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Abstract

Transport of sediment across riverine flood plains contributes a significant but poorly constrained fraction of the total
chemical weathering fluxes from rapidly eroding mountain belts which has important implications for chemical fluxes to
the oceans and the impact of orogens on long term climate. We report water and bedload chemical analyses from the Ganges
flood-plain, a major transit reservoir of sediment from the Himalayan orogen. Our data comprise six major southern tribu-
taries to the Ganga, 31 additional analyses of major rivers from the Himalayan front in Nepal, 79 samples of the Ganga col-
lected close to the mouth below the Farakka barrage every two weeks over three years and 67 water and 8 bedload samples
from tributaries confined to the Ganga flood plain. The flood plain tributaries are characterised by a shallow d18O - dD array,
compared to the meteoric water line, with a low dDexcess from evaporative loss from the flood plain which is mirrored in the
higher dDexcess of the mountain rivers in Nepal. The stable-isotope data confirms that the waters in the flood plain tributaries
are dominantly derived from flood plain rainfall and not by redistribution of waters from the mountains. The flood plain
tributaries are chemically distinct from the major Himalayan rivers. They can be divided into two groups. Tributaries from
a small area around the Kosi river have 87Sr/86Sr ratios >0.75 and molar Na/Ca ratios as high as 6. Tributaries from the rest
of the flood plain have 87Sr/86Sr ratios �0.74 and most have Na/Ca ratios <1. One sample of the Gomti river and seven small
adjacent tributaries have elevated Na concentrations likely caused by dissolution of Na carbonate salts. The compositions of
the carbonate and silicate components of the sediments were determined from sequential leaches of floodplain bedloads and
these were used to partition the dissolved cation load between silicate and carbonate sources. The 87Sr/86Sr and Sr/Ca ratios of
the carbonate inputs were derived from the acetic-acid leach compositions and silicate Na/Ca and 87Sr/86Sr ratios derived
from silicate residues from leaching. Modelling based on the 87Sr/86Sr and Sr/Ca ratios of the carbonate inputs and 87Sr/86Sr
ratios of the silicates indicates that the flood plain waters have lost up to 70% of their Ca (average � 50%) to precipitation of
secondary calcite which is abundant as a diagenetic cement in the flood plain sediments. 31% of the Sr, 8% of the Ca and 45%
of the Mg are calculated to be derived from silicate minerals. Because of significant evaporative loss of water across the flood
plain, and in the absence of hydrological data for flood plain tributaries, chemical weathering fluxes from the flood plain are
best calculated by mass balance of the Na, K, Ca, Mg, Sr, SO4 and

87Sr/86Sr compositions of the inputs, comprising the flood
plain tributaries, Himalayan rivers and southern rivers, with the chemical discharge in the Ganga at Farakka. The calculated
fluxes from the flood plain for Na, K, Ca and Mg are within error of those estimated from changes in sediment chemistry
across the flood plain (Lupker et al., 2012, Geochemica Cosmochimica Acta). Flood plain weathering supplies between 41
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and 63% of the major cation and Sr fluxes and 58% of the alkalinity flux carried by the Ganga at Farakka which compares
with 24% supplied by Himalayan rivers and 18% by the southern tributaries.
� 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/
licenses/by/4.0/).
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1. INTRODUCTION

Chemical weathering on the continents supplies chemi-
cal fluxes to the oceans. Arguably the most important of
these is the bicarbonate flux resulting from weathering of
silicate minerals which results in the long-term removal of
CO2 from the oceans and atmosphere by precipitation of
carbonate minerals in the oceans. This is thought to provide
the temperature-sensitive feedback which has maintained
equable surface temperatures over much of Earth-history
although the relative importance of ocean floor carbona-
tion, and organic carbon burial is a matter of debate (e.g.
Chamberlin, 1899; Walker et al., 1981; Berner et al., 1983;
François and Walker, 1992; Brady and Gı́slason, 1997;
Sleep and Zahnle, 2001; Galy et al., 2007; Coogan and
Dosso, 2015). However it has proved difficult to determine
the sensitivity of continental silicate chemical weathering to
climatic (such as runoff and temperature) and other poten-
tial controls such as physical erosion and vegetation (e.g.
White and Blum, 1995) and indeed, even to calculate the
fraction of the total chemical weathering flux supplied by
carbonic acid weathering of silicate minerals given the lar-
ger fraction derived from carbonates (e.g. Jacobson et al.,
2002; Bickle et al., 2015). Carson and Kirby (1972) and
Stallard and Edmond (1983) concluded that the crust could
be subdivided into (1) ‘transport-limited’ weathering
regimes in which exhumation and physical erosion were
slow compared to chemical weathering rates such that
chemical weathering rates were limited by the supply of
material and (2) ‘weathering-limited’ regimes in which sup-
ply of material is fast such that material is incompletely
weathered during transport through the river catchment.
West et al. (2005) quantified this by parameterising silicate
chemical weathering sensitivity to temperature, runoff and
physical erosion rate and identified that rapidly eroding
mountain belts dominated the ‘weathering limited’ regimes.
The distinction is important because it is only in these that
silicate chemical-weathering rates will respond to climatic
forcing factors as in the ‘transport-limited’ regimes the
eroded material is effectively completely weathered. It is
for this reason that much attention is paid to the controls
on silicate chemical weathering rates in rapidly eroding
mountain belts. An important question which we address
here is whether the continued weathering of the eroded
Himalayan detritus in the flood plain of the Ganga is also
‘weathering limited’.

It has been suggested that exhumation of the
Himalayan-Tibetan orogen has been responsible, or partly
responsible, for the marked cooling of climate over the
Cenozoic. The increased physical erosion may have
increased the ’weatherability’ of the continental crust
decreasing the global temperatures required to balance
solid Earth CO2 outgassing (Chamberlin, 1899; Raymo
et al., 1988; Caldeira et al., 1993; Bickle, 1996). Alterna-
tively solid-earth CO2 outgassing from metamorphic decar-
bonation reactions in the orogen may have offset the
cooling related to the increased ’weatherability’ (e.g.
Kerrick and Caldeira, 1993; Becker et al., 2008). A further
impact of chemical weathering in the Himalayan-Tibetan
orogen is on the seawater Sr-isotopic record in which the
marked increase in seawater 87Sr/86Sr ratios since 40 Ma
is ascribed to weathering of the unusually radiogenic Sr
from the old Himalayan crust (Edmond, 1992; Galy
et al., 1999; Jacobson and Blum, 2000) although there is lit-
tle agreement as to the extent that this reflects increased sil-
icate weathering, weathering of carbonates which have
unusually high 87Sr/86Sr ratios in the Himalayas or is driven
by oxidation of sulphides and sulphuric acid weathering
(Raymo and Ruddiman, 1992; Richter et al., 1992;
Caldeira et al., 1993; Bickle, 1996; Galy et al., 1999;
Bickle et al., 2001; Jacobson et al., 2002; Quade et al.,
2003; Huh, 2010; Turchyn et al., 2013; Torres et al., 2014).

Despite the significance of chemical weathering in the
Himalayas, fundamental questions remain to be answered
about the weathering processes. Perhaps the most impor-
tant of these is where the weathering takes place. The 106

km2 catchment of the Ganga extends from glaciated moun-
tains to an intensively cultivated flood plain but it is uncer-
tain how the chemical weathering fluxes are partitioned
across these climatic and geomorphological zones (cf.
Bouchez et al., 2012). Floodplains have been invoked as a
fundamental control on chemical weathering outputs
(Pogge von Strandmann and Henderson, 2015). Further,
most chemical weathering, even in rapidly eroding moun-
tain belts, probably takes place along a range of shallow
to deeper groundwater flow paths (e.g. Tipper et al., 2006;
Calmels et al., 2011; Andermann et al., 2012) and knowl-
edge of the flow paths and their hydrology will be impor-
tant for modelling the nature and rates of the chemical
reactions and nature of isotopic fractionations imposed
by the processes (e.g. Maher, 2011; Fontorbe et al., 2013;
Li et al., 2014).

The Ganga is typical of many major rivers draining large
orogens where the sediment load is primarily derived in the
rapidly exhuming high mountains by glacial erosion and
landslides and then transported through an extensive low-
altitude flood plain where material may continue to be
chemically weathered. Galy and France-Lanord (1999)
and Rai et al. (2010) estimate that silicate chemical weath-
ering fluxes from all the Himalayan-derived material in the
flood plain are about 50% of those from the mountains (cal-
culated as weight fraction of silicate derived CaO, MgO,
Na2O, K2O and SiO2). West et al. (2002) compared small
catchment studies in the mountains with the Ganga chem-
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ical discharge calculated by Galy and France-Lanord
(1999). West et al. estimated that silicate weathering fluxes
from sediment derived from the most rapidly eroding units
in the Himalayas, the High Himalayan Crystalline Series, in
the Ganga flood plain are about 6 times those from weath-
ering of the High Himalayan Crystalline Series in situ in the
high mountains. Lupker et al. (2012a) used the difference in
composition of suspended loads in the rivers entering the
flood plain and the load carried by the Ganga at Hardinge
Bridge in Bangladesh to estimate the flood plain chemical
weathering inputs. This resolved dominant inputs of silicate
Na and K in the flood plain but could not resolve the rela-
tive inputs of silicate-derived Mg and Ca. The magnitude of
chemical weathering in the flood plain raises a further
important question which is whether weathering in flood-
plains is transport limited and thus does not act as a feed-
back to regulate climate. West et al. (2002) assumed the
weathering in the plain was transport limited without offer-
ing any evidence. Lupker et al. (2012a) inferred that the
‘lower erosion rates or longer residence times favour a
supply-limited regime ..’ but that ‘such inferences should
nevertheless be confirmed by dedicated mineralogical obser-
vations.’ Here we will conclude that weathering in flood-
plain is ‘weathering’ limited.

To attempt to resolve the significance of weathering on
the flood plain we present a three year time-series sample
set collected every two weeks in the Ganga below the Far-
akka barrage, present and discuss the controls on the chem-
ical and isotopic compositions of the flood plain rivers, and
compile new and published analyses of the southern tribu-
taries to the Ganga and of major rivers in Nepal. Calcula-
tion of flood plain weathering fluxes directly from the
difference between the river chemical fluxes from the Hima-
layas and southern tributaries and the output at Farakka is
inaccurate because the runoff from the flood plain (rainfall
less evapo-transpiration) is poorly defined and the differ-
ence between the inputs from the Himalayas and southern
rivers and discharge at Farakka is too uncertain. It is con-
cluded that the best estimates of the chemical and water
inputs are based on mass balance calculations using the
mean solute chemistry and Sr-isotopic compositions of
the three input sources (1) Himalayan mountain rivers,
(2) the southern tributaries and (3) the flood plain. All these
are compared to the solute compositions of the Ganga at
Farakka. An attempt is made to partition the chemical
fluxes into those from carbonate minerals, silicate minerals
and saline sources. The estimates of these flood plain chem-
ical weathering fluxes are compared with those from the
Himalayan mountains and the southern tributaries.

2. GEOLOGICAL SETTING AND PREVIOUS WORK

The Ganga flood plain above the Farakka sample site
has an area of �4.1 � 105 km2 with a further 0.9 � 105

km2 downstream (Fekete et al., 2000; Fig. 1) and has a
maximum elevation of �300 m. The rest of the catchment
is in the Himalayan mountains (�1.76 � 105 km2) and on
the Indian shield to the south (�3.5 � 105 � km2) (Singh
et al., 2008). The flood plain is densely populated with
�500 million people, intensively cultivated with numerous
irrigation channels and contains major conurbations.

The chemistry of rivers and sediments in the flood plain
and their impact on the chemical fluxes carried by the
Ganga have been subject to a number of studies including
Sarin et al. (1989), Palmer and Edmond (1992), Gupta
and Subramanian (1994), Galy and France-Lanord
(1999), Galy et al. (1999), Singh et al. (2004, 2005b,
2009), Rai et al. (2010), Garzanti et al. (2010, 2011) and
Lupker et al. (2012a).

The flood plain is bounded to the north by the Himala-
yan mountain chain. This rises abruptly above the active
main frontal thrust to elevations of 2–3 km over thrust
complexes of the syn-orogenic Siwalik sediments and
low-grade continental sediments of the mainly Proterozoic
Lesser Himalayan Series. Further north the topography
steepens across the inactive south-verging Main Central
Thrust which has emplaced the amphibolite-facies kyanite
to sillimanite and migmatitic metasediments and gneisses
of the Late-Proterozoic and Early Palaeozoic High Himala-
yan Crystalline Series. The upper reaches of the major
rivers draining the Himalayas cut through the highest
mountains comprising High Himalayan Crystalline Series
and extend onto the Tibetan Plateau where their catch-
ments are underlain by the mainly low grade Phanerozoic
continental margin sequence of clastic and carbonate rocks
known as the Tibetan Sedimentary Series. The Deccan pla-
teau to the south of the Ganga flood plain comprises
Proterozoic orogenic belts overlain by Deccan plateau
basalts. The Ganga is fed by seven major rivers which
penetrate the Himalayas to the north and by six major
rivers which rise on the Deccan plateau to the south (Fig. 1).

