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Common environmental adsorbents (clay minerals, metal-oxides, metal-oxyhydroxides and organic matter) can 
significantly impact the chemistry of aqueous fluids via adsorption–desorption reactions. The dissolved chemistry 
of rivers have routinely been used to quantify silicate mineral dissolution rates, which is a key process for 
removing carbon dioxide (CO2) from the atmosphere over geological timescales. The sensitivity of silicate 
weathering rates to climate is disproportionately weighted towards regions with high erosion rates. This study 
quantifies the impact of adsorption-desorption reactions on the chemistry of three large Himalayan rivers over 
a period of two years, utilising both the adsorbed and dissolved phases. The concentration of riverine adsorbed 
cations are found to vary principally as a function of the concentration and cation exchange capacity (CEC) 
of the suspended sediment. Over the study period, the adsorbed phase is responsible for transporting ∼70% 
of the mobile (adsorbed and dissolved) barium and ∼10% of the mobile calcium and strontium. The relative 
partitioning of cations between the adsorbed and dissolved phases follows a systematic order in both the monsoon 
and the dry-season (preferentially adsorbed: Ba > Sr & Ca >Mg & K > Na). Excess mobile sodium (Na*=Na-Cl) to 
silicon (Si) riverine ratios are found to vary systematically during an annual hydrological cycle due to the mixing 
of low temperature and geothermal waters. The desorption of sodium from uplifted marine sediments is one key 
process that may increase the Na*/Si ratios. Accounting for the desorption of sodium reduces silicate weathering 
rate estimates by up to 83% in the catchments. This study highlights that surficial weathering processes alone 
are unable to explain the chemistry of the rivers studied due to the influence of hydrothermal reactions, which 
may play an important role in limiting the efficiency of silicate weathering and hence modulating atmospheric 
CO2 concentrations over geological time.
1. Introduction

The dissolution of silicate minerals by carbonic acid is an impor-

tant chemical reaction for stabilising atmospheric carbon dioxide (CO2) 
concentrations over million year timescales (Berner, 1990). This process 
provides a pathway for the net transfer of carbon from the atmosphere 
to the hydrosphere (Ebelmen, 1845). The global sensitivity of silicate 
mineral dissolution rates to climatic factors (e.g., precipitation, temper-

ature) is thought to be disproportionately controlled by highly erosive 
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regions, which are not limited by the supply of water and acids, or 
shielded by regolith (e.g., Stallard and Edmond, 1987; West et al., 2005; 
Brantley et al., 2023). The Himalayas is a key example of such a region, 
where it is postulated that uplift-driven increases in silicate weathering 
rates reduced atmospheric CO2 concentrations and surface tempera-

tures during the Cenozoic (Raymo and Ruddiman, 1992). Consequently, 
numerous studies have focused on the quantification of silicate weath-

ering rates in such regions (e.g., Galy and France-Lanord, 2001; Bickle 
et al., 2005).
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Commonly environmental adsorbents (clay minerals, metal–oxides, 
metal–oxyhydroxides and organic matter) are capable of modifying 
the chemistry of aqueous fluids via adsorption-desorption reactions. 
These phases can be classified as authigenic or detrital depending on 
their provenance. Authigenic phases form in the modern weathering 
environment, whereas detrital phases are sourced from the physical 
weathering of pre-existing rocks. Detrital phases can therefore either 
be from a previous weathering cycle (and uplifted on to the continents 
within sedimentary units) or formed during diagenesis/metamorphism. 
Adsorption-desorption reactions complicate the quantification of chemi-

cal weathering rates via the removal or addition of chemical weathering 
products from solution. For example, contemporary silicate weathering 
rates are commonly quantified using dissolved sodium measurements 
corrected for other non-silicate sodium sources (Gaillardet et al., 1999; 
Moon et al., 2014). A number of studies have highlighted the potential 
ability of recycled detrital adsorbents to retain sodium during marine 
burial or contact with saline brines, which rapidly desorbs upon contact 
with terrestrial waters (Tipper et al., 2020; Cerling et al., 1989). This 
process provides an alternative source of sodium to rivers—inflating es-

timates of silicate weathering rates which are typically calculated as 
a linear function of dissolved sodium concentrations (Galy and France-

Lanord, 1999)—leading to an overestimation of atmospheric CO2 draw-

down rates. Furthermore, within highly erosive regions (where the 
concentration of suspended sediment is often at its greatest) a signif-

icant proportion of the dissolved chemical weathering products may be 
transported by rivers in the adsorbed phase. To identify the impacts of 
adsorption-desorption reactions on river chemistry, both the adsorbed 
and dissolved phases (collectively termed mobile phases) must be quan-

tified.

In the present study, we provide a time series of mobile cation con-

centrations collected over a two-year period at a frequency of 2 to 
7 days. This allows for a robust quantification of the bias in silicate 
weathering fluxes in three Himalayan catchments — covering an area 
of 88000 km2 (Fig. 1). These catchments are some of the most rapidly-

eroding on Earth (Andermann et al., 2012; Lupker et al., 2012), and are 
hence pivotal for understanding the relationship between tectonics and 
atmospheric CO2 concentrations.

2. Methods

2.1. Localities and samples

A time series of water and suspended sediment samples were col-

lected between 2015 and 2018 from the middle of the channel at 
the surface of the water column. Collected samples span the entire 
range of suspended sediment concentration and discharge profiles of 
the Saptakoshi and Sunkoshi rivers (Fig. 1). Additional paired samples 
were collected from the Narayani River between 2015 and 2017, from 
the surface and at depth, using a modified WildCo™ Van Dorn style 
depth sampler. All paired water–sediment samples were filtered in-situ 
through 0.22 μm polyethersulfone (PES) membranes. Suspended sedi-

ment samples were scraped from the filters to avoid perturbing the 
chemical composition of the adsorbed phase (Sayles and Mangelsdorf, 
1977), before being freeze or oven dried at temperatures of less than 
40 ◦C. An additional 345 water samples, collected at intervals of 1 to 7 
days from the Saptakoshi and Sunkoshi rivers, were used to increase the 
temporal resolution of the dissolved cation data. A time series of previ-

ously published discharge measurements, suspended sediment concen-

trations, and dissolved ion concentrations were used for the Narayani 
River (Märki et al., 2021; Morin et al., 2018). Daily discharge and 
suspended sediment concentration measurements from the monsoon 
period (May-September) and near-daily measurements outside the mon-
2

soon period were collected from the Saptakoshi and Sunkoshi rivers.
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The sampled rivers are significant tributaries of the Ganges-

Brahmaputra river system, the second largest point source of sediment 
to the oceans (Milliman and Farnsworth, 2013). Notably, all catch-

ments contain a range of lithologies, including uplifted marine sedi-

ments present within the Tethyan Sedimentary and Lesser Himalayan 
Sequences (TSS & LHS; Fig. 1). The denudation rates of the studied 
catchments range between 0.5 and 2.1mmyr−1 (Andermann et al., 
2012; Lupker et al., 2012). This is 9 to 39 times greater than the mean 
global denudation rate (Wittmann et al., 2020), but is typical of de-

nudation rates across the Himalayas (Andermann et al., 2012; Lupker 
et al., 2012) and other mountainous regions (Montgomery and Bran-

don, 2002).

