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54501 Vandoeuvre les Nancy, Cedex, France
b Woods Hole Oceanographic Institution (WHOI)—Department of Marine Chemistry and Geochemistry, 360 Woods Hole Rd., Woods Hole, MA 02543, USA
c MARUM zentrum für Marine Umweltwissenschaften, Bremen, Germany
a r t i c l e i n f o

Article history:

Received 25 September 2012

Received in revised form

25 January 2013

Accepted 28 January 2013
Editor: T.M. Harrison
in the Himalayan system (Himalayan range and Indo-Gangetic floodplain), the world largest sediment
Keywords:

Himalayan system

chemical weathering

Last Glacial Maximum

source to sink
1X/$ - see front matter & 2013 Elsevier B.V.

x.doi.org/10.1016/j.epsl.2013.01.038

espondence to: IGP-ETHZ, NW C 85, Claus

land. Tel.: þ41 446 329 383.

ail address: maarten.lupker@erdw.ethz.ch (M
a b s t r a c t

Continental chemical weathering is central in Earth’s surface biogeochemical cycles as it redistributes

elements across reservoirs such as the crust and the oceans. However the evolution of weathering through

time and its response to external forcing such as changes in climate remain poorly constrained. In this work, a

composite sediment record from the Bay of Bengal is used to document the evolution of chemical weathering

conveyor to the oceans, since the Last Glacial Maximum (LGM). The degree of weathering of the sediments is

documented using mobile to immobile ratios such as K/Si and H2Oþ/Si as well as detrital calcite abundance.

Robust weathering proxies are derived by correcting the chemical composition of sediment for sorting effects

that occur during transport and deposition. The Bay of Bengal record is also further compared to the chemical

composition of modern river sediments from the Ganga and Brahmaputra basin. Weathering proxies all

indicate that the sediments exported by the Ganga and Brahmaputra Rivers became increasingly weathered

over the past �21 kyr, whereas, Sr, Nd and major elements suggest a constant sediment provenance in the

system over the last 21 kyr. These changes in the degree of weathering of the sediments show that the

weathering flux exported by the system to the Indian Ocean during the LGM was significantly lower than at

present and demonstrate that chemical weathering in continental scale basins such as the Ganga and

Brahmaputra responds to Late Quaternary climate changes.

& 2013 Elsevier B.V. All rights reserved.
1. Introduction

Chemical weathering of continental rocks is the main source of
soluble elements to the oceans and therefore exerts a first order
control on oceanic bio-geochemical cycles. Over geologic time
scales, silicate weathering and subsequent carbonate precipita-
tion also draws down atmospheric CO2 thereby stabilizing the
earth’s climate (Walker et al., 1981). Continental weathering
fluxes are a function of continent lithology, tectonic activity and
climate but the mechanisms and feedbacks linking silicate weath-
ering to the earth’s climate remain debated (France-Lanord and
Derry, 1997; Willenbring and von Blanckenburg, 2011). A better
understanding of these complex climate-weathering couplings
can be gained by studying the response of continents to climatic
transitions in the past.

The role of the Himalayan orogeny in the long-term forcing of
oceanic cycles and the global climate has retained much attention
All rights reserved.
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(e.g. Raymo et al., 1988; France-Lanord and Derry, 1997). How-
ever, the temporal variability of and controls on the evolution of
weathering fluxes exported by large basins remains poorly con-
strained and is often difficult to reconstruct (Limmer et al., 2012).
In particular, direct characterization of the response of chemical
weathering to abrupt climate perturbations has heretofore
remained a challenge. We present a record of chemical weath-
ering intensity in the Himalayan system since the LGM.
The Himalayan system is defined here as the Himalayan range
and the downstream Indo-Gangetic floodplain drained by Ganga
and Brahmaputra Rivers. No major change in tectonic forcing of
the Himalayan orogeny has been documented so far over the last
glacial–interglacial period, which enables us to discuss variations
in sediment weathering as a response to climate change.
2. Setting and methods

The central part of the Himalayan range is drained by two
major rivers, the Ganga and Brahmaputra (Fig. 1). Currently, the
Ganga and Brahmaputra transfers ca. 1�109 Mt of sediments to
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Fig. 1. Geographical setting of the Himalayan system. Modern river sediments were sampled in the Ganga and Brahmaputra basin at the Himalayan front (green

diamonds), at the outlet of the Ganga basin (red square) and the Brahmaputra basin (blue triangle) and finally after their confluence in the lower Meghna (yellow circle).

These sediments were compared to the sediment record of the Bay of Bengal that represents a composite record from proximal shelf sediments (105 KL and 107 KL) and

from the middle fan channel levees (117 KL, 118 KL and 120 KL). (For interpretation of the references to color in this figure legend, the reader is referred to the web version

of this article.)