3. SAMPLE COLLECTION AND ANALYTICAL

METHODS

Analyses of water samples are listed in Electronic annex
Table E1. Water samples from rivers rising on the Ganga
flood plain as well as the some of major rivers rising in
the Himalayas and the southern tributaries (Chambal,
Kunwari, Betwa, Tons and Son) to the Ganga were col-
lected from bridges, boats or river banks in August 2003
and August 2005, filtered through 0.2 lm nylon filters with
one aliquot acidified with ultrapure HNO3 and one aliquot
kept unacidified for analysis of anions. pH and water tem-
perature were measured at the sample site. Alkalinity was
measured on a subset of the 2005 samples by Gran titration
on the day of collection. The silicon concentrations and sil-
icon isotopic compositions of a subset of the Ganga flood
plain samples collected in 2003 were discussed by
Fontorbe et al. (2013). Samples from the Ganga mainstem
Farakka site were collected 1 km downstream of the
barrage (87.93065� E, 24.76072� N) approximately twice a
month between December 2005 and February 2009, filtered
on site with one 60 ml sample acidified with ultrapure HCl
and one 60 ml sample unacidified. Water samples in Nepal
were collected from the Kosi at Chatra, the Karnali at Chis-
apani, the Rapti at Bhaluwang and the Narayani above
Naryangadh in Nepal in July 2015, the Narayani in



Fig. 1. Map showing major rivers and sample localities in the Ganges flood plain. Based on US Army Map Service (GDVLB) (1955)
1:250,000 sheets. Sample sites with bedload leaches and residues analysed shown with red symbols. High Na/Ca water samples in magenta.
Green dashed line denotes western boundary of high-87Sr/86Sr tributaries on flood plain (division between West and East Kosi samples- see
text).
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September 2015 and the Narayani and Kosi in June and
August 2016. These samples were filtered through 0.2 lm
polyethersulfone filters, one 250 ml sample acidified with
ultrapure HNO3 and a 60 ml sample kept unacidified for
analysis of anions. pH and water temperature were mea-
sured at the sample site and an aliquot titrated for carbon-
ate alkalinity (Gran titration) within 12 h of collection.

The acidified filtered water samples were analysed for
the elements Na, K, Ca, Mg, Si, S, Sr, by inductively cou-
pled plasma-atomic emission spectroscopy at Cambridge,
the Ganga flood plain samples on a Varian Vista ICP-
OES and the 2015 and 2016 Nepal samples on an Agilent
5100 ICP-OES. Calibration was against mixed standards
made up from ICP-MS standards with cation proportions
specifically designed to match the waters to minimise matrix
effects. The analyses are given in Electronic annex: Table E1
which includes analyses of international water standards
run at the same time as the samples. All samples were anal-
ysed in two separate runs with reproducibility within 2%.

Anions (Cl, SO4, NO3, F) were analysed either on a Dio-
nex ion chromatograph at the Open University (2003
Ganges flood plain samples) where repeat measurements
indicate precisions of better than 10% on Cl, N and S and
30% on F, or a Dionex ICS-3000 ion chromatograph at
Cambridge where repeat measurements of USGS natural
river water standard T-143 gave reproducibility better than
4% (2SD, n = 97) (2005 Ganga flood plain samples and the
Farakka samples). S measured by emission spectroscopy
and ion chromatography reproduced with a mean standard
deviation of �4%. Anions in the 2015 and 2016 Nepal sam-
ples were analysed on a Dionex ICS-5000+ system in Cam-
bridge using a high capacity hydroxide-selective column
(IonPac AS18) with a KOH eluent at a flow rate of 1 ml/
min with a precision calculated from replicates of �2%.
d18O and dD were analysed on the unacidified samples at
Cambridge in December 2015 by cavity ring down spec-
troscopy using a L1102-I Picarro water isotope analyser
and A0211 high-precision vaporizer at the Godwin Labora-
tory for Palaeoclimate Research at the University of Cam-
bridge using protocols described by Hodell et al. (2012).
Internal standards were calibrated against V-SMOW,
GISP, and SLAP and results are reported in parts per thou-
sand (‰) relative to V-SMOW. The reproducibility of the
method was 0.07 ‰ for d18O and 0.55 ‰ (1r) for dD, esti-
mated by repeated analysis (n = 48) of an internal standard
run together with the samples. The older samples had been
stored in a cold room (5 �C) for up to twelve years with a
variable headspace. Samples reanalysed for cation and
anion concentrations after several years storage exhibit
undetectable changes in concentration and 5% evaporation
would cause negligible isotopic fractionations of d18O and
dD.

Strontium was separated using Dowex 50Wx8 cation
exchange resin with 200–400 mesh particle size in clean
lab conditions and 87Sr/86Sr ratios were measured on a
VG Sector 54 solid source mass-spectrometer using a
triple-collector dynamic algorithm, normalised to 88Sr/86Sr
0.1194 with an exponential fractionation correction (cf.
Bickle et al., 2003, 2005). The 402 analyses of NBS 987 dur-
ing the 12 year period over which the 2003, 2005, Farakka
Barrage, bedload and Nepalese samples were analysed gave
a mean value of 0.710262 ± 9 (1r). 13 analyses of NBS987
made in 2016 during the analyses of the Nepal samples gave
a mean of 0.710271 ± 7 (1r). Sr blanks for analyses of
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waters and bedloads were <700 pg except for acetic acid
leaching which had a blank up to 1.4 ng but all these were
negligible given the mass of Sr separated.

Bedloads were sampled as recently deposited sand-sized
material exposed on sand banks or river banks. Analyses of
leaches and residues of bedload (Electronic annex material:
Table E2) followed Bickle et al. (2015, Table 1) with samples
initially washed in water to remove loosely held cations, then
leached in cold 10% acetic acid which dissolves most of the
calcite and a significant fraction of dolomite, then leached
in cold 1 MHCl to remove remaining carbonate. The silicate
residue is rinsed and dissolved in pressure vessels in 3 stages
with 48%HF + HN03, 6 MHNO3 and finally 6 MHCl. The
acids used are quartz distilled except Romil-UpATM HF. The
solutions were analysed for major and trace cations by
ICP-OES using concentration-matched standards and for
87Sr/86Sr ratios with the same method as for the water
samples. Several of the bedload samples (AK213, AK216,
AK354, AK363, AK401) contained negligible Ca and
presumably negligible calcite and the leach contains
significant silicate-derived cations.

Concentrations of major ions in waters are quoted as
lmoles/L except for Sr which is quoted as nmoles/L. Ele-
ment ratios in waters are quoted as molar ratios except
for Sr/Ca which is quoted as mmol/mol (1000Sr/Ca). In
discussions of weathering processes of the flood plain tribu-
taries below, the compositions have been corrected for
chemical inputs by rain and saline sources. The corrections
follow standard methods (e.g. Galy and France-Lanord,
1999; Gaillardet et al., 1999; Bickle et al., 2005; Chapman
et al., 2015). Rain inputs are based on the average rain
water composition in the Ganga flood plain compiled by
Galy and France-Lanord (1999), and for Sr and 87Sr/86Sr
ratios the average Bangladesh rain in Galy et al. (1999).
The concentrations of these solutes were all multiplied by
two to account for evapo-transpiration (Krishnamurthy
and Bhattacharya, 1991, see below). The Cl remaining after
the correction for rain inputs was assumed to be derived
from an evaporite-like source with the Na/Cl, K/Cl, Ca/
Cl, Mg/Cl, Si/Cl, Sr/Cl ratios of Himalayan hot springs
compiled by Bickle et al. (2005). The correction has been
applied to the mean flood plain water composition (Table 1)
and the individual tributaries. The important correction is
to Na concentrations where �30% on average is estimated
to be derived from rain and saline sources compared to 22%
for Ca, 12% for Mg and 10% for Sr. Corrected 87Sr/86Sr
ratios are reduced by an average of 0.001 for the West Kosi
samples and 0.009 for the much higher 87Sr/86Sr ratio East
Kosi samples.

4. GANGA CHEMICAL FLUXES: FARAKKA TIME

SERIES SAMPLING

The analyses of water samples collected approximately
twice a month for three years at Farakka on the Ganga
were averaged by month (Figs. 2 and 3). Concentrations
of the cations Na, Ca, Mg and Sr exhibit systematic varia-
tions with a decrease in concentration during the monsoon
to between 26% (Na) to 56% (Ca) of the dry season values
(Fig. 2A). This compares to the 20-fold increase in dis-
charge during the monsoon. K and Si exhibit more complex
variations (Fig. 2B). The average monthly discharge of the
Ganga at Farakka has been estimated from monthly dis-
charge data measured between 1949 and 1972 (Hossain
et al., 1987). The concentrations of most of the elements
exhibit characteristic hysteresis with concentrations rapidly
diluted during the first part of the discharge, increasing
between March and June but then stabilising during July
and August. During the waning discharge between August
and November the concentrations are substantially higher
than during the first part of the cycle (Fig. 3). This differs
from the chemostatic behaviour observed in some rivers
(Maher, 2011). K and Si exhibit rather different patterns
from the other cations with K exhibiting a non-linear cor-
relation directly with discharge and Si an irregular but
rapid drop in concentration prior to the Monsoon (June),
values rise with increasing discharge to July, remain
approximately constant during the rest of the Monsoon
(August to October) and rise with falling discharge during
the latter part of the year.

The hysteresis implies the changes in concentration are
not simply due to dilution during the monsoon (Fig. 4).
The marked drop in Na/Ca, Mg/Ca and Sr/Ca from May
to July at the start of the monsoon is consistent with an
increase in the fraction of cations derived from carbonate
weathering observed in Himalayan catchments during the
monsoon (Tipper et al., 2006). In contrast to this Si/Ca
increases prior to the Monsoon although this increase starts
earlier (March) and is less marked. K/Ca rises from March
to May. 87Sr/86Sr increases from April to July, drops in
August and then increases to October. It is probable that
the changes in chemistry represent both changes in the rel-
ative inputs from the Himalaya, the southern tributaries
and flood plain weathering combined with seasonal changes
in weathering processes.

The contrasting compositions of the Ganga and its
major tributaries are illustrated in Fig. 5 which shows com-
positions of the major flood plain rivers sampled in August
2003 or 2005 against distance downstream from Rishikesh.
The Yamuna with a discharge �50% higher than the Ganga
above Allahabad dominates Sr and 87Sr/86Sr ratios.

The discharge-weighted mean composition of the Ganga
at Farakka was calculated from the mean monthly chemis-
tries weighted by the mean monthly discharges (data
between 1949 and 1972) at Harding Bridge (Hossain
et al., 1987) (Table 1).

The uncertainties in the composition of theGanga are cal-
culated by a Monte Carlo routine (detailed in Electronic
annex: Calculation of chemical fluxes, see also Chapman
et al., 2015) in which the 1r uncertainty on the relative
monthly discharges is taken as 25%, the average variability
of monthly discharges of the time series data of Hossain
et al. (1987). The uncertainties on the element concentrations
are taken as the standard errors on the monthly means.

5. GANGES FLOOD PLAIN TRIBUTARY

CHEMISTRIES

The objective of sampling flood plain rivers was to sam-
ple waters whose compositions reflected the weathering
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processes on the flood plain. However the hydrology of the
flood plain may mix waters from the Himalayan mountains
with flood plain waters. The extensive network of irrigation
channels across the Ganges flood plain supplied from reser-
voirs in the Himalayas or from the major Himalayan rivers
is likely to enhance such mixing. During the monsoon the
major Himalayan rivers flood extensive areas (widespread
flooding was observed around the lower reaches of the Kosi
during the 2005 sample collection). Flood plain rivers and
mountain rivers are distinct in d18O and dD (Section 5.1)
suggesting any mixing is limited. We discuss regional vari-
ations in flood plain river chemistries, the extent of precip-
itation of secondary carbonates in the flood plain and the
quantification of the chemical inputs from rain, saline,
anthropogenic sources and weathering of carbonate and sil-
icate minerals.

