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ABSTRACT

To trace Critical Zone processes and to quantify Li fluxes from one Critical Zone compartment into another, we
investigated the Li concentration and isotopic composition (87Li) of time-series water samples (including sub-
surface flow, groundwater and creek water), vegetation, bedrock (including separated minerals from bedrock),
and regolith (including exchangeable fraction and clay-sized fraction of regolith) in a temperate forested
headwater catchment in the Black Forest, Conventwald, Germany. Our estimation of the Li budget shows that
atmospheric deposition and biological processes played minor roles in the Li cycle relative to chemical weath-
ering. All water samples (8§ 7Li value of 6.5 to 20.4 %o) were enriched in Li compared to bedrock (-1.3 %o) and
regolith (~-1.7 %o), but 8’Li differed between water pathways: 8’Li variations in subsurface flow, creek water
and groundwater were controlled by conservative mixing, exchangeable pool buffering and Li incorporation/
adsorption, respectively. Fractionated heavy Li isotopes in water samples resulted from the formation of sec-
ondary solids which preferentially incorporated °Li, with the separated clay-sized fraction of the regolith
exhibiting more negative 5’Li values (-5.4 to —3.5 %) than the bulk regolith (~-1.7 %o). However, Li in sec-
ondary solids only accounted for 8 + 6 % of the total Li hosted in bulk regolith, and consequently 8”Li in soil did
not differ significantly from & “Li in bedrock. This is unexpected considering water is continuously removing "Li
in preference over °Li from regolith. Mass balance calculations applied at the catchment scale point to an
irreconcilable imbalance with our data. On one hand, the regolith’s §’Li values are not negative enough to
balance the 7Li export by river water, and on the other hand Li in the riverine dissolved load only accounts for ~
30 % of the Li solubilized from regolith. Therefore, we suggest that there might be a “hidden export pathway” for
Li at our site, possibly subsurface removal of fine particles enriched in °Li. In light of increasingly frequent
observations of such isotopic imbalances in the Critical Zone this phenomenon deserves increased attention.

1. Introduction

2005) and thought to be insensitive to biological processes (Lemarchand
et al., 2010). As a result, the isotopic composition of Li has proven an

A key consideration of research in the Critical Zone - the thin layer of
the Earth which extends from the top of the vegetation canopy down to
deep aquifers (Brantley et al., 2007) - is mass transfer from one Critical
Zone compartment (e.g., bedrock, soil, biota, or water) into another.
Isotope ratios of metal(loid) elements have been suggested as a powerful
tool to identify Critical Zone processes and to quantify relative fluxes of
mass transfer in the Critical Zone (Bouchez et al., 2013; Sullivan et al.,
2016; von Blanckenburg et al., 2021). Among these metal(loid) ele-
ments, lithium (Li) is mainly hosted in silicate minerals (Kisaklirek et al.,
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ideal tracer for silicate chemical weathering (e.g. Huh et al., 1998;
Pistiner and Henderson, 2003; Misra and Froelich, 2012; Dellinger et al.,
2015). Isotope shifts of more than 70 %o have been observed among the
Critical Zone compartments (Tomascak et al., 2016; Penniston-Dorland
et al., 2017; Chapela Lara et al., 2022 and references therein) due to the
large relative mass difference (~17 %) between 6Li and "Li.

Following early work on the Li isotope composition of world rivers
(Huh et al., 1998), numerous field studies and laboratory experiments
have investigated the behaviour of Li isotopes during silicate
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weathering. These studies greatly deepened our understanding of Li
isotope fractionation during the interaction between water, primary
minerals, and secondary solids. Generally speaking, dissolution of Li
isotopes from primary minerals is thought to be congruent, at least at
conditions close to chemical equilibrium (Bouchez et al., 2013; Li et al.,
2021; Zhang et al., 2021). During the formation of secondary solids and
the adsorption of Li onto surfaces of oxides or clay minerals the light
isotope °Li is favoured, which leads to a relative enrichment of heavy ’Li
in the remaining solution (e.g. Huh et al., 1998, 2001; Pogge von
Strandmann et al., 2006, 2017; Vigier et al., 2009; Millot et al., 2010;
Dellinger et al., 2015; Wang et al., 2015; Zhang et al., 2021). Conse-
quently, the isotope composition of Li ("Li/®Li ratios expressed as 8”Li
values) of weathered material such as regolith is more negative than the
87Li value of parent bedrock. Correspondingly, the 8”Li value of the fluid
is more positive than the 8’Li value of regolith (Penniston-Dorland et al.,
2017 and references therein). The apparent isotope fractionation factors
(A7Liregolith.ﬂuid) associated with these processes have been experimen-
tally quantified in several studies (e.g. Vigier et al., 2008; Wimpenny
et al., 2010a, 2015; Hindshaw et al., 2019; Li and Liu, 2020), with the
magnitude of apparent isotope fractionation dependent on whether Li
enters structural sites (A”Liolid-solution = ~ — 18 %o at room temperature;
Vigier et al., 2008; Hindshaw et al., 2019) or exchangeable sites (A7Liex_
solution = -36 %o to ~ 0 %o; Pistiner and Henderson, 2003; Wimpenny
et al., 2015; Li and Liu, 2020,2022; Zhang et al., 2021) of secondary
solids. With respect to the exchangeable site, the magnitude of isotope
fractionation also depends on whether Li forms an outer-sphere
exchangeable complex (little fractionation) or an inner-sphere
exchangeable complex (large fractionation) (Hindshaw et al., 2019; Li
and Liu, 2022).

Given the sensitivity of changes in the "Li/®Li ratio during processes
that incorporate Li into solids, the Li isotope system is a powerful tracer
to explore geological and hydrological processes in the Critical Zone.
From a mass balance perspective, it is now widely accepted that the
riverine 8’Li value is determined by the relative contribution of isoto-
pically fractionated Li left behind in the fluid after Li incorporation into
secondary solids, and Li congruently dissolved from primary minerals (e.
g. Millot et al., 2010; Lemarchand et al., 2010; Pogge von Strandmann
et al., 2012, 2017; Pogge von Strandmann and Henderson, 2015; Mur-
phy et al., 2019; Chapela Lara et al., 2022). As Bouchez et al. (2013)
inferred from an isotope model, congruent weathering of Li (with
negligible secondary mineral formation fractionating §’Li) occurs in two
endmember scenarios: 1) low denudation rate settings, where secondary
minerals are re-dissolved; 2) high denudation rate settings, where Li-
bearing secondary solids are not formed in sufficient amounts. The
largest degree of Li isotope fractionation takes place at an intermediate
weathering intensity. This conceptual framework has since been shown
to be consistent with observations of dissolved Li in rivers integrating
large catchments (Dellinger et al., 2015).

