampled
in other worldwide fluvial systems draining large continental areas.

The second major advantage of the selected site is that these sediments were
extensively studied for their mineralogy by Garzanti et al. (2010; 2011) and Lupker et al.
(2012) (Supplementary Table 1). These authors showed that bedloads and suspended
loads share quite similar types of minerals but in different proportions. Surface
suspended loads are generally finer and relatively rich in micas and clays while bedloads
tend to be coarser and richer in quartz and heavy minerals. Among the heavy minerals
that are commonly found in the Ganga sediments, amphibole, epidote and garnet are the
most abundant but many others are also present: titanite, zircon, rutile, apatite, monazite,
tourmaline and allanite for example (Garzanti et al., 2010; 2011). Detailed mineral
proportions in the Ganga bedloads and suspended loads are listed in Supplementary
Table 1.

Finally, several studies have reported major and trace element contents, as well as
Nd, Hf, and Pb isotopic compositions, of bulk suspended loads and bedloads from this
sampling site (Galy and France-Lanord, 2001; Lupker et al,, 2011; 2012; Gargon et al.
2012,2013a; 2013b; see Supplementary Table 2). We used these data to evaluate the role

of individual minerals in the bulk isotopic budget of river sediments. Because no Sr
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isotopic data exist in the literature for unleached bedloads and suspended loads, we
analyzed the bulk Sr isotopic compositions of two bedloads (BR 717 and BR 418), one
bank sediment (BGP 6) and 2 suspended loads (BR 414 and BR 412) sampled in the
Bangladesh delta (Figure 1). The trace element data and the Nd, Hf, and Pb isotopic
compositions of these five samples are reported in Supplementary Table 2. The detailed
sampling methods and the major element data can be found in Galy and France-Lanord
(2001), Lupkeretal. (2011; 2012) and Garcon et al. (2013a; 2013b). We also analyzed the
Sr isotopic compositions of several grain-size fractions separated from a suspended load
from the Ganga River (sample BR 522, Figure 1) to help us interpreting the Sr results of

the Monte-Carlo simulations.

3. Methods

3.1. Mineral separation

The starting material consists of several kilos of sediment collected during the
monsoon season. With the exception of the clay fraction separated from bank sediment
BGP 6, all mineral fractions were separated from bedload BR 717 dredged in the main
channel of the Ganga River. This sample was first washed and dried, then divided into 3
grain-size fractions by sieving: 63-100 pm, 125-250 um, and >250 um. For each fraction,
we used successive centrifugations in heavy liquids (sodium metatungstate and
methylene iodide) to separate minerals and partial freezing in liquid nitrogen to recover
them. After this step, some of the minerals were isolated using a hand magnet or the
Frantz isodynamic magnetic separator. Biotite, muscovite, plagioclase, quartz, and K-
feldspar were isolated from the >250 um fraction; magnetite, amphibole, apatite, garnet,

epidote, titanite, monazite, allanite, and zircon from the 63-100 um and/or the 125-250
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um fractions. Each mineral fraction was finally carefully purified under the binocular and
polarizing microscopes to remove impurities.

Because monazite and allanite were very small and difficult to distinguish from
each other, we analyzed an impure fraction containing high amounts of both minerals. In
the rest of the paper, this fraction is called the “monazite/allanite fraction”. Similarly, we
could not remove all impurities in the apatite fraction; hence we analyzed an impure
fraction highly enriched in apatite. Following Galy et al. (1999), the composition of the
carbonate fraction was obtained using a 1N acetic acid leaching procedure for one hour
in an ultrasonic bath. To ensure a pure carbonate fraction and avoid dissolution of other
minerals or contamination by clay minerals, we leached a coarse fraction containing only
carbonate, quartz, K-feldspar, plagioclase, and few phyllosilicates (non-magnetic 125-250
um fraction with a density < 2.90 g.cm3). The carbonate-rich leachate was then isolated
by centrifugation and evaporated on a hot plate. Finally, a clay fraction, selected as the <2
um fraction, was separated by sieving and settling from bank sediment BGP 6 because we
lacked sufficient material to recover it from bedload BR 717.

For each mineral species, only one fraction was separated and analyzed; the only
exception is the K-feldspar fraction (Table 1). We recognized that multiple analyzes of the
same mineral species could have been interesting to assess the compositional
heterogeneity of the Himalayan minerals. However, due to the limited quantity of starting
material and the time-consuming work involved in the handpicking procedure we could
not perform other duplicate analyses. We are however confident that the measured
fractions should be representative of the mineral populations because for each mineral
separate, the number of grains present in the analyzed fraction was always higher than a
thousand. For example, the 5mg fraction of zircons analyzed in this study most probably

contains between 1,000 to 2,000 zircon grains assuming that grains are spherical with a
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mean diameter of 50-60 um, as suggested by Garzanti et al. (2010; 2011) and Garg¢on et

al. (2013b).