2.2. Identifying biases to the quantification of silicate weathering rates 
using river chemistry

Field-based silicate weathering rates are commonly quantified by 
tracing the dissolved products of silicate weathering reactions. Dis-

solved riverine sodium (Nadiss) has been routinely used to quantify 
global silicate weathering fluxes because it is relatively easily corrected 
for non-silicate sodium sources (cyclical [c], evaporites [e], anthro-

pogenic pollution [a]) and demonstrates conservative behaviour in most 
rivers (it is not readily removed from the dissolved phase; e.g., Gail-

lardet et al., 1999; Moon et al., 2014):

𝑁𝑎𝑠𝑖𝑙 =𝑁𝑎𝑑𝑖𝑠𝑠 −
∑
𝑁𝑎𝑐,𝑒,𝑎 (1)

The dominant non-silicate sodium source is often assumed to be from 
halite (NaCl) dissolution, such that sodium derived from the dissolution 
of silicate minerals is given by:

𝑁𝑎∗ =𝑁𝑎𝑑𝑖𝑠𝑠 −𝐶𝑙𝑑𝑖𝑠𝑠 (2)

Where Cldiss is dissolved chloride. In highly erosive catchments, where 
suspended sediment concentrations are high, cations bonded to the sur-

faces of sediment (adsorbed) also become important to quantify (Tipper 
et al., 2020):

𝑁𝑎∗ =𝑁𝑎𝑑𝑖𝑠𝑠 +𝑁𝑎𝑎𝑑 −𝐶𝑙𝑑𝑖𝑠𝑠 =𝑁𝑎𝑚𝑜𝑏 −𝐶𝑙𝑑𝑖𝑠𝑠 (3)

The dissolved and adsorbed phases are collectively termed the mobile

phase in this study, due to their ability to equilibrate over very short 
timescales (Sparks, 1986). To test for the impact of sodium desorp-

tion on river chemistry, observations of elements commonly released 
by silicate weathering (Na and Si) were used. For sodic silicate mineral 
dissolution, in the absence of significant contributions from non-sodium 
bearing chloride salts (KCl, CaCl, MgCl), it is expected that the ratio of 
mobile sodium to chloride should be greater than 1:

(
𝑁𝑎

𝐶𝑙

)
𝑚𝑜𝑏

> 1 (4)

It is also expected that the ratio of Na* (sodium corrected for chloride) 
to dissolved silicon should be equal to that of the silicate minerals for 
congruent dissolution:

(
𝑁𝑎−𝐶𝑙
𝑆𝑖

)
𝑚𝑜𝑏

=
(
𝑁𝑎∗

𝑆𝑖

)
𝑚𝑜𝑏

=
(
𝑁𝑎

𝑆𝑖

)
𝑠𝑖𝑙

(5)

The desorption of sodium from recycled detrital adsorbents will in-

crease this ratio via the addition of sodium to fluids.

2.3. Quantifying mobile (adsorbed and dissolved) element concentrations

Element concentration measurements for both phases were per-

formed via inductively coupled plasma optical emission spectroscopy 
(ICP-OES). Two external certified reference standards (SLRS-6 and SPS-
SW2) were repeatedly measured between sample analyses to determine
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Fig. 1. A simplified geological map of the study catchments. The majority of the samples were collected from stationary sampling sites located on the map by the 
black diamond markers (1: Saptakoshi River at Chatara; 2: Sunkoshi River at Khurkot; 3: Narayani River at Narayanghat). Known hot spring locations from Evans 
et al. (2004) and Oliver et al. (2003) are shown via small grey circles. Major lithological units derived from Yin and Harrison, 2000 and Hou et al., 2015 are plotted 
as follows: Alluvial Floodplain Sediments (AFS); Sub-Himalayan Zone (SHZ); Lesser Himalayan Sequence (LHS); Greater Himalayan Crystalline Complex (GHC); 
Tethyan Sedimentary Sequence (TSS); Lhasa Terrane (LHT); Tertiary Linzizong Volcanics (TLV); Leucogranite (LGR); Ophiolite (OPH); Cretaceous-Tertiary Granite 
(CGR); PMS (Proterozoic Metasediments). Uplifted marine sedimentary rocks (including shales) are found within the LHS and the TSS. Major structural features are 
also shown: Himalayan Frontal Thrust (HFT); Main Boundary Thrust (MBT); Main Central Thrust (MCT); South Tibetan Detachment (SDT).
the uncertainty of element concentration measurements. A breakdown 
of the precision and accuracy of the standard analyses is provided in 
the supplementary (Table S.1).

The desorption of adsorbed cations from the suspended sediment 
was achieved using two independent, well-established methods (am-

monium chloride and calcite-saturated hexamminecobalt(III) chloride). 
Ammonium chloride (1.0mol l−1 , Puratronic™ 99.999% metal basis, 
Thermo Scientific) was selected as a reagent based on its widespread 
use in soil studies (Sparks et al., 2020). The desorption of an adsorbed 
ion (X) by NH4

+ is summarised below, where S represents a negatively 
charged surface exchange site:

NH4
+ +X−S ←←←←←←←←←←←←←←←←→NH4−S +X+ (6)

Despite its widespread use, the displacement of adsorbed cations by am-

monium chloride has been shown to induce carbonate dissolution (Ap-

pelo, 1996). To prevent contamination of the adsorbed phase, calcite-

saturated hexaamminecobalt(III) chloride (CoHex) was also used (99% 
metals basis, Sigma Aldrich). CoHex has proved to be an effective 
reagent for the displacement of adsorbed cations, whilst minimising car-
3

bonate dissolution (Lupker et al., 2016; Aran et al., 2008):
[Co(NH3)6]3+ + 3X−S ←←←←←←←←←←←←←←←←→ [Co(NH3)6]−S3 + 3X+ (7)

Calcite saturation was achieved by adding CaCO3 powder (99.98%) to 
CoHex at a concentration of 25.0mg l−1 . The calcite-saturated CoHex 
was filtered after a period of 24 hr through 0.22 μm polyethersulfone 
(PES) membranes to remove excess calcite.