Within a catchment, however, large variations in 5’Li values have
been observed in time series of water samples (e.g. Liu et al., 2015;
Henchiri et al., 2016; Zhang et al., 2022), suggesting that hydrological
parameters control the isotope fractionation of Li beyond lithological
and tectonic forces. One way to explain this variability is that heavy
rainfall might alter flow paths and thus change Li sources. For instance,
soil solutions in different depth of a single regolith profile can exhibit
different Li fractionation regimes (Golla et al., 2021). Therefore, in
response to varying hydrological conditions and fluid flow-path change,
changing Li sources within the regolith can result in variation in the §’Li
value of outlet runoff (Lemarchand et al., 2010; Henchiri et al., 2016;
Fries et al., 2019). Factors such as the residence time of water, pH or
temperature have also been suggested to influence §”Li values in a given
catchment (Wanner et al., 2014; Liu et al., 2015; Gou et al., 2019; Zhang
et al., 2022; Zhu et al., 2023).

Previous research generally focused on one compartment of the
Critical Zone (e.g. weathering profile or river) and little has been done to
simultaneously trace §’Li evolution of both dissolved and solid phases,
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and further, to reconcile the coupled evolution of these Li reservoirs. Key
to transforming the complexity of Li isotope fractionation into a
consistent framework of the partitioning of Li isotopes in the Critical
Zone are surveys that explore all compartments in a watershed across
different subsurface depths over time. This opportunity arose in a small,
mono-lithological well-studied catchment (Conventwald, the Black
Forest, Germany). This catchment has been (hydro-)geochemically
characterized with respect to dissolved P (Sohrt et al., 2019), colloids
(Gottselig et al., 2020) and Mg stable isotopes (Cai et al., 2022). Recently
also, this site has played host to the development of the “organic nutrient
cycle” and the “geogenic nutrient pathway” as novel concepts in Critical
Zone research (Uhlig et al., 2020; Uhlig and von Blanckenburg, 2019a).
Building on this body of work, we collected a time series of creek water,
subsurface flow (0-15 cm depth) and groundwater samples to trace the
8’Li value of dissolved Li through time. Seasonal patterns in these
samples were investigated, along with measurements of bedrock,
vegetation, bulk regolith, clay-sized fraction, and the exchangeable
fraction of regolith. We aimed to decipher the driving forces of &’Li
variations in both solid and dissolved phases and balance Li isotopes
cycling from a catchment scale. Our measurements reveal diverse pat-
terns of variability in each compartment: although water samples are all
enriched in ’Li compared to bedrock, time series of subsurface flow,
groundwater and creek water show strongly divergent patterns. We
evaluate the diverse causal drivers for these disparate trends in 8 Li
values in different compartments, adding another example (see also e.g.
Golla et al., 2021) of how one Critical Zone site can comprise multiple
distinct ‘reactors’ — often with very different fractionation regimes — that
contribute very differently to the integrated catchment-scale dissolved
Li budget. Critically, however, when viewed in the context of the whole
catchment, the preferential export of ’Li by water could not be balanced
by the 8’Li of the profile, as revealed by our mass balance model. We
suggest therefore that a hidden export pathway — subsurface erosion —
plays an important role at our site, and merits further consideration
when investigating Critical Zone element cycling elsewhere.

2. Field setting

Samples were collected from a well-instrumented forest site “Con-
ventwald” (48°02'0N, 7°96'0E), located in the Black Forest, southern
Germany. This observatory is operated as part of the long-term forest
ecosystem monitoring program “International Co-operative Program on
assessment and monitoring of air pollution effects on forests (ICP Forest
Level II)” and represents also one of the study sites of the DFG priority
program SPP 1685 “Ecosystem Nutrition—Forest Strategies for limited
Phosphorus Resources”. The monitored creek catchment has an area of
0.077 km2 and the average elevation was ~ 840 m above sea level.
Mean annual temperature at the study site is 6.8 C, and mean annual
precipitation is 1395 mm/a. The underlying bedrock is paragneiss,
which was developed from metamorphosed sedimentary rock in the
Precambrian. Weathered bedrock was found at ~ 7 m depth and un-
weathered bedrock was encountered at ~ 16 m depth during a core-
drilling campaign at the site (Uhlig and von Blanckenburg, 2019a).
The soil type is classified as a hyperdystric skeletic folic Cambisol (WRB,
2014) with a loamy or sandy loamy texture and a mor-type moder forest
floor atop. A detailed site description is provided by Lang et al., (2017).
Although the study site was not glaciated during the Quaternary, peri-
glacial slope deposits developed during the last glacial maximum. The
uppermost metre of soil had a rock fragment content of ~70 %. The
vegetation is mainly composed of European beech (Fagus sylvatica, ~40
%) and Norway spruce (Picea abies, ~45 %).

3. Methods
3.1. Sampling and sample terminology

The sampling strategy was presented in detail by Uhlig and von



D. Cai et al.

Blanckenburg (2019a) for regolith samples and Sohrt et al. (2019) for
water samples. Briefly, shallow regolith was sampled at depth in-
crements of 20 cm in a 3 m deep trench. Deeper regolith beyond 3 m was
retrieved using diesel-powered wireline core-drilling to ~ 20 m. For ease
of reference, we distinguish between four layers in the weathering
profile (Fig. 1): 1) the soil layer (strongly weathered, enriched in TOC
and impacted by biota), 2) saprolite (which is weathered but retains the
texture of underlying bedrock), 3) weathered rock (fractured with trace
signs of alteration), and 4) fresh bedrock at depth. We use the term
regolith to describe the weathering profile above the fresh bedrock,
including soil, saprolite and weathered bedrock. ‘Bulk regolith’ is used
to describe samples of untreated (only dried and sieved) regolith ma-
terial retrieved from drill cores, differentiating from any extracted
fractions (like clay-sized fraction or exchangeable fraction). We use the
term ‘secondary solids’ to denote the secondary phases (like secondary
clay, oxides and amorphous phases) neo-formed during chemical
weathering processes, as opposed to remaining unaltered primary
minerals inherited from bedrock (like feldspar and amphibole). Time-
series water samples were collected from 01.03.2015 to 25.02.2016.
Open rainfall and throughfall were collected bi-weekly in bulk con-
tainers covered by a netting mesh. Creek discharge was collected daily at
midnight by an autosampler at a V-notched discharge weir. Ground-
water was sampled daily by an autosampler from a well installed into the
borehole after drilling. The groundwater table level was monitored by a
pressure probe installed 10.9 m below the surface. Subsurface water
from subsurface flow collectors installed at three depths in soil and
subsoil (see Bachmain and Weiler 2012) was collected at the depth in-
tervals 0-15 c¢cm, 15-150 cm, and 150-320 cm. Due to limited avail-
ability of water samples from 15 to 150 cm and 150-320 cm, we only
analysed the 0-15 cm subsurface flow samples for Li isotopes in this
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study. All water samples were acidified and stored at 4 C before analysis.
Living wood, beech leaves and spruce needles were collected from
representative mature and young trees, and oven dried prior to further
sample processing.