M. Lupker et al. / Earth and Planetary Science Letters 365 (2013) 243–252244
the Bay of Bengal, of which 90% is transported during the
monsoon (RSP, 1996). River sediments were sampled mainly
during monsoon seasons, in 2002, 2004, 2005, 2007, 2008 and
2010 across the Indo-Gangetic floodplain. Sampling locations
mainly included the front of the Himalayan range for the main
trans-Himalayan Rivers of the Ganga and Brahmaputra system,
the outlet of the Ganga and the Brahmaputra as well as their
confluence – the lower Meghna – which integrates the entire
sediment load exported from the Ganga and Brahmaputra basin
(Fig. 1). When possible, sediments were sampled along vertical
depth profiles through the water column in order to capture the
full variability of the sediment load. These profiles were comple-
mented by bedload samples dredged from the active channel of
the rivers and freshly exposed bar sediments. Details on the
sampling procedure are described in Lupker et al. (2011).

Sediment cores were retrieved during RV Sonne cruise SO93 in
1994 from the shelf (105 KL and 107 KL) and the active channel
levee system of the middle fan (117 KL, 118 KL and 120 KL)
(Ittekkot et al., 2003). The chronology of the cores is provided
by re-calibrated (Reimer et al., 2009) 14C ages on planktonic
foraminifers (Weber et al., 1997) as well as 137Cs, 210Pb and 228Ra
gamma spectrometry (Michels et al., 1998). Scarce hemipelagic
layers were excluded from the study in order to focus on
turbiditic sediments representing the Ganga and Brahmaputra
detrital signal (Pierson-Wickmann et al., 2001; Weber et al.,
1997). We interpret our data by constructing a composite Log
from the shelf and levees core following the approach detailed in
Galy et al. (2008).

Suspended river sediments were filtered through 0.22 mm PES
membrane filters within 24 h of sampling and dried in the lab.
Major element concentration was determined by ICP-OES after
LiBO2 fusion at SARM, Nancy – France (Carignan et al., 2001). Core
samples were repeatedly rinsed with water in order to remove
salt contributions. Nevertheless, Na was not considered in this
study due to seawater contamination even after these rinsing
steps. Carbonate contents were measured manometrically from
the CO2 released after reaction with H3PO4 and the evolved CO2

was subsequently analyzed for C and O isotopic composition
(Galy et al., 1999). Sr and Nd isotopic compositions were mea-
sured on the acid leached, silicate fraction of the river and core
sediments by TIMS after classical separation and purification by
ion exchange resins. Sediment hydration [H2Oþ] and isotopic
composition dD-SMOW was measured by EA-IRMS after degas-
sing the samples to remove adsorbed free-water (Lupker et al.,
2012a). The long-term reproducibility is better than 0.1H2Oþ wt%
and 2% dD-SMOW.
3. Sediment sorting effects on the chemical composition
of detrital sediments

3.1. Hydrodynamic control of sediment sorting

The chemical composition of river sediments has to be inter-
preted carefully. Sediment vertical depth profiles recovered from
the water column of large rivers show a strong heterogeneity in
terms of concentration and chemical composition. These hetero-
geneities are the result of the hydrodynamic sorting of sediments,
based on grain-size, shape and density, which induce mineralo-
gical and thus chemical differentiation of sediments within the
water column (Bouchez et al., 2011a, 2011b; Garzanti et al., 2011;
Lupker et al., 2011; Singh and France-Lanord, 2002). The miner-
alogy of sediments from the Himalayan system is dominated by
quartz, micas and feldspar, with occurrences of other phyllosili-
cates, clay assemblages and hydroxides in the finer fraction
(Garzanti et al., 2010, 2011). These minerals are segregated during
sediment transport: coarse-grained quartz is enriched in the
bedload and at the bottom of the water column while phyllosi-
licates such as micas and clays are comparatively enriched in the
shallow surface waters of the river, leading to a strong contrast in
chemical composition between samples of a single reach. This is best
illustrated using the immobile element ratios Fe/Si and Al/Si (Fig. 2).
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Fe, Al and Si are, to a first order, immobile elements during
Himalayan erosion and are thus not notably affected by chemical
weathering (Galy and France-Lanord, 2001). The sediments
sampled across the Indo-Gangetic plain form a unique mixing
trend (to the exception of a few bedload samples that are
enriched in Fe due to heavy mineral placer effects) between
quartz rich (low Al/Si and Fe/Si) bottom sediments and clay rich
(high Al/Si and Fe/Si) surface sediments. Al/Si and Fe/Si are
directly correlated to the bulk sediment grain-size and are a
proxy of mineral sorting (Bouchez et al., 2011a; Lupker et al.,
2011). A single sediment sample from a given river reach can
therefore not be considered, a priori, as representative of the
whole sediment load, its chemical composition being dependent
on river hydrodynamics at the moment of sampling.
Fig. 2. Hydraulic sorting effect on the Si–Al–Fe chemical composition of sedi-

ments. Suspended sediments are the result of the mixing between a low Al/Si and

Fe/Si quartz-rich coarse-grained end-member and a high Al/Si and Fe/Si surface

end-member relatively enriched in phylosilicates.