To displace the adsorbed riverine cations, 12.0ml of reagent 
(1.0mol l−1 NH4Cl or calcite-saturated 0.0167mol l−1 CoHex) was 
added to 0.200 g of sediment in an acid-cleaned polypropylene cen-

trifuge tube. The tube was then manually shaken, before being placed in 
an ultra-sonic bath for 20min—to ensure the sediment and reagent were 
thoroughly mixed. The centrifuge tube was then placed on a shaker ta-

ble for a period of 2 hr. The samples were centrifuged at 3100 g for 
30min to separate the sediment from the supernatant. The supernatant 
was subsequently transferred via pipette into a separate acid-cleaned 
centrifuge tube. Another 12.0ml of reagent was then added to the same 
sediment sample, and the whole process was repeated to maximise the 
desorption of sediment-adsorbed riverine cations, whilst minimising the 
dissolution of sediment. Throughout the procedure, all supernatants 
were immediately filtered through 0.22 μm PES membrane filters to 
ensure the effective separation of the sediment and supernatant. The 

desorption process was performed at room temperature and pressure 
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(298K, 1 atm). All reagents used were also at room temperature. Con-

centrations of abundant, structurally-bound, mineral lattice elements 
(Al, Fe, and Si) were monitored in the supernatant solutions to identify 
any potential sediment dissolution occurring during the leaching pro-

cedure. Structural cation concentrations were all less than 0.1 μg l−1 , 
suggesting no significant dissolution. Radiogenic strontium isotope 
measurements of the adsorbed and dissolved phases were also used 
to confirm samples hadn’t been impacted by carbonate dissolution 
(Fig. S.5).

2.4. The determination of cation exchange capacities (CEC)

The total capacity of the sediment to reversibly adsorb cations 
(cation exchange capacity, CEC) at a fixed set of conditions (e.g., pH, 
temperature etc.) is an important property of the sediment. Measure-

ments of CEC provide verification that the displacement procedure has 
been effective—maximising the yield of adsorbed cations whilst min-

imising the dissolution of solid phases. Evidence about the composition 
of the adsorbent phases in the sediment can also be deduced from the 
CEC. Three different measurement methods were used to constrain the 
CEC of suspended sediment samples: ICP-OES (ammonium chloride), 
ICP-OES (CoHex) and UV-Vis photospectrometry (CoHex) (section S.1).

2.5. Minimising the bias in temporally limited sampling

The parameters that directly impact mobile cation fluxes (discharge, 
suspended sediment concentrations and CECs) can vary by orders of 
magnitude during a single year. To minimise any uncertainty in mea-

sured fluxes induced by this natural variability, a time series approach 
was used to estimate long-term mobile cation fluxes. Observed rela-

tionships between discharge, time, and cation concentrations (QTC) 
were exploited to numerically interpolate the dissolved element data 
to the same frequency of the discharge and suspended sediment mea-

surements (measured near-daily during the monsoon and every 1 to 
4 days during the dry season; figs. S.2 and S.3). To minimise the un-

certainty in the models, dissolved cation samples were collected to 
span the full discharge range. Non-linear regression analyses were sub-

sequently performed to quantify exponents and coefficients for four 
different QTC models (Table S.3). Adsorption-desorption reaction selec-

tivity coefficients, which describe the partitioning of adsorbed and dis-

solved cations between the suspended sediment and water, were used 
to increase the temporal frequency of adsorbed cation measurements 
(Table S.2). Several different conventions are used in the literature 
to describe adsorbed cation activities. The Gaines-Thomas convention 
was adopted due to its thermodynamic consistency and widespread use 
(Gaines and Thomas, 1953; Townsend et al., 1984). Model uncertainties 
were propagated using standard Monte-Carlo techniques (section S.3.5).

3. Results

3.1. The variability of mobile cation fluxes

3.1.1. Precipitation driven changes in mobile cation concentrations

During the Indian Summer Monsoon, increased precipitation rates 
drive greater riverine discharges (Fig. 2a). The largest change is ob-

served in the Saptakoshi, which rises from an average discharge of 
640m3 s−1 to 2700m3 s−1 . The Sunkoshi has a slightly lower increase 
(240m3 s−1 to 810m3 s−1). Discharge measurements for the Narayani 
were only available for the monsoon, which has the greatest average 
discharge during this period (3200m3 s−1). The increase in precipitation 
and discharge mobilises and suspends sediment in the river, increasing 
sediment concentrations (Fig. 2b). Average suspended sediment con-

centrations in the Saptakoshi and Sunkoshi increase by a factor of 9 to 
10 (0.20 g l−1 to 1.80 g l−1 in the Saptakoshi, 0.27 g l−1 to 2.64 g l−1 in 
the Sunkoshi). Suspended sediment concentrations during the monsoon 
4

commonly exceed 10 g l−1 , or 20 times the global average (0.5 g l−1 ; 
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Milliman and Farnsworth, 2013). Consequently, suspended sediment 
fluxes are 4 to 5 orders of magnitude greater, increasing from a min-

imum of 0.03 t day−1 in the Sunkoshi to a maximum of 24000 t day−1
in the Narayani (Fig. 2c). The increase in sediment flux is accompa-

nied by a 2.5 fold increase in the average CEC (2.4 meq/100 g to 5.9 
meq/100 g, Fig. 2d). Despite a measurable offset between the seasons, 
the CECs are highly variable throughout the year with a relative stan-

dard deviation of 65% (maximum = 23.5 meq 100 g−1, minimum = 0.7 
meq 100 g−1).

The increase in suspended sediment concentrations and CECs dur-

ing the monsoon increases the concentration of surface sites available 
for adsorption in the river per unit volume of water (𝐶𝐸𝐶𝑉 ) by over 
an order of magnitude on average (Fig. 3g). This results in the propor-

tion of adsorbed ions being 21-23% of the total mobile concentrations 
for elements such as calcium and strontium (Fig. 3b&f), and 71% for 
barium (Fig. 3a). The proportion of cations adsorbed is highly vari-

able throughout the monsoon, varying mostly with suspended sediment 
concentrations. Calcium and strontium have the largest range in the 
proportion of cations adsorbed (3% to 84%). Sodium has the smallest 
range (0 to 42%).

Outside the monsoon period, there is less precipitation and less 
mobilisation of sediment (0.25 g l−1 average). The average CEC of the 
sediment transported is also lower (0.7 meq 100 g−1). Consequently, the 
concentration of surfaces available for adsorption in the river is greatly 
reduced (55 𝜇eq L−1; averaged by month then season). Barium is the 
only element measured that is significantly transported as an adsorbed 
cation during the dry-season (32% of the mobile Ba, Fig. 3a).

3.1.2. Extreme sediment concentration events: landslides and glacial lake 
outburst flood events

Transient events with suspended sediment concentrations above 
25 gL−1 are observed in all the rivers. One such event has been identi-

fied as a glacial lake outburst flood (GLOF) in the Sunkoshi catchment 
(Cook et al., 2018) and had a suspended sediment concentration of 
47 gL−1 (Fig. 2b). These events are rarely sampled in chemical weath-

ering studies due to their unpredictable nature and risk to human life. 
The extreme suspended sediment concentrations result in very high 
adsorbed to dissolved cation ratios. For example, up to 97% of the 
mobile barium, and up to 83% of the mobile calcium and strontium, 
are transported bound to the surfaces of the suspended sediment during 
these events. Very high suspended sediment fluxes (up to 12500 t day−1) 
result in up to 13% of the annual adsorbed cation budget being trans-

ported during extreme events, despite transporting a negligible propor-

tion of the dissolved cation budget (∼2%).