3.2. Extraction of the exchangeable fraction, separation of clay-sized
fraction, and separation of primary minerals

Bulk regolith and bedrock samples were selected from representative
depths and pulverized to < 60 pm (Uhlig and von Blanckenburg 2019a).
For the extraction of the exchangeable fraction, soil and saprolite sam-
ples were first oven-dried and sieved to < 2 mm. 2 g of selected samples
were accurately weighed and added to 15 ml acid-cleaned poly-
propylene centrifuge tubes pre-filled with 14 ml of a 1 M NH4OAc so-
lution. Samples were agitated, and the resulting suspensions shaken on a
hotdog roller at 60 rpm for 3 h. After reaction, the suspensions were
centrifuged at 4200 rpm for 30 min, before the supernatant was pipetted
off into a syringe and filtered through a 0.2 pm acetate filter. Solutions
were then split into two separate aliquots for major element concen-
tration and Li isotope analysis. Afterwards, the NH4OAc-extracted soil
and saprolite samples were rinsed twice with deionised water (18.2 MQ
cm, TOC < 3 ng/g, Merck Millipore, Germany). The clay-sized fractions
of these samples were then separated by centrifugation following the
USGS method (Poppe et al., 2001). To evaluate the Li isotopic compo-
sition of individual minerals in bedrock, bedrock was first crushed and
then sieved to 125 pm — 1 mm. The felsic minerals (mainly quartz and
feldspar) were first removed using a magnetic separator. Hornblende,
chlorite, and biotite were hand-picked under a microscope (Cai et al.,
2022). Chlorite and biotite grains, formed from metamorphosed horn-
blende, generally contained relict traces of hornblende.
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Fig. 1. 8’Li values (left panel) and Li concentrations ([Lil, right panel) of all Critical Zone compartments measured in this study. Uncertainty shown for the
exchangeable fraction represents the twofold standard deviation of 3 replicate measurements. The uncertainty of the other samples is smaller than the symbol size.

Ah, Bw, Cw: Soil horizons according to WRB, (2014).
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3.3. Analytical methods

All measurements were performed in the Helmholtz Laboratory for
the Geochemistry of the Earth Surface (HELGES) at GFZ Potsdam. Soil,
saprolite, the extracted clay-sized fraction, primary minerals, and
bedrock were dissolved by acid digestion using a mixture of concen-
trated HF and HNOs in PFA vials. Aqua regia was also applied to assist
digestion after HF and HNO3 treatment. Lithium concentrations of the
filtered supernatant exchangeable fraction (Sec. 3.2 above), acidified
water samples, and acid-digested solids (including minerals, bulk
regolith, clay sized fraction and bedrock) were measured by quadrupole
inductively coupled plasma mass spectrometry (Q-ICP-MS, iCAP,
Thermo Fisher Scientific, Germany). The precision and accuracy of
resulting concentration measurements were evaluated by replicate an-
alyses of standard reference materials (SRM 2709a, BHVO-2, SLRS-6,
SRM 1515, see Tables S1 to S4 in the data publication by Cai et al.,
2021). Uncertainties on Li concentrations amount to about 8 % for most
samples except for plant and water samples, which were analysed close
to the limit of quantification of about 0.1 ng/g and thus have un-
certainties of ~ 10 %. For Li isotope measurements, the digested solu-
tions were dried and re-dissolved in 0.2 M HCI for cation exchange
chromatography. 3.0 ml of Bio-Rad AG 50 W X12 200-400 mesh was
loaded in BRAND 50 ml pipette PP columns (I.D. 6.4 mm, resin height
9.3 cm in deionised water). The matrix was eluted with 26 ml 0.2 M HCl
and Li was collected in 23.5 ml 0.2 M HCL. The purified Li fractions were
evaporated to dryness and re-dissolved in 1 ml of 0.3 M HNOs. Purity
and Li yield were assessed by Q-ICP-MS.

Lithium isotope ratios were measured on a multi collector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS, Neptune Plus,
Thermo Fisher Scientific, Germany) equipped with a Jet Interface (Jet
sample and X skimmer cones) and an ESI Apex Q desolvating intro-
duction system. Instrumental mass bias was corrected via sample-
standard bracketing against LSVEC lithium carbonate (Qi et al., 1997).
An individual measurement consisted of 10 cycles of 4.2 s integration
time, with “Li and °Li signals detected simultaneously in Faraday cups
L4 and H4, equipped with 10'! Q amplifiers. The typical signal intensity
was ~ 0.5 V/ppb for “Li. Prior to analysis the Li concentration in the
sample solutions were adjusted to match the bracketing standard solu-
tion concentration (20 ng/mL) to within 5 % in 0.2 M HNOs. According
to sample availability samples were measured two to four times during
each session. For extracted exchangeable fractions and some water
samples where the Li content was low, sample solutions and bracketing
standard solutions were adjusted to ~ 2 ng/mL for isotope measure-
ments. Background signals (<20 mV for 7Li) were monitored with blank
solutions (0.2 M HNO3) and subtracted from sample signal intensities for
both isotopes. Lithium isotope ratios are reported in the common delta
notation relative to the reference material LSVEC: & “Li (%) =
[(7Li/6Li)sample/ ("Li/®Li)igvec-1] x 1000. The long-term internal repro-
ducibility was gauged by measurement of LSVEC (0.1 + 0.2 %o, n = 28).
SLRS-6 (river water, 24.0 + 0.3 %o, n = 5), SRM1515 (apple leaves, —1.0
=+ 0.1 %o, n = 2), OSIL (seawater, 30.9 + 1.5 %o, n = 3), SRM2709a (soil,
—0.2 £ 0.1 %o, n = 2) and BHVO-2 (basalt, 4.9 & 0.7 %o, n = 3) were
routinely monitored to gauge the external reproducibility (see Tables S1
to S4 in the data publication by Cai et al., 2021).

3.4. Li transfer rates and fluxes among different Critical Zone
compartments

To derive the rates of Li input and output in the Critical Zone at
Conventwald (Table 1) we make use of previously published fluxes
calculated by Uhlig and von Blanckenburg (2019a) that are based on
data available in an open access data publication (Uhlig and von
Blanckenburg 2019b). We combined these with Li concentration mea-
surements from the present study. The denudation rate D was measured
with in situ cosmogenic '°Be in quartz sediment at the outlet of the
catchment and equated to the soil production rate RP (Uhlig and von
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Table 1
Glossary of metrics used in this study.

Name Description Calculation

Explanation

Li inventories (in g/m?)

Inventory of Li
in bulk regolith

i ; Z
e = Jibu]; % p %

0
dz

@

z is the depth of
the weathering
profile and p is the
density of bulk
regolith. [Lipyx), is
the Li
concentration of
bulk regolith at
depth z.

Li Inventory of Li .z

fe in the i L = {[Liex]z X px dz
exchangeable
fraction of
regolith

2)

z is the depth of
the weathering
profile and p is the
density of bulk
regolith. [Lie], is
the Li
concentration of
the exchangeable
fraction in
regolith at depth
z.

Li rates and fluxes (in g/
m?/ yr)

D Denudation
rate

D Denudation DL =D x [Lilyegrock

rate of Li

Regolith
production rate
of Li

RPH = Dl

WLi

regolith

Regolith
weatheringrate
of Li

WE in =D %

regolitf

[Lilpedgrock > (=)

Wh River

river i
weathering rate river
of Li

_ aes (Ll X Qi
.