5.1. Oxygen and hydrogen isotope compositions of mountain

and flood plain waters

Small flood plain tributaries, the major rivers from
Nepal and precipitation in the Gangetic plain define dis-
tinct correlations (Fig. 6). The Nepal data includes both
that from the present study in addition to published analy-
ses of major Nepalese rivers (Gajurel et al., 2006). The
flood plain rivers include those sampled in 2003 and 2005
as well as three samples of the Gomti in the flood plain
from Gajurel et al. (2006). The dDexcess (calculated as
dDexcess = dD � 8*d18O, Dansgard, 1964) of the flood plain
rivers = 5.5 ± 0.6‰ (n = 74), precipitation = 8.8 ± 1.0‰
(n = 71) and the Nepalese rivers = 12.3 ± 0.8‰ (n = 47)
(2x standard error). The slope of the dD correlation with
d18O of 8.03 ± 0.36 (2 x standard error) for the precipita-
tion is typical for the meteoric water line (MWL) (Craig,
1961).

The difference between the flood plain rivers with low
dDexcess and the major Nepalese rivers with high dDexcess

is consistent with evaporative increases in dD and d18O of
the flood plain waters with corresponding decreases in dD
and d18O of the vapour which then precipitates in the
mountains. The rotation of the correlations for both the
flood plain rivers and the major Nepalese rivers to lower
slopes than the MWL is a consequence of this, as evapora-
tion at humidities of �80% characteristic of the flood plain
(e.g. Kumar et al., 2010) fractionates vapour and residual
water along slopes of �5 (Craig and Gordon, 1965).
Krishnamurthy and Bhattacharya (1991) used the gradient
in d18O of precipitation across the Ganga flood plain (sam-
pled as groundwaters) to estimate that �30% of the vapour
flux entering the Ganga flood plain at Kolkata is lost by
precipitation as it passes across the flood plain but that
�40% of the precipitation which falls is re-evaporated. If
the re-evaporation is directly from the ground this would
fractionate dD and d18O, but if the evaporation is through
vegetation (transpiration) this would not cause fractiona-
tion (e.g. Dawson et al., 2002) and thus the isotopic shift
may not reflect the total re-evaporation flux.

The difference in dDexcess between the flood plain waters
and the mountain rivers compared to the local meteoric
water line confirms that the water in small flood plain rivers



Fig. 2. (A) Variations in average monthly rain- and salt-corrected Na, Ca, Mg, and Sr and, (B) K and Si, in the Ganga below Farakka. Error
bars are 1 standard error about mean. Blue line shows mean monthly discharge of the Ganga at Harding Bridge, Bangladesh, between 1949
and 1972 after Hossain et al. (1987).
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is predominantly derived from precipitation in the flood
plain and not redistributed from the major mountain rivers
via ground water or irrigation systems.

5.2. Spatial trends in flood plain waters based on Na/Ca and
87Sr/86Sr ratios and bedload chemistries

Most of the flood plain tributaries have rain- and
evaporite-corrected Na/Ca molar ratios between �0.2 and
1.0, with the average of flood plain waters with Na/Ca <
1.0 being 0.41 ± 0.21 (1r) (Fig. 7, Table 1). A limited num-
ber of samples exhibit higher Na/Ca ratios. The flood plain
tributaries may be divided into two sets on the basis of their
87Sr/86Sr ratios with samples from a limited area around the
Kosi river having 87Sr/86Sr ratios and most Na/Ca ratios
significantly higher than those to the west (Figs. 1 and
7C, D, Table 1). The discussion of the flood plain river
chemistry is divided into two areas, (1) the majority of
the floodplain to the west of a line shown on Fig. 1 which
runs just to the west of the Kosi termed the ‘West Kosi’
samples and (2) the remaining rivers termed the ‘East Kosi’
samples. The high 87Sr/86Sr ratios of �0.77 from the acetic
acid leaches of East Kosi bedload samples AK388 and
AK401 are consistent with Sr in these bedload samples,
and the river waters, being derived predominantly from
the Lesser Himalayan units. These contain silicate minerals
and dolomitic calc-silicates with very elevated carbonate
87Sr/86Sr ratios (e.g. Singh et al., 1998; Galy et al., 1999;
English et al., 2000; Bickle et al., 2001; Quade et al.,
2003). The Mg/Ca molar ratios of the acetic acid leaches
of AK388 and AK401 of �0.5 (Electronic annex
Table E2) are consistent with dolomite comprising two-
thirds of the carbonate leached from these bedload samples.
Note that the HCl leaches only removed �15% of the total
(acetic and HCl) acid-leached Ca and the acetic acid leaches
therefore represent the majority of the sample carbonate.
Lupker et al. (2012a) report that the major Himalayan
and flood plain rivers have dolomite fractions of the total
carbonate in the bedload between 23 and 82% with the sam-
ples taken from the Kosi containing highest fraction of
dolomite. The two West Kosi water samples with high
87Sr/86Sr ratios (AK217 and AK357) were collected in the
northern part of the flood plain and likely reflect similar
local dominance of Lesser Himalayan sediment inputs.

The East Kosi water samples exhibit a coherent trend in
Sr/Ca versus Na/Ca which approximates the compositions
of mixtures of the carbonate and silicate fractions of the
bedload. The three highest Sr/Ca and Na/Ca samples,
which lie above the bedload trend, may have had their
Sr/Ca ratios elevated by precipitation of secondary calcite
(see discussion in Bickle et al., 2015 and in Section 5.4.4
below). The East Kosi samples also exhibit a positive corre-
lation between 87Sr/86Sr and Na/Ca ratios where the sam-
ples with elevated Na/Ca have 87Sr/86Sr ratios within the
range of the silicate residue compositions.

5.3. Na-rich tributaries to the Gomti and Na-salts

Eight out of the forty-eight West Kosi samples have rain
and salt-corrected Na/Ca > 1.1 and lie on a trend of
increasing Sr/Ca with increasing Na/Ca but with a lower
slope than the array of silicate residues (Fig. 7A, see also
Electronic Annex, Fig. E2). The 87Sr/86Sr ratios of these
samples decrease with increasing Na/Ca (Fig. 7C). Most
of these samples are from small tributaries on the flood
plain south of the Gomti and one downstream sample of
the Gomti (Fig. 1). The samples collected in August from
the upstream Gomti have rain and Na-salt corrected Na/
Ca ratios just less than 1. Previous sampling of the Gomti
during the dry seasons has yielded high Na/Ca ratios
between 1.1 and 3.7 (Gupta and Subramanian, 1994;
Singh et al., 2005a, 2009). However Na/Ca ratios in the
Gomti during the monsoon are lower with Subramanian
et al. (1987) reporting a Na/Ca ratio of 0.71 and the Gomti
samples in this study ranging from Na/Ca = 0.40 upstream
to 1.52 downstream. The Gomti tributaries sampled by this
study during the monsoon have rain and salt-corrected Na/
Ca ratios between 0.44 and 4.15 with the set of tributaries
on the west bank downstream of Lucknow (AK225 to
230) exhibiting uniformly high values of 2.4 to 4.1. The very
high Na/Ca ratios are associated with low Sr/Ca, Mg/Ca
and K/Ca ratios (Electronic annex Fig. E2). It is likely that



Fig. 3. Average monthly concentration versus average monthly discharge for rain- and salt-corrected cations, Si and 87Sr/86Sr in the Ganga at
Farakka.
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these waters are enriched in Na by leaching Na-bicarbonate
or carbonate salts precipitated in the drier, western region
of the flood plain during the dry season as reported for
example by Pal et al. (2003) and reviewed by Rai et al.
(2010).
The West Kosi flood plain tributaries with Na/Ca < 1.1
exhibit a scatter of compositions with a mean Na/Ca ratio
of 0.43 ± 0.05 (1 x standard error). This ratio is signifi-
cantly higher than the mean of the Himalayan derived riv-
ers entering the flood plain of 0.18 ± 0.06 (1se) discussed



Fig. 4. Rain- and salt-corrected cation and Si ratios to Ca in the Ganga at Farakka. Mean monthly ratios with 1 x standard error about
means.
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below. Rai et al. (2010) argue that the elevation in Na pri-
marily reflects addition of Na salts rather than increased sil-
icate weathering on the basis of the low Si/Na ratios of the
Gomti waters. However Si-isotopic ratios in the flood plain
exhibit increases in d26Si values which Fontorbe et al.
(2013) could only model with net loss of up to 50% of Si
from the waters, implying further weathering of higher
Al/Si silicate minerals with corresponding loss of Si to clay
minerals, or by biological uptake. The low Si/Na ratios
likely reflect loss of Si.

The high Na/Ca waters from the East Kosi exhibit
trends which parallel the silicate residues from leaching



Fig. 5. Evolution of element and Sr-isotopic compositions of the Ganga downstream of Rishikesh for samples collected in August 2003 and
2005 (solid symbols). Major tributaries are shown with open symbols.

Fig. 6. dD-d18O compositions of flood plain rivers and major rivers
from Nepal (Electronic annex Table E1) with additional data from
3 samples of the Gomti in the flood plain and major rivers from
Nepal from Gajurel et al. (2006). Analyses of rain collected in
Dehli, Patna, Kolkata and the Shillong Plateau from Battacharya
et al. (1985) and Kumar et al. (2010). Linear regressions calculated
using program of York (1969) using quoted analytical errors in dD
and d18O. Error estimates on intercepts and slopes quoted at 2r
(also shown as coloured envelopes) are calculated with error
estimates on dD and d18O increased to give expected Mean Squared
Weighted Deviate (MSWD) = 1.
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bedload implying the increase here in Na is primarily due to
weathering of silicate minerals (Fig. 7A and C). The scatter
in the West Kosi river waters with Na/Ca < 1.1 makes it
difficult to distinguish inputs from silicate weathering from
additions of Na salts but most of these samples lie above
the trend of the Na/Ca > 1.1 West Kosi samples or pre-
dicted for the addition of Na salts which have very high
Na/Ca, Na/Mg and Na/K ratios (e.g. Bhargava et al.,
1981; Pal et al., 2003). A question which then arises is the
extent to which the weathering yields from the flood plain
are out of long-term equilibrium. Because the Na-
enriched salts concentrated on the flood plain are primarily
derived from silicate weathering (Pal et al., 2003) their
return to the river waters completes the weathering cycle
but their precipitation and subsequent dissolution may be
climate and thus time dependent.

5.4. Calculation of relative weathering fluxes derived from

carbonate and silicate minerals

Deconvolution of the chemical weathering flux into
atmospheric, saline (evaporite or hot spring), carbonate
and silicate mineral sources is important when determining
the silicate chemical weathering flux which impacts CO2

removal from the atmosphere and thus long-term climate.
In addition there is considerable interest in the extent to
which the high 87Sr/86Sr ratios of Himalayan river waters
are derived from carbonate or silicate sources. However
there is no accepted method for apportioning the major
cations, Ca and Mg, between carbonate and silicate sources
given the probable incongruent dissolution of the solid
components. The calculations are complicated by the pre-
cipitation of secondary calcite (e.g. Jacobson et al., 2002;
Bickle et al., 2015) which we discuss first. This section
briefly reviews possible approaches and suggests calcula-
tions based on Sr/Ca ratios and 87Sr/86Sr ratios of the
carbonate input allow estimates of the magnitude of precip-
itation of secondary calcite.

The flood plain tributaries scatter in a plot of Sr/Ca ver-
sus Na/Ca (Fig. 7B). Most lie above the correlation defined
by acetic acid leaches, bulk sample and silicate residues
from leaching, as is common in waters from the Himalayas
(Galy et al., 1999; Jacobson et al., 2002; Bickle et al., 2005,
2015). The increase in Sr/Ca ratios above those of the
source minerals is attributed to precipitation of secondary
calcite. However the scatter of the flood plain waters pre-
cludes calculation of the loss of Ca, Sr and Mg to secondary
calcite and partitioning cations between silicate and carbon-
ate sources using the difference between correlations of
water and bedload in Sr, Ca, Na, Mg and 87Sr/86Sr space
as done by Bickle et al. (2015). Below we conclude that
the scatter results both from variations in the amount of
secondary calcite precipitation and from the heterogeneity
in the silicate fractions of the bedload samples.