Fig. 3. Evolution of K/Si (a) and H2Oþ/Si (b) in the modern Himalayan system for river

from the Himalayan front Rivers (green) to the outlet of the Ganga (red) and Brahmaput

K and an increase in H2Oþ as weathering proceeds. Envelopes represent 0.95 confidenc

figure legend, the reader is referred to the web version of this article.)
3.2. Weathering proxies in modern river sediments

The degree of chemical weathering experienced by sediments
in the Himalayan system can be traced from detrital sediments by
using the mobile to immobile elemental ratios of river sediments
such as K/Si and H2Oþ/Si. The structural hydroxyl content of
sediments, H2Oþ , is a proxy of chemical weathering that traces
mineral hydrolysis and secondary neo-formations (Lupker et al.,
2012a). Sediment sorting effects also apply to mobile elements
such as K and H2Oþ . The K/Si and H2Oþ/Si ratios are dominantly
controlled by the grain size of the sediments, i.e. clay to quartz
mixing (Lupker et al., 2012a) and are, to a first order, linearly
correlated to their Al/Si ratio as shown by Fig. 3, where these
ratios are plotted for sediments from the modern Himalayan
system. By using a sediment depth profile sampling approach on
modern rivers, we characterize these sorting effects as this
method allows sampling a full set of sediments covering a wide
range of grain sizes. The degree of chemical weathering can then
be assessed based on the trend formed by the chemical composi-
tion of the sediments in diagrams such as Fig. 3, this trend being
representative of the entire sediment load exported by the
considered river.

In addition to silicate weathering proxies, we determined the
calcite content and the Ca/Si ratio in Bay of Bengal sediments that
reflects the carbonate weathering intensity in the Himalayan
system. Carbonates, including calcite, account for over 80% of
the bulk Ca and Ca/Si therefore mainly reflects carbonate content.
Both carbonates and Ca content are not grain size dependent
(Lupker et al., 2011) and are therefore not corrected for sediment
sorting.

3.3. Accounting for sediment sorting effects in detrital records

For detrital records such as the Bay of Bengal cores, changes in
sediment transport and deposition patterns induce changes in the
grain size of deposited sediments that, in turn, affect the chemical
composition of the record. Hence, sediment sorting also has to be
taken into account in order to compare the degree of weathering
of samples with variable grain-sizes (variable Al/Si ratios).
However, unlike for modern rivers, it is not possible for a given
age interval of the record to recover a set of sediment samples
spanning different grain sizes that would fully describe the
suspended load (SL) and bedload or bar sediments (BL). The transfer of sediments

ra (blue), as well as their confluence the lower-Meghna (yellow) results in a loss of

e level on the linear regression. (For interpretation of the references to color in this



Fig. 4. Normalization of the chemical composition of sediments in of the Bay of

Bengal record for hydraulic sorting effects. The K/Si and H2Oþ/Si ratios of the

sample are normalized to a common Al/Si ratio of 0.23 assuming that the

sediment sorting line passes through a unique coarse-grained end-member with

a composition close to river bedloads (given in the Supplementary information,

Table S1).
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sediment weathering trend. By considering that each sample of
the Bay of Bengal record is the result of the mixing between a
coarse-grained end-member, similar to bedload material and a
fine-grained, clay rich sediment, it is nevertheless possible to
normalize mobile to immobile ratios (X=Si) to a common Al/Si
composition as illustrated in Fig. 4 and Eq. (1):

Xn

Si
¼

Al

Si
UAþB ð1Þ

where A and B are respectively the slope and intercept of the
linear regression through the sample and coarse grained end-
member composition (Fig. 4). Such normalized ratios allow
comparing the chemical composition of sediments that have
contrasted grain sizes, while properly accounting for sorting
effects. Doing so, we assume that a unique coarse-grained end-
member composition can be assigned to the low Al/Si mixing
end-member and that the weathering signature is mainly carried
by the small grain size, clay fraction of the sediment load. This is a
reasonable approximation as: (1) contrary to the fine grained
suspended load, no systematic evolution of K/Si and H2Oþ/Si
ratios of modern bedloads in the Ganga basin is detected from up
to downstream (Lupker et al., 2012a), suggesting that the effect of
chemical weathering during transfer in the floodplain is negligible
for the coarse fraction of the transported sediments, and (2) the
transfer time of bedload material is thought to be an order of
magnitude longer than that of fine-grained suspended load
(Granet et al., 2010), which makes it less sensitive than the
suspended load to short-term upstream variations.

