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1. Introduction 

Chemical weathering of silicate rock is thought to provide the negative 

feedback that maintains the equable climate on Earth (Berner et al., 

1983; Chamberlin, 1899; Walker et al., 1981). However the nature and 

magnitude of the climatic and tectonic controls on riverine solute fluxes 

are uncertain and thus their roles in moderating long-term global 

climate are disputed (Bluth and Kump, 1994; Maher and Chamberlain, 

2014; West et al., 2005). In part this reflects the potential complexities 

of the bed-rock, climatic and tectonic controls and in part the difficulty 

of distinguishing the silicate chemical weathering inputs from the much 

larger inputs from weathering of carbonate rocks.  

   

 

      Lithium concentration and isotopic compositions are a promising 

proxy for silicate weathering processes as dissolved Li is almost 

entirely derived from the dissolution of silicate minerals (Kisakűrek et 

al., 2005; Millot  et al., 2010b). The weathering systematics of Li are 

relatively simple with negligible biological cycling (Lemarchand et al., 

2010; Pogge von Strandmann et al., 2016) and congruent primary 

mineral dissolution (Pistiner and Henderson, 2003; Verney-Carron et 

al., 2011; Wimpenny et al., 2010). Importantly, the formation of 

secondary mineral phases such as clays or oxy-hydroxides 

preferentially incorporates 6Li (Vigier et al., 2008) which fractionates 

the Li isotopic composition and generates continental reservoirs with 

significantly different Li isotopic compositions (Dellinger et al., 2015; 

Huh et al., 1998; Kisakűrek et al., 2005).  

     Riverine Li-isotopic compositions are often modelled by zero-

dimensional batch- or Rayleigh models (Bouchez et al., 2013; Dellinger 

et al., 2017; Dellinger et al., 2015; Kisakűrek et al., 2005). However, 

these models do not properly reproduce the results of reactive transport 
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in natural environments in which water flows through porous soils, 

sapprolite and rock with Li being continuously supplied by dissolution 

reactions, removed by precipitation reactions and advected by the fluid 

flow.  

     Silicate weathering is more suitably modelled by reactive transport 

equations which describe flow and reaction in a porous medium 

(Fontorbe et al., 2013; Maher, 2010, 2011; Maher and Chamberlain, 

2014). Models based on numerical thermodynamic codes which couple 

the complete descriptions of the mineral reactions with transport have 

previously been developed and applied to the Li isotopic system (Liu 

et al., 2015; Wanner et al., 2017; Wanner et al., 2014). However, the 

complexity of such models may obscure the key controlling processes. 

Simpler analytical solutions have also been presented where either the 

ratio of Li precipitation in secondary minerals to that supplied by 

dissolution is held constant (Lemarchand et al., 2010) or where the rate 

of Li partitioning into secondary minerals is described by a constant 

partition coefficient (Pogge von Strandmann et al., 2014). In this paper 

we present similar analytical solutions to a one-dimensional reactive 

transport model adapted from that of Fontorbe et al. (2013) previously 

applied to silicon isotopic variations in Himalayan and Gangetic 

floodplain rivers. The approach allows determination of the impacts of 

the various climatic and tectonic controls on chemical weathering and 

riverine Li systematics. The model shows that the evolution of Li 

concentrations and isotopic compositions in kinetically limited 

weathering regimes may be described by only two dimensionless 

numbers, in addition to the choice of starting and boundary conditions, 

and the clay mineral-fluid Li-isotopic fractionation factor.  

     This paper describes the modelling, and the implications of the 

modelling, illustrated by Li concentration and isotopic compositions of 

a set of river water and sediment samples from the kinetically limited 

weathering regime in the Alaknanda river basin in the Himalayan 

mountains. Weathering in ‘kinetically-limited’ environments provides 

the feedback that moderates climate on long timescales (e.g. West et 

al., 2005) and the objective is to use Li-isotope systematics to help 

elucidate these climatic controls on silicate weathering. We also discuss 

the evolution of Li systematics in the Ganges flood plain based on 

previously published Li-isotopic analyses (Bagard et al., 2015; Huh et 

al., 1998; Manaka et al., 2017; Pogge von Strandmann et al., 2017). 

 

2. The Headwaters of the Ganges in the Himalayan Mountains 

     The high exhumation rates coupled to the orographic monsoon 

system make the Himalayas and the Ganges-Brahmaputra river system 

one of the largest transport systems of solutes and sediments to the 

oceans (Gaillardet et al., 1999; Huh, 2010; Milliman and Meade, 1983). 

River chemistry in the headwaters of the Ganges has been subject to 

numerous studies (e.g. Bickle et al., 2003; Bickle et al., 2005; Bickle et 

al., 2001; Bickle et al., 2015; Chakrapani and Saini, 2009; Singh and 

Hasnain, 1998). Here, we use the Li concentration and isotopic 

composition of the dissolved load and bed sands of the Alaknanda river 

basin (NW India) to illustrate the reactive transport model developed 

Figure 1. Map of the Alaknanda river basin with subdivision of lithotectonic units. TSS = Tibetan Sedimentary Series, HHCS = High Himalayan Crystalline Series, 

LHS = Lesser Himalayan Series, OLHS = Outer Lesser Himalayan Series, STDS = South Tibetan Detachment system, VT = Vaikrita Thrust, TT = Tons Thrust. 

The terrain is coloured based on elevation which ranges from ~450 meters to ~7800 meters within the catchment. Digital Elevation Model downloaded from USGS 

HydroSHEDS 15 sec SRTM data. 
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below. The Alaknanda river basin may be divided into four 

physiographic regions of contrasting geology (Fig. 1). These comprise 

1) the largely unmetamorphosed siliciclastic and carbonaceous 

sedimentary rocks of the Tibetan Sedimentary Series (TSS), 2) the 

high-grade gneisses, schists and granites of the High Himalayan 

Crystalline Series (HHCS), 3) the low- to medium grade schists, 

phyllites and massive dolomites of the Lesser Himalayan Series (LHS) 

and 4) the low grade metasediments of the Outer Lesser Himalayan 

Series (OLHS) at the most southern part of the basin. Although 

confined within a kinetically limited weathering regime, the weathering 

characteristics are expected to vary across the basin due to the large 

range in erosion rates and climate, and contrasts in lithologies.  

     The Himalayan catchments sampled for this study range from 4 to 

11000 km2 (Fig. 1, for their location, area, and physiographic details 

see Supplementary material Table A1). They cross an extreme range of 

climatic and vegetation zones. The TSS is mainly exposed on the 

Tibetan plateau above 3000 m where there are permanent ice sheets, 

vegetation is sparse, agriculture is very restricted and precipitation is 

limited (~270 mm/yr) (Bookhagen and Burbank, 2010). The HHCS 

extends from altitudes above 1000 m to nearly 8000 m. Vegetation 

ranges from pine forests and Alpine meadows to rocky and ice covered 

mountain tops and rainfall ranges from 600 to 900 mm/yr with ~ 45% 

occurring during the monsoon season. The OLHS and LHS extend from 

altitudes of a few hundred meters to ~3700 m; these catchments are 

often densely forested (oaks, alder, rhododendron) with significant 

terracing for agriculture in limited areas. The climate ranges from sub-

tropical at the lowest altitudes to Alpine on the highest peaks and 

precipitation ranges between ~ 1500 and 2700 mm/yr, with 75% 

occurring during the monsoon season. Erosion rates range from 0.8±0.3 

mm/yr in the LHS, 1.2±0.1 mm/yr in the TSS to 2.7±0.3 mm/yr in the 

HHCS (Vance et al., 2003). 