Calculation of the relative fractions of the cations
derived from silicate and carbonate minerals depends on



Fig. 7. Sr/Ca (mmol/mol) and 87Sr/86Sr versus Na/Ca rain- and evaporite-corrected molar ratios for tributaries which rise on the flood plain
subdivided into those collected in the West Kosi region and in the East Kosi region (Fig. 1). (A and C) shows the compositions of the flood
plain rivers and the composition of the silicate residues from leaching of the bedload samples. Least-squares best fit to East Kosi samples
shown on (A). (B and D) shows a detail of the lower Na/Ca samples as well as the compositions of the acetic acid leaches of the flood plain
bedload samples. Inverted blue triangles show acetic acid leach compositions and green triangles silicate residue from leaching subdivided into
samples from West and East Kosi regions.
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their end-member compositions but is complicated by the
incongruent dissolution of both the silicate and carbonate
mineral fractions. The significant silicate minerals in the
suspended load of the mainstem Ganga, as sampled at the
downstream Hardinge Bridge site, include plagioclase, K-
feldspar, biotite, muscovite, chlorite and clay minerals
(Garzanti et al., 2010, 2011; Garçon et al., 2014) of which
plagioclase and biotite are likely to weather fastest.
Garçon et al. (2014) indicate that the carbonate fraction
from the downstream Ganga mainstem contains about
equal weight fractions of calcite and dolomite (dolomite
35% mole fraction) which is consistent with dilute acid lea-
ches of mainstem samples (Galy et al., 1999; Bickle et al.,
2015; Fig. 8A). This calcite to dolomite ratio is higher in
these mainstem samples than in the bedloads from small
tributaries which have Mg/Ca ratios in the leach fractions
between 0.5 and 0.8 indicating that the carbonate is 50–80
mol percent dolomite (Fig. 8A, Electronic annex:
Table E2). It is probable that calcite weathers faster than
dolomite reducing the fraction of calcite in the bedloads
of the small tributaries dominated by more weathered
floodplain sediments. The acetic acid leaches exhibit a cor-
relation between 87Sr/86Sr ratios and Mg/Ca ratio (Fig. 8A)
which implies variable mixtures of dolomite and calcite in
the floodplain bedloads with the dolomite component
having an 87Sr/86Sr ratio of � 0.75, consistent with deriva-
tion from Lesser Himalayan dolomites (e.g. Bickle et al.,
2001). The 1000Sr/Ca molar ratio of the acetic acid leaches
is relatively constant at �0.5. The exceptions are leaches
with low masses of Ca indicating that the bedload sample
contained little carbonate and the leach Al and Na contents
indicate significant contamination by silicate-derived
components.

5.4.1. Calculation of carbonate and silicate inputs based on
87Sr/86Sr ratios

To calculate the magnitude of precipitation of secondary
calcite we assume that carbonate dissolution of carbonate
dominates the inputs of Ca to the floodplain waters (justified
below). The mass of Ca derived from carbonate is calculated
by first using mass balance of Sr-isotopic compositions to
estimate the mass of Sr derived from carbonate and then
using the relatively well constrained carbonate Sr/Ca ratio
from the acetic acid leaches of mainstem bedloads to calcu-
late the carbonate Ca input to the waters. As discussed
below, the water Sr concentration also has to be corrected
for precipitation of secondary carbonate and an estimate is
made of the silicate Ca input to the waters. It is shown that
the estimates of Ca lost to secondary carbonate are relatively
insensitive to these parts of the calculation.
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The fractions of silicate (F Sr
sil) and carbonate (F Sr

crb) Sr
input into each flood plain water sample are calculated
from mass balance of 87Sr/86Sr ratios as

87Sr
86SrW

¼ F sil
Sr :

87Sr
86Srsil

þ F crb
Sr :

87Sr
86Srcrb

ð1Þ

where F sil
Sr þ F Crb

Sr ¼ 1 and 87Sr/86Srj are the Sr-isotopic com-
positions with j = W the water sample, sil the silicate input,
or crb the carbonate input. The Ca input from carbonate
for each water sample can then be calculated from knowl-
edge of the concentration of Sr in the water and an estimate
of the carbonate Sr/Ca ratios from acetic acid leaches of the
bedload. The measured Sr concentration will also have been
reduced by precipitation of secondary carbonate but even if
this smaller reduction is ignored, the calculated Ca inputs
from carbonate are, on average, double the measured water
Ca concentrations implying loss of �50% of the Ca to sec-
ondary carbonate. The loss of 50% or more of Ca from the
water to secondary calcite is significant to calculating the
chemical weathering fluxes in the flood plain but the mag-
nitude is consistent with the ubiquity of secondary carbon-
ate cements in flood plain sediments (e.g. Pal et al., 2003).

Calculation of the total Ca loss also requires an estimate
of the Ca input from silicate minerals which is based on
water Na concentrations (corrected for saline inputs) and
the Na/Ca ratio of the silicate input, although the calcula-
tions are relatively insensitive to these parameters. Correc-
tion for Sr loss to secondary carbonate requires
simultaneous solution of the mass-balance equations for
both Sr and Ca. The measured Sr concentration in the
water (SrW) may be related to that prior to precipitation
of secondary calcite (Sr0) assuming Rayleigh fractionation
(see for example Bickle et al., 2015) by

SrW ¼ Sr0ck
Sr
d ; ð2Þ
Fig. 8. (A) 87Sr/86Sr ratios versus Mg/Ca molar ratios of leaches of West K
(B) Sr/Ca ratio versus Ca of leaches (mmol Ca per kg of bedload sample l
corrected for potential inputs from silicate minerals on the basis of their A
silicate residues. Lines in (A) join uncorrected and corrected compositio
mainstem bedload samples from Rajshahi (Galy et al., 1999) and the Ga
where c is the fraction of Ca remaining after precipitation

of secondary calcite and KSr
d is the Sr/Ca molar partition

coefficient for Sr into secondary calcite which is estimated
as 0.05 (Bickle et al., 2015).

Solving Eqs. (1) and (2) gives the fraction of Ca remain-
ing in the water after precipitation of secondary calcite, c,
as

c ¼ CaW
SrcrbW �c�KSr

d

Sr=Cacrb
þ Casil0

ð3Þ

where CaW is measured water Ca concentration and

SrcrbW ¼ F crb
Sr SrW is the mass of Sr in the water derived from

carbonate after precipitation of secondary carbonate calcu-
lated from Eq. (1) and the measured Sr content of the
water. Sr/Cacrb is the Sr/Ca ratio of the carbonate input

and Casil0 is the water Ca concentration derived from silicate
before precipitation of secondary calcite calculated from
the estimate of the silicate Na/Ca ratio and the measured
water Na concentration corrected for saline inputs.

The composition of the carbonate inputs is best con-
strained by acetic acid leaches of the mainstem bedloads
as floodplain tributary bedloads are thought to have lost
calcite by weathering decreasing carbonate Ca and increas-
ing their dolomite to calcite ratios (Fig. 8). The 87Sr/86Sr
ratio (0.7203 ± 0.0010, 1 standard error, range 0.7183–
0.7227) and the 1000Sr/Ca ratio (0.544 ± 0.061, range
0.40–0.65) of the carbonate input are therefore taken from
the average of acetic acid leaches of the three Ganga main-
stem bedloads collected at Rajshahi just downstream of
Farakka (Galy et al., 1999) and one sample from Rishikesh
where the headwaters of the Ganga enter the floodplain
(Bickle et al., 2015). The 87Sr/86Sr ratios of silicate residues
from leaching of the West Kosi floodplain bedloads range
from 0.7585 to 0.8038 and their Na/Ca ratios from 2.1 to
osi flood plain samples and mainstem samples from the Ganga and
eached). Red triangles represent compositions of dilute acid leaches
l concentrations and assuming silicate input has element/Al ratios of
ns. Data in Electronic Annex Table E2 with Ganga downstream
nga where it enters the floodplain at Rishikesh (Bickle et al., 2015).



Fig. 9. Histogram of fraction of Ca remaining in West Kosi flood
plain samples (c) calculated from equation 3 assuming 1000Sr/Ca
of carbonate input equals 0.544, and Na/Ca of the silicate input
equals 2.5, and silicate 87Sr/86Sr = 0.75. Grey boxes are c values for
samples with high Na/Ca ratios mainly from the Gomti catchment.
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6.8 with no significant correlation. The Na/Ca ratios of the
silicate residues from leaching of bed loads of the Ganga at
Rishikesh average 2.6 (Bickle et al., 2015). The Na/Ca
ratios of the silicate fraction of the suspended load of the
mountain rivers sampled by Lupker et al. (2012a) average
3.5. The silicate fractions of the suspended loads of the
Ganga in Bangladesh (where total Ca is corrected for the
quoted carbonate contents) averages 2.3 with no significant
variation with depth (Lupker et al., 2012a). The higher
mean Na/Ca ratio of 5.1 for the silicate residues of the
bed loads from the floodplain rivers may reflect their more
weathered nature. This suggests that Ca is more easily lea-
ched than Na and that the Na/Ca ratio of the silicate inputs
is lower than that of the parent silicate material.

For the mean 87Sr/86Sr and Sr/Ca ratios of carbonate
given above and a best estimate of the silicate 87Sr/86Sr of
0.75 (discussed below) and silicate Na/Ca ratio of 2.5, the
loss of Ca to secondary carbonate (c) for the West Kosi
flood plain tributaries ranges from 0.14 to 0.91 (Fig. 9).
The suite of high Na/Ca water samples from the Gomti
catchment have consistently low c values (0.14–0.23) pre-
sumably attesting to waters which have undergone a combi-
nation of extensive evaporative loss and redissolution of the
precipitated salts and these 6 samples are excluded from the
quoted averages. Without these samples the mean c value is
0.48. The calculated values of c are most sensitive to the
uncertainties in the carbonate 1000Sr/Ca ratio and the sili-
cate 87Sr/86Sr ratio. The range of 0.40–0.65 in the carbonate
1000Sr/Ca ratio gives a range in the calculated average c
values (0.36–0.57). Increasing the silicate 87Sr/86Sr ratio
from 0.750 to 0.775 decreases the average c value from
0.48 to 0.38. The uncertainties in the other parameters have
limited impact on the calculated c values (see Electronic
annex: Table E6). The uncertainty in carbonate Sr/Ca
ratios therefore dominates the overall uncertainty in c.
However given the assumptions in the calculations and
the potential heterogeneities of the inputs discussed below
we would caution against over confidence in the significance
of these results.

5.4.2. Incongruent dissolution, heterogeneity and 87Sr/86Sr

ratios of silicate inputs

The solution of Eqs. (1)–(3) also predicts the silicate
input Sr/Ca ratio as a function of the assumed silicate
Na/Ca ratio and 87Sr/86Sr ratio (Fig. 10). The array of cal-
culated silicate Sr/Ca ratios as a function of assumed Na/
Ca ratios calculated for the average silicate 87Sr/86Sr ratio
of 0.779 lies well below the measured Sr/Ca ratio in the sil-
icate residues from leaching for the flood plain bedload
samples, mountain river bedload samples and the bed load
from the Ganga at Rishikesh (Bickle et al., 2015). Decreas-
ing the assumed silicate 87Sr/86Sr ratio increases the calcu-
lated Sr/Ca ratios reducing the discrepancy.

It is probable that dissolution of the silicate minerals is
incongruent. Plagioclase, with lower 87Sr/86Sr and Sr/Ca
ratios, is likely to weather faster than higher 87Sr/86Sr ratio
white micas. Garçon et al. (2014) present analyses of Sr
concentrations and 87Sr/86Sr ratios of minerals separated
from bedload collected from the Ganga mainstem at Hard-
inge Bridge in which the 87Sr/86Sr ratio of plagioclase is
0.7227, K-feldspar 0.7587, epidote 0.7125, muscovite
0.831 and biotite 0.812. The low 87Sr/86Sr ratio and high
143Nd/144Nd ratios of the epidote coupled with the very
low 87Sr/86Sr ratio of carbonate in the sample (0.7139)
probably reflect bedload additions from the southern tribu-
taries. These are dominated by mafic inputs from the low
87Sr/86Sr ratio Deccan lavas and low 87Sr/86Sr ratio carbon-
ate from the Vindhyan sequence (Ray et al., 2003). An
input from the southern rivers is consistent with the lower
206Pb/204Pb ratios of the plagioclase and epidote compared
to the K-feldspar (Garçon et al., 2013). Lupker et al.
(2012a) report that the Ganga suspended loads reflect sig-
nificant time-dependant inputs from the southern rivers.
However K-feldspar is likely to be predominantly
Himalayan-derived and by implication Himalayan-derived
plagioclase is unlikely to be much less radiogenic. Sr-
isotopic mineral heterogeneity of the silicate detrital load
is also confirmed by the analyses of the whole silicate frac-
tions of three suspended samples and three bedloads from
the downstream Ganga where the silicate fractions of the
bedloads range from 0.7546 to 0.7589 but the mica-
enriched suspended loads range from 0.768 to 0.774
(Garçon et al., 2014). The West Kosi floodplain tributaries
have 87Sr/86Sr ratios up to 0.7365 putting a minimum limit
on the silicate input 87Sr/86Sr ratios. We infer that 87Sr/86Sr
ratios of the silicate inputs are most likely to be in the range
0.75–0.76.