All corrected ratios presented here were normalized to a
common Al/Si value of 0.23. They are referred to as X=Si and are
listed in the supplementary information along with the composi-
tion of the coarse grained end-member used in the calculations.
The Al/Si value of 0.23 was chosen as the average composition of
the sediments exported by the modern Ganga, which was deter-
mined by modeling the chemical composition of sediments as a
function of the river’s hydrological conditions and integrated over
a 25-year average hydrograph (Lupker et al., 2011). This composi-
tion is also close to the composition of the Himalayan crust eroded
in the Ganga basin (Lupker et al., 2011). It should be noted that the
choice of the Al/Si ratio used for normalizing K/Si and H2Oþ/Si ratios
only determines the absolute values of K/Sin and H2Oþ/Sin but has
no influence on the general trends observed for Bay of Bengal
sediments.

Before normalization, the raw K/Si and H2Oþ/Si ratios of
sediments from the Bay of Bengal cores are correlated to Al/Si
(Fig. 5), which supports that K/Si and H2Oþ/Si are dominantly
controlled by grain size and sorting effects. However the normal-
ized K/Sin and H2Oþ/Sin ratios show no correlation with Al/Si,
which suggests that our normalization properly accounts for
sediment sorting.
3.4. Comparison with modern river sediments

In order to compare the weathering degree of the Bay of
Bengal sediment record to modern river sediments we applied a
similar normalization to the river sediments. The average com-
positions of modern river sediments for elements prone to sorting
effects (K/Sin, H2Oþ/Sin), reported in Fig. 5, were determined by
evaluating the regression through all available data of each river
reach and a coarse-grained end-member at Al/Si¼0.23. The
Himalayan front end-member was reconstructed from the river
sediments sampled at the Himalayan front in the Ganga basin and
the Brahmaputra basin separately assuming that ca. 60% of the
total sediment flux exported to the Bay of Bengal come from the
Brahmaputra and the remaining 40% come from the Ganga basin
(RSP, 1996). For compositions that are not affected by sorting
effects (calcite, Ca/Si, 87Sr/86Sr, eNd, d18O and d13C), a simple
average for the Ganga, Brahmaputra and lower Meghna and a
weighted mean for the Himalayan front were considered (details
can be found in supplementary information and Table S2).
4. Weathering in the Himalayan system

4.1. Weathering in the modern system

Chemical weathering is marked by a change in the mobile to
immobile ratio at constant Al/Si ratio. This mobile element
depletion is highest for fine-grained (high Al/Si) sediments
(Fig. 3). Modern Himalayan rivers sediments, sampled at the front
of the range show high K/Si ratios and low H2Oþ/Si ratios
compared to the sediments sampled at the outlet of the Ganga
and Brahmaputra basins and their confluence, the lower Meghna
(Fig. 3). The loss of K and gain in hydration during floodplain
transfer marks the weathering of the sediments within the
floodplain. Even if part of this weathering signal may stem from
the sediment contribution of the southern (Ganga) and eastern
(Brahmaputra) tributaries, their sediment fluxes remain small
compared to that of Himalayan tributaries (Lupker et al., 2012a;
Singh and France-Lanord, 2002). Calcite weathering in the mod-
ern floodplain is significant and leads to almost complete dis-
solution in Brahmaputra sediments in Bangladesh (Singh and
France-Lanord, 2002; Singh et al., 2005) while modern Ganga
sediments in Bangladesh display a low calcite content of ca. 3 wt%
(Lupker et al., 2012a).

It has been shown that in the modern Ganga basin, weathering
within the floodplain outweighs weathering within the Himala-
yan range (Lupker et al., 2012a; West et al., 2002). Significant K

depletion and H2Oþ gain is only recorded when sediments transit
through the floodplain (Lupker et al., 2012a), which is attributed
to the longer residence time of sediments in the floodplain than in
the Himalayan range. Overall, these observations emphasize the
strong floodplain control on weathering in the Himalayan system.



Fig. 5. K/Si and H2Oþ/Si in Bay of Bengal core sediments are strongly correlated to Al/Si, which is a proxy for grain size (Bouchez et al., 2011a; Lupker et al., 2011).

Correction for hydraulic mineral sorting yields unbiased weathering indicators (K/Sin and H2Oþ/Sin).
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4.2. Weathering record of the Bay of Bengal

The normalized weathering indexes (K/Sin and H2Oþ/Sin) are
not biased by sorting effects and can thus be applied to the Bay of
Bengal record to reconstruct temporal variations in chemical
weathering. Composite logs of K/Sin and H2Oþ/Sin (Fig. 6) show
a progressive evolution towards lower K/Sin and higher H2Oþ/Sin

ratios from the LGM to present. Both weathering proxies suggest
that during the LGM, sediments exported to the Bay of Bengal
were less weathered than recent Bay of Bengal and modern
lower-Meghna sediments. It should also be noted that the
chemical composition of sediments from the most recent part of
the Bay of Bengal record agrees well with that of the sediments
currently exported by the lower Meghna (Fig. 6).