     The water and bed sand samples analysed were collected in October 

2014 from small catchments with restricted lithological and climatic 

parameters as well as larger catchments. The sampling and analytical 

procedures are detailed in Supplementary material Appendix A. The 

major cation and anion compositions (Supplementary material Table 

A2) lie in the range of samples reported previously from these 

catchments (e.g. Bickle et al., 2003, 2005, 2015) and are bicarbonate-

dominated with high Ca reflecting inputs from carbonate lithologies 

(Bickle et al., 2005; Bickle et al., 2015). Average total dissolved solids 

are high in the TSS (176 mg/L), lowest in the HHCS (average 76 mg/L) 

and increase through the LHS (98 mg/L) and OLHS (140 mg/L) but 

show much scatter related to controls by lithology, climate and 

catchment size. 

2.1 Li concentrations and isotopic compositions of river waters and bed 

sands in the Alaknanda river basin  

     Analytical procedures for Li-isotopic ratios followed Bohlin et al. 

(2018). The contribution of atmospheric and hydrothermal input to the 

Li budget is small (Supplementary material, Appendix B).  

     Dissolved Li concentrations in the Alaknanda basin range from 58 

to 2362 nmol/l (Supplementary material Table A3). The rivers draining 

the TSS and HHCS have the highest dissolved Li concentrations despite 

having total dissolved solid loads (TDS) lower than those in the LHS 

and OLHS (Supplementary material Table A2). Li concentrations of 

bed sands (Supplementary material Table A3) range from 17 to 384 

ppm with the highest values in the HHCS probably derived from 

pegmatites associated with leucogranites which outcrop close to the 

South Tibetan Detachment System.  

     The δ7Li composition of the dissolved load ranges from +7.4 to 

+35.3‰ with the highest values found in rivers draining the LHS and 

OLHS (Supplementary material Table A3). There is a large range in 

river bed sand δ7Li (-3.3 to +10‰) reflecting bed-rock heterogeneity. 

TSS, HHCS and OLHS bed sediments are characterised by negative 

δ7Li compositions (-3.3 to 0.7‰) whereas the LHS sediments are 

almost exclusively positive (-0.6 to 10.0‰, Supplementary material 

Table A3). The two samples with bed sand δ7Li > +3‰ (AK425 and 

AK427) are from the LHS Pindar catchment which includes outcrops 

of the volcanic-bearing Rautgara and Nagthat-Berinag formations 

(Valdiya, 1980). δ7Li in modern basalts altered by seawater may reach 

values as high at +14‰ (Chan et al., 1992). The apparent fractionation 

between waters and bed sediments (Δ7Lif-s, where Δ7Lif-s = δ7Lif – δ7Lis) 

is systematically lower in rivers draining the TSS and the HHCS and 

increases from 8.1‰ to 32.2‰ towards the OLHS in the south of the 

catchment. 

     The marked fractionation of Li-isotopic compositions in the waters 

(δ7Li between 8 and 35‰) from the source rock compositions (mean 

0.1 ± 1.7‰, 1 excluding the two bed sand samples with high δ7Li) is 

ascribed to precipitation of clay minerals which have significant fluid-

mineral Li-isotopic fractionation factors (Huh et al., 1998). 

Interpretation of the changes in Li concentrations and isotopic 

compositions requires a model of both how the fluid interacts with the 

bed rock minerals and the nature of the fluid-mineral reactions and 

reaction products. Below we formulate a simple reactive transport 

model in a form that allows interpretation of the Li systematics and how 

these might relate to the controlling climatic and tectonic variables.      

 

 

Figure 2. A schematic representation of the one-dimensional reactive transport 

model. River waters consist of mixtures of shallow and deep subsurface flow 

paths where water flows with an advective flux ω0φ, along the flow path length 

ℓ. The rock is exhumed much more slowly through the weathering zone such 

that shallower flow paths will tend to be through more altered rock. The Li 

concentration and isotopic compositions of waters are a function of the 

dissolution rate ∂S/∂t and the rate of removal of Li from precipitation of 

secondary clays f∂S/∂t. 
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3. Model framework: One-dimensional reactive transport model 

for the weathering environment 

3.1 Assumptions and model framework 

The simplifying assumptions in our modelling are appropriate to 

chemical weathering in rapidly eroding mountain belts. In such 

environments the weathering takes place along flow paths which range 

from near surface to depths of kilometres, the deepest supplying the 

meteoric water-dominated hot springs (Becker et al., 2008; Coussens et 

al., 2018; Evans et al., 2001). The time-varying chemistries of river 

waters attest to input from groundwater systems with varying residence 

times and weathering characteristics (Calmels et al., 2011; Tipper et al., 

2006). The hysteresis between precipitation and river discharge implies 

average groundwater residence times of ~ 45 days in equivalent 

Himalayan catchments in Nepal and that 2/3rds of the river discharge 

passes through the groundwater system which is in relatively low 

porosity fractured rock (Andermann et al., 2012). Mineral weathering 

in the river channel is minimal in the fast flowing mountain rivers 

(Bickle et al., 2005). The weathering system thus comprises waters 

flowing at a wide range of rates through flow paths with a range of 

lengths, depths and through rock with variable alteration states. These 

waters may mix in the groundwater flow system and are finally all 

mixed in the rivers with the potential for additional dilution by 

precipitation or enrichment by evapo-transpiration. The rock is 

exhumed much more slowly through the weathering zone such that 

shallower flow paths will tend to be through more altered rock (Figure 

2). In the rapidly eroding mountains, the fraction of silicate minerals 

weathered (weathering intensity) is characteristically small. For 

example, in the Himalayan mountains only ~2% of the mass of the 

soluble silicate load is dissolved (e.g. Bickle et al., 2015). However, the 

weathering intensity is likely to be heterogeneous with much of the 

groundwater flow confined to fractured rock localising alteration to 

fracture walls. In the higher mountains accumulations of glacial 

moraine and landslide debris may weather more homogeneously 

(Emberson et al., 2016) and in the lower catchments in the Himalayas 

there is significant development of soils, although erosion is still 

dominated by landslides which preclude the development of mature soil 

weathering profiles.  

It is not possible to derive a full hydrological and mineralogical 

description of the weathering systems in rapidly eroding terrains 

because neither the hydrological nor the geological structure can be 

sampled with the necessary resolution. To evaluate the possible 

responses of such systems to climatic and tectonic controls we initially 

model the simplest component of the hydrological system; reaction in 

a one-dimensional flow path along which the silicate mineral reaction 

stoichiometry and reaction rate are constant. The limited extent of 

silicate mineral dissolution in ‘kinetically limited’ weathering regimes 

makes this an appropriate approximation. This contrasts with 

weathering of mature soil profiles in which a series of mineral reaction 

fronts can be mapped migrating downwards (e.g. Maher et al., 2009; 

White et al., 2008). The model presented here allows the consequences 

of the main potential controls on weathering systematics to be 

evaluated. These include the impacts of temperature and rainfall (fluid 

flux), and reaction progress which is controlled by mineralogy, reaction 

rate and time. Time is ultimately a function of erosion rate. The 

consequences of more complex weathering systems, where source rock 

composition and reaction stoichiometry vary along the flow path and 

fluids from flow paths with differing characteristics mix, may then be 

approximated by considering the riverine compositions as the sum of 

outputs from a set of such flow paths or mixing from different flow 

paths. We show that it is not possible to infer the impact of dilution or 

concentration of solutes by considering the relationship between Li 

isotopic ratios and element ratios (e.g. Li/Na) although this does allow 

comparison of their respective Damköhler numbers and thus the 

relative dissolution rates between Li- and Na-bearing minerals.    

