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The reactive transport of Li as a monitor of
weathering processes in kinetically limited weathering
regimes

Madeleine S. Bohlin*, Mike J. Bickle

Dept. Earth Sciences, University of Cambridge, Downing Street, Cambridge CB2 3EQ,

UK.

Abstract

Analytical solutons to reactivdransport equations describing the evolution of Li
concentrations and isotopic ratios are presented fedmnensional flow paths where reaction
stoichiometry is constant along the flow path. These solutions are consiggmegriate for
chemical weathering in rapidly eroding catchments. The solutions may be described by two
di mensionl ess number s; 1) a Damkoéhler numbet
fluid residence time, and 2) a net partition coefficient Wrdescribes thé&action of Li re
precipitated in secondary minerals as the product of a-$ledndary mineral partition
coefficient and the mass fraction of secondary mineral precipitates. In settings where water
entering flow paths is dilute, Li condeations will increase along the flow path until they reach
a limiting value determined by the net partition coefficient. Simultaneo(skLi isotopic
ratios will increase to a limiting value of the source rock ratio minus the secondary mineral
fluid Li-isotopic fractonation factor. Waters with Lisotopic ratios in excess of this limiting
value must have evolved with a change of reaction stoichiometry and/or partition coefficient
along the flow path such that at some point net removal of Li to segomiaerals exceds

that supplied by dissolution of primary minerals. The modelling shows that the multiple
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controls on chemical weathering rates (temperature, rainfall, erosion rate, hydrology) cannot

be inferred from Li concentration and isotopic ratiatad alone whichonly provide two
independent constraints. Caution should be exercised in interpretation of oceanic Li records in
terms of potential climatic variables. The model is illustrated by a set of Li concentration and
isotopic ratio measurements ower waters ad bed sands in the Alaknanda river basin which
forms the headwaters of the Ganges. This il
net partition coefficient can be used to trace weathering processes. Water samples from
catchments wh similar lithdogies and climates scatter along contours of approximately
constant net partition coefficient, reflecting similar reaction stoichiometries, but with more
variabl e Damkoéhler numbers refl ectorreagtiorvar i at
rate Samples from the lower, warmer and less rapidly eroding catchments haveitfigh

isotopic ratios with lower Li concentrations and must reflect at least -@tlge weathering

process where reaction stoichiometry and/or Li floicherd partition coeficients change

along the flow path so that net Li is removed in the later stages.
Key words Lithium, Li-isotopes, chemical weathering, Himalayas, reactive transport

*Corresponding author, email: madeleine.bohlin@gmail.com

1. Introduction

Chemical wathering of silicate rock is thought to provide the negative feedback which
maintains the equable climate on EgBlerner et al., 1983; Chamberlin, 1899; Walker et al.,
1981) However the nature and magnitude of the climatic anwrigccontrols on rivene
solute fluxes are uncertain and thus their roles in moderatingtéomgglobal climate are
disputed(Bluth and Kump, 1994; Maher and Chamberlain, 2014; West et al., . 2008t

this reflects the pgential complexities of the bewbck, climatic and tectonic controls and in
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part the difficulty of distinguishing the silicate chemical weathering inputs from the much

larger inputs from weathering of carbonate rocks.

Lithium concentration and isotopi compositions are a promising proxy for silicate
weathering processes on the continent as dissolved Li is almost entirely derived from the
dissolution of silicate minerals Ki sakdr ek et al . ,.TheOwedheng Mi | |
systematics of Li are relatively simple with negligible biological cyclipgmarchand et al.,

2010; Pogge von Strandmann et al., 2Q&) congruent primary mineral dissolutidtistiner
and Henderson, 2003; Verngyarron et al., 2011; Wimpenny et &010) Importantly, the
formation of secondary mineral phases such as clays orhgeyoxides preferentially
incorporates’Li (Vigier et al., 2008)which fractionates the Li isotopic compositiamd
generates continental reservoirs with significantlysdéht Li isotopic compositior(®ellinger

et al . | 2015; Huh et al . | 1998; Ki sakilr ek

Riverine Lkisotopic compositions are often modelled by zeimensional batchor
Rayleigh model§Bouchez et al., 2013; Dellinger et al., 2017; Dellirggr al ., 2015
et al.,2005) However, these models do not properly reproduce the results of reactive transport
in natural environments in which water flows through porous soils, sapprolite and rock with Li
being continuously supplied by dissobutireactions, removed by preitgiion 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 medi{fantorbe et al., 2013; Maher, 2010, 2011;
Maher and Chamberlain, 2014)lodels 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 et al., 2015; Wanner et aR017; 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
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precipitation in secondary minerals to that supplied by dissol is held constant
(Lemarctand et al., 2010br where the rate of Li partitioning into secondary minerals is
described by a constant partition coefficiPbgge von Strandmann et al., 2Q14)this paper

we present similaanalytical solutions to an@ dimensional reactive transpmodel adapted

from that ofFontorbe et al. (2013ndapplied 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 weathgmn riverine Li systematics. The model
shows that thewslution of Li concentrations and isotopic compositiamginetically limited
weathering regimemay be described by only two dimensionless numbers in addition to the
choice of starting and boundasgnditions and the clay minerfiliid Li-isotopic fractonation

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 sampli® from
kinetically limited weathering regime in the Alakmn river basin in the Himalayan
mountainsWe at hering -l hmikeédeteoagl rpnments provi
moderates climate on long timescalegy. West et al., 2005and the objectivés to use Li
isotope systematics to help elucidate thelsmaatic controls on silicate weathering. We also
discuss the evolution of Li systematics in the Ganges flood plain based on previously published
Li-isotopic analyse¢Bagard et al., 2015; Huh et.,a1998; Manaka et al., 2017; Pogge von

Strandmann et al2017)