Calcite content and Ca/Si ratios also decrease from LGM to
present (Fig. 6). Calcite in sediments from the Bay of Bengal is of
detrital origin as demonstrated by their isotopic composition
(d18OPDB ranging from �15 to �6%, see electronic appendix),
much lower than marine biogenic calcite (Hoehndorf et al., 2003)
and within the range of composition of detrital Himalayan river
calcite (Lupker et al., 2012a). The decrease in calcite concentration
and Ca/Si ratios since the last glacial maximum supplement the
K/Sin and H2Oþ/Sin records, further reinforcing the conclusion
that sediment weathering increased during the studied period.

Estuarine and early digenetic reactions such as weathering and
reverse weathering may affect the composition of deposited
sediments (Jones et al., 2012; Michalopoulos and Aller, 1995,
2004; Wallmann et al., 2008). The close agreement between the
chemical composition of modern lower Meghna sediments and
the recent part of the record, both from the shelf and the levee,
suggests that estuarine processes do not alter significantly the
composition of river sediments delivered to the Bay of Bengal.
The chemical weathering of sediments after deposition cannot
explain the trends observed in the Bay of Bengal record either.
Indeed, post-depositional weathering would lead to down-core
increase in the weathering intensity which is opposite to the
observed trend. Reverse weathering leads to an uptake of K and to
an overall decrease in structural OH radicals of the sediments
(Michalopoulos and Aller, 1995) but cannot explain the observed
down-core increase in detrital carbonate content. Furthermore,
during reverse weathering reactions, the newly formed minerals
will form in equilibrium with seawater so that the D/H isotopic
composition of their hydroxyls groups should become heavier
as reverse weathering reactions proceed. However no systematic
down-core increase in dDH2Oþ is observed (supplementary
information, Fig. S1).
5. Sediment provenance since the LGM

Potential sediment source effects on the chemical composition
of Bay of Bengal sediments since the LGM must be taken into
account as changes in precipitation and erosion patterns within
and across the Himalayan range may have affected the sedimen-
tary record. The Sr and Nd isotopic signatures of river sediments
in the Himalayan range are a first order indicator of the erosion
balance between the Lesser Himalaya (LH) and High Himalaya
(HHC) (and Transhimalayan formations – THB – for Brahmaputra)
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Fig. 7. Sr and Nd isotopic composition of the sediments from the Bay of Bengal.
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represented for comparison. The Sr and Nd isotopic data set of the Brahmaputra in
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compositions. This sample choice may have introduced a bias towards samples

that recorded a large input from the Teesta upstream right-bank tributary.

We therefore suspect the average Sr and Nd isotopic composition of the Brahmaputra

to be closer to the Brahmaputra in Guwahati and the Siang than our dataset suggests
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as these units have contrasted isotopic compositions (France-
Lanord et al., 1993; Singh and France-Lanord, 2002). Sediments
from the Ganga and Brahmaputra basins also show distinctive Sr
and Nd isotopic compositions so that changes in the balance of
sediment supply from both basins would be detected (Fig. 7).

Previous studies have shown contrasting changes in the
balance between sediments from the LH and HHC in the Indus
basin (Clift et al., 2008) and the western part of the Ganga basin
(Rahaman et al., 2009, 2010; Srivastava and Shukla, 2010) since
deglaciation. However, both Sr and Nd isotopic compositions of
Bay of Bengal sediments appear constant, implying that there is
no evidence for major changes in the distribution of erosion
within the Himalayan range at this scale (Fig. 8). The Sr and Nd
record also suggests that the balance between the Brahmaputra
and Ganga has remained roughly constant over the last 20 kyrs.
A significant change in the sediment balance between Ganga and
Brahmaputra would furthermore result in a correlated evolution
of K/Sin and H2Oþ/Sin, whereas these ratios are actually anti-
correlated since the LGM (Fig. 6), demonstrating that the weath-
ering signal overprints any potential change in sediment source.

An increase in sediments from the Siwalik or from southern
tributaries through time is also very unlikely. Siwalik rocks
and sediments are characterized by high carbonate content and
low d13C compositions (Lupker et al., 2012a; Sanyal et al., 2005).
Thus, the concomitant decrease of both carbonate content and
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d13C values observed in the Bay of Bengal sediments is not
compatible with an increase of sediment supply from the Siwa-
liks. In addition, sediments from the Chambal River in the Ganga
basin and the Eastern tributaries of the Brahmaputra basin (Lohit
and Dibang) have distinctively higher Fe/Si ratios and unradio-
genic Sr and Nd signatures (Lupker et al., 2012a; Singh and
France-Lanord, 2002; Singh et al., 2008) that are not identified
in our record (see supplementary information, Fig. S1).