 

3.2 A model for Li concentration and isotopic ratios 

The evolution of the Li concentration (Lif) and isotopic 

composition (δ7Lif) of the fluid with respect to time (t) and distance (z) 

along a one-dimensional flow path, may be described by 

 

Variable Definition Units 

φ Porosity of medium m3∙m-3 

ω0 Flow velocity of fluid m∙s-1 

ω0φ Fluid flux m ∙ s-1 

Lif, Lis, Lic Li concentration of fluid (f), solid (s), clay (c) mol ∙ m3 

δ7Lif, δ
7Lif,0, Δ

7Lif-s, δ
7Lis, δ

7Lic  Li isotopic composition of fluid (f), initial fluid (f,0), fluid relative to solid (f-s), solid (s), clay (c) ‰ 

Δ Fractionation factor (δ7Lic- δ
7Lif) 

‰ 

Kv Volumetric partition coefficient of Li between fluid and clay minerals  

t, te Time (t), time rock is weathered before eroded (te)  
s 

z Distance along flow path m 

ℓ Flow path length m 

Li’, Na', t’, z’ Dimensionless variables for concentrations (Li') and (Na'), time (t') and distance (z')  

S Volume fraction of silicate rock weathered  

∂S/∂t Reaction rate of silicate rock s-1 

f Volume fraction of dissolved rock precipitating as secondary minerals  

𝑁𝐷
𝐿𝑖 Damköhler number for Li  

𝑁𝐷
𝑁𝑎 Damköhler number for Na  

Knet Net partition coefficient for Li (f∙Kv) 
 

Table 1 

Definitions and units of variables used in the reactive transport model 
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𝜑

𝜕𝐿𝑖𝑓

𝜕𝑡
= −𝜔0𝜑 

𝜕𝐿𝑖𝑓

𝜕𝑧
+

𝜕𝑆

𝜕𝑡
𝐿𝑖𝑠 − 𝑓

𝜕𝑆

𝜕𝑡
𝐾𝑣𝐿𝑖𝑓 (1)  

 

and 

 

 
𝜑

𝜕𝐿𝑖𝑓𝛿7𝐿𝑖𝑓

𝜕𝑡
= −𝜔0𝜑 

𝜕𝐿𝑖𝑓𝛿7𝐿𝑖𝑓

𝜕𝑧
+

𝜕𝑆

𝜕𝑡
𝐿𝑖𝑠𝛿7𝐿𝑖𝑠

− 𝑓
𝜕𝑆

𝜕𝑡
𝐾𝑣𝐿𝑖𝑓(𝛿7𝐿𝑖𝑓 + ∆) 

(2)  

where φ is the porosity of the rock or soil (m3·m-3), ω0 is the flow 

velocity of the fluid  (m·s-1),  and  ω0φ  is thus the  water  flux  (m·s-1 or  

m3·m-2·s-1). ∂S/∂t is the reaction rate at which a volume fraction of 

silicate rock, S, is being chemically weathered with time, t, (s-1), with a 

concentration Lis (mol·m-3) (variables defined in Table 1). Therefore, 

∂S/∂t ·Lis is the reaction rate at which lithium bearing rocks weather and 

release Li into the fluid (mol·m-3·s-1), with an isotopic composition δ7Lis 

(‰). A volume fraction f of chemically weathered rock is reprecipitated 

as clay minerals, having a Li concentration Lic (mol·m-3). It is assumed 

that the concentration of Li in the clay minerals may be related to that 

of the fluid by a volumetric partition coefficient, Kv, where 

 
𝐾𝑣 =  

𝐿𝑖𝑐

𝐿𝑖𝑓
 (3)  

and its isotopic composition is related to the fluid by the fractionation 

factor Δ (‰), where Δ= δ7Lic - δ7Lif.  

It is convenient to convert equations (1) and (2) to non-

dimensional time, distance and fluid-concentration variables, t', z' and 

Li' related to the fluid flow path length ℓ, fluid flux ω0φ, and the 

concentration of Li in the primary silicate rock, Lis. The following 

transformations 

𝑧 = 𝑧′ℓ 

 
𝑡 =

ℓ

𝜔0𝜑
𝑡′  (4)  

𝐿𝑖𝑓 = 𝐿𝑖′𝐿𝑖𝑠 

allow equations (1) and (2) to be re-written as 

 

 
𝜑

𝜕𝐿𝑖′

𝜕𝑡′
= − 

𝜕𝐿𝑖′

𝜕𝑧′
+ 𝑁𝐷

𝐿𝑖(1 − 𝐾𝑛𝑒𝑡𝐿𝑖′) (5)  

 

 
𝜑

𝜕𝐿𝑖′𝛿7𝐿𝑖𝑓

𝜕𝑡′
= −

𝜕𝐿𝑖′𝛿7𝐿𝑖𝑓

𝜕𝑧′

+ 𝑁𝐷
𝐿𝑖  [𝛿7𝐿𝑖𝑠 − 𝐾𝑛𝑒𝑡𝐿𝑖′(𝛿7𝐿𝑖𝑓 + ∆)] 

(6)  

in terms of two dimensionless constants  

 
𝑁𝐷

𝐿𝑖 =
𝜕𝑆

𝜕𝑡′
 (7)  

             𝐾𝑛𝑒𝑡  = 𝑓𝐾𝑣 (8)  

𝑁𝐷
𝐿𝑖 is a Damköhler number (c.f. Bickle, 1992; Lassey and 

Blattner, 1988; Maher, 2010) and Knet is a net volumetric fluid-mineral 

Li partition coefficient which also takes into account the fraction of clay 

minerals formed. These transformations identify the minimum 

independent variables and account for variations in bedrock Li 

concentrations.  

Because φ is small (1-φ ≈ 1), the left hand sides of equations (5) 

and (6) are negligible except on short timescales (quasi-stationary state 

approximation; (Lichtner, 1988) and the equations may be simplified 

to 

 
 
𝜕𝐿𝑖′

𝜕𝑧′
=  𝑁𝐷

𝐿𝑖(1 − 𝐾𝑛𝑒𝑡𝐿𝑖′) (9)  

 

 𝜕𝐿𝑖′𝛿7𝐿𝑖𝑓

𝜕𝑧′
= 𝑁𝐷

𝐿𝑖  [𝛿7𝐿𝑖𝑠 − 𝐾𝑛𝑒𝑡𝐿𝑖′(𝛿7𝐿𝑖𝑓 + ∆)] (10)  

 

If the supply of Li from rock dissolution is greater than the removal 

from clay precipitation then 𝐾𝑛𝑒𝑡𝐿𝑖′ < 1 (which in terms of equation 1 

is expressed as 
𝜕𝑆

𝜕𝑡
𝐿𝑖𝑠 > 𝑓

𝜕𝑆

𝜕𝑡
𝐾𝑉𝐿𝑖𝑓) and if the removal is greater than 

the supply then 𝐾𝑛𝑒𝑡𝐿𝑖′ > 1. 

If the rate of rock dissolution (∂S/∂t) is assumed constant along the flow 

path, the solutions to equations (9) and (10) are 

 
𝐿𝑖′ =  

1

𝐾𝑛𝑒𝑡
− (

1

𝐾𝑛𝑒𝑡
− 𝐿𝑖′0) 𝑒−𝑁𝐷

𝐿𝑖𝐾𝑛𝑒𝑡𝑧′ (11)  

and  

 𝛿7𝐿𝑖𝑓

=
𝑒𝑁𝐷

𝐿𝑖𝐾𝑛𝑒𝑡𝑧′(𝛿7𝐿𝑖𝑠 − ∆) + 𝑁𝐷
𝐿𝑖𝐾𝑛𝑒𝑡(1 − 𝐾𝑛𝑒𝑡𝐿𝑖′0)𝑧′∆ + 𝐶

𝑒𝑁𝐷
𝐿𝑖𝐾𝑛𝑒𝑡𝑧′ − (1 − 𝐾𝑛𝑒𝑡𝐿𝑖′0)

 
(12)  

where Li'0 is the initial dimensionless concentration of Li in the fluid 

and C is the constant of integration. C is calculated from the boundary 

condition at z'=0, where the isotopic composition of the fluid is δ7Lif,0, 

which gives 

 𝐶 = 𝛿7𝐿𝑖𝑓,0𝐾𝑛𝑒𝑡𝐿𝑖′0 − 𝛿7𝐿𝑖𝑠 + ∆ (13)  

Equations 11 and 12 are essentially identical to equations A6 and A7 in 

Pogge von Strandmann et al. (2014) except for the approximations 

inherent in using δ values. 