3.2. The consistency of mobile cation partitioning between the adsorbed 
and dissolved phases

Despite large annual variations in discharge, suspended sediment 
concentrations, and CECs, the relative partitioning of cations between 
the adsorbed and dissolved riverine phases remains relatively constant 
(Fig. 3g). The sequence, in order of greatest proportion adsorbed is: 
Ba2+ > Sr2+ & Ca2+ > K+ & Mg2+ > Na+. This ordering is unchanged 
despite 𝐶𝐸𝐶𝑉 changing by 4 orders of magnitude.

3.3. The long-term adsorbed and dissolved cation budgets

Time-averaged cation concentrations calculated from extensive time 
series data sets were used to remove bias from temporally limited sam-

pling (Fig. 4, section 2.5). The water and suspended sediment fluxes are 
dominated by the monsoon, with 80% of the water and 98% of the sed-

iment transported during this period (Fig. 4a). Dissolved cation fluxes 
are predominantly a function of discharge, whereas adsorbed cation 
fluxes can be approximated to be directly proportional to suspended 
sediment fluxes. Consequently, 74% to 100% of the mobile cation bud-
gets are transported during the monsoon. The reduction from direct 
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Fig. 2. Minimum, maximum and mean river discharges (a), suspended sediment concentrations (b), suspended sediment fluxes (c) as a function of the time of the 
year. Sub-figure d) measured cation exchange capacities (CECs) as a function of the time of the year. Extreme sediment concentration events are highlighted on plot 
b) by star markers. The grey shaded vertical region shows the monsoon period (May-Sept).
proportionality between dissolved cation fluxes and discharge results 
from the inverse relationship between discharge and dissolved cation 
concentrations (Fig. S.2). Cation concentrations that increase the most 
during the dry season (e.g. Na) have a higher proportion (18%) of 
their dissolved cation budget transported outside the monsoon. Ad-

sorbed cation fluxes are transported exclusively during the monsoon 
(>98%). The relative importance of the adsorbed budget follows the 
order observed in Fig. 3. Barium is transported largely in the adsorbed 
phase. If only dissolved barium concentrations were measured, 71% of 
the total mobile barium flux would be omitted. Significant proportions 
of strontium and calcium (11%) are also transported in the adsorbed 
phase, while sodium, magnesium and potassium are predominantly 
transported in the dissolved phase (<6% adsorbed, Fig. 4). Using the 
conventional method of only accounting for the dissolved ions would 
neglect 10% of the total cation mass flux. The lag between increases 
in suspended sediment fluxes which peak during July, and discharge 
which is maximised in August (Fig. 4a), results in July having the 
greatest ratio of adsorbed to dissolved cations transported for all ele-
5

ments.
3.4. Element concentrations and ratios conventionally used to trace silicate 
weathering

Mobile sodium and chloride concentrations increase by factors of 
up to 6 and 10 during the dry season in response to decreases in dis-

charge (Fig. 5). Despite large variations in concentration, Na/Cl ratios 
do not vary systematically as a function of the time of year (Fig. 6). The 
greatest difference in Na/Cl ratios is between the rivers, with an aver-

age ratio of 2.5 for the Narayani, and 4.9 and 5.6 for the Sunkoshi and 
Saptakoshi (Fig. 6). Almost all measured Na/Cl ratios (523 out of 526) 
are greater than the Na/Cl of Himalayan rain (Na/Cl = 1.3; Galy and 
France-Lanord 2001).

Dissolved silicon (Si) concentrations display a more complex rela-

tionship with discharge, following hysteresis loops for annual hydrolog-

ical cycles in the Saptakoshi and Sunkoshi. Identification of hysteresis 
in the Narayani is limited due to the absence of dry–season data. De-

creasing silicon concentrations are observed during the onset of the 
monsoon (April-July). Between August and September silicon concen-
trations increase despite discharge remaining relatively high. Decreases 
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Fig. 3. a-f) The proportion (P) of mobile cations in the adsorbed phase as a function of the month of the year. Mobile cations are defined as the sum of the dissolved 
and adsorbed cations. Horizontal dashed lines show the mean proportion for the monsoon (grey shaded region) and dry season. g) The proportion of mobile cations 
in the adsorbed phase as a function of the CEC per unit volume of water (CEC𝑉 ). Mass balance models, assuming the proportion of each element adsorbed is a 
function of the volumetric cation exchange capacity (CEC𝑉 ) and a partitioning constant (K), are shown by the solid lines. The shaded region around each model is 
the standard deviation.
in discharge during October to December result in an increase in silicon 
concentrations, offsetting concentrations to greater values in compari-

son to the rising limb data. During January and February silicon con-

centrations are constant despite falling discharge. All Na*/Si ratios are 
offset to higher values than the measured Na/Si ratio of plagioclase—

the dominant Na-bearing mineral in the catchments (Na/Si=0.28 ±
0.05 [534]; 𝜇 ± 𝜎 [N]). The mean offset is also consistent for the three 
rivers (0.70 to 0.80). The greatest variability occurs as a function of the 
time of the year. Minimum ratios of 0.45 are observed during Septem-

ber, while maximum ratios of up to 1.9 are observed in April–May.

4. Discussion & implications

4.1. The applicability of adsorbed cation fluxes to other river systems

Understanding if the adsorbed cation concentrations and fluxes mea-

sured in this study are applicable to other river systems requires con-
6

sideration of the factors which are most likely to impact the partition-
ing of cations between the adsorbed and dissolved phases: suspended 
sediment concentrations, CECs, and the relative affinity of competing 
cations for the adsorbed phase. Suspended sediment concentrations 
vary by three orders of magnitude and are the main driver of vari-

ability in adsorbed cation concentrations (Fig. 3g). The average sus-

pended sediment concentrations measured are greater than the global 
average, but consistent with rivers draining other mountainous regions 
(annual average of the three rivers: 0.7 to 2.4 g l−1; global average: 
0.5 g l−1 ; Milliman and Farnsworth, 2013). The positive global relation-

ship between riverine suspended sediment concentrations and erosion 
rates implies mountainous regions are likely to have a disproportion-

ate impact on global adsorbed cation fluxes. The seasonal variability 
observed in the riverine transit of mobile cations is driven by precipita-

tion. Other regions characterised by large precipitation-driven changes 
in suspended sediment concentrations will have significant seasonal 
changes in riverine adsorbed cation concentrations and fluxes. Tran-

sient events that induce highly elevated suspended sediment concen-
trations (GLOFS, landslides and earthquakes) are naturally associated 
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Fig. 4. The proportion of the total annual fluxes a) water (discharge) and suspended sediment, b-g) mobile cations, as a function of the month of the year. The 
left-hand axis shows magnitude of the proportion and corresponds to the bar plot. The sum of all the bars is equal to one. The right-hand axis displays the cumulative 
proportions and corresponds to the continuous line plots. The cumulative proportions sum to one at the end of the year.
with mountainous regions, implying the high concentrations and fluxes 
of adsorbed cations associated with these events are likely to be com-

monplace throughout these regions.