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 GangeBrahmaputra river system onétbe largest transport systems of solutes and

sedimentso the oceangGaillardet et al., 1999; Huh, 2010; Milliman and Meade, 1988B)er
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chemistry in the headwaters of the Ganges has been subject to numerous stuBie&|éeday.

al., 2003; Bickle etl., 2005; Bickle et al., 2001; Bickle et al., 2015; Kiapani and Saini,
2009; Singh and Hasnain, 1998)ere, we use the Li concentration and isotopic composition
of the dissolved load and bed sands of the Alaknanda river basin (NW India) to illtrstrate
reactive transport model developed below. The Alakiaaiver basin may be divided into four
physiographic regions of contrasting geology (Fig. 1). These comprisihel)argely
unmetamorphosed siliciclastic and carbonaceous sedimentary rocks of illb@&anT
Sedimentary Series (TSS), 2) the hmgylade gneisss, schists and granites of the High
Himalayan Crystalline Series (HHCS), 3) the {ae@ medium grained schists, phyllites and
massive dolomites of the Lesser Himalayan Series (LHS) and 4) thedde igretasediments
of the Outer Lesser Himalayan Seried K{3) 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 lamgygeran erosion rates and climate, and

contrasts in lithalgies.

The Himalayan catchments sampled for this study range from 4 to 11GQ@igmi, for
their location, area, and physiographic details Sepplementary material Table Al). They
cross an exéme range of climatic and vegetation zones. The T®&isly 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{Bgokhagen and
Burbank, 2010)The HHCS extends from altitudes above@60to 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 monsosorséae
OLHS and LHS extend from altitudes of a fewndred meters t63700 m; these catchments
are often densely forested (oaks, alder, rhododendron) with significant terracing for agriculture

in limited areas. The climate ranges from-$udpical at thdowest altitudes to Alpine on the

5
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highest peaks and gxipitation ranges between ~ 1500 and 2700 mm/yr, with 75% occurring
during the monsoon seasdarosion 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 HHQ&nce et al., 2003)

The water and bed sand samplealgsed 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 ipl&mgntary material Appendix A.

The major cation and &n 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 bicarbonatominated with high & reflecting inputs from carbonate lithologies
(Bickle et al., 2005; Bickle et al., 2015)verage 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 siv much scatter related to controls by lithology, clienand

catchment size.

2.1 Li concentrations and isotopic compositions of river waters and bed sands in the Alaknanda

river basin

Analytical procedures for Lisotopic ratios followedohlin et al. (B18) The contribution
of atmospheric and hydrothermialput 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 AJ)he rivers draiing the TSS and HHCS have the highest
dissolved Li conentrations despite having total dissolved solid loads (TDS) lower than those
in the LHS and OLHS (Supplementary material Table A2)oncentrations of bed sands

(Supplementary material Table A3) genfrom 17 to 384 ppm with the highest values in the
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HHCS probably derived from pegmatites associated with leucogranites which outcrop close to

the South Tibetan Detachment System.

TheLid® composition of the dissol vtahighestad r ai
values found in rivers draining the LHSda®LHS (Supplementary material Table A3). There
is a large ranfdid-3i 8 t dov e O Yprock leterngereityiT83 b e d
HHCS and OLHS bed sediments are characterised by ne@étiveompositions (3.3 to
0. 7 %o) wher eas ntshae almbst excdusivly mpaositiveO(. 6 t o 10. 0%
Suppl ementary materi al Tabl e’LA3)>. +Ble (tAKdE 2S5 a
AK427) are from the LHS Pindar catchment which includes ouscobphe volcanidbearing
Rautgara and Nagth&erinagformations(Valdiya, 1980) ‘Lidin modern basalts altered by
seawater may r each (Ghanleuat, sl992)The appargri fraetionationl 4 %o
bet ween waters A&ndlis dyserdatically [dWemrerivarssdraifiny the TSS
andthe HLS and i ncreases from 8. 1% to 32.2% to

catchment.

The marked fractionation of lisotopic compositions in the wate& (i between 8 and
35%) from t he ossoutricoen sr o(cnke s@alufpiglhe tivo Hedaidd%o, 1
sampl es L) ts lascribed gohpredpitation of clay minerals which have significant
fluid-mineral Lrisotopic fractionation factordHuh et al., 1998)Interpretation of the changes
in Li concentrations and isotopic compositions requires dehaf both how the fluid interacts
with the bed rock minerals and the nature of the ftuideral reactions and reaction products.
Below we formulate a simple reactive transport model in a form thatsllterpretation of

the Li systematics and how tleasight relate to the controlling climatic and tectonic variables.

3. Model framework: One-dimensional reactive transport model for the weathering

environment
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Tablel — Definitions and units of variables used in the reacti@agport model

Variable Definition Units
¢ Porosity of medium m M
o Flow velocity of fluid m-is
W Fluid flux m
Lif, Lis, Lic Li concentration of fluid (f), solid (s), clay (c) mo | 3.
&'Lir, &'Liro,  Lj isotopic composition of fluid (f), initial fluid (f,0), %o
&'Lirs, &'Lis, fluid relative to solid (@), solid (s), clay (c)
d'Lic,
A Fractionation factort{Lis- U'Lic) %0
Kv Volumetric partition coefficient of Li between fluic
and cly minerals
Lt Time ), timerock is weathered before erodeg) ( S
Z Distance along flow path m
¢ Flow path length m
Li 6, NE& Dimensionless variables for concentrationi)(@and
(Na)), time ¢') and distancez()
S Volume fraction of Bicate rock weathered
0S/ dt Reaction rate of silicate rock st
f Volume fraction of dissolved rock precipitating a
secondary minerals
0 Damkohler number for Li
0 Damkohler number for Na
Knet