Knet and 𝑁𝐷
𝐿𝑖 may be calculated from sample Li concentrations and 

isotopic compositions, given values for the initial Li concentration and 

isotopic composition at z’=0, by solving equations 11 and 12 to give 

expressions for Knet in terms only of Li' and δ7Li 

 

 𝛿7𝐿𝑖𝑓 (
1−𝐿𝑖0

′ 𝐾𝑛𝑒𝑡

1−𝐿𝑖′𝐾𝑛𝑒𝑡
) − 𝛿7𝐿𝑖𝑓 + 𝛿7𝐿𝑖𝑓𝐿𝑖0

′ 𝐾𝑛𝑒𝑡 −

(
1−𝐿𝑖0

′ 𝐾𝑛𝑒𝑡

1−𝐿𝑖′𝐾𝑛𝑒𝑡
) (𝛿7𝐿𝑖𝑠 − ∆) − ∆𝑙𝑛 (

1−𝐿𝑖0
′ 𝐾𝑛𝑒𝑡

1−𝐿𝑖′𝐾𝑛𝑒𝑡
) +

𝐿𝑖0
′ 𝐾𝑛𝑒𝑡∆𝑙𝑛 (

1−𝐿𝑖0
′ 𝐾𝑛𝑒𝑡

1−𝐿𝑖′𝐾𝑛𝑒𝑡
) − 𝛿7𝐿𝑖𝑓,0𝐿𝑖0

′ 𝐾𝑛𝑒𝑡 + (𝛿7𝐿𝑖𝑠 −

∆) = 0  

(14)  

Equation 14 has two roots, however only the positive root is 

physically plausible. Given Knet from the solution of equation 14, the 

Damköhler number may then be calculated using equation 11. 

3.3 Modelling Li isotopic ratios versus Li/Na ratios 

The evolution of the fluid Na concentration (Naf) may be 

modelled by a similar equation to that for Li (equation 1) except that 

Na is not partitioned into structural sites on secondary minerals (ie 

fNa=0). We ignore the possibility of significant Na on exchangeable 

sites. Thus 
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𝜑

𝜕𝑁𝑎𝑓

𝜕𝑡
= −𝜔0𝜑 

𝜕𝑁𝑎𝑓

𝜕𝑧
+

𝜕𝑆

𝜕𝑡
𝑁𝑎𝑠 (15)  

Making the stationary-state assumption (i.e. 
𝜕𝑁𝑎𝑓

𝜕𝑡
= 0), and 

transforming time, distance by equations 4 and Na concentrations by 

 𝑁𝑎𝑓 = 𝑁𝑎′𝑁𝑎𝑠 (16)  

where Nas is the Na concentration of bedrock gives the non-

dimensional evolution of Na with distance along flow paths as 

 𝜕𝑁𝑎′

𝜕𝑧′
=  𝑁𝐷

𝑁𝑎 (17)  

For the boundary condition Na' = Na'0 at z'=0, the solution to equation 

17 is 

 𝑁𝑎′ =  𝑁𝐷
𝑁𝑎 . 𝑧′ + 𝑁𝑎0

′  . (18)  

Therefore, combining equations 11 and 17 for the condition Li' = Li'0 

at z'= 0, gives the variation of dimensionless Li/Na ratio (Li'n) as 

 

𝐿𝑖𝑛
′ =  

𝐿𝑖′

𝑁𝑎′ =  
(1 − (1 − 𝐾𝑛𝑒𝑡 . 𝐿𝑖0

′  )𝑒−𝑁𝐷
𝐿𝑖.𝐾𝑛𝑒𝑡.𝑧′)

𝐾𝑛𝑒𝑡  (𝑁𝐷
𝑁𝑎. 𝑧′ + 𝑁𝑎0

′ )
 (19)  

Since Li isotopic compositions are functions only of 𝑁𝐷
𝐿𝑖 ∙ 𝐾𝑛𝑒𝑡 (given 

 and taking z’=1), Li/Na ratios provide information on the ratio of  𝑁𝐷
𝐿𝑖 

to  𝑁𝐷
𝑁𝑎. However it is not possible to derive values of Knet or 𝑁𝐷

𝐿𝑖 from 

the relationship between 7Li and Li/Na and avoid the secondary effects 

of dilution or evaporative concentration, as discussed below. 

4. Implications  

Equations 11 and 12 imply that the evolution of the concentration 

of Li and its isotopic composition along a fluid flow path is only 

dependent on the distance along the fluid flow path, z’, and two 

dimensionless variables; the net partition coefficient of Li between the 

fluid and forming secondary minerals, Knet, and the Damköhler number, 

𝑁𝐷
𝐿𝑖, given the clay mineral-fluid isotopic fractionation factor . Since 

the flow path length, ℓ, is used as the scaling length in equation 4, z’ 

equals 1 at the end of the flow path. The significance of 𝑁𝐷
𝐿𝑖 and Knet is 

discussed below.  

4. 1 The net partition coefficient of Li, Knet, and the Damköhler number, 

𝑁𝐷
𝐿𝑖 

The net partition coefficient of Li in the weathering environment, 

Knet (eq 8), describes the magnitude of Li uptake into the precipitating 

clay minerals as a function of the fluid Li concentration. It depends on 

the volume fraction of dissolved rock which is reprecipitated as clay 

minerals (f), and a volumetric partition coefficient of Li between the 

clay minerals and water (Kv). The f-factor is dependent solely on the 

stoichiometry of the weathering reaction. For weathering of siliceous 

crustal rocks, f generally increases as reactions progress from feldspar 

dissolution to minerals with higher Al/Si ratios, and as the product 

smectite/kaolinite ratio increases as Al is essentially insoluble 

(Supplementary material Appendix C). Few studies have been made on 

clay mineral Li partition coefficients at ambient temperatures, but they 

are likely to vary with temperature, aqueous chemistry and mineral type 

(Vigier et al., 2008; Decarreau et al., 2012). Empirical relationships 

derived from laboratory experimental data (Decarreau et al., 2012) 

yield values of Kv in the order of 103 to 106 for typical surface waters 

(Supplementary material Appendix D). 

The Damköhler number, 𝑁𝐷
𝐿𝑖, is given by equation 7 as 

 
𝑁𝐷

𝐿𝑖 =
𝜕𝑆

𝜕𝑡′
=

𝜕𝑆

𝜕𝑡

ℓ

𝜔0𝜑
 (20)  

where 𝑁𝐷
𝐿𝑖 depends on the rate of rock dissolution (∂S/∂t), the fluid flow 

path length (ℓ) and the advective water flux (ω0φ). Note that the term 

ℓ/ω0φ relates to the fluid residence time (ℓ/ω0). Because the Damköhler 

number is the product of reaction rate, path length and water flux it is 

not possible to use Li concentrations and their isotopic ratios alone to 

determine the individual impacts of these parameters on the weathering 

system without additional catchment specific information.  