The CEC of riverine suspended sediment provides a second order 
control on the adsorbed cation concentrations of this study (Fig. 3g). 
The CEC of suspended sediment samples from this study are almost 
all lower than the global average of other large river systems (15 
meq 100 g−1; Tipper et al., 2020), but within uncertainty of the CECs 
measured further downstream in the Ganges-Brahmaputra Basin (Lup-

ker et al., 2016). Producing a predictive framework to understand 
7

adsorbed cation fluxes is complicated by the non-linear relationship 
between CECs and erosion rates. For example, the Amazon River trans-

ports a similar proportion of its mobile cation budget in the adsorbed 
phase to the rivers of this study (12% of Ca and 8% of Mg; Sayles 
and Mangelsdorf, 1979), despite suspended sediment concentrations 
being a factor of five lower on average (0.18 g l−1 , Hartmann et al., 
2019). This is due, in part, to the Amazon having an average CEC 
that is five times greater than the rivers of this study. Linear rela-

tionships between the CEC and grain size (estimated using the ratio 
of aluminium to silicon) of suspended sediment have been observed 
within rivers (Lupker et al., 2016; Tipper et al., 2020), but substan-
tial differences between riverine relationships suggest grain size is 
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Fig. 5. Mobile (dissolved and adsorbed) element concentrations (Na, Cl, Si) as a function of discharge. Individual years are denoted by different markers: circles 
(2015), squares (2016), triangles (2017). A colour map has been applied to the markers as a function of the day of the year.
not the only controlling factor. The seasonal variability in the CEC 
of suspended sediment samples implies the composition and/or size 
varies systematically throughout the year. Redox-driven changes in the 
CEC of sediment have previously been observed in seasonally flooded 
soils (Favre et al., 2002). Similar redox-driven changes may be oc-

curring within the catchments of this study. Variability in the source 
of suspended sediment provides another potential driver for the sea-

sonal variability observed. Cation exchange capacities are known to 
vary within weathering profiles as function of depth (White et al., 
2009). Increases in the depth of the water table during the mon-

soon could result in the export of sediment with a higher average 
CEC. Alternatively, variability in the contribution of sediment from 
different areas of the catchment may drive the seasonal changes ob-

served.

The relative selectivity of cations for the adsorbed or dissolved 
phases imposes a third-order control on cation partitioning in this study. 
8

There are multiple parameters that are known to impact the relative 
partitioning of elements between these phases (e.g., pH, ionic strength, 
Eh, adsorbent composition, temperature etc.); however, spot-samples 
collected from nine other large river systems indicate a similar parti-

tioning order (Table S.5). This implies that amongst large rivers, the 
relative partitioning of cations is partially predictable. This consistency 
potentially derives from the integrative nature of large rivers which 
have a narrower range of chemical conditions and greater mixing of sus-

pended sediment phases than the smaller tributaries and streams from 
which they form.

The adsorbed cation flux delivers a chemically unique source of 
cations to the world’s floodplains and oceans. Transient events which 
drastically increase sediment fluxes (GLOFS and landslides) pose a 
short-term risk to humans but also provide a long-term benefit via the 
increased supply of bio-available metal nutrients to flood plains. Glob-

ally, sediment fluxes are already undergoing large anthropologically-

driven perturbations due to varied human impacts. For example, sedi-
ment trapping in head-water regions has reduced global sediment fluxes 



A.C.G. Knight, E.I. Stevenson, L. Bridgestock et al.

to 49% of their pre-dam conditions, while erosion resulting from land 
use changes in downstream regions has increased sediment concen-

trations by 41% compared to the 1980s (Dethier et al., 2022). The 
positive relationship between the fluxes of adsorbed cations and sus-

pended sediment implies that adsorbed cation fluxes have been al-

tered by a similar magnitude, with largely unknown consequences for 
ecosystems that rely on them. The results from this study highlight the 
impact of sediment transport dynamics on mobile cation fluxes, under-

scoring the importance of this understudied aspect of environmental 
change.

4.2. Exploring the temporal variability in Na*/Si ratios

The excess sodium to silicon ratios (Na*/Si) measured in this study 
demonstrate an annual cyclicity in all catchments, reaching maximum 
values during April (∼1) and minimum values during September (∼0.5). 
This cyclicity is driven by a decoupling in the behaviour of mobile 
silicon compared with sodium and chloride in response to discharge 
(Fig. 5). Silicon displays an anticlockwise hysteresis pattern in the Sap-

takoshi and Sunkoshi rivers with respect to time. Hysteresis in the 
discharge-concentration relationships of dissolved riverine elements can 
be caused by the mixing of water masses with different time-dependent 
concentration changes (Bouchez et al., 2017). To explain the seasonal 
temporal variability observed in Na*/Si ratios, mixing of at least two 
water masses is required (Na*/Si > 1.25 and Na*/Si < 0.45; excluding 
extreme outliers). Hot springs are common throughout the Himalayas 
(Evans et al., 2004), dominantly located along thrust faults such as the 
Main Central Thrust (MCT), and are present in all the catchments of 
this study (Fig. 1). These geothermal waters have total dissolved solids 
(TDS) up to 7000mg l−1 (Evans et al., 2004; Oliver et al., 2003). The 
chemical composition of the waters are largely dominated by sodium 
(Na+), bicarbonate (HCO3

– ) and chloride (Cl– ). The vast majority (38 
out of 48) of the springs measured have Na/Cl ratios above 1, with an 
average of Na*/Si ratio of 11 (only inclusive of hot-springs with Na/Cl 
> 1; Evans et al., 2004; Oliver et al., 2003). The use of dissolved ger-

manium (Ge) as a tracer of hot spring inputs to rivers by Evans et al.

demonstrated that geothermal waters can have a significant impact on 
the chemistry of Himalayan rivers. The impact of geothermal waters 
has also been more widely recognised within the Ganges-Brahmaputra 
Basin (Samanta and Dalai, 2016), highlighting the widespread nature 
of these inputs across the Himalayas in regions with high geothermal 
gradients and extensive thrust faulting. The range in Na* and Si con-

centrations measured in the rivers studied (Fig. 6d) are similar to those 
measured in the headwaters of the Andes (Na* = 25 to 190 μmol l−1 ,

Si = 100 to 240 μmol l−1 ; Stallard and Edmond, 1987). The variation 
in dissolved Na*/Si ratios of river waters within the Amazon Basin has 
been suggested to be driven by surficial weathering rates. The mixing 
of hydrothermal fluids and surface waters provides an alternative ex-

planation for the variable Na*/Si ratios observed within mountainous 
regions.

4.3. Sodium addition or silicon removal as the primary driver of the 
increased Na*/Si ratios

The 2 to 6 fold increase in riverine sodium to chloride ratios (Na/Cl) 
compared to rain requires either the addition of sodium or removal of 
chloride from the rivers (Eq. (4), Fig. 6). Chloride is commonly regarded 
as one of the least reactive elements at low dissolved concentrations, in-

dicating the addition of sodium from a non-halite source is a more likely 
explanation. The dissolution of sodic silicate minerals is a certain con-

tributor to the excess sodium; however, the ratio of excess sodium to 
dissolved silicon (Na*/Si) of the rivers is greater than the sodium to sil-
icon ratio (Na/Si) of all primary silicate minerals within the catchment 
(notably offset by 0.16 to 1.10 from plagioclase—the most abundant 
9

sodic silicate mineral with the greatest Na/Si ratio, see Fig. S.6). This 
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offset is even more pronounced for hot springs, which have Na*/Si ra-

tios of up to 80 (Evans et al., 2004). A process is therefore required 
to explain either the addition of sodium or removal of silicon from the 
waters.