Net partition coefficient for L{f-Ky)
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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 sané to depthef kilometres, the deepest supplying the meteoric
waterdominated hot springdBecker et al., 2008; Coussens et al., 2018; Evans et al.,.2001)
The timevarying chemistries of river waters attest to input from groundwater systems with
varying residence tiras and weathering characterist{Galmels 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 Nephba2d3ts of
the river discharge passes through the groundwater system which is in relatively low porosity
fractured rocKAndermann et al., 2012Mineral weathering in the river channel is minimal in
the fast flowing mountain river@ickle et al., 200 The weghering 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 med in therivers with the potential for additional dilution by
precipitation or enrichment by evap@nspiration. 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). h 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 disso(eegl 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 debréy weathe more homogeneously

(Emberson et al., 2016)nd in the lower catchments in the Himalayas there is significant
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development of soils although erosion is still dominated by landslides which preclude the

development of mature soil weathering prdfile

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 etladyaassible

responses of such systems to climatic and tectonic controls we initially model the simplest

component of the hydrological system; reaction in adimensional flow path along which

the silicate mineral reaction stoichiometry and reactianagtconstant. The limited extent of

silicate

mi

ner al

di

ssol

ut i

on

n

K i

net.

c al

appropriate approximation. This contrasts with weathering of mature soil profiles in which a

series of mineral reaction fronts da@ mapped migrating downwards.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,

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 vatii@long

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 pa¢sble 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

respectiveDamkdhler numbers and thus the relatdisolution rates between Liand Na

bearing minerals.
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3.2 A model for Li concentration and isotopic ratios

The evolution of the Li concentratiohi{) and isotopic compositioni{Lis) of the fluid with

respect to timet) and distancezj along a onalimersional flow path, may be described by

LR LR T—E)(QC}—E){UQ 1)
T O T a 10 0

'| °
and

JokovR 100D T—E“QO"Q“&%—(Q{O"Q ey @

T o Ta 10

whereli is the porosity of the rock or soiinf-n1°), ¥ is the flow velocity of the fluidrf-st),
andy i is thus tle water flux (-stor m*m?.s1). O S /is@hie reaction rate at which a volume
fraction of silicate rockS is being chemically weathered with tings?), with a concentration

Lis (mol-m®) (variables defined in Table 1). Therefog@S /-1@ ts the reaction rate at which
lithium bearingrocks weather and release Li into the fluido{-m®-s?), with an isotopic
compositionl’Lis( &.)A volume fractiorf of chemically weathered rock is reprecipitated as
clay minerals, having a Li concentratibiz (mol-m®). It is assumed that the concexiton of

Li in the clay minerals may be related to that of the fluid by a volumetric partition coefficient,

Kv, where

C

-
o 3)

C..

N

Cc

and its isotopic composition is related to the fluid by thefrai onat i:0 ) wHemct or

A =5'Lic- L.
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It is convenient to convert equations (1) and (2) to-diomensional time, distance and
fluid-concentration variables, z'andLi' related to the fluid flow path leng#h fluid flux woj ,

and the concerdtion of Li in the primary silicate rogk.is. The following transformations

O b

L

0 T (057} (4)
0Q 0&@Q

allow equations (1) and (2) to bewitten as

T T, .
. - ‘ 0 3 5
e tg O PV =) (5)
T T 00 .
. ”w ”n v, v n , ”n v, 6
o T O 700 0&®OQY (6)
in terms of two dimensionless constants

ny
- @)

T &
0 KO (8)

0 is a Damkohler number (cRickle, 1992; Lassey and Blattner, 1988; Maher, 2010)
andKqnetis a net volumetric fluigmineral Li partition coefficient which also takes into account
the fraction of clay minerals formed. These transformations identify thenonimindependent

variables and account for variations in bedrock Li concentrations.

12
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Becawsel( is small (2 1, theleft hand sides of equations (5) and (6) are negligible
except on short timescales (quagtionary state approximatiofLichtner, 1988)and the
equations may be simplified to

0
Ta

—a

O p U Ue )

Q .
O 700 0&®OQY (10)

If the supply of Li from rock dissolution is greater than the removal from clay precipitation
0 0Q p (which in terms of equation & expressed as-0 Q "G—0 0 Nand if the

removal is greater than the supply 0Q p.

If the rate of rock dissolutiorXS } i©assumed constant along the flow path, the solutions to

equationsq) and (D) are

o 2~ P p@0 (11)
0 0
and
Q QY 0O 0 0 0&®AY o
1 0Q 7 P : (12)
Q p L LR

whereLi'ois the initial dimensionless concentration of Li in the fluid &g the constant of
integrationCis calculated from the boundary conditioiz'aD, where the isotopic composition

of the fluid isli’Lit o, which gives

13



6 10 &, QY. (13)

257 Equations 11 and 12 are essentially identical to equations A6 andPAgge von Strandmann

258 et al. (2014kxcept for the approximations inherent in usinglues.

259 Knetand0 may be calculated from sample Li concentrations and isotopic compositions,
260 given values for the 1initial Li concentrat.i

261 equations 11 and 12 to give expressiong<iarin terms only of Li' andl’Li.

1 07 107 0Q@Q 1 0QYy
(14)
Yo & 00 Y& 1 00 Q 10y .
262 Equation 14 has two roots, however only the positive root is physically plausible. Given

263 Knetfrom the solution of equation 14, the Darhk& number may then be calculated using

264 equation 11.