4.2 Li concentration and isotopic evolution along flow paths 

The variation of Li concentration and isotopic composition with 

distance along the flow path is illustrated in Fig. 3 for two examples. In 

the first case, more Li is supplied to the fluid through dissolution than 

is being removed by clay mineral formation, i.e. Knet.Li’< 1. Li 

concentrations and isotopic ratios both increase along the flow path. 

The Li concentration increases towards a limiting value at which supply 

and removal balance (Knet.Li’= 1), a value that is inversely proportional 

to Knet. The fluid Li-isotopic composition, δ7Lif, approaches 𝛿7𝐿𝑖𝑠 − ∆ 

when 𝐾𝑛𝑒𝑡 . 𝑁𝐷
𝐿𝑖  ≥ 5 (note the solid-fluid fractionation factor, , is 

negative). For the second case, removal of Li from clay precipitation is 

greater than the supply, i.e Knet.Li’ > 1. The example simulates a change 

in reaction stoichiometry for an input fluid that had reached steady-state 

Li and δ7Lif compositions with  = -17‰. Li concentrations decrease 

with distance, but the isotopic composition initially increases and then 

subsequently decreases approaching  𝛿7𝐿𝑖𝑠 − ∆ when  𝐾𝑛𝑒𝑡 . 𝑁𝐷
𝐿𝑖   ≥ 10. 

The decrease in δ7Lif occurs when fluid Li concentrations are 

sufficiently low that addition of Li from continued dissolution (of rock 

with lower δ7Li) starts to dominate the dissolved Li pool. If Knet.Li’ > 

1, the fluid δ7Lif may increase to much higher values than the offset of 

the fractionation factor, approaching Rayleigh fractionation as Knet 

becomes very large. 

The combined control of Knet and 𝑁𝐷
𝐿𝑖 on Li concentrations and 

isotopic compositions is explored in Fig. 4. If Knet.Li’< 1, for a given 

value of Knet, faster dissolution rates and/or longer fluid residence times 

(higher Damköhler number 𝑁𝐷
𝐿𝑖) result in both higher Li concentrations 

and δ7Lif at any given point in the flow path (Fig. 4a, b) until these reach 

the limiting steady state values. If KnetLi’ > 1, which requires the initial 

fluid to have a significant Li concentration, coupled higher values of 

Knet and 𝑁𝐷
𝐿𝑖 lead to faster removal of Li and an increase in the 

maximum Li isotopic composition attained (Figs. 4c, d).  

4.3 Coupled dissolution and precipitation: the reactive transport grid  

A plot of bedrock-normalised fluid Li-isotopic composition 

(7Lif-s) against dimensionless Li concentration (Li’) may be contoured 

with values of Knet and 𝑁𝐷
𝐿𝑖 calculated from equations 11 and 14 (Fig. 

5). This calculation requires assumption of the initial Li concentration 

and isotopic composition of the input fluid, the Li isotopic fractionation 

factor  and scales distance to the flow path length (z'=1). It illustrates 

the various possible pathways in which waters may evolve to the 

sampled river composition. Two grids of Knet and 𝑁𝐷
𝐿𝑖 contours are 

shown on Fig. 5. The lower grid assumes input waters are dilute (i.e. 

Li'0=0) and simulates the first stage of chemical weathering with 

rainwater input to a flow path with constant reaction stoichiometry and 
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rate and the clay mineral-fluid isotopic fractionation factor,  = -17‰ 

(see below for discussion of fractionation factors). For such a 

weathering scenario both fluid Li concentrations and isotopic 

compositions are limited to maximum values, Li’  1/ Knet and 7Lif  

7Lis –  (i.e. 7Lif-s  -) (Fig. 2). If Knet.Li’>1, possible only if the 

input waters have significant Li, 7Lif will increase and then decrease 

along the flow path as Li concentrations decrease. This is illustrated by 

the upper grid on Fig. 5, which is drawn for assumed initial values of 

7Lif,0 (17‰) and Li0’ (2.53x10-5) as discussed below. 

In the reactive transport grid (Fig. 5), contours of Knet represent 

constant mineral reaction stoichiometries. At the earliest stages of 

weathering, dilute rain water entering the flow path will acquire initial 

Li-isotopic compositions close to the composition of the rock. At the 

low weathering intensities expected in rapidly eroding Himalayan 

catchments, the waters would be expected to evolve along the flow path 

with a near constant mineral reaction stoichiometry (i.e. along the Knet 

contours in the lower part of fig. 5) with increasing Li concentrations 

and δ7Li ratios until a steady state is approached (𝑁𝐷
𝐿𝑖 exceeding 10-5 to 

10-3 for Knet varying from 106 to 104). The increase is mapped by 𝑁𝐷
𝐿𝑖 

of which higher values reflect some combination of faster reaction 

rates, longer flow path lengths or smaller fluid fluxes. The δ7Li of the 

water  can  only  increase  above  the  steady  state Li-isotopic value of  

δ7Lis -  if there is a change in reaction stoichiometry and/or partition 

coefficient so that Knet.Li’ exceeds 1. If so, more Li is removed from 

solution than is being supplied from dissolution and the grid changes 

structure with the waters decreasing in Li concentrations and initially 

increasing to higher δ7Li values before returning to equilibrium with 

the unreacted rock (Figs. 3, 4). Again, higher values of 𝑁𝐷
𝐿𝑖 are reflected 

by the more rapid return of δ7Li towards equilibrium.  

4.4 Complications: Mixing, dilution and evaporative enrichment of 

fluids 

Mixing of fluids from separate flow paths, changes in reaction 

stoichiometry/partition coefficient (Knet) and dilution or enrichment by 

addition of rain or evapo-transpiration of emerging groundwaters may 

complicate interpretations. If, as expected, a range of groundwater flow 

paths in a small catchment have similar Knet values but a range of path 

lengths and fluid fluxes, mixtures of two such fluids will lie on a 

concave mixing hyperbola above the convex Knet contour and plot at an 

apparent Damköhler number that is some weighted average of the flow 

paths. Mixing from flow paths with different Knet values with or without 

different Damköhler numbers would take place along hyperbolic 

mixing curves crossing Knet contours. If the value of Knet changed part 

way along a flow path, Li' and Δ7Lif-s would map a trajectory across to 

the new Knet contour. Although analysis of single samples would 

contain no information on such mixing or changes in Knet , the scatter 

of sets of samples from tributaries in smaller catchments might be 

expected to reflect the range in 𝑁𝐷
𝐿𝑖, systematic changes in Knet and the 

nature of the mixing in water leaving the catchments. 

Dilution or enrichment of waters prior to entering groundwater 

flow paths is unlikely to be important as Li concentrations are likely to 

be low. Significant enrichment or dilution of waters at the end of flow 

paths would result in samples being displaced parallel to the x-axis on 

the reactive transport grid causing either an increase in apparent Knet and 

a decrease in apparent Damköhler number with dilution or the opposite 

for evaporative enrichment. Plotting a reactive transport diagram 

comprising Δ7Lif-s versus Li'/Na' does not reveal information about the 

impact of such changes in concentration on 𝑁𝐷
𝐿𝑖 and Knet as equations 

12 and 19 collapse onto a single curve (Fig. 6) where 7Lif-s increases 

with the product Knet. 𝑁𝐷
𝐿𝑖

. The intercept, if Li'0 and Na'0 are small, is 

equal to 𝑁𝐷
𝐿𝑖/𝑁𝐷

𝑁𝑎, providing information on the relative dissolution 

rates of Li and Na bearing minerals.   