Li _
Epootitn =D %

[Lilpedrock * (1 +—7)

ELi

reolien, Regolith

erosionrate of
Li

Ut Plant uptake

rate of Li

_ NPP x [Lil,e

Ul
[Cliree
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3

(€]

%)

(6)

)

®)

Denudation rate is
estimated from
cosmogenic
nuclides (Uhlig
and von
Blanckenburg,
2019a).

[Lilpegrock is the Li
concentration in
bedrock.

At steady state,
the regolith
production rate is
identical to the
denudation rate.
Net solubilisation
flux of Li from
regolith. See eq.
(10) for
calculation of 7.
Annual dissolved
Li weathering
flux, which is the
sum of catchment
area (A)
normalized
products of daily
river Li
concentration [Li]
and daily
discharge (Q) of a
hydrological year.
Erosion rate of Li
from
regolith.ER, ., +
VVLRlegolizh =D"
[Clree denotes
carbon
concentration in
dry mass (~50
%). NPP means
net primary
productivity,
which is
approximately
half of GPP (gross
primary
production).

(continued on next page)
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Table 1 (continued)

Name Description Calculation Explanation

Li
wet

Wet deposition X 9

of Li

Fprecipitation denotes
annual flux of
precipitation and
(L] means
Li concentration
in precipitation.

Dep Depﬁer = [Li]

|precipitation

Fprecipitation

|precipitation

Li mass fractions and flux ratios (dimensionless)

TLi

(10) Fractional mass
loss or gain of an
element relative
to bedrock, where
negative 7t
denotesloss of Li.
Fraction of Li
carried by
secondary solids
relative to total
soil Li calculated
by end-member
mixing model
Ratio of Li
exported in the
dissolved phase
calculated from
isotope ratios
expressed as delta
values (Bouchez
et al., 2013)
Ratio of the flux of
Li found in
dissolved

river export
(WH ) relative to
the flux of Li
released by
weathering in
regolith (Wysgoji)-
DEE is normalised
by the
conservative
element Na so
that the ratio is
independent of
rate estimates and

Elemental mass
transfer

LT egoich
X

[2r]
[Zrbedrock 1
(L] pedrock

i =
N regolith
coefficient

Li

A Fraction of Li in

secondary
solids

Li an
sec

777 N
6" Lisoil — 6" Lipedrock

an 7711,
6" Lisecondary — 6" Libedrock

whi

isotope

i

Wiotope =
774 774

8" Lisoit — 6" Lirock
27 a7

8" Lisoit — 6 Liwater

12)

Dissolved DEEL — %
export :

o X regolith
efficiency of Li

DEEM (13)

Na-normalised 14)
dissolved
export

efficiency of Li

DEEX ;
Na DEE}, =

Wiver/ Wiiser
Wi‘eigulirh / er\faagolith
[Li] [Li]
(m)nver/ (M)bedmck
YD

minimises
dilution effects.

Blanckenburg, 2019a). Weathering rates and t values made use of Zr
concentrations in bedrock and regolith. Plant uptake of Li was calculated
from net primary productivity (Uhlig and von Blanckenburg, 2019a).
Throughfall and creek water discharge was presented by Sohrt et al.
(2019).

4. Results
4.1. 6 ’Li values and [Li] of Critical Zone compartments

All data determined for this study and a previous study on Mg stable
isotopes on the same samples Cai et al., (2022) is presented in a data
publication that is available open access (Cai et al., 2021). Unweathered
paragneiss bedrock yielded a 8”Li value of ~ -1.3 %o (Fig. 1, Table S1). Of
the separated minerals, amphibole (-1.3 %o) and chlorite (-1.4 %o) are
isotopically similar to bulk bedrock (Fig. 1), whereas biotite (-0.7 %o)
and felsic minerals (-0.1 %o) were isotopically slightly heavier than bulk
bedrock (Fig. 1). §’Li values of bulk regolith were almost indistin-
guishable from bedrock and showed negligible variation throughout the
weathering profile. The clay-sized fraction was relatively enriched in °Li
with 8’Li values ranging from —3.5 to —5.4 %o (Fig. 1, Table S1). In
contrast, the exchangeable fraction represented not only the isotopically
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heaviest compartment in the regolith but also showed a systematic
variation with depth. Specifically, the most positive &’Li value of 22.5 %o
was found in the topsoil, followed by a gradual decrease from the surface
to ~ 1.6 m depth to minimum values of 2.5 %o, and a shift towards more
positive 8”Li values of about 11.6 %o at ~ 3 m depth. Below ~ 3 m depth
5’Li values were largely invariable. Similar trends were found for the Li
concentration of the exchangeable fraction (Fig. 1, Table S4). Beech
leaves and twigs had Li concentrations ranging from 2 to 7 ng/g and
similar §’Li values (5.5 & 1.9 %o, n = 6) (Figs. 1, 2, Table S3). Spruce
needles had both higher Li concentrations (~20 ng/g) and more positive
8Li values (11.4 %o, n = 2) than beech samples (Figs. 1, 2, Table S3).

4.2. Time series of [Li] and & 7Li values in water samples

Throughfall was very diluted in [Li] (3.3 nmol/]) and had a &7Li
value of 8.4 %o (Table S2). This isotopic composition is indicative of a
mixture of rainwater containing Li from sea spray (assumed to be similar
to seawater, ~31 %o, Hoefs, 2021) and the dissolution of Sahara dust
inputs (8’Li = -0.7 %o, Clergue et al., 2015) that may have occurred in
summer 2015 (https://www.dwd.de). [Li] of subsurface flow (0—15
cm) ranged from 18 to 153 nmol/1 (Fig. 3a, Table S2). 87Li values of
subsurface flow (0-15 cm) showed the largest variation among the
Critical Zone compartments of this study, ranging from 6.5 to 15.9 %o
(Fig. 3a, Table S2). [Li] of groundwater was much higher than in sub-
surface flow, ranging from 180 to 331 nmol/l (Fig. 3b, Table S2).
Although there was considerable variability in the [Li] of groundwater,
its isotopic composition remained almost invariant throughout a hy-
drological year (13.9 + 1.2 %o, n = 9; Fig. 3b, Table S2). [Li] of creek
water was similar to groundwater, ranging from 157 to 242 nmol/l
(Fig. 3c, Table S2), while its §’Li values were similar to or more positive
than groundwater, ranging from 14.8 to 20.4 %o (Fig. 3¢, Table S2).