265 3.3 Modelling Li isotopic ratios versus Li/Na ratios

266 The evolutio of the fluid Na concentratiomNé) may be modelled by a similar equation
267 to that for Li (equation 1) except that Na is not partitiomed structural sites on secondary

268 minerals (iefna=0). We ignore the possibility of significant Na on exchangeatsds.sThus

—0 © . (15)

269 Making the stationargtate assumption (i.e— 1), and transforming time, distance by

270 equations 4 and Na concentrations by

AT (16)

14



271 whereNasis the Na concentration of bedrock gives the-donensional evolution of Na with

272 distance along flow paths as

— 0 17)
273  For the boundary conditidda' = Nap atz=0, the solution to equation 17 is
0 0 & 0o. (18)

274 Therefore, combining equations 11 and 17 for the condifionLi' o at z'=0, gives the

275 variation of dimensionless Li/Na ratiti{,) as

0Q — _ (19)

276 Since Li isot@ic compositions are functions only@f Q) (givenDand t aki ng z
277 Li/Na ratios provide information on the ratio of to 0 . However it is not podsle to
278 derive values oKnetor 0 from the relationship betweefiLi and Li/Na and avoid the

279 secondary effects of dilution or evaporative concentration, as discussed below.

280 4. Implications

281 Equations 11 and 12 imply that the evolution of thecemtration of Li and its isotopic
282 compositiom along a fluid flow path is only dependent on the distance along the fluid flow path,
283 1z ,dhe clayfland two dimensionless variables; the net partition coefficient of Li between the
284  fluid and forming secondamninerals,Kne, and the Damkdhler numbar, , given the clay

285 minerakluid isotopic fractionation factdd. Since the flow path length, is used as the scaling
286 length in equation 4z &1 at the end of the flow path. The significancelof and Knet is

287 discussed below.
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4. 1 Tke net patrition coefficient of Li, e, and the Damkdhler numbae,

Thenet partition coefficient of Li in the weathering environmét: (eq 8),describes the
magnitude of Li uptake into the precipitating clay minerals as a function ofiutue Lfi
concetration. It depends on the volume fraction of dissolved rock which is reprecipitated as
clay mineralsf), and a volumetric partition coefficient of Li between the clay minerals and
water Kv). The factorf is dependent solely on the stoiametry of the weathering reaction.

For weathering of siliceous crustal rocksgenerally increases as reactions progress from
feldspar dissolution to minerals with higher Al/Si ratios, and as the product smectitetkaolini
ratio increases as Al is esselijiinsoluble (Supplementary material Appendix C). Few studies
have been made on clay mineral Li partition coefficients at ambient temperatures and they are
likely to vary with temperature, aqueous chemistry and mirtgped (Vigier et al., 2008
Decarreatet al., 2012) Empirical relationships derived from laboratory experimental data
(Decarreau et al., 2019)eld values oK, in the order of 19to 1 for typical surface waters

(Supplementary material Appendix D).

TheDamkéhler numben) , is given by equation 7 as

T YT Y/b

rel? o -

(20)

wherel  depends on the rate of rock dissolution®); the fluid flow path lengthd]j and the
advective water fluxxo(i). Note that the terma /ofrelaes to the fluid residence tima (o)¥
Because the Damkdhler 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 determirciviake ah
impacts of these paratees on the weathering system without additional catchment specific

information.
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4.2 Li and Liisotopic evolution along flow paths

The variation of Li concentration and isotopic composition with distance along the flow

pathis illustrated in Fig. 3 for ter examples. In the first case, more Li is supplied to the fluid

through dissolution than is being removed by clay mineral formationKieL i * < 1.

concentrations andgotopic ratios both increase along the flow pathe Li concentration

increasesdwards a limiting value at which supply and removal balakegl( i * = 1) ,

which is inversely proportional tinet The fluid Li-i s

a

\Y

ot opi ¢ c'ldinappooachesi o n ,

1 0"QYwhent & = 5 ( n o tfleid ftadti@natiendactor, is negative). For the

second case, removal of Li from clay precipitation is greater than the suppyeti.e. > 10

The example simulates a change in reaction stoichiometry for an input fluid wHichdthed

steadystate Li andd’Li+ compositions withD = -1 7 %o. Li concentrat.

ons

distance, but the isotopic composition initially increases and then subsequently decreases

approaching] 0 Q Ywhen o & = 10.

T h & d'dreoccureveha fuid Li

concentrations are sufficiently low that addition of Li from continued dissolution (of rock with

lower &’Li) starts to dominate the dissolved Li poolkit. L> 1éhe fluidd’Lis may increase

to much higher values than the offset of the tfoamation factor, approaching Rayleigh

fractionation a¥netbecomes very large.

The combined control dfhetand0  on Li concentrations and isotopic compositions is

exploredin Fig. 4lf KnetL 17 < 1,  f or Kqg fagtar dissatutinwades an@/or lonfger

fluid residence times (higher Damkdhler number) result in both higher Li concentrations

andd’Li at any given point in the flow path (Fig. 4a,

b) until these rélaeHimiting steady

state values. Knel i>d, whichrequires the initial fluid to have a significant Li concentration,

coupled higher values dfnet and0 lead to faster removal of Li and an increase in the

maximum Li isotopic composition attaad (Figs. 4c, d).
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4.3 Coupled dissolution and ptipttation: the reactive transport grid

A plot of bedrocknormalised fluid Liisotopic compositiond/Lit.s) against dimensionless
Li concentration (Li’ ) Kmangdd haculatedframoequaterds wi t h
11 and 14 (Fig. 5). Tk calculation requires assumption of the initial Li concentration and
isotopic composition of the input fluid, the Li isotopic fractionation fadprand scales
distance to the flow path lengtk<1). It illustrates the various possible pathways in Whic
waters may evolve to the sampled river composition. Two grit®ftnd0 contours are
shown on Fig. 5. The lower grid assumes input waters are dilutei'@=e0) and simulates the
first stage of chemical weathering with rainwataput toa flow path with constant reaction
stoichiometry and rate and the clay mindhaid isotopic fractionation factoD=-1 7 % ( s e e
below for discussion of fractionation factors). For such a weathering scémdn fluid Li
concentrations and isotopiccomg i t i ons ar e | i mit ed/Kft@andmaxi mt
d’Lit ¢ d’'Lis—D(i.e.d'Lits¢ -D) (Fig. 2) f Knetli’ >1, possible only if t
significant Li, d’Lit 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 ofd’Lito ( 1 7 &ajl L' (2.53x10°) as discussed below.