5 Li-isotope systematics of the Alaknanda catchments:  Calculation 

of ND and Knet 

The model discussed above shows how the Li-isotope systematics 

may be discussed in terms of the dimensionless constants 𝑁𝐷
𝐿𝑖 and Knet 

Figure 3. Illustration of variation of Li concentration and isotopic composition 

with distance along a flow path (equations 11 and 12) for a Li-isotopic 

fractionation factor,  = -17‰. a) Shows concentration with solid line 

calculated for an initial concentration of 0 (Li'0 = 0) and dashed line calculated 

for Li'0 = 1x10-4. Note increase in Knet for second case is reflected in lower 

steady-state Li concentration. b) Solid line takes Li'0 = 0 and shows monotonic 

increase in Li-isotopic ratio. Dashed line takes Li'0 = 1x10-4 and initial fluid 

7Lif = 17‰ and shows increase in 7Li to a maximum value and then decrease 

to a steady state value of +17‰ (dashed line) given assumed secondary 

mineral–fluid fractionation of -17‰ and rock 7Li=0‰. The Damköhler 

number is scaled to the length of the flow path.       

 

Figure 4. The effect of varying Damköhler number 𝑁𝐷
𝐿𝑖 and net partition 

coefficient Knet. Dissolved Li concentration and isotopic composition plotted 

against Knet with contours of varying 𝑁𝐷
𝐿𝑖.  Note that increasing Damköhler 

number is equivalent to increasing path length and/or increasing rock dissolution 

rate. In (a) and (b) more Li is being supplied to the water through dissolution 

than being removed through clay precipitation (KnetLi’ < 1) and the starting 

composition Li’0 of the water at the beginning of the flow path is 0. In (c) and 

(d) more Li is removed than supplied (KnetLi’ > 1) and Li’0 is taken as 1x10-4 and 

δ 7Lif,0 as 17‰. The concentrations on the right-hand axes of Figs 3a and c are 

scaled to a solid (Lis) concentration of 35 ppm (average crust of Teng et al., 

2004) and the isotopic evolution in Figs 3b and d takes δ7Lis = 0‰ and the 

secondary mineral-fluid fractionation factor (Δ) as -17‰. 
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given a value for the clay mineral-water Li-isotopic fraction factor, . 

We evaluate the constraints on the magnitude of  below. Calculation 

of 𝑁𝐷
𝐿𝑖 and Knet for an individual water sample is based on the Li 

concentration and isotopic composition of both the dissolved load and 

bed rock from equations 12 and 14, in conjunction with assumption of 

their initial values at the beginning of the flow path (Li’0 and δ7Lif,0) as 

discussed below. Bed sands are used as a proxy for the bedrock, as bed 

sands in the Himalayas are minimally weathered and provide a 

catchment integrated rock composition.  

5.1 Estimates of the clay-water Li-isotopic fractionation factor () 

Mineral-fluid Li-isotopic fractionations are likely to vary with 

temperature, mineral species, precipitation rates and fluid 

compositions. In weathering of Himalayan silicate crust product 

minerals containing significant Li are likely to include kaolinite, 

smectites, chlorite, Fe-oxyhydroxides, vermiculite and other alteration 

products of biotite. There are few direct constraints on clay mineral-

fluid Li-isotopic fractionation factors. Vigier et al. (2008) synthesised 

smectites (Li-rich hectorites) and extrapolate isotopic fractionation 

factors for Li in structural sites measured between 250 °C and 90 °C to 

imply 7Li ~ -17 to -19‰ at temperatures between 20 and 5 °C. 

Experiments at temperatures below 90 °C were thought not to be in 

equilibrium. They found Li on exchangeable sites exhibited very small 

fractionations, consistent with experiments by Pistiner and Henderson 

(2003) on both smectites and Fe-oxyhydroxides. Zhang et al. (1998) 

calculated fractionation factors from Li-uptake into vermiculite, 

kaolinite and a Mississippi River clay recalculated as 7Li = -31, -18 

and -21‰ with uncertainties of ~ 5‰. Millot et al. (2010a) derived 

fractionation factors from seawater-basalt experiments between 25 and 

250°C which imply 7Li ~ -19‰ at surface temperatures from a best 

fit regression against 1/T (K). 

There have been a number of attempts to use natural 

fractionations to recover the underlying fractionation factors. Chan et 

al. (1992) analysed ocean floor basalts altered at low temperatures and 

interpreted their Li-isotopic compositions to reflect mixing between 

pristine basalt and secondary clays with a fractionation factor against 

seawater (2 °C) of ~ -19‰.  Other studies have modelled Li-isotopic 

variations in river and groundwaters against Li or Li/Na ratios with both 

batch and Rayleigh fractionation and recovered fractionation factors 

between ~ -5 to -25‰ (Bagard et al., 2015; Dellinger et al., 2015; 

Lemarchand et al., 2010; Pogge von Strandmann et al., 2017).  The 

problem with this approach is that weathering along flow paths with 

reactive transport can produce similar trends but these deviate from 

Rayleigh or batch fractionation trends. We discuss possible further 

constraints on clay mineral-fluid Li-isotopic fraction factors from the 

Himalayan data below.  

5.2  𝑁𝐷
𝐿𝑖 and Knet and the transition in weathering processes across the 

Alaknanda Basin 

The Himalayan data divides into two groups on the 7Lif-s – Li’ 

diagram (Fig. 5). Nearly all the TSS, HHCS and HHCS+LHS rivers 

have 7Lif-s <17‰, Li’ between 5x10-6 and 5x10-5 and Knet < 6x104. 

Figure 5. A grid mapping evolution of dimensionless Li concentration (Li’ =Lif/Lis) and isotopic compositions (7Lif-s =7Lif - 
7Lis) of waters for ranges of values 

of the Damköhler number (𝑁𝐷
𝐿𝑖) and net partition coefficient (Knet). The lower grid (7Lif-s< 17) is calculated for Li'0=0 and therefore  KnetLi’ < 1 where more Li is 

supplied from dissolution than being removed from clay precipitation, and the upper grid with initial conditions Li'0=2.53x10-5, and 7Lif = 17‰ for Knet values 

which give KnetLi’ > 1 so that more Li is removed than supplied. Solid lines of the grid are contours of Knet and dashed lines are contours of 𝑁𝐷
𝐿𝑖. At low weathering 

intensities waters are expected to evolve along lines of constant Knet reflecting near constant reaction stoichiometry and fluid-secondary mineral partition. Isotopic 

compositions in the upper grid (7Lif-s> 17) can only be accessed if reaction stoichiometry and/or Li partition coefficient change so that KnetLi’ > 1. Analyses of 

samples from the Himalayan catchments are plotted with Li' scaled to bedload Li concentration and 7Lif-s calculated taking 7Lis equal to the bedload Li-isotopic 

composition (see text Section 4.2). The initial Li concentration for the upper grid is taken by extrapolating the average Knet of the HHCS samples to 7Lif = 17‰.      
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The LHS and OLHS rivers have 7Lif-s ≥ 21‰, Li’ < 6.6x10-6 and Knet 

> 2x105. The coincidence of high 7Lif-s with lower Li’ of the LHS and 

OLHS samples is taken to indicate that these samples evolved with a 

stage of decreasing Li’ with Knet.Li’>1. This requires that their waters 

underwent a minimum of two stages of reactive transport. The first 

stage from rainwater necessarily elevated both Li’ and δ7Lif. The 

second followed an increase in Knet, which reduced Li’, but further 

increased δ7Lif. The division between the low and high Knet groups 

occurs at values of 7Lif-s between ~17 and 21‰ which lies in the range 

of the best estimates of  (Chan et al., 1992; Millot et al., 2010a; Vigier 

et al., 2008). A clay mineral-fluid fractionation factor in the range 20 ± 

3‰ is also consistent with field studies that note fluid 7Lif-s is largely 

capped in this range. These include the other major study of river waters 

in the Himalayas (Kisakűrek et al., 2005), the Ganges mainstem in the 

flood plain where 7Lif-s rises to ~ 22‰ and nearly all the tributaries 

are less than 23‰ (Pogge von Strandmann et al., 2017) and the 

Strengbach catchment where 7Lif-s in streams and springs ranges up to 

19.3‰ (Lemarchand et al., 2010) (see Supplementary material 

Appendix F, Figs. F1, F3).  