3.2. Chemistry

For each mineral separate, we performed a single dissolution used to analyze both
trace element concentrations and Nd, Hf and Sr isotopes. Note that Pb isotopic
compositions of these sediments were previously published by Gargon et al. (2013b).
Methods used to obtain Pb data are described in this latter paper.

After washing with ultrapure water, 5 to 100 mg of mineral grains or powder were
first attacked for 2 days in 14N HNOs on a hot plate at 130°C, then evaporated and
dissolved in a mixture of HF and HClO4 in teflon containers placed in steel PARR bombs
for 10 days at 200°C to ensure complete dissolution. For bulk bedloads and suspended
loads, 50 to 100 mg of fine powder were dissolved using the same procedure as for the
mineral fractions. Finally, the bulk suspended load BR 522 and its grain-size fractions,
separated using settling and sieving techniques, were leached in 1N acetic acid for one
hour in an ultrasonic bath to remove the carbonates before being digested following the
same dissolution procedure as the one described above.

We measured trace element concentrations by ICP-MS with a dilution factor of
5000 and the equivalent of 2mg of sample. Measurements were performed using an
Agilent 7500ce ICP-MS in Grenoble (France). Oxide interference and analytical drift were
corrected following the procedure of Chauvel et al. (2011). BR-24 rock standards were
measured every four samples to calibrate and convert peak signals into concentrations

offline. To ensure the validity of our results, international rock standards were run as
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unknown samples, including sedimentary materials such as JSd-2 (see Supplementary
Table 3).

Hafnium, Nd and Sr were isolated from the same aliquot using the ion resin
techniques and following the procedure described by Chauvel et al. (2011). Hafnium was
recovered in three steps using a first column filled with cationic resin (AG50W-X8) to
isolate the High Field Strength Elements (HFSE) followed by a second anion resin column
(AG1-X8) and a third cation resin column (AG50W-X8) to isolate Hf from the other HFSE.
Nd was recovered in two steps: a first cation resin column (AG50W-X8) to isolate the Rare
Earth Elements (REE) and a second column filled with Ln-Spec resin to separate Nd from
the other REE. Finally, Sr was isolated using two successive columns filled with cationic
resin (AG50W-X8) and Sr-Spec resin. Total procedural blanks were < 80 pg for Nd (n=1),
< 35 pg for Hf (n=2) and < 140 pg for Sr (n=2). These small amounts can be considered
negligible compared to the amount of Nd, Hf and Sr isolated in all samples. Nd and Hf
isotopes were measured on a Nu Plasma MC-ICP-MS at the ENS Lyon (France). Nd isotopic
compositions were normalized to 146Nd/144Nd=0.7219 and Hf isotopic compositions to
179Hf/177Hf=0.7325. The Ames-Rennes Nd and Ames-Grenoble Hf reference standards run
every two or three samples yielded average 143Nd/144Nd = 0.511953 + 8 (20, n = 15) and
176Hf/177Hf = 0.282157 * 18 (20, n = 14), respectively. We used the recommended values
published by Chauvel and Blichert-Toft (2001) and Chauvel et al. (2011) for these two
standards to correct the analytical drift all through the measurement sequence. Sr
isotopic compositions were measured using a solid source ThermoScientific Triton mass
spectrometer in Brest (France) and normalized to 86Sr/8Sr=0.1194. The NBS 987
reference material yielded average 87Sr/86Sr = 0.710270 = 7 (20, n = 10) and values

measured for the samples were not normalized.
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4, Results