In the reactive transport grid (Fig. 5), contouradirepresent 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 expectin rapidly eroding Himalayan catchmertke waters would be
expected to evolve along the flow path with a near constant mineral reaction stoichiometry (i.e.
along theKnet contours in the lower part of fig. ®i t h i ncreasi ng 1Li conc
ratios until a steady state is approachied exceeding 18to 102 for Knetvarying from 16 to

10%. The increase is mapped by of which higher values reflect some combination of faster

18



357 reaction rates, longer flow path lengths or smdildr u i d f |17l of theswaterTanenlyd

358 increase above the steady staté s ot o p i c’Lis+ Bif thege iscafchaldge in reaction

359 stoichiometry and/or partition coefficient so tlkat:L | eRceels 1. If so, more Li is removed

360 from solution thans being supplied from dissolution and the grid changes structure with the
361 waters decreasing in Li concenfLivaltes before and
362 returning to equilibrium with the ueacted rock (Figs. 3, 4). Again, higher value$ of are

363 reflected by t hé€Litowadsequiliaipmi.d return of &

364 4.4 Complications: Mixing, dilution and evaporative enrichment of fluids

365 Mixing of fluids from separate flow paths, changesreactionstoichiometry/partition

366 coefficient Kney and dilution or enrichment by addition of rain or evayamspiration of

367 emerging groundwaters may complicate interpretations. If, as expected, a range of groundwater
368 flow paths in a small catchmentJyeasimilarKnetvalues but a range of path lengths and fluid

369 fluxes, mixtures of two such fluids will lie on a concave mixing hyperbola above the convex
370 Knetcontour and plot at an apparent Damkoéhler number which is some weighted average of the
371 flow paths. Mixing from flow paths with differentKnet values with or without different

372 Damkohler numbers would take place along hyperbolic mixing curves crdésicgntours.

373 If the value ofKnetchanged part way along a flow path "ain wouldh map a trajetory
374 acrossto the newKnet contour. Although analysis of single samples would contain no
375 information on such mixing or changesHKret, the scatter of sets of samples from tributaries

376 in smaller catchments might be expected to reflect the ranpe jisystemtc changes ifnet

377 and the nature of the mixing in water leaving the catchments.

378 Dilution or enrichment of waters prior to entering groundwater flow paths is unlikely to be
379 important as Li concentrations are likely to be low. Significanicbment or dilution of waters
380 at the end of flow paths would result in samples being displaamedlgd to thex-axis on the

381 reactive transport grid causing either an increase in appéfeaind a decrease in apparent
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Damlohler number with dilution aithe opposite for evaporative enrichment. Plotting a reactive
transport di a @irsaersuscLiyNmpdoes aat mevgal Ainformation about the
impact of such changes in concentrationjon andKnetas equations 12 and 19 collapse onto

asingle curve (Fig. 6) wherdLissincreases with the produkke. U . The intercept, iLi'o

and Najare small, isequalt®o 70 , providing information on the relative dissolution rates

of Li and Na bearing minerals.

5 Li-isotope systematics of the Alaknanda catchments: Calculation biib and Knet

The model discussed above shows how thesdfiope systematics may be discussed in
terms of the dimensionless constaits andKnetgiven a value for the clay mineraiater Li
isotopic fraction factorD. We evaluate the constraints on the magnitofleD below.
Calculation ofd  andKnetfor an individual water sample is based on the Li concentration and
isotopic composition of both the dissolved load and foett from equations 12 and 14, in
conjunction with assumption of their initial valugsat he begi nni ngoamf t he
&Lito) as discussed below. Bed sands are used as a proxy for the bedrock, as bed sands in the

Himalayas are minimally weaghed and provide a catchment integrated rock composition.

5.1 Estimates of the clayater Li-isotopic fractionation factor/p)

MineraHfluid Li-isotopic fractionations are likely to vary with temperature, mineral
species, precipitation rates and fluid gmsitions. In weathering of Himalayan silicate crust
product minerals containing sigraéint Li are likely to include kaolinite, smectites, chlorite,
Fe-oxyhydroxides, and vermiculite and other alteration products of biotite. There are few direct
constraits on clay minerafluid Li-isotopic fractionation factorsVigier et al. (2008)
synthessed smectites (kiich Hectorites) and extrapolate isotopic fractionation factors for Li

in structural sites measured between 260and 90°C to imply D’Li ~ -17 t0-1 9 % a't
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temperatures between 20 ant’s Experiments at temperatures below@@vere thought not

to be in equilibrium. They found Li on exchangeable sites exhibited very small fractionations,

consistent with experiments Bistiner and Heretson (2003)on both smectites and +e

oxyhydroxides.Zhang et al. (1998}kalculated fractionation factors from -uptake into

vermiculite, kaolinite and a Mississippi River clay recalculate®’as= -31,-18 and-2 1 %o

wi t h uncer t aMilottetiak @01®derived fractianation factors from seaesmat

basalt experiments between 25 and°25&hich implyD’Li ~ -1 9 %o

from a best fit regression against 1/T (K).

There have been a number of attempts to use natural fractionadiosadver the

at

surface ten

underlying fractionation factor&hanet al. (1992pnnalysed ocean floor basalts altered at low

temperatures and interpreted thekidotopic compositions to reflect mixing between pristine

basalt and secondary clays with a fractionatiatoizagainst seawater {€) of ~-1 9 %o.