Where 7Lif-s exceeds ~23‰ there is some evidence of two stage 

processes. For example, in the Strengbach catchment soil water Li 

concentrations initially increase with depth before a marked decrease 

between 30 and 60 cm, associated with a large increase in δ7Li 

(Lemarchand et al., 2010).  

On Fig. 5 the input fluid composition for the upper grid is taken 

as close to the composition of the most evolved HHCS samples on the 

lower grid (7Lif-s = 17‰ and Li’ = 2.53x10-5). The minimum initial 

Li' must be greater than 1.24x10-5 for a reaction-precipitation 

mechanism  to  produce  the  sample  with  the  mos t extreme  Li'  and  

7Lif-s (AK429). Assumption of Li'0 = 1.24x10-5 makes little difference 

to calculated second stage Knet and 𝑁𝐷
𝐿𝑖 values (changing the mean Knet 

for the LHS and OLHS samples from 3.2x105 ± 8x104 to 4.3x105 ± 

1.1x105, 2se, n=7), excluding the two samples with the highest Li' and 

7Lif-s values. Likewise decreasing  to -21‰ and increasing the input 

Li-isotopic composition (7Lif,0) to 21‰ only decreases the mean Knet 

to 2.8x105 ± 7x104 and increases the mean 𝑁𝐷
𝐿𝑖 from 1.2x10-5±1.5x10-6 

to 1.8x10-5 ± 1.9x10-6 (2se, n=9). 

The catchments in the Alaknanda basin cluster around three 

values of Knet (Fig. 5). The lowest values average at 1.7x104 ± 2x103 

(2se, n=3). These samples represent the earliest stages of weathering 

within the basin including the output from the TSS, the Birehi river in 

the LHS and the mainstream Alaknanda at its outlet in Srinagar. The 

high Li flux of the latter indicates that the Li flux exiting the Himalayan 

mountains is predominantly sourced from incipient weathering 

reactions in the upper parts of the Ganga headwaters. A majority of the 

sampled HHCS rivers and the mainstem tributaries that drain the HHCS 

and LHS are characterised by intermediate values of Knet (mean 4.1x104 

± 5.3x103 2se, n=9). The highest values of Knet are calculated for the 

second stage of weathering in the tributaries draining the LHS and 

OLHS (mean 3.1x105 ± 6.5x104 2se, n=9, Supplementary material 

Table E1).  

The distinct Knet values thus reveal three dominant weathering 

regimes within the basin. Within these regimes the spread in 7Lif-s and 

Li’ may be explained by variations in the Damkӧhler number. Values 

of 𝑁𝐷
𝐿𝑖 are generally highest in larger catchments, presumed to result 

from longer fluid flow paths and residence times. Dilution of 

groundwater inputs to rivers by dilute surface runoff would decrease 

the values estimated for 𝑁𝐷
𝐿𝑖 and increase the estimates for Knet. The 

consistency of the Knet values within ± 35% in the HHCS grouping 

suggests that, if dilution is significant across these very different size 

catchments, it varies remarkably little. The much larger proportional 

spread in 𝑁𝐷
𝐿𝑖 (140% about the mean) is consistent with the main control 

on the weathering progress being hydrological and some combination 

of fluid flux, flow path length and possibly reaction rate. The more 

complicated weathering regime in the LHS and OLHS, with a second 

stage characterised by high Knet, is plausibly related to the slower 

erosion rate and warmer climate which allow increased reaction 

progress in nearer surface rocks sampled along the later parts of 

hydrological flow paths. However, the role of lithological differences 

may also be significant. 

5.3 Comparison with other Himalayan and the Strengbach catchments 

The Li’ and 7Lif-s values of rivers sampled by Kisakűrek et al. 

(2005) in the Nepal Himalayas show a similar distribution to the 

Alaknanda samples (Supplementary material, Fig. F1). The TSS 

samples scatter to the lowest values of Knet (104) and highest values of 

𝑁𝐷
𝐿𝑖

 (5x10-4) similar to the Alaknanda TSS sample. Most of the HHCS 

samples show a wider scatter but are centred on the Alaknanda HHCS 

samples. The wide scatter likely reflects seasonal variations, as samples 

from Kisakürek et al. (2005) were collected in both the pre- and post-

monsoon seasons when hydrological conditions are markedly different, 

in combination with the broader geographic spread of these samples. 

Eight of the eleven HHCS samples from the Dudh Khosi (south of Mt 

Everest), have a distinct composition with 7Lif-s between 18 and 23‰ 

and Li’ < 2x10-6. The LHS samples from Nepal have similar 

compositions to the HHCS samples, unlike those from the Alaknanda 

catchments. These samples were taken from small catchments along an 

8 km stretch of the Bhoti Kosi and presumably represent less advanced 

weathering than the Alaknanda LHS samples. 

The Strengbach catchment drains a small catchment underlain by 

an altered leucogranite in the Vosges Mountains. Streams and springs 

exhibit a range of 7Lif-s from 6 to 19‰ and Li’ mostly less than 3x10-

6 (Lemarchand et al., 2010) (Supplementary material Fig. F1).  Again, 

7Lif-s is limited to  19‰, consistent with a single stage of weathering 

with the most evolved waters close to steady-state.   

Figure 6. 7Lif-s to Li'/Na' of Alaknanda water samples with contours 

representing 𝑁𝐷
𝐿𝑖/𝑁𝐷

𝑁𝑎. Note that dilution or evaporative enrichment of waters 

does not change sample locations as the product 𝑁𝐷
𝐿𝑖.Knet and the ratio Li'/Na' 

remain constant. Note most samples plot within a factor of 2 of  𝑁𝐷
𝐿𝑖 𝑁𝐷

𝑁𝑎⁄ = 1. 
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5.4 Comparison of 𝑁𝐷
𝐿𝑖 and 𝑁𝐷

𝑁𝑎  

Fig. 6 illustrates the distribution of the Alaknanda samples on the 

Δ7Lif-s to Li'/Na' reactive transport grid. The majority of the samples lie 

between 0.6< 𝑁𝐷
𝐿𝑖/𝑁𝐷

𝑁𝑎 < 2.2 (mean 1.6). Provided the rain and spring-

corrected Na concentrations reflect plagioclase dissolution, the  

𝑁𝐷
𝐿𝑖/𝑁𝐷

𝑁𝑎 ratios imply that dissolution of micas, which are likely to 

contain more Li than feldspars, is comparable to that of plagioclase. 

This difference is well within the scatter of estimates of feldspar and 

biotite dissolution rates compiled by White and Brantley (2003).  

5.5 Weathering in the Ganges floodplain 

The Li-isotopic compositions in the Ganga mainstem rise rapidly 

from ~12‰ at the mountain front to ~ 20‰ 500 km downstream and 

then remain within the range 19-24‰ (except one dry season value of 

27‰) for the rest of the river course (Bagard et al., 2015; Huh et al., 

1998; Manaka et al., 2017; Pogge von Strandmann et al., 2017), 

(Supplementary material, Figs F2, F3). The Yamuna, tributaries that 

rise on the floodplain, major tributaries from the north that rise in the 

Himalayas (except the Gandak, 16.7‰) and those from the south from 

the basalts of the Deccan plateau have 7Lif in the range 19-24.8‰. 