4.1. Trace element concentrations

Trace element concentrations measured in the mineral fractions are reported in Table 1
and shown in Figure 2 as spidergrams normalized to the average composition of upper
continental crust (Rudnick and Gao, 2003). Except for mobile elements such as Cs, Rb, Ba,
Sr, Li, Co, or Ni, heavy minerals (Figure 2a) generally display higher trace element
contents than light minerals (Figure 2b). The trace element patterns of the various
minerals are generally consistent with published values (e.g., Gotze and Lewis, 1994; Bea,
1996; Gargon et al.,, 2011; Garzanti et al,, 2011). Zircon and garnet show typical depletions
in light REE while monazite/allanite show depletion in heavy REE. The REE distributions
of other minerals, including light minerals, are rather flat. The monazite/allanite and
zircon separates clearly exhibit the highest concentrations in LREE (including Nd) and Hf,
respectively, with enrichment factors > 1000 (see Figure 2). The highest Pb contents are
found in clay (95 ppm) and K-feldspar (75 ppm). The highest Sr concentrations are found
in epidote (1509 ppm), carbonate (526 ppm), K-feldspar (243 ppm) and plagioclase (195
ppm). Both apatite and monazite/allanite fractions display lower REE and higher Zr, Hf
concentrations compared to what could be expected in pure apatite and
monazite/allanite separates (Ayres and Harris, 1997; Gargon et al., 2011; Garzanti et al.,
2011), a feature probably due to the presence of impurities such as light minerals and
zircon grains. This can easily be explained by the fact that we were unable to purify the
apatite and monazite/allanite fractions under the binocular microscope due to the very
small size of the minerals. Similarly, the quartz fraction contains anomalously high REE

and Sr concentrations compared to what is usually obtained in pure quartz (see for
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example Monecke et al.,, 2000 and Garzanti et al., 2010). It is thus likely that this fraction

also contains impurities.

4.2. Isotopic compositions

The Nd, Hf and Sr isotopic compositions for all mineral separates are reported in
Table 1. No Hf isotopic composition could be measured for the carbonate fraction because
of its very low Hf concentration. We also did not measure the isotopic compositions of the
quartz fraction and the Hf and Sr isotopes of the monazite/allanite-rich and the apatite-
rich separate because of the presence of other minerals in these separates that could
strongly influence the measured isotopic compositions.

Nd, Hf and Sr isotopic compositions span large ranges of values between 0.511732
and 0.512235 for 143Nd/144Nd, 0.281970 and 0.282803 for 176Hf/177Hf and 0.7125 and
0.8313 for 87Sr/86Sr. The monazite/allanite fraction has the least radiogenic Nd isotopic
compositions of all minerals while the zircon separate has the least radiogenic Hf isotopic
compositions. Biotite and muscovite, known for their very high Rb/Sr ratios, have
accordingly highly radiogenic Sr isotopic compositions (0.8123 and 0.8313, respectively).
By contrast, epidote and carbonate have the least radiogenic Sr isotopic compositions
(0.7125 and 0.7139) of all minerals.

Sr isotopic compositions measured in bulk bedloads, banks and suspended loads
from the Ganga River are listed in Table 2. They are particularly radiogenic with 87Sr/86Sr
varying between 0.7546 and 0.7737 and bedloads tending to have less radiogenic Sr
isotopes than suspended loads. These results fall within the large range of Sr isotopes
usually measured in the silicate and/or carbonate fractions isolated from Himalayan
derived sediments (Harris et al., 1998; Galy et al., 1999; Galy and France-Lanord, 2001;
Pierson-Wickmann et al., 2001; Singh et al., 2008). Such radiogenic isotopic compositions
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are due to the presence of extremely radiogenic sources in the Himalayan mountain
range, in particular in the Lesser Himalayan units (87Sr/86Sr > 0.8; Derry and France-
Lanord, 1996; Singh et al., 2008).

Sr isotopic compositions measured in the silicate fractions of the suspended load
BR 522 and its grain-size fractions are provided in Table 2. The bulk leached suspended
load BR 522 shares comparable 87Sr/86Sr ratios with the other unleached suspended loads
from the Ganga River (Table 2). Significant Sr isotopic differences are however observed
between the bulk sample and its grain-size fractions with the 2-20 pm fraction being much

more radiogenic than the others.

5. Discussion

River sediments are basically mixtures of mineral species. Some minerals, such as
quartz, contain virtually no trace elements and their proportion in the sedimentary
material influences only the silica content of the sediment but has no impact on most
isotopic ratios. In contrast, other minerals very rich in certain trace elements or with very
unusual isotopic compositions have the potential to significantly contribute or can even
overwhelm the trace element and isotopic budget of river sediments even if they are
present in very low proportions. A proper understanding of the role of individual mineral
species in the isotopic budget of river sediments thus requires the consideration of
several parameters. These include the nature and the proportion of the different mineral
species as well as their trace element concentration and isotopic composition.

Here, we present Monte-Carlo simulations that quantitatively evaluate the role of
individual minerals in the final Nd, Hf, Sr and Pb isotopic budget of river sediments. We
simulate the composition of a hundred thousand mixtures between common mineral

species that are present in the sedimentary material and that have the potential to
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significantly influence its isotopic compositions. Then, we compare our results to the data
published on bulk sediments.