The second implication of the calculated silicate Sr/Ca
ratios is that silicate fractions of the bedloads are heteroge-
neous. This is consistent with the observation that both the
silicate residues of bedloads sampled in mountain rivers and
those from the floodplain exhibit a wide range of Na/Ca
ratios which correlate with their Sr/Ca ratios (Fig. 10). It
seems probable that this correlation is a consequence of a
single control on the silicate Ca concentration such as the
proportion of Ca-plagioclase in the sample. However there
is no significant correlation between the 87Sr/86Sr ratio and
Na/Ca ratio of the silicate residues. The calculated silicate



Fig. 10. Lines illustrate the variation of the calculated mean silicate
input Sr/Ca ratios of the 41 flood plain water samples calculated
from Eqs. (1) and (3) plotted for the given silicate 87Sr/86Sr ratio
against the assumed silicate Na/Ca ratio. Small squares show the
individual Sr/Ca values of the flood plain waters calculated for
silicate Na/Ca ratios of 2.0, 5.0 and 10.0 for a silicate 87Sr/86Sr ratio
of 0.75. Coloured symbols are the compositions of bedload silicate
residues (Electronic annex Table E2, key on figure) excluding the
very high Na/Ca bedloads from the Marsyandi catchment).
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Sr/Ca ratios at any chosen Na/Ca ratio exhibit a wider dis-
persion then the silicate fractions of the bedload samples
(Fig. 10) which increases at high Na/Ca ratios. This appar-
ent dispersion must reflect heterogeneity in the inputs of sil-
icate Na/Ca, Sr/Ca and 87Sr/86Sr ratios where weathering
of more altered plagioclase-poor and mica-rich silicate resi-
dues inputs a component with higher 87Sr/86Sr, Sr/Ca and
Na/Ca ratios.

5.4.3. Calculation of fractions of Ca, Sr and Mg derived from

carbonate and silicate: West Kosi

The fractions of Sr and Ca derived from silicate and car-
bonate sources in the West Kosi samples are calculated
from Eqs. (1) and (3), with the correction for loss to sec-
ondary calcite. Excluding the high Na/Ca samples, the
results indicate that between 1.7 and 22% of the Ca (mean
8.4%) and 1.4–55% of the Sr (mean 31%) are derived from
silicate sources (Fig. 11A and B, Electronic Annex:
Table E6). These values are calculated for parameter values
with carbonate Sr/Ca (0.544) and silicate Na/Ca (2.5) in the
centre of their probable range. The 87Sr/86Sr ratio of silicate
is taken as 0.75 as discussed above. The estimated average
fraction of silicate Sr (�31%) is in the same range as esti-
mates of the fraction of silicate Sr in the mountain rivers
(25–35% Galy et al., 1999; 24% Jacobson et al., 2002;
33% Bickle et al., 2015).

The Sr-isotopic compositions put no constraints on the
relative fractions of Mg derived from carbonate and silicate
sources. The Mg/Ca ratios of the carbonate leach are vari-
able and indicate mixed calcite-dolomite mineralogies with
calcite likely to weather faster than dolomite. However the
Na/Mg ratios of the floodplain and mountain river bedload
silicate residues are relatively constant at 1.91 ± 0.20 and
1.89 ± 0.28 (1 standard error) respectively. We therefore
estimate the fraction of silicate Mg from the water Na con-
centration corrected for saline inputs and calculate the car-
bonate Mg input by difference. This indicates that the
fraction of silicate-derived Mg ranges from 16 to 96%
(mean 45%). This excludes the samples from the Gomti
catchment for which the calculation implies silicate Mg
input about double that of the water composition.

The calculations also allow estimates of the input car-
bonate Mg/Ca ratios and, as for the input silicate Sr/Ca
ratios discussed above, they vary over a wide range
(Fig. 11D). The mean calculated carbonate Mg/Ca ratio
is �0.16 which compares with 0.52 for the acetic acid lea-
ches of the flood plain bedloads and reflects the faster dis-
solution rate of calcite compared to dolomite which
makes up �40% of the carbonate in the suspended loads
(Galy et al., 1999; Garzanti et al., 2010, 2011; Lupker
et al., 2012a).

5.4.4. Calculation of fractions of Ca, Sr and Mg derived from

carbonate and silicate: East Kosi

The water samples from the East Kosi scatter about the
line defined by the acetic leaches and residues on plots of
Sr/Ca versus Na/Ca (Fig. 7) and Mg/Ca versus Na/Ca
(Electronic Annex Fig. E2). There is no systematic displace-
ment of the water samples to high Sr/Ca and Mg/Ca as
expected from loss of secondary calcite although this is
likely obscured by the scatter. The water samples all have
87Sr/86Sr ratios lower than both the leaches and residues
of the two bedload samples analysed. It is probable, from
their high 87Sr/86Sr ratios that these bedloads are domi-
nated by detritus from the Lesser Himalayas but that the
waters derive much of their cation load from the less radio-
genic High Himalayas and Tibetan Sedimentary Series. The
fractions of silicate and carbonate-derived cations have
been calculated as in Bickle et al. (2015), Eq. (4), from
the set of mass balance equations for Sr, Ca and Na or
Mg, Ca, Na (loss to secondary calcite could not be
resolved)

X i
Cwat ¼ F crbX i

crb þ F silX i
sil ð4Þ

where X i
Cwat (lmol/L or nmol/L) is the concentration of

the cation, i, in the water, Fcrb and Fsil the weight fractions

(g/L) of carbonate and silicate input and X i
crb and X i

sil the
concentrations of cations in the carbonate and silicate
inputs (mmol/kg or lmol/kg). The regressions are carried
out with the acetic acid leach compositions of sample
AK388 for the composition of the carbonate input as the
acetic acid leach of AK401 has very low Ca and the little
carbonate leached is likely to be contaminated by silicate.
Using the residue cation ratios of AK388 (Na/Ca = 6.4,
Sr/Ca = 11.4) or AK401 (Na/Ca = 3.8, Sr/Ca = 6.1)
regression of SrACaANa gives average percentage silicate
Sr of �71% (range 47–95%) and average percentage silicate
Mg of �55% (range 9%–65%) for the set of 15 out of 18
East Kosi flood plain water samples (Electronic Annex
Table E7). The calculated average percentage silicate Ca
input is directly proportional to the assumed silicate Na/
Ca ratio and thus varies from 15% using the Na/Ca ratio
of AK388 to 26% using that of AK401. The insensitivity
of the fractions of silicate Sr and Mg to the choice of silicate



Fig. 11. Histograms of (A) the distribution of percentage of Ca, (B) Sr derived from silicates in the West Kosi flood plain tributaries, (C) the
Sr/Ca ratio of silicate inputs and (D) the Mg/Ca ratio of carbonate inputs calculated for flood plain tributaries. Calculated from Eqs. (1) and
(3) assuming silicate 87Sr/86Sr = 0.75, silicate Na/Ca = 2.5, carbonate 1000Sr/Ca = 0.545 and 87Sr/86Sr = 0.7203 and silicate Na/Mg = 1.91.
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residue compositions is expected, as discussed by Bickle
et al. (2005). Calculations in Mg-Ca-Na space give similar
values (Electronic Annex: Table E7) and the average of
all four regressions has been used.

The output fluxes from the floodplain from salt, carbon-
ate and silicate sources combined by weighting by the areas
of the West Kosi and East Kosi floodplains are listed in
Electronic Annex E10.

6. THE MAGNITUDE OF CHEMICAL WEATHERING

ON THE FLOOD PLAIN

The magnitude of chemical weathering on the Ganga
flood plain may be estimated in two ways, (1) by subtrac-
tion of the weathering fluxes input by rivers from the Hima-
layas to the north and from the Deccan plateau to the south
from the discharge at Farakka or (2) by mass balance of the
conservative chemical and isotopic components, where the
chemistry of the input from the flood plain is taken as the
average of the flood plain tributaries. A compilation of
the chemistries and chemical fluxes carried by the major riv-
ers from the Himalayas to the north and Deccan plateau to
the south and the deconvolution of these fluxes into contri-
butions from salts (rain, evaporate and springs), carbonate
and silicate minerals is presented below.
6.1. Chemical inputs by Himalayan Rivers

The seven major rivers which enter the Ganga flood
plain from the Himalayas are from west to east: Yamuna,
Alaknanda and Bhagirathi (which combine to form the
Ganga), Sarda, Karnali, Rapti, Narayani in Nepal or Gan-
dak in India and the Kosi (Fig. 1). The Sarda and Karnali
combine on the flood plain to form the Ghaghara which is
joined by the Rapti before the Ghaghara joins the Ganga
just above Patna. The Yamuna flows �800 km across the
flood plain before joining the Ganga at Allahabad. The
chemical and isotopic sampling of these rivers at the edge
of the flood plain is variable. The Ganga at Rishikesh, 25
km north of Haridwar, was sampled nearly every month
for 2½ years after May 1996 (Bickle et al., 2003), data sup-
plemented (see Electronic annex: Calculation of chemical
fluxes) by a few other samples (Sarin et al., 1989; Bickle
et al., 2005, 2015; Rai et al., 2010) (see Electronic annex:
Calculation of chemical fluxes). Relatively few published
analyses are available from the Yamuna and the Nepalese
rivers (five samples from the Yamuna, four samples from
the Narayani, one from the Rapti and Karnali and none
from the mainstem Kosi in Nepal. These samples of the
Nepalese rivers have been supplemented by collections in
2015 and 2016 reported in this paper. No analyses are avail-
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able for the Sarda in western Nepal. Given the very variable
densities of sample collection and availability of discharge
data for each of the major Himalayan rivers, the methods
for estimating the discharge-weighted chemical fluxes and
their uncertainties have been tailored to the available data
(see Electronic annex: Calculation of chemical fluxes).

6.1.1. Seasonal variability and calculation of the mean

chemical fluxes of the Ganga at Rishikesh

Water discharge in the Ganga from the mountains dur-
ing the monsoon months (July to September) is � 65% of
the annual flux (Pal, 1986). The chemical and Sr-isotopic
composition varies with the discharge. Concentrations of
Na, K, Ca, Mg, Si and Sr exhibit increases of between a
factor of 1.4 (K, Ca) to �3.0 (Na, Cl) between the wet
and dry seasons (Fig. 12). The element ratios to Ca also
exhibit systematic variations with Na/Ca, Mg/Ca and
Sr/Ca all exhibiting marked decreases at high discharge
(Fig. 13). These changes are predominantly the conse-
quence of changes in the relative magnitudes of the dis-
charge from the geologically distinct catchments feeding
the river (e.g. Bickle et al., 2003) combined with seasonal
changes in weathering mechanisms (e.g. Tipper et al.,
2006; Bickle et al., 2015).

The discharge weighted mean for the Ganga at Rishi-
kesh (Table 2, Electronic annex: Calculation of chemical
fluxes) has been calculated from the monthly averages of
the chemistry multiplied by the monthly discharge in the
Ganga in 1972 just downstream of Devprayag (50 km
upstream of Haridwar) (Pal, 1986).

6.1.2. Yamuna chemical fluxes

Chemical and Sr-isotopic data for the Yamuna is avail-
able for the pre-Monsoon (June 1999), monsoon (Septem-
ber 1999) and post-monsoon (October 1998) from Dalai
et al. (2002, 2003) and chemical data for March and
November, 1983, from Sarin et al. (1989). The discharge
weighted mean of the Yamuna is calculated by partitioning
the chemistry between monsoon months (July, August and
September) and dry season months (October to June)
(Electronic annex: Calculation of chemical fluxes).

6.1.3. Nepalese rivers chemical fluxes

Extensive discharge data is collected for the Nepalese
rivers by the Department of Hydrology and Meteorology,
Kathmandu and monthly discharge data for the Karnali
(1962–1993), Rapti (1964–1985), Narayani (1963–1993)
and Kosi (1977–1985) has been obtained from the Global
Runoff Data Centre, 56068 Koblenz, Germany.

The chemical discharge-weighted mean of the Narayani
is based on nine samples, five from France-Lanord et al.
(2003) with 87Sr/86Sr the average of values given by Galy
et al. (1999) and averages of four sets of samples collected
over short periods in July and September 2015 and June
and August 2016, as part of this study (Electronic annex:
Table E1). Discharge-weighted chemical fluxes have been
calculated by regressing the chemical concentrations
against average monthly discharges (Electronic annex: Cal-
culation of chemical fluxes).
There are only single published analyses of the Rapti
and Karnali on samples collected in November at low flow
(Galy and France-Lanord, 1999; Galy et al., 1999) and
these have been combined with the averages of single sets
of samples from this study collected in July 2015. The
discharge-weighted mean concentrations of these rivers
have been calculated assuming that the November sample
of Galy and France-Lanord (1999) is characteristic of the
dry season months November to May and the July sample
from this study the monsoon season June to October.

There are no published analyses of the Kosi below the
confluence of the Arun and the Sun Kosi. We use the aver-
age of three sample sets collected for this study in July 2015
and June and August 2016. These were all collected during
the monsoon and their average concentration has been
increased by a factor of 1.1, the difference in mean concen-
tration for the Ganga at Rishikesh June to September
cations compared to flux-weighted annual averages. The
Sarda in West Nepal (Fig. 1) has no reported analyses
and we assume it has the same chemical and Sr-isotopic
composition as the next major river to the East, the
Karnali.