4.3. Summary of fluxes and inventories

Prior to discussing the evolution of the Li isotope composition in the
Critical Zone, we first present an evaluation of the influence of wet
deposition and plant uptake on the catchment’s Li budget. For this
purpose, we provide a glossary of all metrics and equations used for the
calculation of metrics in this study with Table 1, which was introduced
in detail in von Blanckenburg et al. (2021) and references therein. Fig. 4
shows the estimated budget of Li in the Critical Zone. The chemical

weathering flux of Li (WrLeigomh’ eq. 5, Table 1) is ~ 460 times higher than
Li

wet?

the wet deposition flux of Li (Dep;.,, eq. 9, Table 1). Thus, we suggest
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[Li] (ng/g)

Fig. 2. Li concentration [Li] and isotope composition (87Li) of plant samples.
Mature beech twigs and leaves samples are from the same tree. Uncertainties
are smaller than the symbol size.
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Fig. 4. Input-output fluxes and inventories of Li at the Conventwald. Arrow width corresponds to the flux magnitude. For the estimation of fluxes and inventories

see Table 1.

that the contribution of wet deposition to the runoff of Li at this site is
negligible. The biological influence on the Li budget of a catchment is
generally thought to be minor, as Li is regarded to be a non-essential
element for plants and its concentration in plant tissues is low
(Lemarchand et al., 2010; Clergue et al., 2015). The plant uptake flux of
Li (U, eq. 8, Table 1) amounts to only 1 % of the chemical weathering

flux, which confirms its likely negligible influence on the catchment Li
budget and the Li isotope composition.

4.4. Weathering regime

Lithium concentrations of bulk regolith (Table S1) were converted to
the mass transfer coefficient (i, Eq. 10 in Table 1, Brimhall and Die-
trich, 1987). In doing so, Zr was used as reference element as justified in
Uhlig and von Blanckenburg (2019a) and Zr concentrations were
sourced from Uhlig and von Blanckenburg (2019b). 75l amounts to ~
-0.50 suggesting that ~ 50 % of Li was lost in soil and saprolite (Fig. 5).

5. Discussion
5.1. Li isotopic fractionation during pedogenesis

The Li isotopic composition of regolith is commonly thought to be set
by any of three processes: 1) atmospheric input (e.g., Liu et al., 2013;
Clergue et al., 2015); 2) preferential dissolution of more weatherable
minerals (e.g., Zhang et al., 2021); or 3) secondary mineral formation (e.
g., Ryuetal.,, 2014; Pogge von Strandmann et al., 2021). However, at the
Conventwald, we find virtually no vertical variation in 8’Li values in
regolith, and 8"Li values are indistinguishable from those of parent rock,
despite a Li loss of ~ 50 %. Concerning 1), dust input should be negli-
gible at our site, as no enrichment of elements was observed in the
shallow depth of the regolith. Furthermore, deep (~6 m) and shallow
regolith samples feature almost identical mineralogical and geochemical
characteristics (Uhlig and von Blanckenburg 2019a). As for 2), prefer-
ential dissolution of minerals, X-ray diffraction analysis (Uhlig and von
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Fig. 5. Gain or loss of Li (74) throughout the weathering profile. Error bar
represents two standard deviations (2SD) of the error-propagated external
analytical uncertainty of Zr (+£9 %, Uhlig and von Blanckenburg 2019b) and Li
(£5 %, Cai et al., 2021) and amounts to 24 %.

Blanckenburg, 2019a) and Mg isotope measurements on these same
samples (Cai et al., 2022) have revealed the preferential dissolution of
hornblende in the regolith. However, we find Li isotopic compositions to
be relatively uniform between different primary minerals (Fig. 1), and so
preferential dissolution should not induce a large shift in Li isotope ra-
tios. Concerning explanation 3), the clay-sized fraction separated from
bulk soil and saprolite indeed exhibits higher Li concentrations and
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more negative 87Li values (~-4 %o) than the bulk regolith (Fig. 1). This
observation is compatible with the formation of secondary minerals that
preferentially incorporate °Li. However, a quantitative evaluation (Eq.
11) of relative Li fluxes into secondary solids presented in section 5.4
shows that this effect amounts to only 8 + 6 % of the solid regolith’s Li
(see 5.4 for detailed discussion), which generates too small a shift to be
detectable in bulk samples. One scenario to resolve this discrepancy
might be that in the geologic past Li was dissolved and wholesale
exported in the dissolved form (no secondary solids were formed),
entailing no isotope fractionation, and that such weathering regime has
since transited to one involving clay formation today. While theoreti-
cally possible, thorough examination of published data in river water
consistently reveals higher §’Li values compared to those of the bedrock,
and we have not encountered any documented case study that demon-
strates chemical weathering without simultaneous shift in the Li isotope
composition between bedrock and fluid. Therefore, below we alterna-
tively suggest that indeed a certain amount of secondary minerals,
characterized by fractionated Li isotopes, were formed, but that these
were removed by a still undisclosed pathway likely involving the sub-
surface process. This process will be quantified and thoroughly
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discussed in section 5.4.

5.2. Controlling factors of [Li] and & Li values of water samples

The subsurface flow water samples (0-15 cm) exhibit large varia-
tions in [Li] and 8”Li values. Previous studies from Turton et al., (1992)
and Zhao et al., (2013) have shown that the generation of subsurface
water involves a mixing process of event water (i.e., throughfall) with
pre-event water (i.e., soil water). Due to the shallow depth, the chem-
istry of subsurface flow should respond rapidly to rainfall input. Indeed,
the subsurface flow water sample collected on the Nov. 20th 2015 was
significantly diluted due to heavy throughfall that day (note the arrow in
Fig. 3a, which indicates this dilution). Moreover, concentrations of Li
and Cl (Cl is considered as a conservative element) decreased by three
times compared to the sample collected 4 days earlier. The &Li value of
this sample also became more negative, approaching the 5’Li value of
throughfall. Moreover, water samples collected in different seasons
show linear relationships in binary plots of Li vs. Cl and 1/Li vs. §’Li
(Fig. 6a, b), confirming a two-endmember mixing process controlling
the chemical composition of subsurface flow water. The throughfall
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endmember is diluted in [Li] and [Cl] and depleted in "1 (Fig. 6a, b).
Although not sampled in this study, pre-event water (soil solution) is
expected to be concentrated in Li and Cl, and 7Li, as inferred from the
mixing line (Fig. 6a, b). These higher concentrations at shallow depth
are likely due to evapotranspiration effects (Zhao et al., 2013). To
exclude the possibility that shifts in 8’Li values and [Li] are due to
incorporation of Li into or adsorption of Li onto secondary phases we
follow the approach from Millot et al., (2020) and Dellinger et al.,
(2015) by calculating the proportion of Li remaining in solution after
secondary mineral formation (Li/Na) and plotting it against the §’Li
value.

It is assumed that the initial ratio of (Li/Na)water is identical to that of
bedrock and that Na is not incorporated into secondary phases (Gislason
et al., 1996). If Li is incorporated into secondary minerals (i.e. low Li/
Na), §’Li values in the dissolved load would increase. A negative trend in
Li/Na vs. 8’Li is generally observed in riverine water (e.g., Dellinger
et al., 2015; Pogge von Strandmann et al., 2017; Murphy et al., 2019).
However, for the 0-15 cm subsurface flow samples, a positive rela-
tionship between Li/Na and &’Li emerges (Fig. 6¢). Therefore, we sug-
gest that mixing with throughflow input, rather than any reaction
process, directly controls both concentration and isotope composition of
Li in shallow subsurface flow water. The binary mixing model for sub-
surface flow (0-15 cm) samples would predict that endmember soil
solution at 0-15 cm depth should exhibit 87Li values > 16 %o, consistent
with secondary mineral formation in the regolith preferentially incor-
porating oLi.