Using mineral proportions estimated by Garzanti et al. (2010; 2011) and calcite
contents measured by Lupker et al. (2012) in suspended loads and bedloads from the
Ganga River in the Bangladesh delta, we first defined a range of possible proportions for
each type of mineral (see Supplementary File). For each mineral species, we then
randomly sample proportions within this range and associate them with the Nd, Hf, Sr or
Pb concentrations and isotopic compositions measured in our mineral separates. Finally,
we calculate the isotopic compositions of the resulting mixtures using the following
equation, written here for the Nd isotopic system:

(143Nd ~ Cngi (™Nd
144Nd —_— Z l " Cnd, mixture ( 144Nd)i l

where n is the number of minerals involved in the mixture; x; the weight proportion of

143
mineral i sampled randomly in a defined range; Cngq,; and ( Nd

the Nd content
ting)

i
and the Nd isotopic composition of mineral i (see Table 1); and
CNd, mixture= 2iq[%i - Cya ;] , the Nd concentration of the mixture.

In the following sections, we compare the modeled Nd, Hf, Sr and Pb isotopic
compositions to those measured in both suspended load and bedload sediments as
sampled in the Ganga River in the Bangladesh delta (data from the literature and our Sr
isotope measurements). Using such approach, we can evaluate the role of each mineral in
the isotopic budget of all river sediments. We illustrate the results of our Monte-Carlo
simulations for each isotopic system in diagrams that show the contribution of the various

mineral species as a function of the modeled isotopic composition for all mixtures. The
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contribution of each mineral i in the 143Nd/144Nd budget, for example, is determined in

percentage using the following equation:

Cna, i M3Ng M3Nd
inera contebuton = 1005, = ) /( )
ineral contribution = 100. x 44y 14454

CNd, mixture i mixture

All details about the input parameters, the way simulations were performed and
the robustness of the Monte-Carlo results are provided in the Supplementary File. We
performed several simulations to assess the sensitivity of our models to the proportions,
concentrations and isotopic compositions of the minerals (see Supplementary File). Here,
we just emphasize that the simulation results are very well constrained for the four
isotopic systems. The contribution of each mineral species in the whole-rock isotopic
budgets remains quite constant even if we introduce large errors on the input parameters,
such as the mineral proportions or the concentrations and isotopic compositions of
mineral species. An important implication is that the results presented in this study may
be valid not only for the Ganga sediments, but also for any sediment sampled in other

large river systems all over the world.

5.1. Which minerals control Nd isotopes of river sediments?

To perform the Monte-Carlo simulation modeling Nd isotopic compositions of
sediments, we considered the 14 analyzed minerals (K-feldspar, plagioclase, muscovite,
biotite, magnetite, zircon, titanite, apatite, monazite/allanite, amphibole, epidote, garnet,
carbonate, and clay) and we set the mineral proportions within the range known for river
sediments sampled in the Bangladesh delta (see Supplementary File and inset in Figure
3). Results are shown in Figure 3 while 143Nd/144Nd for the most important mineral

phases are shown along the horizontal axis.
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The first important observation is that minerals that significantly contribute to the
Nd isotopic budget are very few: monazite/allanite, clay, titanite and biotite. All other
minerals (K-feldspars, plagioclase, muscovite, magnetite, zircon, apatite, amphibole,
epidote, garnet, and carbonate) always contribute to less than 10% of the isotopic budget,
over the entire range of modeled Nd isotopic compositions; this is why they are not shown
in Figure 3. Because of its extreme enrichment in Nd (Figure 2), the monazite/allanite
fraction entirely dominates the Nd isotopic budget of modeled mixtures and it can even
control 100% of the isotopic budget (Figure 3) while its proportion in the mineral
assemblage never exceeds 0.5 wt.% (see Supplementary File and inset of Figure 3). It is
only when the modeled Nd isotopic composition is greater than 0.51185 that the
contribution of clay, titanite and biotite starts to surpass that of monazite and allanite
(Figure 3).

As shown by the grey band in Figure 3, Nd isotopic ratios reported for bedloads
and suspended loads sampled at the outflow of the Ganga span a limited range of values
between 0.51172 and 0.51179 (Gargon et al., 2013a), values similar to those reported by
Galy and France-Lanord (2001) for sediments sampled at the same location. According to
our simulation (Figure 3), such compositions correspond to mixtures highly dominated
by monazite and allanite (60-100%) with a small but significant contribution from clays
(0-30%). We can therefore suggest that the few monazite and allanite grains present in
the sediments (<0.5 wt%, see Supplementary File) totally overwhelm the Nd isotopic
compositions of river sediments in the Bangladesh delta.