4.3.1. Hydrothermal secondary silicate mineral precipitation in hot springs

The precipitation of secondary silicate minerals provides a mecha-

nism for the removal of dissolved silicon and the increase in Na*/Si 
ratios. For the geothermal waters to obtain the elevated Na*/Si ratios 
observed, virtually all of the silicon released during the dissolution of 
primary silicate minerals has to be removed from solution (Evans et al., 
2004). Provided the study catchments are at steady-state, the export 
of precipitated Si-rich minerals is also required to explain the continual 
offset observed. Rivers export the majority of physical weathering prod-

ucts from the continents, so are likely to transport the secondary silicate 
minerals responsible for the elevated ratios. The clay mineral assem-

blage of the Sunkoshi and Narayani riverine sediments is dominated by 
illite/chlorite (75 to 85%; Huyghe et al., 2011). The origin of these clay 
minerals is considered to be detrital, with variations in illite crystallinity 
and apatite-fissure tracking (AFT) reflecting a gradient in peak burial 
temperatures increasing from less than 60 ◦C in the Western Himalayas 
to 200 ◦C in the Easter Himalayas (Vögeli et al., 2017). The illitisation 
of smectite (I/S) begins between 75 to 120 ◦C (De Segonzac, 1970) and 
therefore the proportion of illite derived from I/S is also likely to in-

crease from West to East. The high proportion of detrital clay minerals is 
in agreement with estimates of sediment recycling factors using lithium 
isotopes (Dellinger et al., 2014). Kaolinite comprises 5-10% of the clay 
within the river sediments and is considered to be authigenic (Huyghe 
et al., 2011). Kaolinite is abundant at Earth’s surface and forms from the 
dissolution of plagioclase (Na0.8Ca0.2Al1.2Si2.8O8, N=534). The disso-

lution of plagioclase followed by the precipitation of kaolinite yields an 
Na*/Si ratio 0.5, which is unable to explain 91% of the river water sam-

ples or the geothermal waters. This is also a conservative estimate, as 
all other silicate minerals measured in the catchments have lower Na/Si 
ratios (Fig. S.6). To obtain fluid Na*/Si ratios above 0.5, the precipita-

tion of more Si-rich clay mineral phases and/or closed-system behaviour 
are required. Within the catchment rivers, smectite comprises 5-10% of 
the total clay abundance, with any remaining proportion comprised of 
vermiculite (Huyghe et al., 2011). Constraining the impact of smectite 
precipitation on solution chemistry is challenging due to a wide range of 
solid-solution compositions. The maximum proportion of clay (per unit 
mass of suspended sediment) can be constrained to 18% by combining 
literature estimates for clay mineral CECs (Appelo and Postma, 2005) 
with the average CEC of the riverine samples (5.5 meq/100 g), of which 
14% is detrital and 4% is neoformed. This calculation provides a maxi-

mum estimate, as it does not account for other significant environmen-

tal adsorbents (metal–oxides, metal–oxyhydroxides and organic matter) 
which are also likely to be present within riverine suspended sediment 
samples, suggesting the true proportion of clay is lower. Thermody-

namic equilibrium modelling of Himalayan geothermal fluids during 
ascent indicates the precipitation of secondary silicate phases following 
decompression and cooling is likely (Becker et al., 2008). The precipita-

tion of Si-rich secondary minerals within hydrothermal fluids provides 
a potential process to explain the offset between the Na*/Si ratios of 
fluids and the primary minerals within the catchments.

The assumption that secondary silicate minerals transported by the 
rivers will be responsible for the increase in fluid Na*/Si ratios is 
founded on the catchments being at steady-state with respect to clay 
mineral precipitation and exports. The samples measured in this study 
span over two years of continuous measurements with no change out-

side of analytical uncertainty; however, surficial clay precipitation rates 
are potentially too slow to resolve changes over the study period (Price 
et al., 2005). Given the high erosion rates of the catchments (corre-

sponding to a minimum denudation rate of 0.5mmyr−1 ; Lupker et al., 
2012), it is unlikely that secondary silicate minerals formed close to the 

surface can remain there for substantial periods of time.
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Fig. 6. a) The mobile Na/Cl of river waters plotted as a function of the month of the year. b) The mobile Na*/Si of river waters plotted as a function of the month 
of the year. A sinusoidal model (y = A.sin(Bx-C)+D) was fitted to the data via a non-linear least-squares regression (SciPy curve-fit). c) Mobile Na concentrations 
plotted as a function of mobile Cl concentrations. d) Mobile Na* (Na-Cl) concentrations of river water samples plotted as a function of mobile Si concentrations. The 
average Na/Cl of rain samples (Galy and France-Lanord, 1999) from the Himalayas are displayed, along with the mean Na/Si of the plagioclase samples collected 
from the Saptakoshi and Sunkoshi (Na0.8Ca0.2Al1.2Si2.8O8, N=534). Green shaded regions show the standard deviation. The monsoon is shown by the grey vertical 
shaded portion of the plot.
4.3.2. The desorption of sodium from uplifted marine sediments

An alternative driver of the increased Na*/Si ratios observed is the 
desorption of sodium from recycled marine sediments, which has pre-

viously been suggested to be important in highly erosive catchments 
(Tipper et al., 2020). Both laboratory experiments and field samples 
demonstrate that the adsorbed phases of clay minerals and mixed sed-

iments are dominated by sodium when in contact with seawater or 
sodium–rich brines (Sayles and Mangelsdorf, 1977; Zaytseva, 1958). 
During the formation of the Himalayas, marine sediments were uplifted 
to form extensive sedimentary units (LHS & TSS; Yin, 2006; Fig. 1).