Groundwater is characterized by longer fluid-regolith interaction
times than shallow subsurface flow. If the fluid length scale is suffi-
ciently long, groundwater solutes reach thermodynamic equilibrium
with reacting solids (Maher, 2010; 2011). In this study site, groundwater
has a much higher Li content compared to shallow subsurface flow, and
low and uniform Cl concentrations. Consequently, Li/Cl ratios in
groundwater do not follow the trend found in subsurface water (Fig. 6a).
A dilution effect induced by groundwater recharge was found as the Li
concentration decreased with the rise of the groundwater table (Fig. 7).
However, when the level of the groundwater table increased from 8.4 m
below ground to 6.4 m below ground, the Li concentration decreased
only slightly from 187 nmol/L to 180 nmol/L suggesting that a buffering
effect prevents [Li] in groundwater from decreasing below 180 nmol/L.

Geochimica et Cosmochimica Acta 369 (2024) 213-226

More surprisingly, groundwater remained almost homogenous in &’Li
values at ~ 13.9 %o through the hydrological year despite large changes
in the Li concentration. Consequently, an unusual horizontal relation-
ship between Li/Na* (Na* denotes atmospheric input-corrected Na
concentration, assuming Cl is conservative and using Na/Cl in
throughfall and groundwater for correction) and the §’Li value was
observed (Fig. 6¢). The buffering effect of [Li] could not be attributed to
mineral dissolution since the dissolution process would drive 5”Li values
lower (approaching to the &’Li value of bedrock). To explain the
invariance of §’Li values accompanied by buffered [Li], we adopted the
interpretation of Kim et al., (2014) and that of our former study (Cai
et al., 2022) who both proposed that there are two processes operating
at different timescales, which regulate groundwater geochemistry:
thermodynamic equilibrium of mineral dissolution-neoformation and a
buffering effect by the exchangeable pool. We propose that in the
baseflow period (from Jun. 10th 2015 to Oct. 10th 2015, Fig. 3b, 7), the
groundwater table is low and it has sufficiently long reaction time so that
thermodynamic equilibrium was attained, [Li] reached its maximum
value (Maher, 2011) and Li isotopes were fractionated due to the
competition between mineral dissolution and secondary mineral for-
mation. Indeed, the Li isotopic composition shows a minute anti-
correlation with [Li] during the baseflow period (Fig. 3b), and
groundwater samples exhibiting slightly higher 8”Li values with lower
[Li] may reflect Li incorporation into secondary minerals. During the
high flow period, when the groundwater table is high, infiltrated water
recharging the groundwater aquifer may have shorter residence times
and the exchangeable fraction rapidly buffered the water chemistry,
while thermodynamic equilibrium with minerals was not attained. This
mechanism was responsible for lower [Li] in groundwater (as in Kim
et al., 2014). In both cases, Li isotope fractionation equilibrium was
reached between the dissolved and the exchangeable phase, which re-
sults in the insignificant variance of &’Li values in groundwater
throughout a hydrological year. The apparent Li isotope fractionation
factor between groundwater and the regolith exchangeable pool (A
7Ligw_ex) is ~ 4 %o (Fig. 7), a value consistent with exchange experiments
using smectite as adsorbent (~5 %o, Li and Liu, 2022). It is noteworthy
that the exchange direction might differ in different hydrological sea-
sons. Concentrated groundwater during the baseflow period might have
set the elemental and isotopic composition of the exchangeable fraction,
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Fig. 7. Variation of Li concentration [Li] and isotope composition (8 “Li value) of groundwater in response to groundwater level change.

221



D. Cai et al.

and the exchangeable fraction in turn buffered infiltrated water during
the high flow period. The same hypothesis was also proposed in our
former study on Mg isotopes at Conventwald (Cai et al., 2022).

In creek water, Li/Cl relationships are more akin to groundwater
than to subsurface flow (Fig. 6). & 71i values of creek water (14.8 to 20.4
%o) are similar to, or more positive than, groundwater samples (~13.9
%o). Endmember mixing analysis (EMMA) at Conventwald has indicated
that groundwater is the major source feeding creek water (Sohrt et al.,
2019). The higher 87Li values in creek water than in groundwater may
be caused by the ongoing formation of secondary solids or adsorption in
the creek channel. Fig. 6¢ confirms this hypothesis as 5Li values of creek
water increase with decreasing Li/Na* (Na* denotes atmospheric input
corrected Na). This finding is consistent with worldwide trends in river
water (e.g. Liu et al., 2015; Dellinger et al., 2015; Pogge von Strandmann
et al., 2017). An increasing trend in §’Li values is observed during dry
periods (Fig. 3c) and a negative correlation between discharge and &’Li
is seen (Fig. 8), which might reflect more fractionated Li with increasing
water residence time as water has more time to interact with solid
phases (Liu et al., 2015; Zhang et al., 2022).

In summary, our study has identified three different pathways
(mixing, exchangeable pool buffering and Li incorporation/adsorption)
for dissolved 87Li evolution, implying that critical zone of different
structures and hydrological conditions may see different evolution re-
gimes in riverine 5’Li. While both mixing (Henchiri et al., 2016) and Li
incorporation (Liu et al., 2015) have already been invoked as direct
driving forces of riverine 5’Li variation, the buffering effect of the
exchangeable pool has not been demonstrated before. It has been noted
that the middle Yellow River shows a wide range in W/D (weathering
rate/denudation rate) but a relatively constant 8’Li (Gou et al., 2019;
Pogge von Strandmann et al., 2020), deviating from the “boomerang”
type relationship which predicts larger 5’Li in intermediate W/D (Del-
linger et al., 2015). We suggest that this unusual invariance of 8’Li might
reflect the effect of exchangeable pool buffering, given the high ex-
change capacity of Yellow River sediments (Tipper et al., 2021), or that
denudation and export fluxes are not at steady state in the Yellow River
(Gaillardet et al., 1999), potentially invalidating the relationship be-
tween W/D and &’Li.