6.1.4. Discharge-weighed mean inputs from the mountains

The mean discharge-weighted chemical inputs to the
flood plain from the Himalayas have then been calculated
by summing the discharge-weighted chemistries of the seven
Himalayan rivers given the estimates of their annual dis-
charges given in Table 2. The uncertainties on this weighted
average were calculated by the same Monte-Carlo routine
as for the Ganga at Rishikesh and Farakka. The uncertain-
ties on the discharge-weighted mean chemistries of the
Ganga at Rishikesh and the Narayani were calculated as
given in Electronic annex: Calculation of chemical fluxes.
The 1r uncertainty on each element concentration in the
other six rivers is taken as 15% and the uncertainty on a sin-
gle 87Sr/86Sr analysis of 0.003 based on the average estimate
of the uncertainty on a single sample from the Alaknanda
data (i.e. using Electronic Annex: equation E6). An arbi-
trary uncertainty of 20% has been assigned to the poorly
constrained discharge of the Yamuna, Ganga and Sarda
with the uncertainties on a single year annual discharge of
the other Nepalese rivers calculated from the monthly dis-
charge data. The mean and 1r uncertainties on the mean
chemical compositions and discharges to the flood plain
are given in Table 2 and their element ratios illustrated in
Fig. 14. The spread in compositions caused by differences
in relative inputs from the distinct geological terrains is
small given the uncertainties. The Kosi exhibits the highest
Na/Ca ratio, the Ganga and Kosi the highest 87Sr/86Sr
ratios and the Yamuna the lowest 87Sr/86Sr ratio.

6.1.5. Calculation of fractions of Sr, Ca and Mg derived from

salts, carbonate and silicate: Himalayan rivers

The estimates of the fractions of Sr, Ca and Mg derived
from salts, carbonate and silicate minerals for the Himala-
yan rivers are based on the calculations for the Marsyandi
draining the Tibetan sedimentary series in Nepal, the High
Himalayan Rishi Ganga catchment and the three lesser



Fig. 12. Average monthly concentrations in the Ganga at Rishikesh with 1 x standard errors. (A) Na, Ca, Mg and Sr. (B). Average monthly K
and Si concentrations. Note systematic change in all elements. Blue line shows monthly discharge in 1972 from Pal (1986) with values shown
inside right axis on Fig. 12B. Error bars calculated as described in the Electronic Annex: Calculation of chemical fluxes (Eqs. (E1)–(E3)).

Fig. 13. Average monthly element to Ca ratios for the Ganga at Rishikesh with 1 x standard errors.

162 M.J. Bickle et al. /Geochimica et Cosmochimica Acta 225 (2018) 146–175
Himalayan catchments presented by Bickle et al. (2015).
The fractions have been weighted by the mean annual rela-
tive inputs from each of the three litho-tectonic units given
by Bickle et al. (2003) and the mean of these applied to the
mean discharge of the Himalayan rivers (Table 2). The
results summarised in Electronic Annex, Table E8.

6.2. Inputs by the Southern rivers

There are six large tributaries which join the Ganga
from the south (Fig. 1). The Chambal and the Betwa drain
into the Yamuna. The Kunwari joins the Sindh before
draining into the Yamuna. The Ken, Tons and the Son
drain into the Ganga below its confluence with the
Yamuna. The Chambal, Kunwari, Betwa, Tons and Son
were sampled at high flow in August 2003 for this study.
Analyses of samples of the Chambal and Son collected in
March and September, 1982 and November 1983, and the
Ken and Betwa collected in March 1982 and November
1983, were published by Sarin et al. (1989) and
Krishnaswami et al. (1992).
The mean compositions of the southern rivers exhibit a
limited dispersion in Na/Ca ratios (0.5–1.5) positively cor-
related with Sr/Ca and Mg/Ca ratios (Fig. 15). The Son
has a higher 87Sr/86Sr ratio (0.725) compared with the other
southern rivers (87Sr/86Sr ratios between 0.712 and 0.714).
The Son and the Tons primarily drain the Proterozoic
Vindhyan sequences (Ray et al., 2003; McKenzie et al.,
2011). The Ken drains the predominantly gneissic or gran-
itoid Archaean Bhundelkhand massif (Mondal et al., 2002)
as well as the Vindhyan sequence. The Betwa, Sindh and
the Kunwari drain the Bhundelkhand massif with the head-
waters extending into the Deccan basalts. The Chambal
and its tributaries drain extensive areas of the Deccan traps.
Most of the lavas in the Deccan traps have 87Sr/86Sr ratios
of �0.705 although some of the lowest formations, exten-
sively contaminated by continental crust, exhibit 87Sr/86Sr
ratios of �0.715 (e.g. Cox and Hawkesworth, 1985).
Dessert et al. (2001) measured 87Sr/86Sr ratios between
0.708 and 0.715 on rivers draining the Deccan basalts, val-
ues possibly elevated by inputs from adjacent Precambrian
gneissic crust.



Table 2
Mean chemical compositions of Himalayan rivers entering floodplain and discharge-weighted mean.

River Na K Ca Mg Si Cl SO4 Sr 87Sr/86Sr Dischargeg

lmol/L nmol/L 109 m3/yr 1r

Yamunad 166 62 665 284 164 39 223 1135 0.72644 10.5 2.1
Sapt Kosib 92 42 345 79 125 20 109 371 0.75084 48.8 3.9
Raptib 121 69 900 389 143 16 127 1096 0.73609 3.9 1.0
Karnalib 91 41 610 235 94 7 116 1010 0.72670 43.7 7.0
Sardaa,c 91 41 610 235 94 7 116 1010 0.72670 23.0 3.7
Alaknandae 99 41 422 168 107 23 144 572 0.73923 22.4 4.5
1r Alaknanda 5 1 12 9 4 2 5 20 0.00069
Narayanib 112 60 610 258 104 47 164 934 0.73486 49.5 5.6
1r Narayani 10 2 57 23 10 5 16 84 0.00036
Meanf 102 49 533 201 110 24 135 797 0.73301 202.0
1r Meanf 5 2 28 11 6 2 7 45 0.00121 12.7

a Sarda taken as same composition as Karnali.
b Discharge from Global Runoff Data Centre files (Fekete et al., 2000) sent 11/04/2016 http://www.bafg.de/GRDC/EN/Home/homepage_node.html.
c Discharge from Wikipedia http://en.wikipedia.org/wiki/Sharda_River accessed 5/02/2015.
d Discharge from Jha et al. (1988).
e Discharge from Pal (1986).
f Discharge weighted mean and 1r uncertainties calculated by Monte Carlo routine given calculated uncertainties on mean Alaknanda and Narayani compositions (see Electronic annex:

Calculation of chemical fluxes) and assuming 15% 1r uncertainties on all other element concentrations and 0.003 on 87Sr/86Sr ratios.
g Standard deviation of annual discharge except 20% for Alaknanda, Yamuna and Sarda.
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Fig. 14. Mean 1000Sr/Ca, Mg/Ca, K/Ca, Si/Ca and 87Sr/86Sr ratios of major rivers entering the flood plain from the Himalayas and
discharge-weighted mean with error bars representing 1 standard error on mean calculated as described in text.

164 M.J. Bickle et al. /Geochimica et Cosmochimica Acta 225 (2018) 146–175
The discharge-weighted means of these analyses are pre-
sented in Table 3 together with the discharge-weighted
mean calculated as for the Himalayan rivers (see Electronic
annex: Calculation of chemical fluxes). All the southern
river catchments are dammed with a consequent increase
in dry season concentrations, which might result in the
means calculated in Table 3 being over estimates. These
means are therefore compared with an estimate of the
southern river average chemistries based on the monsoon
samples (single August samples for the Tons, Ken, Betwa
and Kunwari; August and September samples for the Son
and Chambal) adjusted for the increased dilution during
the monsoon using the factors observed in the Ganga.
The August and September concentrations are increased
by the same factor as the ratio of the discharge-weighted
annual mean concentrations for the Ganga data at Rishi-
kesh to the monthly values (a factor of 1.13 for August
and 1.01 for September). The Na, Mg, Cl and SO4 concen-
trations are about 20% lower using these adjusted summer
month estimates but the K, Ca, Si, and 87Sr/86Sr are within
the uncertainties (Table 3).

6.2.1. Calculation of fractions of Ca, Sr and Mg derived from

salts, carbonate and silicate: Southern rivers

The only published analyses of bedloads of the southern
rivers are three bedload and one surface suspended load



Fig. 15. Mean cation/Ca, Si/Ca and 87Sr/86Sr ratios versus Na/Ca ratios of southern rivers calculated as in Table 3.
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from the Chambal (Lupker et al., 2012a). The catchments
of all the southern rivers include the unmetamorphosed
sandstone, shale and carbonate sequence of the mid-
Proterozoic Vindahyan sequence and its older gneissic base-
ment. The headwaters of all the rivers except the Son extend
into Deccan Plateau basalts which underlie most of the
catchment of the Chambal. The silicate Na/Ca ratios of
the three bedload samples with carbonate fractions anal-
ysed by Lupker et al. (2012a) range from 0.7 to 1.5 and their
Mg/Ca ratios from 0.6 to 1.3. The Deccan basalts have
average Na/Ca ratios of 0.43 (Cox and Hawkesworth,
1985; Peng et al., 1998) but the Chambal has a mean salt-
corrected Na*/Ca* of 1.1. Rengarajan et al. (2009), report-
ing similar Na/Ca ratios in tributaries to the Chambal,
ascribe the high Na/Ca ratios to dissolution of Na salts in
the catchment. It is probable that precipitation of sec-
ondary carbonates also elevates Na/Ca, Mg/Ca and Sr/
Ca ratios in the southern rivers. The calcite-dominated car-
bonates in the Vindahyan sequence have a mean 1000Sr/Ca
ratio of 0.68 (Ray et al., 2003). The average Mg/Ca of all
the carbonate samples (dolomite and calcite) analysed is
0.13 with a slightly lower 1000Sr/Ca of 0.54.

Eqs. (5) and (6) in Bickle et al. (2015) are used to regress
the average compositions of the southern rivers with either
SrACaANa or SrANaACaAMg. The input to all the rivers
except the Chambal is assumed to have the silicate-derived



Table 3
Mean chemical compositions of Southern rivers entering floodplain and discharge-weighted mean.

River No. samples Na K Ca Mg Si Cl SO4 Sre 87Sr/86Sre Dischargea

lmol/L nmol/L m3/year

Sonb 5 310.1 42.3 426.5 186.3 187.9 111.0 44.7 672 0.72448 3.180E+10
Tonsd 1 305.0 50.9 647.5 191.4 159.2 89.7 72.0 1200 0.71338 5.910E+09
Betwac 3 1135.6 67.8 827.4 401.1 237.8 257.1 47.2 2139 0.71321 1.000E+10
Kenc 3 583.5 56.6 713.5 292.8 211.8 179.5 44.8 1424 0.71403 1.130E+10
Chambalb 4 920.5 64.1 685.6 332.7 172.6 340.1 154.1 2190 0.71195 3.005E+10
Kunwarid 1 975.3 130.9 972.2 358.6 192.1 258.1 79.4 3161 0.71205 1.339E+10
Mean 687.4 64.9 658.9 285.3 189.8 218.0 83.2 1702 0.71393
1r Mean 65.2 5.5 50.9 22.8 13.6 21.6 10.0 163 0.00160
Meanf 531.2 66.8 668.3 241.0 214.2 173.1 59.4 1666 0.71378
1r Meanf 47.1 5.5 53.5 18.7 15.6 15.7 5.0 164 0.00156

a Discharges from Rao (1975) except Kunwari-Sindh catchment calculated from ratio of its catchment area to that of the Chambal.
b Discharge-weighted average calculated from August samples in this study for months of June to August, September sample from Sarin et al. (1989) for September and average of March and

November samples from Sarin et al. (1989) (and October sample of Rai et al., 2010 for Sons) applied to months October to May where monthly discharges assumed proportional to those of the
Ganga at Harding Bridge from Hossain et al. (1987).
c Discharge weighted average calculated with August samples in this study assigned to June to September and average of March and November samples of Sarin et al. (1989) assigned to October

to May.
d August samples from this study with concentration increased by 13%, the difference between the Ganga at Rishikesh August sample and the discharge-weighted mean.
e Sr and 87Sr/86Sr data for Chambal includes data from Krishnaswami et al. (1992) and Son includes data from Krishnaswami et al. (1992) and Rai et al. (2010).
f Mean estimated from monsoon analyses scaled to annual mean as for Ganga at Rishikesh.
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Na/Ca (2.9), 1000Sr/Ca (3) and Mg/Ca (0.24) ratios of riv-
ers draining average silicate crust (Gaillardet et al., 1999).
The silicates inputs to the Chambal are assumed to have
the average Na/Ca (0.75) and Mg/Ca (0.84) ratios of the
bedloads (carbonate fraction removed) from the Chambal
analysed by Lupker et al. (2012a) and the average
1000Sr/Ca (1.4) of the Deccan basalts (Cox and
Hawkesworth, 1985; Peng et al., 1998). The bedload Na/
Ca and Mg/Ca ratios may be compared with the mean
Na/Ca = 0.44, Mg/Ca = 0.84 of the Deccan basalts. The
carbonate inputs to all the rivers are assumed to have the
Sr/Ca and Mg/Ca of the limestones of the Vindahyan
sequence (Ray et al., 2003). The calculation gives fractions
of Ca remaining after loss of secondary calcite between 0.21
and 0.48 (average 0.39) and silicate fractions of Sr, Ca and
Mg of �34, 12 and 42% (Electronic Annex, Table E9).