In a more classical diagram showing 143Nd/144Nd ratios as a function of
147Sm /144Nd ratios (Figure 4), it becomes even more obvious that the unradiogenic Nd
isotopic signature of the monazite/allanite fraction is the controlling factor of the

composition of the Ganga sediments since no other mineral has a Nd isotopic composition
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similar to or lower than that of the bulk sediments. As suggested by our Monte-carlo
simulation, both bedloads and suspended loads are well reproduced by a mixture of

monazite, allanite, clay * biotite, titanite (Figure 4).

5.2. Which minerals control Hf isotopes of river sediments?

The results of the Monte-Carlo simulation for Hf isotopes are shown in Figure 5
together with the results obtained on the various mineral separates. Eleven minerals
were introduced in the simulation: K-feldspar, plagioclase, muscovite, biotite, magnetite,
zircon, titanite, amphibole, epidote, garnet, and clay. Quartz and carbonates were ignored
because they do not contain any Hf and we did not measure their Hf isotopic
compositions. The monazite/allanite fraction and the apatite fraction were also ignored
because they contain a lot of small zircons, a feature that explains their unusually high Zr-
Hf concentrations compared to what is commonly measured in such minerals (Ayres and
Harris, 1997). We suggest, therefore, that if we had measured their Hf isotopic
compositions, the results would not have been representative of the composition of the
monazite, allanite or the apatite but would have reflected that of the zircons present in
the fractions.

As for Nd isotopes, only few minerals significantly contribute to the Hf isotopic
budget of the modeled mixtures: zircon, clay, muscovite, biotite and titanite. By contrast,
garnet, amphibole, epidote, magnetite, plagioclase, and K-feldspar contribute to less than
10% of the Hf isotopic budget and are not shown in Figure 5. Modeled Hf isotopic
compositions span a relatively large range of values between 0.28197 and 0.28235. One
of the most remarkable features is that unradiogenic Hf-rich zircon totally buffers the Hf

isotopic budget over a large range of isotopic compositions (Figure 5) while its proportion
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in the mineral assemblage is always less than 0.5 wt% (see Supplementary File and inset
of Figure 5). Clay is the second important mineral but its contribution never exceeds 50%.
Together with muscovite, biotite and titanite, the clay fraction accounts for the most
radiogenic Hf isotopic compositions in the simulation.

In contrast to Nd, there is a difference between the 176Hf/177Hf ratio of bedloads and
suspended loads sampled at the outflow of the Ganga River (Garc¢on et al,, 2012; 2013a).
As shown by grey bands in Figure 5, bedloads are less radiogenic than suspended loads.
The results of our Monte-carlo simulation show that the difference is easily explained by
different contributions of unradiogenic zircon. The range of 176Hf/177Hf measured in
bedloads results from a very high contribution of zircon (i.e. 70-100% of their Hf isotopic
budget) and the relative contribution of all other minerals remains always below 15%.
The higher 176Hf/177Hf measured in suspended loads results from a higher contribution
of more radiogenic minerals such as clay, muscovite, biotite and titanite and a lower
contribution of zircon, even if it can still contribute to up to 50% of the isotopic budget
(Figure 5).

In Figure 6, we show the relationship between 176Hf/177Hf and 1/Hf for minerals,
bedloads and suspended loads. In contrast to what we did for the Nd case, we chose to not
represent Hf isotopic compositions as a function of their parent/daughter ratios (i.e.
176L,u/177Hf ratios) because Lu and Hf are not carried by the same minerals and it would
introduce confusion when evaluating the role of individual minerals in the Hf isotopic
compositions of sediments. We also normalized the 1/Hf ratio of all sediments to the SiO:
content of the clay fraction (see footnote of Figure 6 for more details), because dilution by
variable amounts of quartz has a drastic effect on the Hf concentration of river sediments.
As highlighted by our Monte-Carlo simulations, Figure 6 shows clearly that all bedloads

plot close to zircon, confirming that this mineral buffers the Hf isotopic budget of
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bedloads. The composition of suspended loads requires a mixture of more radiogenic
minerals such as biotite, muscovite and clay together with less radiogenic titanite and

zircon for some of them (Figure 6).