5.3. &’Li of regolith exchangeable fraction and isotope fractionation
between exchangeable Li and dissolved Li

The weakly-bound exchangeable fraction of regolith is sometimes
regarded as an alternative record of the isotope composition of soil so-
lution (e.g., Bullen and Chadwick, 2016; Li and Liu, 2020). It reflects a
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combined effect of primary mineral dissolution, secondary mineral
formation, and bioactivity (Bullen and Chadwick, 2016; Cai et al.,
2022). Our previous Conventwald study on Mg isotopes (Cai et al.,
2022) has indicated that there is a negligible effect of Mg isotope frac-
tionation during sorption processes, and that the Mg isotopic composi-
tion of groundwater and creek water have almost the same Mg isotopic
composition as the deep regolith exchangeable pool. To evaluate
whether this is the case for Li too, we compared &’Li values of the dis-
solved load with 5”Li values of the corresponding exchangeable fraction.
Deep groundwater (collected at ~ 10.5 m depth) exhibited almost
invariant 8’Li values. The corresponding deep regolith (>3 m)
exchangeable fraction also shows small variations in §’Li values (Fig. 1).
The apparent isotope fractionation factor between the deep exchange-
able pool and deep groundwater A7Ligmundwater_exchangeable is ~ 4 %o
(Fig. 7). X-ray diffraction analysis at this site has identified chlorite and
biotite as main phyllosilicates (Uhlig and von Blanckenburg, 2019a),
and we suspect that these minerals constitute the main hosts for
exchangeable cations (Cai et al., 2022). We suggest that our ground-
water and exchangeable fraction are in equilibrium in terms of Li iso-
topic composition and associated fractionation is ~ 4 %o between the
dissolved and adsorbed pools (section 5.2). This contrasts with subsur-
face flow (0-15 cm), where a large variability in §Li values (6.5 to 15.9
%o) can be explained by conservative mixing alone. We suggest this may
be a function of kinetics, with flushing of subsurface flow being too fast
for exchange reactions to manifest significant shifts in the fluid’s isotope
ratio.

Previous investigations of exchangeable Li and its isotopic compo-
sition in the Critical Zone are sparse (Li et al., 2020; Chapela Lara et al.,
2022), and experimental studies on Li adsorption onto different
geological matrices have shown highly variable isotope fractionation
factors (e.g., Pistiner and Henderson, 2003; Hindshaw et al., 2019;
Pogge von Strandmann et al., 2019; Li and Liu, 2020; Zhang et al., 2021)
with exchangeable Li being isotopically more negative than Li in the
dissolved load, as observed in this study. It is striking, then, that the
exchangeable pool of the uppermost soil sample has a §’Li value of 22.5
%o — higher than all other samples analyzed (including throughfall and
subsurface flow). Soil solution at this depth, although unsampled, is
inferred from the mixing trend shown in Fig. 6b to have a 8”Li value of
~ 18 %o, a value still lower than 22.5 %o. A potential explanation for this
discrepancy might be that the extraction procedure that we used was
incomplete, and hence isotope fractionation occurred. This has been
observed in Li desorption experiments, where ’Li was preferentially
desorbed when the pH of reacting solution lowered from 8.5 to 4.3 (Li
and Liu, 2020).

Nevertheless, the exchangeable fraction is always isotopically
heavier than bulk regolith. We suggest that this is because secondary
mineral formation favours °Li, driving 8’Li in soil solution to be more
positive, and hence the corresponding exchangeable fraction inherits
this heavy isotopic composition signal. It is also noteworthy that both
concentration and isotope composition of Li in the exchangeable frac-
tion exhibit their lowest values at ~ 1.8 m, as Mg does (Cai et al., 2022).
Although previous research indicates pH may influence 8’Li fraction-
ation during adsorption or secondary mineral formation (Li and Liu,
2020; Zhang et al.,2021; Zhu et al., 2023), the variation of 5’Li of
exchangeable fraction does not align with pH change here. Alterna-
tively, for Mg, the “bulge shape” was attributed to a bio-uplift effect,
meaning that vegetation takes up Mg at greater depth (favouring heavy
Mg isotopes) and returned it to shallow depth via litterfall. This process
results in both lower concentrations and more negative 52°Mg values in
the exchangeable fraction in the middle part of the soil column.
Although Li is a non-nutritive element, this might be applicable for Li too
(Fig. 9). The ratio of the Li uptake flux of plants (U- , Fig. 5) and the
inventory of Li in the exchangeable fraction (I}, Fig. 5) is proportionally
half as high as for the macronutrient Mg in the Conventwald. If Li uptake
by plants significantly fractionates Li isotopes, the effect on the
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exchangeable fraction may be similarly high for the non-nutrient Li and
the macronutrient Mg (Fig. 9). Unfortunately, our data is inadequate for
a quantitative estimation of the plant-induced effect of isotope frac-
tionation on the exchangeable fraction at the field scale because only
twigs and leaves were measured in this study, meaning that the & “Li
value of the bulk tree remains unquantified. Nevertheless, future
research focusing on Li isotope fractionation during biological cycling is
encouraged as it is increasingly controversial as to whether Li isotopes
are fractionated during plant uptake (Clergue et al., 2015; Gao et al.,
2022; Lemarchand et al., 2010; Li et al., 2020).

5.4. A missing Li export path

Two of the observations presented above are striking. The first is that
subsurface flow, groundwater, and creek water are all enriched in 714,
which means that water is continuously removing ’Li in preference over
SLi from regolith and eventually from the catchment. However, the
regolith is isotopically indistinguishable from bedrock (Fig. 1), which is
surprising as T ; shows that ~ 50 % of Li contained in parent rock was
lost by weathering between 0 and 6 m depth (Fig. 5). The second is that
the regolith weathering rate of Li (WX, ., 3.8 + 0.3 x 10°° g/m?/y, Eq.
5) is much higher than the Li export flux found in the river dissolved load
(Wh,,0.9 4+ 0.2 x 10 g/m?/y, Eq. 6. Note, [Li] in unmeasured samples
was extrapolated from [Li]-discharge relationship of measured samples,
Fig. 8). Thus, there is an imbalance in fluxes. To explain these two ob-
servations, we expand upon watershed Li fluxes (Fig. 4) with an isotope-
based budget.

At steady state, and integrating over the timescale of regolith for-
mation the mass balance is (see Table 1 for definitions and Fig. 4 for flux
estimates):

RPL — EN

Li
‘primaryminerals + vvregr;[irh

+ ELi

secondarysolids

(15)
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To partition the total erosion rate of Li (Efégmh) into the erosion rate of

primary minerals and secondary minerals we derive the fraction of Li-
bearing secondary minerals in regolith via an isotope-based end-mem-
ber mixing equation (Eq. 11 in Table 1).

As the §’Li value of soil is almost identical to that of bedrock,
calculated fiecondery amounts to only 8 & 6 %. This is a maximum esti-
mation as we use the most positive 8”Li value (-5.4 %o) of our separated
clay-sized fraction. A true secondary solid is expected to have a more
negative 8’Li value than the clay-size fraction (which may still contain
some component of Li from primary minerals). Assuming steady state
and that the fractionation is in equilibrium, fi.condary can alternatively be
calculated using Eq. 17:

L & Liros. — 8" Ligiss
scondary — x77. X

(16)

TLi
77+ i
A Llsecondary-diss

Taking 18 %o as a representative apparent isotope fractionation factor
for the formation of secondary minerals (Hindshaw et al., 2019; Vigier
et al.,, 2008) and using the §Li value of river water as & Ligiss, this
equation gives a fiecondary Of 48 + 9 %, significantly higher than the value
yielded by endmember mixing calculation (~8 =+ 6 %, Eq. 11). In other
words, while the isotope batch model (eq. 17) suggests that 48 % of the
Li released by chemical weathering should be found in clays, only 8 % of
this clay-bound Li is found in the regolith (eq. 11).