Altogether, the observed changes in Bay of Bengal sediment
mobile elements composition since the LGM can thus be primar-
ily attributed to changes in the chemical weathering intensity in
the Ganga and Brahmaputra basin.
6. Discussion

6.1. Climatic forcing of Himalayan chemical weathering

During the last 21 kyrs, climate has been the main external
forcing of Himalayan erosion that could have affected the Bay of
Bengal weathering signal. Paleo-temperature reconstructions
over the Himalayan system are scarce but indicate a ca. 2 1C
colder LGM sea surface temperature (SST) in the Bay of Bengal
(Kudrass et al., 2001). Hydrological changes were significant with
strongly reduced monsoon and therefore a lower continental
runoff during the last glacial (Cullen, 1981; Duplessy, 1982;
Herzschuh, 2006; Kudrass et al., 2001), which reduced the
sediment supply to the Bay of Bengal (Goodbred, 2003; Weber
et al., 1997). Precipitation and temperature directly control the
weathering rate of minerals (White and Blum, 1995), and the
conditions during the LGM where therefore less favorable for
intense weathering in the floodplain. These changes in floodplain
weathering are confirmed by the evolution of clay assemblages in
the southern part of the basin that suggests an increase in
weathering intensity from at least 10 kyr to present (Heroy
et al., 2003).

Additional, independent processes should not be excluded
(Blum and Tornqvist, 2000). The lower base level and a reduced
sediment supply during the LGM could have lead to channel
incision and a narrower active floodplain (Goodbred, 2003; Heroy
et al., 2003), which would reduce channel—floodplain interac-
tions and limit the supply of weathered floodplain sediments to
the Bay of Bengal. A complete abandonment of the floodplain
during the LGM is nevertheless unlikely as floodplain derived
organic material is persistent in the Bay of Bengal cores through-
out the deglaciation (Galy et al., 2008) but changes in the
sediment locus and volume being mobilized should not be
excluded (Dosseto et al., 2010).

The weathering degree of sediments does, however, not show
any clear change in response to the decrease of monsoon intensity
after the Holocene Climatic Optimum (HCO) (Kudrass et al.,
2001). The sediment fluxes during the HCO were up to double
modern fluxes as indicated by sediment volume reconstructions
(Goodbred, 2003). These high sediment fluxes may have obliter-
ated the intense weathering conditions prevailing at that time. It
can also not be ruled out that modern sediments reflect the
export of material weathered during the HCO owing to a long-
sediment transfer time so that the post-HCO decrease in pre-
cipitation is not yet recorded in the Bay of Bengal. The impact of
anthropogenic activity in the Indo-Gangetic floodplain should
also be considered as intense land use changes, certainly sig-
nificant more than 3 centuries ago (Ramankutty and Foley, 1999),
may overprint the climatic forcing of the weathering degree in the
recent part of the record if already significant thousands of years
ago (Bayon et al., 2012).
The sediment transfer time through the Himalayan system has
to be considered as well, as a long transfer time would induce a
temporal offset between the suggested climatic forcing of weath-
ering in the Ganga and Brahmaputra basin and its recording in the
sediment record of the Bay of Bengal. The sediment transfer time
in large continental basins remains difficult to constrain. U-series
disequilibrium studies on Ganga sediments suggest that the
transfer time of coarse sediments may reach several 100 kyrs
while fine grained suspended material travel in less than 25 kyrs
(Chabaux et al., 2006, 2009; Granet et al., 2007, 2010). However,
simple mass balance considerations based on the volume of the
active floodplain and grain size along with modern sediment
fluxes suggest shorter transfer time scales of 1 kyrs for fine
(o100 mm) sediments along the Ganga floodplain (Lupker et al.,
2012b) and most probably even shorter transfer time along the
narrower Brahmaputra floodplain. In addition, short term varia-
bility of the chemical composition of Ganga sediments observed
in Bangladesh and attributed to the variable input of a 41000 km
distant, upstream tributary suggests that for fine-grained sus-
pended sediment the transfer time can be of the order of the
season (Lupker et al., 2012a). Finally, a relatively short transfer
time is also supported by the organic carbon Bay of Bengal record,
which shows a change in vegetation photosynthetic type over the
Ganga and Brahmaputra basin from the last glacial to present
(Galy et al., 2008). This vegetation change follows the model
predictions and would not be recorded if the sediment transfer
time exceeded glacial–interglacial time scales.