Ot her

studies have modelled Lisotopic variations in river and groundwaters against Li or Li/Na

ratios with both batch and Rayleigh fractionation and recovered fractionation factors between

~-5t0-2 5 %Bagard etl., 2015; Dellinger et al., 2015; Lemarchand et2411,0; Pogge von

Strandmann et al., 2017 he 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 furthestramts on clay minerdluid Li-isotopic

fraction factors from the Himalayan data below.

5.2 0 and Kietand the transition in weathering processes across the Alaknanda Basin

The Himalayan data divides into two groups ondHérs—L i ’

all the TSS, HHCS and HHCS+LHS rivers haWkit.s< 1 7 %o,

and Knet < 6x10¢. The LHS and OLHS rivers hav®Lit.s >

2x1C. The coincidence of high'Lit.s with lowerL i

of

Li

2 1 %o,

t

h e

di

agram

(Fi g.

Pand Bxée n 5 x 1 ¢

L i_eandKnet:S .6x10

LHS

and
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451

452

to indicate that these samples evolved with a stage of decrdasing KmeiLti H > 1 .

Thi s

requires their waters underwent a minimum of two stages of reactive transport. The first stage

from rainwater necessariyl ev at ed

whi ch

reduced

BLa. fTHe sdcand follanwedian tcreasdint

L i ’ &Lilp THe division between the lowcand: taghee d

groups occurs at values dfLirsb et ween ~17 and 21% which

estimates oD (Chan et al., 1992; Millot et al., 2010; Vigier et al., 2008xlay mineralfluid

fractionatondct or i n the range 20 £ 3% is al so

| i e:

COI

d’Litsis largely capped in this range. These include the other major study of river waters in the

Himalayas{ Ki s a k G r e k, the Gangad mainstegh th €n6 fjood phaimered’Lir.s rises

to~2 2 %o

and

nearly al |l t héPodgevaniSttanhdanann et al., 2017)e

and the Strengbach catchment whdfeirsi n streams and

(Lemarchand et al., 201(3eeSupplementary material Appdix F, Figs. F1, F3)

| es

springs r

Whered'Lirse x ceeds ~23% t her e i ®precesses. Fa exanplence

in the Srengbach catchment soil water Li concentrations initially increase with depth before a

marked decrease between 30 and 60 cm associated wi a

et al., 2010)

| ar g éi (Lemarchandh s e i n

On Fig. 5 the inpufiuid composition for the upper grid is taken as close to the composition

of the most evolved HHCS samples on the lower giifdi{s= 17 % an d

L°). The =

minimum initial Li* must be greater than 1.24x4fbr a reactiorprecipitation mechanisrno

produce the sample with the most extrebiieand d’Lit.s (AK429). Assumption ofLi'o =

1.24x10° makes little difference to calculated second st&geand(

values(changing the

meanKe: for the LHS and OLHS samples from 3.2X#08x10* to 43x1® + 1.1x1C (2se,

n=7), excluding the two samples with the higHa'sandd’Lit.s values. Likewise decreasiiy

to-2 1 %o

and

i ncr e asstopic gompokiteondiLin)p utt 0 L2 1 %o

only
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467
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469
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471
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473
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475

476

meanKnetto 2.8x10 + 7x10*, andincreases the mean from 1.2x1 + 1.5x10°to 1.8x10

°+ 1.9x10° (2se, n=9).

The catchments in the Alaknanda basin cluster around three vallgs @fig. 5). The
lowest \alues average at 1.7x1:92x1F (2se, n=3). These samples represemttrliest 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 Lofflidne latter indicates
that the Li flux exiting the Himalayan mountaims 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 which dtheyHHCS and LHS are characterised
by intermediate values .t (mean 4.1x10 + 5.3x1G 2se, n=9). The highest valuesk:
are calculated for the second stage of weathering in the tributaries draining the LHS and OLHS

(mean 3.1x19+ 6.5x10 2se, n=9 Supplementary material Table E1).

The distinctKnet values thus reveal three dominant weathering regimes within the basin.
Within these regimes the spreaddfiirsand Li ° may be explained
Damkodhl er numb eare. gen¥raly highest inoldrger 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 estimatéd fand increase the estimates
for Knet The consistency of th&net values within £ 35%rn the HHCS grouping suggests that,
if dilution is significant across these very different size luaents, it varies remarkably little.
The much larger proportional spreadiin (140% about the mean) is consistent with the main
control on the weatherg progress being hydrological and some combination of fluid flux,
flow path length and possibreaction rate. The more complicated weathering regime in the
LHS and OLHS with a second stage characterised bykhigls plausibly related to the slower

erosion rate and warmer climate which allow increased reaction progress in nearer surface
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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 Himalag and the Strengbach catchments

The L idLinswatues of rivers sampled bigi sak dr ek @tthe Ndpal (200
Himalayas show a similar distribution to the Alaknanda samples (Supplementary material, Fig.
F1). The TSS samples scatter to the lowelsiegofKne: (10%) and highest values 6f (5x10
%) similar to the Alaknanda TSS sample. Most of the HHCS samples show a wider scatter but
centred on the AlaknanddHCS samples, the wide scatter likely reflecting the broader
geographic spread of these samples. Eight of the eleven HHC&sdrom the Dudh Khosi,
(south of Mt Everest), have a distinct composition wifthir.sb et ween 18 and 23 %o
2x10°%. TheLHS samples from Nepal have similar compositions to the HHCS samples, unlike
those from the Alaknanda catchments. These sammee taken from small catchments along
an 8 km stretch of the Bhoti Kosi and presumably represent less advanced weathethmg than

Alaknanda LHS samples.