To constrain the impact of marine sodium desorption (Nade) on the 
chemistry of the rivers, the difference in the adsorbed sodium concen-

tration between the modern river sediment (Naad, determined by direct 
measurement) and uplifted marine sediment (Naup) was first deter-

mined. The flux was then calculated from the product of the difference 
in sodium concentration and the erosion rate (E, erosion rate estimates 
from Andermann et al., 2012; Lupker et al., 2012):
10

𝑁𝑎𝑑𝑒 = (𝑁𝑎𝑢𝑝 −𝑁𝑎𝑎𝑑 ) ×𝐸 (8)
The concentration of riverine adsorbed sodium (Naad) was measured 
directly from the suspended sediment samples (section 2.3). The con-

centration of uplifted adsorbed marine sodium (Naup) was estimated 
using measurements of the equivalent fraction of sediment-adsorbed 
sodium at the time of contact with saline fluids (𝛽𝑁𝑎 [𝑚]) and the CEC, 
modified to account for a reduction in the concentration during burial 
and uplift (𝐹𝑟𝑒𝑐):

𝑁𝑎𝑢𝑝 = 𝐹𝑎𝑑 ×𝐶𝐸𝐶 = 𝐹𝑟𝑒𝑐 × 𝛽𝑁𝑎 [𝑚] ×𝐶𝐸𝐶 (9)

The fraction of the CEC occupied by old marine sodium (𝐹𝑟𝑒𝑐 × 𝛽𝑁𝑎) is 
simplified to 𝐹𝑎𝑑 . The additional sodium provided by desorption can ex-

plain a maximum of 83% of the excess annual dissolved sodium (Na*) 
observed in the rivers, with any remaining sodium assumed to derive 
from the dissolution of Na-bearing silicate minerals. The desorption of 
sodium from uplifted marine sediments (Nade) provides a source of 
sodium that would be conventionally attributed to silicate weathering 
if not corrected for (Eq. 2):
𝑁𝑎∗∗ =𝑁𝑎𝑚𝑜𝑏 −𝐶𝑙𝑑𝑖𝑠𝑠 −𝑁𝑎𝑑𝑒 (10)
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Fig. 7. a) The estimated reduction in silicate weathering fluxes in the study catchments plotted against the average catchment erosion rate. Catchment erosion 
rates are from Andermann et al. (2012) and Lupker et al. (2012). Error bars display the standard deviation. b) Measurements of mobile riverine Na concentrations, 
corrected for Cl (Na∗), as a function of the dissolved Si concentrations. Also shown are the Na/Si of the plagioclase measurements (the dominant Na-bearing silicate 
mineral) from the Saptakoshi and Sunkoshi catchments. The approximate vectors for the change in Na*/Si ratios during sodium desorption and clay precipitation are 
represented by the black arrows. c) A comparison of silicate weathering and sodium desorption rates in a catchment with low erosion rates and no uplifted marine 
siliclastic sediments and one with high erosion rates and abundant uplifted marine siliclastic sediments. d) A simple conceptual model of sodium fluxes across a 
range of erosion rates (E). Units are expressed as mass per length squared per time (𝑀𝐿−2𝑇 −1).
The resulting overestimation of silicate weathering fluxes is therefore 
quantified as:

𝑆𝑖𝑙𝑖𝑐𝑎𝑡𝑒 𝑊 𝑒𝑎𝑡ℎ𝑒𝑟𝑖𝑛𝑔 𝑅𝑒𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (%) =
𝑁𝑎𝑑𝑒

𝑁𝑎∗
× 100 (11)

Correcting for sodium desorption from uplifted marine sediments 
(Nade) reduces conventional silicate weathering rates by 19% to 83% 
in the studied catchments (Fig. 7a). The Saptakoshi catchment has 
the greatest predicted reduction (𝜇 = 58%), followed by the Narayani 
(𝜇 = 54%) and the Saptakoshi (𝜇 = 42%).

The substantial uncertainty in silicate weathering rate reduction es-

timates chiefly stem from a poor understanding of the fate of adsorbed 
ions during the burial and uplift of marine sediment. The two param-
11

eters used to calculate the fraction of the CEC occupied by old marine 
sodium during uplift (𝐹𝑎𝑑 , Eq. (9)) are: 1) the equivalent fraction of 
sodium initially adsorbed to sediments during contact with saline wa-

ters (𝛽𝑁𝑎[𝑚]) and 2) the proportion of sodium that remains adsorbed 
during burial and uplift (𝐹𝑟𝑒𝑐). The range in 𝛽𝑁𝑎[𝑚] values (0.37 to 0.58) 
are calculated based on the mean and standard deviation of available 
𝛽𝑁𝑎[𝑚] literature values derived from both laboratory experiments and 
field studies (Sayles and Mangelsdorf, 1977; Zaytseva, 1958). The pro-

portion of sediment from a detrital origin was determined to be between 
60% and 85% using stable lithium isotope ratios of modern riverine sed-

iment (Dellinger et al., 2014).

The overestimation of silicate weathering depends on the rela-

tive fluxes of sodium from silicate dissolution and desorption, which 
are primarily a function of lithology and differing reaction kinetics. 

Adsorption-desorption reactions are rapid (Tang and Sparks, 1993), 
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therefore desorbed sodium fluxes can be approximated as a linear 
function of the erosion rate (E) and the adsorbed sodium concentra-

tion (𝑀𝑑𝑒). Silicate weathering rates are orders of magnitude slower 
(White and Brantley, 2003). Only at lowest erosion rates (mineral sup-

ply limited regions) are silicate weathering rates able to keep pace 
with erosion. Consequently, the correction to silicate weathering fluxes 
in supply-limited regions should depend on lithology (Fig. 7d). Only 
recycled siliclastic sedimentary lithologies contain phases capable of 
adsorbing meaningful quantities of sodium (shale CECs vary between 1 
and 14 meq/100 g; Saidian et al., 2016). The concentration of silicate 
sodium in shales is variable, but commonly ranges between 1 to 3 wt% 
Na2O (Campbell and Williams, 1965). Consequently, the maximum po-

tential correction to silicate weathering in a mineral supply-limited 
catchment is 20%. At increased erosion rates, silicate minerals pass 
through the weathering zone with a greater degree of incomplete disso-

lution, increasing the physical export of silicate minerals. This reduces 
the slope of the relationship between silicate weathering and erosion in 
kinetically-limited regions (West et al., 2005), and should increase the 
relative flux of desorbed sodium to silicate-derived sodium. Lithologies 
rich in recycled marine sediments are also commonly found in regions 
with high erosion rates, further increasing the potential correction (Eu-

ropean Alps, Southern Alps, Andes, Rockies; Hartmann et al., 2009; 
Fitzsimons and Veit, 2001; Horton, 2018.

According to the above framework, the proportion of desorbed 
sodium should increase with both erosion rate and the proportion of 
recycled marine sediments. Riverine and stream samples collected from 
Southern Taiwan (Bufe et al., 2021) are found to have greater Na*/Si 
ratios compared to samples from this study, consistent with greater 
erosion rates (3 to 6 mmyr−1 , Dadson et al., 2003). A number of simi-

larities are also observed between the catchments of Southern Taiwan 
and this study. Geothermal waters released from hot-springs within the 
uplifted marine sediments have highly enriched Na*/Si ratios (29 ± 24 
(N=16); 𝜇 ± 𝜎) and are largely composed of Na+ and HCO3