Although the transfer time of sediments is probably significant
and remains difficult to quantify, a network of evidences suggests
that it is lower than glacial–interglacial time scales for fine
sediments such as those composing the Bay of Bengal record
(high Al/Si ratios). Thus, the observed weathering trends most
likely results from the direct or indirect climatic forcing of
weathering in the Ganga and Brahmaputra basin.
6.2. Towards a quantitative weathering budget

Changes in the net weathering flux or dissolved flux (jX) can
be estimated by considering that, at steady state, the weathering
flux exported as solutes to the oceans is the product of the mobile
element depletion of sediments (DX) and the sediment flux (Fsed)
(Lupker et al., 2012a):

jK ¼ FsedUDX ¼ FsedU
X

Si Source

U½Si�Source�
X

Si Sink

U½Si�Sink

 !
ð2Þ

where X=Si is the average mobile to immobile ratio of the source
and sink sediments and ½Si� the average Si concentration of the
sediments. A high-resolution reconstruction of weathering fluxes
is pointless, as the steady state hypothesis is likely not fully
satisfied over short time-scales because of late Holocene climatic
variations and anthropogenic imprints (possibly acting over time-
scales shorter than the sediment residence time in the floodplain).
A first order estimate can nevertheless be made by comparing the
loss of K, and gain in H2Oþ , relative to Himalayan front sediments
for the LGM (19–22 kyr) and the modern (0–2 kyr) part of the
record.

The average K=Si and H2Oþ =Si ratios of the exported sediment
flux can be estimated based on the average Al/Si ratio of the
sediments, as Al/Si is relatively insensitive to chemical weath-
ering. The average Al/Si ratio of sediments was estimated to be

0.23 for the Ganga in Bangladesh (Lupker et al., 2011). Hence, K=Si

and H2Oþ =Si are well approximated by K=Sin and H2Oþ =Sin, as
for these ratios the composition of the sediment is normalized to
an Al/Si ratio of 0.23.



Table 1
Relative changes in the weathering flux delivered to the Bay of Bengal as dissolved

load from the LGM to present (RjK and RjH2 Oþ ) assuming a constant sediment

flux over the period. The weathering flux was estimated using Eq. (3) for K and

H2Oþ from the Himalayan front and Bay of Bengal end-members reported in

the table.

LGM Modern

Sediment flux (t/yr) 1�109 1�109

Himalayan front K=Si* 0.0574 (70.0025) 0.0574 (70.0025)

H2Oþ =Si* 0.1009 (70.0068) 0.1009 (70.0068)

Bay of Bengal K=Si* 0.0553 (70.0005) 0.0510 (70.0017)

H2Oþ =Si* 0.1034 (70.0075) 0.1236 (70.0026)

RuK 67 (728)%

RuH2 Oþ 89 (736)%
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Because the effect of weathering in the Himalayan range is not
detected on the K/Si and H2Oþ/Si composition of modern river
sediments sampled at the front of the Himalayan range (Lupker
et al., 2012a), we conclude that the composition of these sedi-
ments is a good approximation of the average composition of the
sediment source. This observation also excludes the possibility of
a significantly lower degree of sediment weathering within the
Himalayan range during the LGM, as weathering for K and H2Oþ

is already limited at present. We therefore consider that the
Himalayan front end-member (as constrained from the mixture of
60% of sediments from the Himalayan front in the Brahmaputra
basin and 40% in the Ganga basin) is a good first order approx-
imation of the sediment source composition, both in the modern
day system and during the LGM. The modern dissolved flux of Si
is negligible compared to the solid Si fluxes (Galy and France-
Lanord, 2001) and this was most likely also the case during the
LGM as the chemical weathering intensity was even lower than at
present. Furthermore the Si concentration of the exported sedi-
ments is only slightly affected by sequestration of Si-rich bedload
sediments in the modern floodplain (Lupker et al., 2012a) and we
make the assumption that this has been true during the last
21 kyrs. Hence, we consider ½Si� constant during the time span of
our record.

The change in the weathering flux (RjX) of mobile element X

from LGM to present relative to the modern fluxes can therefore
be written as:

RjX ¼
jX9Modern�jX9LGM

jX9Modern

¼
FModern

Sed U X=Sin9Modern

Himal Front�X=Sin9Modern

BoB

� �
�FLGM

Sed U X=Sin9LGM

Himal Front�X=Sin9LGM

BoB

� �
FModern

Sed U X=Sin9Modern

Himal Front�X=Sin9Modern

BoB

� �
ð3Þ

In order to estimate RjX from Eq. (3), the sediment flux (Fsed)
has to be estimated at present and during the LGM. Based on
extensive gauging data the combined modern flux of the Ganga
and Brahmaputra in Bangladesh is estimated to be ca. 1�109 t yr�1

(RSP, 1996). The past sediment flux exported by the Ganga and
Brahmaputra is largely unknown. However, qualitatively, the sedi-
ment flux was most probably lower during the LGM than at present.
A weakened monsoon during the LGM (Kudrass et al., 2001; Sharma
et al., 2004) may have limited physical erosion in the Himalayan
range and lowered the transport capacity of the rivers, leading to a
lower sediment flux to the Bay of Bengal (Weber et al., 1997;
Goodbred, 2003). A very conservative estimate of the minimum
value of RjX can therefore be made assuming a constant sediment
flux over the period. By doing so we also isolate the effect of the
change in the chemical composition of sediments only.