Thirteen of the sixteen tributaries have δ7Lif in the range 20±1‰. This 

indicates that weathering on the floodplain occurs at Damköhler 

numbers sufficient to reach steady-state with 7Lif-s = -. It should be 

noted that ‘steady-state’ Li-isotopic compositions do not imply 

weathering is supply-limited. The shallow groundwaters (< 40 m) with 

7Lif up to 30‰ (Bagard et al., 2015) imply that weathering in some 

aquifers reached the second stage where Li’.Knet>1, unless the 

fractionation factor, , was much more negative than indicated by 

experiments. A floodplain groundwater contribution may explain the 

higher δ7Lif ratios in the mainstem and some tributaries (although the 

average shallow groundwater 7Lif is ~ 22‰). Lupker et al. (2012) and 

Bickle et al. (2018) estimated that weathering on the floodplain 

contributes about 50% of the silicate-derived chemical fluxes 

discharged by the Ganges, and the limited Li concentration data implies 

a similar fractional input for Li.    

6.  Constraints on climatic and tectonic controls from 𝑵𝑫
𝑳𝒊 and Knet 

Previous discussions of riverine Li-isotopic ratios have mostly 

been based on zero-dimensional batch or Rayleigh fractionation models 

(e.g. Bouchez et al., 2013; Dellinger et al., 2015; Misra and Froelich, 

2012), and interpreted in terms of ‘weathering intensity’ defined as the 

ratio of chemical denudation rate to the total denudation rate. For the 

assumptions made here, applicable to rapidly eroding environments, the 

δ7Li of the dissolved load is controlled by the several parameters which 

comprise the Damkӧhler number (𝑁𝐷
𝐿𝑖) and the net partition coefficient 

(Knet) but not simply by the ‘weathering intensity’. Water discharged 

from a flow path has a constant δ7Li ratio while the stoichiometry of 

the weathering reactions and Li mineral-fluid partition coefficients 

remain unchanged. The δ7Li of the eroded material is determined by the 

ratio of the solid weathering products (te.∂S/∂t where te is the duration 

of the weathering) to residual unweathered rock (1- te.∂S/∂t) and the 

δ7Li of the weathering products. The latter is given by the integral of 

the Li-isotopic composition of the weathering products over the path 

length (i.e. (∫ 
7𝐿𝑖𝐶𝑧)/𝑙

𝑙

0
 where l is path length and δ7LiC is the δ7Li  

 

 

 

 

of the secondary weathering products). The δ7Li of the bulk riverine 

solid load thus reflects weathering intensity but also the stoichiometry  

of the weathering reactions and the Li partition coefficient (Knet) as well 

as the δ7Li of both the bedrock and the weathering products (cf. 

Dellinger et al., 2017).  

The dependence of the solutions for dimensionless Li 

concentration (Li') and isotopic composition (δ7Lif) on the two 

dimensionless numbers (𝑁𝐷
𝐿𝑖 and Knet) demonstrates that the Li 

systematics in river waters do not provide unique solutions for the 

multiple climatic and tectonic parameters that determine silicate 

chemical weathering fluxes. Table 2 speculates on some of the controls 

on the parameters comprising 𝑁𝐷
𝐿𝑖 and Knet and illustrates the potential 

complexity of their interactions. For example, increases in rainfall may 

increase reaction rates, increasing the Damkӧhler number, but also 

increase fluid fluxes which has the opposite effect on 𝑁𝐷
𝐿𝑖. Increased 

rainfall may also increase erosion rates which would decrease 

weathering intensity but not chemical weathering fluxes. The 

relationship between erosion rate and the depth and length of 

groundwater flow paths in rapidly eroding mountainous terrains is 

unknown. Increases in temperature would increase reaction rates, 

increasing 𝑁𝐷
𝐿𝑖, but if the increase in temperature was associated with 

an increase in rainfall and erosion rate, this might offset the increase in 

reaction rate.  

7. Conclusions  

Modelling of reactive transport along one-dimensional flow paths 

applicable to rapidly eroding catchments where weathering intensities 

are low shows that the controls on Li concentration and isotopic 

composition of river waters may be described by two dimensionless 

numbers; 1) a Damkӧhler number which is a product of reaction rate 

and water residence time and 2) a net partition coefficient that expresses 

the mass of Li in secondary minerals to the concentration of Li in the 

water from which the minerals are precipitating.. The Li-isotopic 

composition of the river waters is controlled by the parameters that 

make up these dimensionless numbers including reaction rate, flow 

path length, fluid flux, Li fluid-solid partition coefficient and reaction 

stoichiometry, in addition to the Li content and isotopic composition of 

the bed rock. There is no simple relationship between weathering 

intensity and the Li-isotopic composition of the river waters. The Li-

isotopic composition of solid weathering products does give a measure 

of weathering ‘intensity’, a measure of the fraction of silicate rock 

consumed by chemical weathering, but again is also a function of the 

other controlling parameters.  

Analyses of Li concentrations and isotopic ratios of a set of major 

and minor rivers and bedload sediments from the headwaters of the 

Ganga river in the Himalayas illustrates how the reactive transport 

modelling may be applied to interpret the weathering environment. The 

results illustrate three contrasting weathering regimes. The output from 

the highest catchment on the Tibetan Sedimentary Series, which has the 

coldest climate and moderate erosion rates, displays lowest values of 

the net partition coefficient reflecting incipient weathering reactions 

 ∂S/∂t ω0φ ℓ

𝜔0𝜑
 

S 𝑁𝐷
𝐿𝑖 Knet 

Temperature ↑ - - ↑ ↑ ↑ 
Rainfall ↑ ↑ ↓ ↑ ↑↓ ↑ 

Erosion - ? ↑ ↓ ↓ ↓ ↓ 

Table 2  

Impact of changes (increases) in climatic and tectonic variables on 𝑁𝐷
𝐿𝑖 and Knet 



Bohlin, M. S., Bickle., M. J. 2019                           Accepted manuscript Earth and Planetary Science Letters 

11 

 

and/or low clay mineral/fluid partition coefficients. The high Li 

concentrations and relatively low δ7Li ratios in this catchment, 

plausibly a result of longer flow paths and lower fluid fluxes, dominate 

the Li-budget of the mainstem Alaknanda downstream. The most 

rapidly eroding High Himalayan Crystalline catchments are 

characterised by higher values of the net partition coefficient with water 

compositions  tending  towards  the  limiting  isotopic  fractionation of  

~ +17‰ expected at higher Damkӧhler numbers. The grouping of the 

waters along a relatively restricted range of net partition coefficient 

contours, but a wide range of Damkӧhler numbers, is consistent with 

relatively constant reaction stoichiometries but a wider range of fluid 

fluxes and/or flow path lengths. The lower altitude, warmer and more 

slowly eroding Lesser Himalayan catchments exhibit a more complex 

weathering environment. The high δ7Li ratios and lower Li 

concentrations of waters which exceed 17‰ can only be explained by 

a two stage weathering process where the second stage has a higher net 

partition coefficient than the first stage, so that the evolving water tends 

to lower Li concentrations but potentially much higher Li-isotopic 

ratios. This is plausibly the result of changing reaction stoichiometry 

along flow paths related to higher reaction progress in a more slowly 

eroding but faster chemical weathering environment.  

The results illustrate how a set of geochemical and isotopic 

analyses may relate to the groundwater hydrology, climate, erosion 

rate, lithology and weathering reaction stoichiometries. Given the 

significance of rapidly eroding terrains for the potential climatic 

feedback of chemical weathering fluxes it will be essential to test 

whether the simple analysis of chemical weathering outputs, as 

modelled here, captures the important information or whether the 

additional potential complexities such as mixing of waters and 

progressive changes of reaction stoichiometries along flow paths 

obscure this information. The initial results from this study suggest that 

the modelling based on one-dimensional reactive transport equations 

with limited changes in reaction stoichiometry may provide valuable 

information on weathering regimes. 
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