7. RESULTS: MODELLING FLOOD PLAIN

WEATHERING FLUXES

7.1. Chemical fluxes calculated by outputs of flood plain

rivers and the difference between the major rivers entering the

flood plain and the Ganga at Farakka

The simplest measure of chemical weathering on the
flood plain is the difference between the chemical fluxes
delivered to the flood plain (Tables 2 and 3) and those car-
ried by the Ganga at Farakka.

The mean discharge from the flood plain, calculated
from the difference between the inputs and the Ganga dis-
charge at Farakka, is 7.3 � 1010 m3/yr. However this is
the difference between two larger fluxes, the input from
the Himalayas and the southern rivers totalling �2.8 �
1011 m3/yr and the output at Farakka of 3.77 � 1011 m3/
yr and therefore the value is sensitive to uncertainties in
both these values. Further evapo-transpiration enhanced
by extraction for irrigation likely removes some of the
water input from the Himalayas and southern rivers as they
traverse the flood plain so that the total water input from
the mountains, southern rivers and rain exceeds the dis-
charge at Farakka. Average rainfall in the Ganga flood
plain is �1 m/yr (Bookhagen and Burbank, 2010) and
allowing for loss by evapo-transpiration of between 50
and 75% (e.g. Rai et al., 2010) this would imply rain water
inputs to the flood plain of �1.75 to 1.0 � 1011 m3/yr.

The mean output from the flood plain calculated as the
difference between the chemical fluxes at Farakka and the
chemical inputs from the Himalayas and the Southern riv-
ers is given in Table 4. The uncertainties in Table 4 reflect
the uncertainties in concentration and discharge. The latter
are taken as 25% for the southern rivers (the discharge data
are poorly documented) and as given in Table 2 for the
mountain rivers. The uncertainty in the calculated 87Sr/86Sr
ratio, which reflects uncertainties in both Sr fluxes and
87Sr/86Sr ratios of the rivers, is too large to be useful. The
uncertainties in the fluxes of the elements are about 40%
at 1r except Si and Sr (�100%).

Given the mean output chemical fluxes and water flux
from the flood plain calculated from the difference in dis-
charges from the Himalayas and the southern rivers and
that at Farakka, the implied concentrations of the flood
plain inputs of Na, Ca and Mg are about 50% higher than
the mean concentrations in the flood plain rivers (compare
Tables 1 and 4). This may reflect two factors. The flood
plain rivers were sampled during August at high flow when
concentrations would be lower than average (discharge-
weighted concentrations in the Ganga at Farakka are
higher by 36% for Na, 10% for Ca, 25% for Mg and 13%
for Sr than the August values). The second factor, as dis-
cussed above, is the loss of water in the flood plain by evap-
oration. However the uncertainties in this method of
calculation are high.

7.2. Flood plain weathering fluxes calculated by

deconvolution of chemical and isotopic inputs

An alternative and preferred method for calculation of
chemical weathering inputs from the flood plain is deconvo-
lution of the chemical and water inputs from the Himala-
yan mountain rivers, the southern tributaries and the
flood plain based only on mass balance of the solute and
Sr-isotopic compositions. This method has the advantage
that it does not depend on the very uncertain discharge esti-
mates for the Himalayan and southern rivers. Mass balance
for the concentration of component, i, in the Ganga at Far-

akka, X i
G, may be related to the sum of the mean concentra-

tions of the component in the Himalayan rivers, southern
rivers and flood plain runoff as

X i
G ¼ PM � X i

M þ PS � X i
S þ PFl � X i

Fl ð5Þ
where PM, PS and PFl are the discharges from the Hima-
layas, southern rivers and flood plain relative to that at Far-

akka and X i
M ; X

i
S ; X

i
Fl are the concentrations (lmol/L

except Sr nmol/L) of component, i, in the Himalayan,
southern (based on adjusted monsoon compositions) and
the flood plain rivers (all uncorrected for saline inputs).
The mass-balance of Sr-isotopic compositions is calculated
from Sr�D87Sr which is a measure of the relative forcing fac-
tors of the river inputs on the 87Sr/86Sr ratio in the Ganga.
Sr�D87Sr is defined as

Sr � D87Sr ¼ Sr ð87Sr=86Sr � 87Sr=86SrF Þ ð6Þ
where 87Sr/86SrF is the mean Sr-isotopic composition of the
Ganga at Farakka and mass balance for Sr-isotopic compo-
sitions can be written

SrG � D87SrG ¼ PM � SrM � D87SrM þ PS � DSrS � 87SrS
þ PFl � SrFl � D87SrFl ð7Þ

Note that the sum of the fractional discharges, PM, PS

and PFl, may not be equal to unity because the waters that
cross the flood plain may be diluted by additional rainfall
or concentrated by evapo-transpiration in the flood plain
as discussed above. Eqs. (5) and (7) are solved for PM, PS

and PFl for three or more elements/isotopes by the linear
least-squares routines from Kent et al. (1990) which propa-
gate uncertainties on all the concentrations

X i
G; X

i
M ; X

i
S ; X

i
Fl.

The results calculated for various combinations of com-
ponents are listed in Electronic annex Table E10. The best



Table 4
Estimates of floodplain outputs and discharge-weighted compositions.

Sample Na 1r K 1r Ca 1r Mg 1r Si 1r Cl 1r SO4 1r Sra 1r 87Sr/86Sra Discharge

Floodplain estimates 109 mol/yr (flux), lmol/L (concentration) 1r 109 m3/yr 1r

Flux by simple
differenceb

62 23 15 4 98 40 45 16 12 9 25 8 11 6 98 73 73 55

Concentration by
differenceb

853 312 202 60 1338 542 620 214 165 128 345 108 151 85 1332 989 0.8145 38.53

Flux from chemical
budgetsc

66 18 13 4 109 24 57 13 30 6 - - 15 3 167 38 0.7304 0.0008 163 36

Flux from river
sedimentsf

53 18 42 13 199 100 86 32 188 57 0.737 0.013

Input/output fluxes
Himalayasd 19 4 9 2 101 19 38 7 21 4 4 1 26 5 151 29 0.7330 0.0012 190 42
Southern riversd 35 9 4 1 44 12 16 4 14 4 11 3 4 1 109 30 0.7138 0.0016 65 19
Ganga at Farakkae 137 9 32 2 274 17 111 7 56 4 48 3 44 3 429 27 0.72662 0.00040 377 47

a Sr fluxes 109 mmol/yr, concentrations nmol/L. Floodplain.
b Output flux from floodplain calculated from difference between inputs from Himalayas and Southern rivers and output of Ganga at Farakka. 1r uncertainties reflect uncertainties in

concentrations and discharge.
c Output discharge and chemical fluxes from floodplain calculated by mass balance of Na, K, Ca, Mg, SO4, Sr and Sr�D87Sr fluxes (Eq. (7)) (with saline inputs subtracted after calculation to

make comparable to estimates from river sediments) relative to discharge and chemical fluxes of Ganga at Farakka. Uncertainties reflect uncertainty in input compositions and in flux.
d Chemical fluxes in Himalayan rivers and southern rivers calculated from the discharge calculated by deconvolution of chemistries as for ’c’ and their mean compositions as given in Tables 1

and 2 (note these discharges are similar to but not identical to those tabulated in Tables 1 and 2 and used for the calculation by difference and that saline inputs have not been subtracted).
e Chemical fluxes in Ganga at Farakka calculated from discharge-weighted mean composition (Table 3) and the mean annual discharge of 377 � 109 m3/yr from Hossain et al. (1987) with

uncertainties reflecting variability in both chemistry and discharge over 3 year sample period.
f Floodplain chemical weathering fluxes calculated from the change in riverine sediment compositions by Lupker et al. (2012a). Sr flux and 87Sr/86Sr ratio calculated from river Ca and Na fluxes

given by Lupker et al. (2012a). Sr flux calculated assuming all of Ca flux is from carbonate with a Sr/Ca ratio of 0.47 mmol/mol and Sr from silicate with a Sr/Na ratio of 1.8 mmol/mol from
leaching bedload (Electronic appendix S2).
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fit with the smallest propagated errors is given by the com-
bination Na, K, Ca, Mg, SO4, Sr and Sr�D87Sr. The quality
of the fits is described by the mean square of the weighted
deviate (MSWD, see Albarède, 1995) which is a measure
of the scatter in excess of the estimated errors. A fit in which
scatter matches the estimated errors gives a fit with MSWD
= 1. Inclusion of Si or Cl substantially degrades the quality
of the fits with MSWD increasing from <2 to 8 or 12 and
the uncertainties on the fits �100%. Using only four com-
ponents out of Na, Ca, Mg, Sr and Sr.D87Sr gives results
within error of regressions with the 6 or 7 components.
The results consistently give total discharge (

P
Pi) � 11 ±

5% greater than the discharge at Farakka which likely
reflects evapo-transpiration losses in the flood plain as dis-
cussed above. The calculated discharges from the Hima-
layas (192 � 109 m3/yr) and southern rivers (66 � 109 m3/
yr), relative to the discharge at Farakka given by Hossain
et al. (1987) are within the uncertainties of the values com-
piled in Tables 2 and 3. The calculated discharge from the
flood plain (160 � 109 m3/yr) is within the range expected
from the rainfall and the rather uncertain magnitude of
evapo-transpiration as discussed above.

Calculation of the relative discharges for each month
throughout the year using the monthly averages at Farakka
for the outputs from the flood plain is not possible because
the compositions of the monthly Himalayan and southern
river inputs are not known.

8. DISCUSSION: MAGNITUDE OF FLOOD PLAIN

CHEMICAL WEATHERING FLUXES

We consider that the best estimate of the discharge and
chemical fluxes from the flood plain is that calculated by
deconvolution of the chemical and Sr-isotopic data because
this does not rely on the very uncertain estimates of the
river discharges and allows for water loss by evapo-
transpiration on the flood plain. The calculated uncertain-
ties should be regarded as minimum estimates because the
averages of nearly all the Himalayan and southern tribu-
taries and flood plain waters do not include adequate
time-series sets to capture the full annual variability.

The flood plain weathering fluxes calculated here range
from 41% for Sr to 63% for Na (corrected for saline inputs)
of the calculated total elemental fluxes from the mountains,
floodplain and the southern rivers (Fig. 16A). Even if the
lower estimates from the differences in discharge are
adopted (Table 4) the flood plain weathering fluxes range
from 28% for Sr to 41% for Na. Given that nearly all the
flood plain comprises sediment from the Himalayas
(Lupker et al., 2012b), these values imply that �59% Sr,
53% Ca, 60% Mg and 82% of the Na derived from Himala-
yan detritus is supplied by weathering in the flood plain,
confirming its importance to the overall chemical weather-
ing budget.

K, Si and Cl exhibit the largest deficit between the
observed chemical flux at Farakka and that inferred from
compositional deconvolution of the water compositions.
The implication is that significant K and Cl (10 and 23%
of the Ganga flux) is derived from the flood plain in excess
of that carried by the analysed flood plain, Himalayan and
southern river waters. The 23% deficit of Si in the Ganga
waters suggests that Si is precipitated in the flood plain con-
sistent with the interpretation of the Si-isotopic systematics
(Fontorbe et al., 2013). There have been relatively few pre-
vious attempts to calculate the chemical weathering yields
from the Ganga flood plain. Galy and France-Lanord
(1999) estimated from the difference between the input
and output fluxes, that the flood plain provided 14% of
the Na, 41% of the K, 18% of the Ca in the downstream
Ganga but that 14% of Mg was taken up by the flood plain.
West et al. (2002) estimated that weathering of High Hima-
layan silicate material in the flood plain occurs at two and a
half to six-times the rate in the mountains, again from dif-
ferences in input and output river chemistries. Rai et al.’s
(2010) estimates of weathering fluxes on the Ganga flood
plain indicated that inputs exceeded outputs for Na, Mg,
Sr, Si, Cl and SO4 and were within error for Ca but these
budgets were based mainly on May and October samples.
Also, as noted here, the relatively small difference between
the discharge in the downstream Ganga and the inputs to
the flood plain as well as the potential for water loss by
evapo-transpiration makes calculation of the flood plain
flux by difference unreliable.