Rj was computed using Eq. (3) for K and H2Oþ and is
summarized in Table 1. Uncertainties on the K/Sin and H2Oþ/Sin

ratios of individual samples are ca. 3% (Supplementary
information S3). This is of the same order as the variability of
K/Sin and H2Oþ/Sin ratios over the 0–2 and 19–22 kyr intervals or
of the uncertainties on the regression through the data for the
Himalayan front sediments. These uncertainties were propagated
through the calculations of RjX and reported in Table 1. The
sensitivity of the weathering budget to the average Al/Si ratio of
sediments is lower than the uncertainty propagated from the
variability of K/Sin and H2Oþ/Sin ratios (see supplementary
information S3). This first order estimation shows that the weath-
ering flux during the LGM was at least 67 (728)% and 89 (736)%
lower (for K and H2Oþ , respectively) than for the modern period
(0–2 kyrs) for a constant sediment flux (i.e. respectively 33%
and 11% of the present weathering flux). The main uncertainty
on these estimates comes from the uncertainty on the sediment
Ganga and Brahmaputra sediment flux during the LGM. A sediment
flux during the LGM of half the present day sediment flux would
induce a 83% and 95% lower weathering flux during the LGM
compared to present for K and H2Oþ , respectively (i.e. 17% and 5%
of the present weathering flux).

The loss of K in the Himalayan system is mainly attributed to
the weathering of biotite while the gain in hydration also depends
on clay secondary mineral formation (Lupker et al., 2012a).
Because the reaction mechanisms in both cases are different,
their sensitivity to changes in precipitation and temperature is
also most probably different. Despite our estimates for both
proxies being similar within uncertainty, it would not be surpris-
ing that the relative changes in weathering fluxes recorded by
K and H2Oþ could be different. It is not possible to estimate the
relative change in calcite weathering using a similar approach,
because for calcite the Himalayan source composition cannot be
reliably estimated. Indeed, significant carbonate dissolution has
been documented within the Himalayan range (Galy et al., 1999),
hence, Himalayan front river sediments cannot accurately repre-
sent the eroded source. In addition, no direct estimation of the
average calcite content of Himalayan rocks is available.

Our quantification of the change in the net weathering flux
from LGM to present should only be considered as a rough
estimate. In particular, it should be kept in mind that these
estimates somewhat depend upon the assumption of a transition
between two steady state weathering stages. Nevertheless, our
estimates suggest that changes in weathering fluxes exported by
the Himalayan system have been significant over short time
scales of ca. 20 kyrs. The magnitude of the variations in weath-
ering fluxes reconstructed here exceeds previous estimates
(Foster and Vance, 2006). This may be attributed in part to the
very high weathering rates of glacial outwash during the very
early stage of an interglacial, as proposed earlier (Foster and
Vance, 2006; Vance et al., 2009) combined to the short time span
of our record. However, for the Himalayan system the weathering
intensity in the modern floodplain (Lupker et al., 2012a; West
et al., 2002) supports the dominant role of the floodplain in
modulating glacial to interglacial weathering fluxes. This study
further emphasizes that present day weathering rates are likely
higher than long-term averages, which supports the idea that the
imbalance of oceanic geochemical cycles may at least partially
derive from the over-estimation of Quaternary riverine fluxes to
the oceans (Vance et al., 2009).
7. Conclusions

The geochemistry of detrital sediment records holds valuable
information on the weathering regime these sediments have
undergone during their transit from sediment producing areas
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to their deposition in sedimentary basins. The chemical composi-
tion of these sediments is primarily controlled by sediment
sorting effects that occur during transport and deposition. Never-
theless weathering signals can be extracted from the sediment
chemical composition if sorting is properly taken into account by
comparing sediment records to modern river systems.

The detrital record presented here shows that the degree of
chemical weathering experienced by sediments exported by the
Himalayan system, drained by the Ganga and Brahmaputra
Rivers, has changed significantly since the LGM. An overall
decrease in potassium and detrital calcite content along with an
increase in sediment hydration all point towards a steady
increase in the weathering degree of sediments over the last
21 kyrs, while the sediment provenance has remained unchanged.
These changes in the weathering regime are attributed to the
direct climatic forcing of chemical weathering in the floodplain, as
increasing precipitation and temperatures after the deglaciation
favored mineral weathering kinetics. Additional hydrological
changes in response to increasing runoff and rising base level
might also have impacted weathering through enhanced channel-
floodplain interactions.

A first order estimation of changes in the weathering flux
delivered to the oceans can be made using the detrital record and
conservatively assuming a steady sediment flux. It shows that
weathering fluxes from the Himalayan system could have been
reduced by 90% during the LGM. This supports previous evidence
that current dissolved fluxes are likely higher than average
Quaternary estimates. These drastic changes in solute supply to
the oceans on glacial–interglacial time scales have to be
accounted for to reconstruct global oceanic biogeochemical
cycles.
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