– (Jang et 
al., 2012), potentially suggesting variability observed within the river-

ine samples may also relate to hot-spring proximity and activity. The 
clay mineralogy of these catchments are similarly dominated by detri-

tal clay minerals (illite/chlorite), with minor quantities of authigenic 
kaolinite and smectite (Chamley et al., 1993). Measured Na/Cl ratios of 
stream waters from Susquehanna Shale Hills Critical Zone Observatory 
are centered around 1, with little to no excess sodium (Na*; (Brantley, 
2024). The erosion rate of Susquehanna Shale Hills is over 3 orders of 
magnitude slower than that of the Taiwanese or Himalayan catchments 
(8 to 29 μmyr−1 ; Jin et al., 2010). Consequently, no meaningful addi-

tion of recycled sodium via desorption is expected (Fig. 7). Within the 
Mackenzie Basin, excesses in sodium to chloride are observed within all 
regions of the watershed; however, rivers draining uplifted marine sedi-

ments are found to have lower Na*/Si ratios than those of other regions 
(Rocky and Mackenzie mountains: 1.2 ± 0.8 (N=34); interior platform: 
6.5 ± 8.3 (N=17); transition mountain/plain: 3.1 ± 2.2 (N=9); Cana-

dian Shield: 23.4 ± 40 (N=11); Millot et al., 2003). Instead, Na*/Si 
ratios of rivers are at their greatest within the Canadian Shield where 
sodium desorption and geothermal water inputs are less likely. This sug-

gests the relationship between erosion (E), marine sodium desorption 
(Nade), and Na*/Si ratios is complex and further work to understand 
the fate of adsorbed marine elements during burial and uplift would be 
beneficial for understanding both the potential bias to silicate weather-

ing rates and the geological cycling of adsorbed species.

4.3.3. Other potential drivers of increased Na*/Si ratios

The non-stoichiometric preferential release of alkali and alkali-earth 
cations (including sodium) during the dissolution of silicate minerals 
provides a third potential process to explain the Na*/Si ratios. This has 
been observed in the early stages of plagioclase dissolution in laboratory 
experiments (Stillings and Brantley, 1995); however, no concomitant 
depletion in the Na/Si of plagioclases in the study catchments has been 
12

observed. The uptake of dissolved silicon by vascular land plants also 
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provides a potential driver for the enrichment (Fulweiler and Nixon, 
2005). The export of biomass (required for the year-round elevation of 
Na*/Si ratios) is thought to be particularly important in highly erosive 
regions (Frings et al., 2021). For biological uptake and export to ex-

plain the observed hysteresis in dissolved silicon (Fig. 5), a decrease 
in either the uptake of dissolved silicon or efficiency of export dur-

ing maximal discharge is required. This is not the expected seasonal 
behaviour; however, further work monitoring the export of biogenic 
silica on a seasonal basis is necessary to explore this hypothesis. Non-

chloride sodium-bearing salts (NaHCO3, Na2CO3, NaCl, Na2SO4, and 
NaNO3) provide another potential driver of increased Na*/Si ratios. 
Alkaline salts present within the endorheic floodplain and peninsular 
sub-basin soils of the Ganges-Brahmaputra watershed can significantly 
increase the dissolved sodium concentration of the rivers (Chatterjee 
and Singh, 2022). The formation of these highly-soluble salts from low-

ionic strength river waters requires extensive evaporation of large static 
water bodies (Monnin and Schott, 1984). Alkaline salts are therefore 
an unlikely driver of the increased Na*/Si ratios observed within the 
steeply inclined, exorheic, catchments of this study.

4.4. The importance of understanding hydrothermal weathering reactions 
for the relationship between tectonics and climate

The precipitation of secondary silicate minerals provides a key lim-

itation to the efficiency of silicate weathering. The type of minerals 
formed and their relationship with climate is therefore important for 
understanding carbon cycle feedbacks. The clay mineralogy of US shale 
catchments was found to vary depending on the humidity index (HI), in-

terpreted as a runoff limitation (Shaughnessy and Brantley, 2023). This 
demonstrates a climatic control on silicate weathering and the carbon 
cycle. Within the catchments of uplifted siliclastic sedimentary units 
(e.g., Himalayas, Taiwan, Andes) detrital minerals (notably illite) dom-

inate the clay mineral assemblage (Huyghe et al., 2011; Chamley et 
al., 1993; Guyot et al., 2007). The hydrothermal illitisation of smec-

tite (I/S) during diagenesis of marine sediments has been observed in 
the field and the laboratory (Meunier et al., 2004). During this process, 
smectites (expandable; CEC between 60 to 120 meq/100 g; hydrated 
inter-layer cations including sodium) are gradually replaced by illites 
(non-expandable, CEC ∼25 meq 100 g−1, inter-layer mostly-fixed potas-

sium ions). This process results in the desorption of adsorbed cations 
and expulsion of inter-layer water (Mosser-Ruck et al., 2001). Extensive 
illitisation of smectites is proposed as an explanation for the abundance 
of illite in the clay mineral fraction of Himalayan sediments (Huyghe 
et al., 2011; Vögeli et al., 2017). This process therefore has the poten-

tial to explain increases in Na/Cl through the desorption of adsorbed 
marine sodium, but requires further precipitation of Si-rich minerals 
to explain the Na*/Si of hot spring geothermal waters. The observa-

tions of mobile riverine chemistry and mineralogy from the catchments 
of this study demonstrate the importance of sub-surface hydrothermal 
processes in highly erosive meta-sedimentary catchments, in agreement 
with the results of Evans et al. (2004) and Calmels et al. (2011). This 
study also reinforces the conclusions of other studies which demonstrate 
the complex relationship between mountain uplift, the carbon cycle 
and climate (Jacobson and Blum, 2003; Moore et al., 2013; Li et al., 
2014; Zondervan et al., 2023; Erlanger et al., 2024). Further research 
utilising isotopic tracers of silicate mineral precipitation-dissolution re-

actions (lithium and silicon stable isotope ratios) may provide unique 
insights into the link between hydrothermal weathering processes and 
climate.

5. Conclusions

The fluxes of dissolved and adsorbed cations from three large Hi-

malayan rivers were measured over a period of two years to determine 
the impact of adsorption-desorption reactions on river chemistry and 

chemical weathering rates. Precipitation-driven increases in suspended 
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sediment concentrations, discharge, and the cation exchange capacity 
(CEC) of sediment during the monsoon resulted in adsorbed cation 
fluxes varying by over 3 orders of magnitude between the seasons. 
During the monsoon, significant proportions of mobile calcium (21%), 
strontium (23%) and barium (71%) are transported adsorbed to the 
sediment. Despite the seasonal variability, the partitioning of cations 
between the adsorbed and dissolved phases followed a consistent order 
across all samples measured (greatest proportion adsorbed: Ba > Sr & 
Ca > K & Mg > Na). Episodic extreme sediment concentration events 
were responsible for transporting up to 13% of the annual sediment and 
adsorbed cation fluxes, highlighting the importance of these rarely sam-

pled events for global biogeochemical cycles. The ratio of excess sodium 
(Na* = Na-Cl) to dissolved silicon (Si) has previously been attributed to 
reflect different surficial weathering regimes. The mixing of geothermal 
waters from hot springs (localised along the Main Central Thrust) with 
surface waters provides the most likely driver of the annual variability 
in Na*/Si ratios observed. The desorption of old marine sodium from 
uplifted marine sediments provides a potential driver of the increased 
Na*/Si ratios. Accounting for the excess sodium reduces conventional 
silicate weathering rate estimates by up to 83% in the catchments.
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