Lupker et al. (2012a) calculated flood plain chemical
weathering inputs by the difference in riverine sediment
loads at the margins of the flood plain and the Ganga in
Bangladesh. Given the careful sampling of the riverine sed-
iment, this method is attractive because it averages sedi-
ment compositions over much longer time scales than the
water sampling. The difficulty is that the changes in sedi-
ment composition are small given the scatter in sediment
compositions and the resulting flux estimates have large
uncertainties for some elements (Table 4).

The flood plain chemical weathering fluxes of Na, K, Ca
and Mg calculated from the water data here after allowance
for inputs from saline sources (Na 66 ± 16, K 13 ± 4, Ca
109 ± 22, Mg 57 ± 13 � 109 mol/yr, 1r errors) are within
error of those calculated by the change in composition of
sediments transported by the rivers across the flood plain
(Na 53 ± 18, K 42 ± 13, Ca 199 ± 100, Mg 86 ± 32 � 109

mol/yr) by Lupker et al. (2012a) (Table 4). If it is assumed
that the loss of �50% of Ca to secondary calcite is not
returned to solution then the chemical weathering flux of
Ca in the flood plain should be increased to �220 � 109

mol/yr. The Mg and Sr fluxes should be increased by about
5%. The comparison indicates that the current short-term
estimates based on water chemistries are compatible with
the longer-term estimates based on changes in sediment
chemistry which sample chemical weathering over thou-
sands or tens of thousands of years (e.g. Lupker et al.,
2012b; Granet et al., 2010) and predate the development
of intensive agriculture, but note the uncertainties. The
silicate-derived flux of Ca is small (ca. 20 � 109 mol/yr
allowing for loss to secondary calcite), and Mg (27 � 109

mol/yr) is modest.
The total chemical weathering fluxes and the fractions

derived from salts (rain and evaporates or springs), carbon-
ate minerals and silicate minerals for the inputs from the
Himalayan mountains, the southern rivers and the flood-
plain, calculated as discussed above, are illustrated in



Fig. 16. Chemical fluxes from the flood plain, Himalayan rivers and southern rivers calculated from chemistry of inputs compared to
chemistry of Ganga at Farakka (Eq. (5)) scaled to discharge of Ganga. (A) gives total flux from each source, (B) flux from rain and spring or
evaporate source, (C) carbonate minerals and (D) silicate minerals.

170 M.J. Bickle et al. /Geochimica et Cosmochimica Acta 225 (2018) 146–175
Fig. 16. The significance of the chemical weathering in the
floodplain is demonstrated by the estimates for the silicate
inputs of Na, K, Ca and Mg all being equal or greater in
the floodplain than inputs in the mountains (Fig. 16D).
Inputs of Ca, Mg and Sr from weathering of carbonate
minerals from the mountains and the floodplain are similar
and between a factor of two to three greater than inputs
from the southern rivers. The similarity between the esti-
mates of the Na dissolved flux from the floodplain from
the water chemistries and from the change in suspended
load chemistries suggests that short-term variations in
inputs from Na salts on the flood plain are insignificant
within the error bounds.

The important conclusion is that chemical weathering in
the floodplain more than doubles the impact of the rapid
erosion and chemical weathering in the Himalayas. This
estimate of weathering in flood plain is larger than that of
Galy and France-Lanord (1999) and reflects in part signif-
icantly higher estimates of the flux-weighted mean compo-
sitions of Na, K, Ca and Mg in the downstream Ganga
based on the three years time-series sampling. Chemical
weathering in the flood plain must take place in the sedi-
ments stored on the flood plain and the comparison
between the chemical fluxes calculated from the water che-
mistries and the suspended load compositions confirms the
contention of Lupker et al. (2012a) that the suspended load
in the the Ganga in Bangladesh is representative of the
weathering on the flood plain. It is also consistent with
the calculation by Lupker et al. (2012b) that the 90% of
the sediment delivered to the flood plain, that is subse-
quently exported to the Bay of Bengal, is recycled with a
�1400 year time constant.

The preservation of significant plagioclase (�10 wt% in
the suspended and bedloads of the Ganga in Bangladesh
(Garzanti et al., 2010, 2011) indicates that weathering on
the flood plain is incomplete. This is supported by the frac-
tions of the major cations leached from the solid load. Tak-
ing (1) Lupker et al.’s. (2012b) estimate that the Ganga
sediment flux in Bangladesh is 610 ± 210 Mt/yr from 10Be
analyses and that this is generated almost entirely in the
Himalayan mountains, (2) that the average composition
of the source rock is given by the mean of the suspended
and bedload samples from the mountain rivers compiled
by Lupker et al. (2012a) with a small adjustment to this
composition for the chemical weathering flux from the
mountains, and combined with (3) the chemical weathering
fluxes calculated from the water chemistries, implies that
the Himalayan-derived silicate sediment has lost only
�28% of Na, 6% of K, 18% of Ca and 15% of Mg by the
time it reaches Bangladesh. The loss of 28% Na is consistent
with the 25% decrease in Na/Si ratio of the suspended sed-
iment between the Himalayan mountain front and Bangla-
desh noted by Lupker et al. (2012a). On a mass basis the
total dissolved solids (Na2O + K2O + CaO +MgO +
SiO2 + Cl + SO4) carried by the Ganga at Farakka com-
prises only �5.7% of the solid load (2.7% added in the
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floodplain, 2% in the Himalayan mountains and 1% from
the southern rivers). Chemical weathering in the Ganga
floodplain is ‘weathering limited’ (sense Stallard and
Edmond, 1983), as in the mountains, and the consequence
is that chemical weathering fluxes from both regions are
predicted to be sensitive to changing climatic conditions
(cf. West et al., 2005).

The Ganga river system illustrates the complexity of
deciphering controls on chemical weathering fluxes. West
et al. (2005) showed that both the High Himalayan and
Lesser Himalayan catchments were ‘weathering limited’.
Discharge and erosion rate data from the Marsyandi Tibe-
tan Sedimentary Series catchment in Nepal (Bickle et al.,
2015; Gabet et al., 2008) exhibits a similar physical and sil-
icate chemical weathering relationship (Fig. 17). The silicate
cation denudation rate for the whole Ganga catchment, cal-
culated for the area of the Himalayan mountains which
dominate the supply of sediment, also lies in the ‘weather-
ing limited’ field, albeit with a substantially increased sili-
cate weathering flux (Fig. 17). The increased silicate
weathering flux reflects the weathering in the flood plain
and also additions from the southern tributaries. It is prob-
able that chemical weathering in the catchments of the
southern tributaries is transport limited but constraints on
the rates of physical denudation there are not available.
The output from the whole Ganga catchment therefore
reflects sub-catchments which range from ‘weathering lim-
ited’ to ‘transport limited’ and processing of partially
weathered material in the flood plain. Evaluating the
response of silicate chemical weathering fluxes to changing
climatic parameters in such a complex catchment is clearly
complicated. For example increased temperatures and rain-
Fig. 17. Silicate cation denudation rates versus total denudation
rate for catchments listed by West et al. (2005) with addition of
data from the Marsyandi catchment in the Tibetan Sedimentary
series using the estimates of silicate chemical fluxes by Bickle et al.
(2015) and physical denudation fluxes by Gabet et al. (2008). The
estimate for the whole Ganga catchment is based on the silicate
chemical fluxes given here and the physical denudation rate of the
whole Ganga catchment by Lupker et al. (2012b). The Ganga
weathering rates (solid symbol) are normalised to the area of the
Himalayas as that area dominates the supply of rock. The open
symbol illustrates the Ganga silicate chemical and total denudation
rates normalised to the whole catchment above Farakka.
fall will increase the chemical flux from the mountainous
catchments but supply of the more weathered material
might limit chemical weathering on the flood plain. The
response of the floodplain weathering to changes in temper-
ature and especially rainfall is likely to differ from that of
the mountainous catchments as groundwater flow paths
and flow rates are likely to be very different.

9. CONCLUSIONS

Tributaries to the Ganga which are restricted to the
flood plain have chemistries and oxygen and hydrogen iso-
topic compositions which are distinct from the major rivers
rising in the Himalayas and Tibet. The d18O - dD arrays
(i.e. dDexcesses) of the flood plain tributaries reflect evapora-
tive loss from the flood plain which is reflected in the higher
dDexcesses of the mountain rivers.

The flood plain tributaries may be divided into two dis-
tinct groups on the basis of their Sr-isotopic compositions
and Sr/Ca to Na/Ca arrays. Over most of the flood plain
tributaries have 87Sr/86Sr ratios < 0.75 and Na/Ca molar
ratios < 1.0 except for a small subset of samples close to
the Gomti river with elevated Na concentrations thought
to be derived by re-dissolution of Na-salts. However in
the east of the flood plain, in a restricted area around the
Kosi, waters have 87Sr/86Sr ratios greater than 0.75 and
higher Na/Ca ratios which correlate with Sr/Ca ratios.
The bed load compositions of these tributaries are consis-
tent with the high 87Sr/86Sr ratios being derived from both
high 87Sr/86Sr dolomites and even higher 87Sr/86Sr ratio sil-
icate minerals from Lesser Himalayan Series.

Modelling of the Sr-isotopic compositions of the flood
plain tributaries allows calculation of the inputs of carbon-
ate and silicate Sr. It also provides estimates of the fractions
of Ca, Sr and Mg lost to precipitation of secondary calcite
within the flood plain. The fractions of Ca remaining after
precipitation range from �24% to 91% in individual tribu-
taries with a mean of between 36 and 57% depending on the
estimate of carbonate Sr/Ca and silicate 87Sr/86Sr ratios.
The modelling takes the Sr-isotopic compositions and Sr/
Ca ratio of the carbonate input from leaches of mainstem
Ganga bedloads and the silicate 87Sr/86Sr, Na/Ca and
Na/Mg ratios from analyses of residues of bedloads after
leaching. After correction for rain and saline inputs,
�31% of the Sr, 8% of the Ca and 45% of the Mg are esti-
mated to be derived from silicate. It should be noted that
the calculations imply substantial ranges for the Mg/Ca
ratios of carbonate inputs and Sr/Ca ratios of silicate inputs
across the individual tributaries. The impact of assuming
single values of Sr/Ca ratios for the carbonate inputs and
87Sr/86Sr, Na/Ca and Mg/Ca ratios for silicate inputs is
uncertain.

Calculation of the chemical weathering fluxes from the
flood plain by difference between the chemical fluxes in
the downstream Ganga and the inputs from the Himalayan
mountains and southern tributaries gives combined uncer-
tainties in chemical compositions and water fluxes are of
the same order as the difference. Deconvolution of the
fluxes using the average chemistries of the mountain rivers,
the southern rivers and the downstream Ganga sampled at
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Farakka, with flood plain outputs characterised by the
flood plain tributaries, is preferred. This defines Na, K,
Ca, Mg, SO4 and Sr fluxes with 1 sigma uncertainties of
about 30%. Calculated input water fluxes are about 10%
greater than the discharge in the downstream Ganga attrib-
uted to evaporation and transpiration as water crosses the
flood plain.

Two factors dominate the uncertainties of fluxes calcu-
lated from analyses of river water compositions. (1) Most
of the major rivers from the Himalayas and all of the south-
ern rivers have only been sampled on relatively few occa-
sions whereas repeated bi-weekly sampling over several
years is required to properly constrain the average chem-
istry in rivers which exhibit large seasonal changes in water
chemistries. (2) Calculation of annual discharges requires
knowledge of discharge throughout the season, information
which is only sparingly available for major Indian rivers.

Weathering in the flood plain supplies between 41 and
63% of the major cation and Sr fluxes carried by the Ganga
compared to between 14% (Na) and �36% (Sr) supplied by
the major Himalayan rivers (Table 4). The flood plain sup-
plies 58%, the Himalayan rivers 24% and the southern riv-
ers 18% of the silicate weathering-associated alkalinity flux
carried by the Ganga at Farakka. Weathering in the Ganga
flood plain makes a dominant contribution to weathering
of material eroded from the Himalayan mountains.

ACKNOWLEDGEMENTS

The research was supported by the UK Natural Environment
Research Council grants (NE/E003192/1 and NE/N007441/1).
Dr Jyotisankar Ray (University of Calcutta, India) helped organise
the sampling of the Ganga at Farakka. The late Dr Fatima Khan
gave extensive assistance with the chemical and isotopic analyses.
D. Hodell provided the dD and d18O analyses. We acknowledge
constructive reviews by the associate editor, T.K. Dalai and an
anonymous reviewer.

APPENDIX A. SUPPLEMENTARY MATERIAL
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