The Strengbach catchment drains a small catchment underlain by an altered leucogranite
in the Vosge Mountains. Streams and springs exhibit a rangélofsf r om 6 t o 19 % a
mostly less than 3x10(Lemarchand et al., 20]. (Supplementary material Fig. F1). Again,
d'Litsis limitedto¢1 9 %, consi stent with a single stage

waters close to steadyate.

5.4 Conparison of  and0

Fig. 6 illustrates the distribution of tidaknanda samples on tiéLir.s to Li/Na' reactive
transport grid. The majority of the samples lie between the ®.6&) < 2.2(mean 1.6).

Providedthe rain and springorrected Na concentrations reflect plagioclase dissolution, the
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0 F0 ratios imply that dissolution of micas, which are likely to contain more Li than
feldspars, is comparable to that of plagiocladas Tifferene 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 L sot opi c compositions in the Ganega mai
mountanfont to ~ 20% 500 km downstreal®2 A%d t he
(except one dry season value of&)/for the rest of the river courg¢Bagard et al., 2015; Huh
etal., 1998; Manaka et al., 2017; Pogge von Strandmann et al., @ipflementary marial,

Figs F2, F3. The Yamuna, tributaries that rise on the floodplain, major tributaries from the
north which rise in the Himalayas k c e pt t h e @rdrhdse kom the Soutl7 fban

the basalts of the Deccan plateau hdfllgs in therange 192 4 . 8 %o. Thirteen of
tributarlifes hheerange 20x1%. This indicates
occurs at Damkohler numbers sufficient to reach stsatlya t e ‘Liw + 4D.hit siould be

not ed t hsatta t-isstdpieLepohpositions do not imply weathering is suiphjted.

The shallow groundwaters (< 40 m) witfiLir u p t o (B&&dset al., 2015)mply
weathering in some aquifers reached the second stage whege>1Kinless the fractionation

factor, D wasmuch more negative than indicated by experiments. A floodplain groundwater
contributi on ma WLisrativspnlthe mainstenhaed sbnedribugaries @Ithough

the average shallow groundwatrisis~2 2 %d)upker et al. (2012andBickle et & (2018)

estimate that weathering on the floodplain contributes about 50% of the silerated

chemical fluxes discharged by the Ganges, and the limited Li concentration data implies a

similar fractional inputor Li.

6. Constraints on climatic andtectonic controls from4! J[r ‘and Knet
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Previous discussions of riverine -isotopic ratios have mostly been based on -zero
dimensional batch or Rayleigh fractionation models @ogichez et al., 201 Bellinger et al.,
2015; Misra and Froelich,200and i nterpreted in terms of ‘' w.
the ratio of chemical denudation rate to the total denudation rate. For the assumptions here
applicable to rapidl {Liottheadidsolved Li is nontiolledbbythe nt s ,
sevea | parameters which «compr) ae thet netepartBieanmk 6 h |
coefficient Kney but not simply by the ‘“weathering I
path has ’hiratoomiile tha stdichiodnetry of the weatheringactions and Li
mineraf | ui d partition coef fi’tiiofetmtesded matedal is un c h
determined by the ratio of the solid weathering produgtss{ tavhereteis the duration of the
weathenmng) to residual unweathered rock{d 9 9  a n dLi of theavealhering products.

The latter is given by the integral of the-ikdbtopic composition of the weathering products
over the path length (i.e, @ 0 "@x Tawherel is path length and'Lic is the d'Li of the

secondaryweathering producis T h e’Li &f the bulk riverine solid load thus reflects
weathering intensity but also the stoichiometry of the weathering reactions and the Li partition
coefficient Kney as we ILl of oth tha Hedrockdand the weathering guots (cf.

Dellinger et al., 2017)

Table 2— Impact of changes (increasés)climatic and tectonic variables on  and Kaet

os/ woi 7 S 420 Knet
o v
Temperature 1t - - 1 1 1
Rainfall 1 1 ! 1 [ 1
Erosion - ? 01 ! ! ! !
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The dependence of the solutions for dimensionless Li concentration (Li") and isotopic
c 0 mp o s iLity) brothre tw dimensionless numbeis (andKne) demonstrates that the Li
systematics in river waters do not provide unique solutions fomiiéple climatic and
tectonic parameters which determine silicate chemical weathering fluxes. Table 2 speculates
on some of the controls on the parameters cmimgrd  andKnetand illustrates the potential
complexity of their interactions. Fexample, increases in rainfall may increase reaction rates,
increasing the Damkoéohler number, but also in
on0 . 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 mountainousngeris
unknown. Increases in temperature would increase reaction rates, inci@asimgt 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 edemensional flow paths applicable to ragidl
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 idimesss
number s; 1) a Damkodohl er number wiesidentetins a pr
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 aexipitating.. The Liisotopic
composition of the river waters is controlled by tparameters which make up these
dimensionless numbers including reaction rate, flow path length, fluid flux, Li-$kiid
partition coefficient and reaction stoichiomeiry addition to the Li content and isotopic

composition of the bed rock. There issimple relationship between weathering intensity and
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the Lkisotopic composition of the river waters. The-iédtopic composition of solid

weathering products doesgive @amsur e of weathering intensit
of silicate rock consued 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 mueos and
bedload sediments from the headwaters of the Ganga river in the HimHiesgeeges how the
reactive transport modelling may be applied to interpret the weathering environment. The
results illustrate three contrasting weathering regimes. Tipeibfsom the highest catchment
on the Tibetan Sedimentary Series, which has tldesbclimate and moderate erosion rates,
displays lowest values of the net partition coefficient reflecting incipient weathering reactions
and/or low clay mineral/fluid p&tion coefficients. The high Li concentrations and relatively
low &Li ratios in his catchmentplausibly a result of longer flow paths and lower fluid fluxes,
dominate the l-budget of the mainstem Alaknanda downstream. The most rapidly eroding
High Himalayan Crystalline catchments are characterised by higher values of the nenpartiti
coefficient with water compositions tending towards the limiting isotopic fractionation of ~
+17 % expected at higher Damkohl er relativelyer s. 1
restricted range of net partition coefficient contours but a wide rarfge Da mk 6 h|l er nur
is consistent with relatively constant reaction stoichiometries but a wider range of fluid fluxes
and/or flow path lengths. The lower altitude, warnaed more slowly eroding Lesser
Himalayan catchments exhibit a more complex weathegnvironment. The high'Li ratios
and | ower Li concentrations of waters which
weathering processes where the second st@aga higher net partition coefficient than the first
stage so that the evolving tea tend to lower Li concentrations but potentially much higher

Li-isotopic ratios. This is plausibly the result of changing reaction stoichiometry along flow
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paths relatedo higher reaction progress in a more slowly eroding but faster chemical

weatheringenvironment.