5.3. Which minerals control Sr isotopes of river sediments?

In Figure 7a, we show 87Sr/86Sr measured on the various minerals and the modeled
87Sr/86Sr for mixing simulations between K-feldspar, plagioclase, muscovite, biotite,
magnetite, zircon, titanite, amphibole, epidote, garnet, carbonate, and clay. Six minerals
(garnet, amphibole, titanite, zircon, magnetite, and biotite) are not shown in the figure
because they all are minor contributors (<10%) to the Sr isotopic budget. In contrast,
because of their high Sr contents (Table 1), epidote, K-feldspar, plagioclase, carbonate
and, to a lesser extent, clay, and muscovite exert a major role on the 8’Sr/86Sr of the
modeled mixtures.

The range of Sr isotopic compositions measured in bedloads and suspended loads
from the Ganga River is shown by grey bands in Figure 7a. Variations of 87Sr/86Sr ratios
as a function of 1/Sr are reported in Figure 8. Figure 7a demonstrates clearly that our
Monte-Carlo simulation fails in reproducing the high 87Sr/8Sr of all sediments, in
particular those of suspended loads. We can think of several possible reasons to explain
the mismatch between modeled and measured Sr isotope ratios.

The first possibility is that we have missed a component/mineral with high 87Sr/86Sr
and high Sr content in our Monte-Carlo procedure. The missing component cannot be

dissolved Sr, or Sr carried by small particles (< 0.2 © m) because all suspended loads were
filtered under pressure at 0.2 p m (Lupker et al, 2011) and the filtered fractions

containing particles smaller than 0.2 1 m were not analyzed in this study. As a
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consequence, dissolved ions and very fine particles cannot participate to the Sr isotopic
budget of suspended loads. Even if we assume that the filtration was not complete, the Sr

isotopic composition of these fractions (clay < 2 u m at 0.747 and river water with

87Sr/86Sr < 0.73, see Table 1 and Galy et al., 1999) are less radiogenic than the sediments,
hence they cannot constitute the missing components with high 87Sr/86Sr ratios. Given
their high Sr contents (Table 1), potential other candidates are apatite and
monazite/allanite. However, these minerals have low 87Rb/8¢Sr ratios, just like carbonate
and epidote that have the lowest 87Sr/86Sr ratios (Figure 8). It seems thus unlikely that
these phases could have the elevated 87Sr/86Sr that is required to explain the observed
mismatch between model and measurements. Adding these mineral phases in the
simulations would probably even make the modeled Sr isotopic compositions less
radiogenic.

A second possibility is that we underestimated the proportions of very radiogenic
minerals, such as muscovite or biotite (Figure 8), in the fine suspended loads. However,
as shown in details in the Supplementary File, the results of the Monte-Carlo simulations
are robust and the range of modeled Sr isotopic compositions remains incompatible with
the measured values even with very different mineral proportions.

The last possibility is that one or several mineral phases that contribute significantly
to the Sr isotopic budget have 87Sr/86Sr ratios higher than the value that we measured.
We suspect that it could be the case for K-feldspar and muscovite for the following reason:
for convenience, we separated these two minerals from the coarsest fraction (>250 pm)
of bedload BR 717 (see section 3.1) and we suspect that smaller minerals might have
different isotopic compositions. Indeed, large ranges of 87Sr/86Sr are reported for K-
feldspar (0.737 to 0.801) and muscovite (0.765 to 8.353) in the Himalayan rocks (Mehta,
1977; Kai, 1981; Ferrara et al,, 1983; Deniel et al., 1987; Johnson and Rogers, 1997) and
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we believe that the coarse feldspar and muscovite that we isolated (87Sr/86Sr of 0.7587
and 0.8313, respectively) might have lower 87Sr/86Sr than grains present in fine
suspended loads.

Analyses of finer K-feldspar and muscovite fractions would help support this
hypothesis but the separation and purification of a significant amount of fine minerals
constitute a difficult technical challenge. As an alternative, we performed additional Sr
isotopic analyses on several grain-size fractions separated from a Ganga suspended load
sampled in the Bangladesh delta (sample BR 522; Figure 1, Table 2). These analyses were
carried out on the silicate part of the samples to establish whether the Sr isotopic
compositions of the silicate minerals could vary as a function of mineral grain-size.
Results clearly indicate that the grain-size fractions do not have the same Sr isotopic
composition as the bulk sample and span a relatively large range of values from 0.7575 to
0.7824 (Table 2). Interestingly, the 2-20 pm fraction, representing almost half of the
suspended load sample (see Table 2), has the most radi