The results illustrate how a set of geochemical and isotopic analyses may relate to the
groundwater hydrology, climate, erosion rate, lithology and weatheriegction
stoichiometries. Given the significance of rapidly eroding terrainshiempbtential climatic
feedback of chemical weathering fluxes it will be essential to test whether the simple analysis
of chemical weathering outputs as modelled here captiieamportant information or whether
the additional potential complexities such mixing of waters and progressive changes of
reaction stoichiometries along flow paths obscure this information. The initial results from this
study suggest that the modet] based on ondimensional reactive transport equations with
limited changes inaaction stoichiometry may provide valuable information on weathering

regimes.
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Figure 1. Map of the Alaknanda river basin with subdivision of lithotectonic units. TSS =
Tibetan Sedimentary Ses, HHCS = High Himalayan Crystalline Series, LHS = Lesser
Himalayan Series, OLHS = Outereg¢ser Himalayan Series, STDS = South Tibetan
Detachment system, VT = Vaikrita Thrust, TT = Tons Thrust. The terrain is coloured based on
elevation which ranges from450 meters to ~7800 meters within the catchment. Digital

Elevation Model downloaded from36GS HydroSHEDS 15 sec SRTM data.
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Figure 2. A schematic representation of th&iinensional reactive transport model. River
waters consist of mixtures of shallow ahekp subsurface flow paths where water flows with
an advecidpi v alfolngxhtlehgtha The mek is gxdumed much more slowly
through the weathering zone such that shallower flow paths will tend to be through more altered
rock.The Li concentation and isotopic compositions of waters are a function of the dissolution

r a tSetdandl the rate of removal of Li from precipitation of secondary clay&/(ag.
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Figure 3. lllustration of variation of Li concentration and isotopic composition with
distance along a flow path (equations 11 and 12) foriadtopic fractionation factol) = -
17%. a) Shows concentration with solL'odg | i ne
0) and dashed line calculated fda = 1x10*. Note increase iKnetfor second case is reflected
in lower steadiystate Li concentration. b) Solid linekesLi'o = 0 and shows monotonic
increase in Lisotopic ratio. Dashed line takeso = 1x10% and initial fluidd’Lir= 17 % and
shows increase iLito amaximuma | ue and then decrease to a
(dashed line) given assumed sedary mineraHluid fractionation of -1 7 % a n d rock

dLi = 0 %o. The Damkohl er number i s scaled to th
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816

817 Figure 4. The effect of varying Bmkohler numbed  and net partition coefficier€net.

818 Dissolved Li concentratiomnd isotopic composition plotted agair&fet with contours of

819 varying0 . Note that increasing Damkohleumber is equivalent to increasing path length

820 and/or increasing rock dissolution rate. In (a) and (b) more Li is being supplied to the water
821 through dissolution than being removed through clay precipitafigi_(i <d) and the starting

822 compositionL io di the water at the beginning of the flow p&l0. In (c) and (d) more Li is

823 removed than supplieKfel i >01) andL i i§ taken as 1xIHa n d’Litdas 1 7 %o. The
824 concentrations on the rightand axes of Figs 3a and c are scaled to a soljdodmne@ntration

825 of 35 ppm (average crust of Teng et 2004) and the isotopic evolution in Figs 3b and d takes

826 d&Lis= 0% and the sfdcudndd arryacniinoea@ali on factor (

827
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Figure 5. A grid mapping evolution of dimensionless Li concentration (Li #LLs)iand
isotopic compositions{Lir.s =dLis - d’Lis) of waters for ranges of values of thamkdhler
number(l ) and net partition coefficienKge). The lower grid D'Lir.s<< 17) is calculated for
Li'o=0 and therefor&nel i<d@ where more Li is supplied from dissolution than beamoved
from clay precipitation, and the upper grid with initial conditiduis=2.53x10°, andd’Li =
17 % HKndvalues which giveKnel i >01 so that more Li is removed than supplied. Solid
lines of the grid are contours Kfetand dashed lines acentours ofd . At low weathering
intensities waters are expected to evolve along lines of con&taméflecting near constant
reaction stoichiometry and fluisecondary mineral partitiorilsotopic compositions in the
upper grid D’Lir.s> 17) can only be accessed if reaction stoichiometry and/or Li partition
coefficient change so thitel i >d. Analyses of samples from the Himalayan catchments are
plotted with Li' scaled to bedload Li concentration &4ti+.s calculated takingl’Lis equalto
the bedload Lisotopic composition (see text Section 4.2). The initial Li concentration for the
upper grid is taken by extrapolating the avergegof the HHCS samples WLir= 1 7 %o.
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845 Figure 6. D'Lits to Li'/Na' of Alaknanda water samples wittontours representing

846 0 70 . Note that dilution or evaporative enrichment of waters daéscinange sample
847 locations as the produdt .Knetrand the ratio Li'/Na' remain constant. Note most samples plot

848  within a factor of 2 of0 j 0 p.
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