This apparent imbalance can also be evaluated from a flux perspec-
tive. We use the isotope model developed by Bouchez et al. (2013) to
calculate the normalized dissolved Li export flux (Wi, Eq. 10 in
Table 1). Using 8’Li values of regolith (8"Lisoii = -1.7 £ 0.2 %o), un-
weathered parent bedrock (8"Liyock = -1.5 + 0.7 %o), and creek water
(67Lidiss ranges from 14.8 + 0.1 to 20.4 & 0.4 %o), Wkl

isotope AOUNLS to 1.8

+ 1.5 % (2SD) to 2.4 + 1.1 % (2SD), implying that Li is apparently
almost entirely exported in particulate form, a conclusion contrary to
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the normalized net solubilisation flux of Li (ngolith’
which amounts to 50 + 12 %.

A similar discrepancy arises from a quantitative comparison of the
dissolved Li export flux (W5, ) with the net solubilisation of Li from
regolith (W}, ), where its ratio (Wy,,,/ W) is called the Li “dis-
solved export efficiency” (DEEY, Eq. 11 in Table 1, Uhlig et al., 2017,
von Blanckenburg et al., 2021). In steady state and balanced fluxes, the
DEEY value is defined to be 1, meaning the chemical weathering rate of
Li inferred from water chemistry equals that inferred from Li depletion
from regolith. However, at our site the calculated DEEM is 0.24 + 0.08,
suggesting that of Li solubilized from regolith, only ~ 24 % appears in
the river dissolved load.

We note that DEEY is a ratio of fluxes that integrate over vastly
different timescales: Wi integrates over annual timescales but erigoli[h
over millennial timescales, over which climate and discharge may have
fluctuated. To reduce a potentially introduced bias, we use a metric that
Wf‘iiver and erigolith
over their respective Na fluxes (DEE,LVia, Eq.12, Uhlig et al., 2017),
assuming the export of Na reflects congruent dissolution from rock and
that Na behaves conservatively, i.e. that no Na is incorporated into
secondary solids. An additional advantage of this approach is that unlike

Eq. 9 in Table 1)

is independent of timescale effects by normalizing

DEEY, DEEY, does not require knowledge of the individual fluxes.

Similar to DEE", a DEEL value of 1 means that dissolved Li export
equals Li loss from the regolith, a value < 1 indicates that a fraction of Li
lost from the regolith is missing in the river dissolved load export. At the
Conventwald the DEEL equals 0.30 + 0.08 (Eq. 14 in Table 1, the
variation is due to the [Li]/[Na] variation in river water), in agreement
with the calculated DEE™ (0.24 + 0.08).

Two independent lines of evidence thus document the imbalance in
the Li cycle at our study site: 1) the regolith’s 8”Li value is not negative
enough to balance the "Li export by river water, and 2) Li in the riverine
dissolved load only accounts for ~ 30 % of the Li solubilized from
regolith. Therefore, a flux — or unsampled pool enriched in °Li - is not
accounted for. von Blanckenburg et al., (2021) put forward four expla-
nations for a potential imbalance in elemental fluxes based on their
investigation into an “erodosequence”: 1) methodological artefacts (for
instance loss of colloidal material during filtration); 2) perturbation of
steady state; 3) element fractionation along hillslopes or at depth; and 4)
a hidden pathway or pool. Of these four, the authors conclude that the
most likely is the latter “hidden pathway or pool”. In support of this,
other studies of catchment isotope cycling have identified imbalances in
export pathways. For example, Uhlig et al., (2017) suggested that the
removal of coarse woody debris might account for the unidentified
export of heavy Mg isotopes. Similarly, Oeser and von Blanckenburg
(2021) attributed the loss of 8°Sr to erosion of fractionated organic solids
(i.e., leaf litter and woody debris). Biological uptake may also account
for the imbalance in global K and Ba river export (Charbonnier et al.,
2020; 2022).

For Li at our study site, a methodological artefact from loss of col-
loids during filtration is possible, but Wimpenny et al., (2010b) showed
that the colloidal Li load is negligible compared to that in the truly
dissolved phase. A ‘hidden pathway’ of erosion of plant debris, removal
by logging, or accumulation in re-growing biomass cannot explain the
discrepancy since Li is not a nutritive element and as such the Li flux into
biological material should not be insufficient (Fig. 4). Moreover, our
data suggest Li in plant tissues is enriched in “Li. Hence, its removal does
not explain apparently missing ®Li. However, removal of subsurface fine
particles — with different chemical composition compared to bulk
regolith — has been suggested as an alternative such hidden pathway that
will deplete the regolith in particular elements and isotopes (Kim et al.,
2018). Unbalanced budgets of B, Mg and Li isotopes have been attrib-
uted to this process (Noireaux et al., 2021; Steinhoefel et al., 2021; Ma
et al., 2015). Here, we evaluate whether this potentially also explains
the unbalanced Li flux at our study site. Although no sediments were
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sampled from river or seepage to constrain the chemistry of this fine
particulate, our separated clay-sized fraction is the only compartment
that exhibits more negative 8’Li values than bedrock at this site.
Assuming this fraction is representative of fine particulates that would
be removed by subsurface flow, their export might present a viable
hypothesis to explain the apparently unbalanced Li cycling. Given that
this pathway remains unsampled, we can not assess whether it is suffi-
cient to explain the ~ 40 % discrepancy between expected fsecondary based
on an isotope mass balance (Eq. 17; 48 + 9 %), and that derived from an
endmember mixing calculation in the regolith (8 + 6 %). Similarly,
whether this unidentified flux could also explain the discrepancy be-
tween WX .. (2.8 £ 0.3 mg/m?/y, calculated using 74, bedrock con-

regol
centration, and denudation rate) and W&, (0.9 + 0.2 mg/m%/y,
calculated using river water chemistry and discharge) needs evaluation.
In sum, then, export of fine particulates via subsurface flow is a
promising candidate for the “hidden export pathway” that explains the
imbalances in isotope budgets and chemical weathering fluxes observed
at our study site. Further work considering comprehensive sampling of
river/seepage sediments (Gu et al., 2021; Kim et al., 2018) along with
identification and quantitative separation of its origin (from surface
erosion and subsurface export) is, however, required to evaluate this
hypothesis, as is the search for fine particles such as those found in
sedimentary sink areas (Ma et al., 2016 and Zhang et al., 2023). Given
that such discrepancies are an increasingly common observation in
Critical Zone research, such detailed investigations seem warranted.

6. Conclusions

We observed that in a temperate forested catchment the separated
clay-sized fraction of the regolith exhibits more negative 5’Li values
than the bulk regolith. This secondary solid formation in turn drives the
5’Li value of the regolith exchangeable fraction and of the dissolved
fluid to more positive values. Water may, however, be impacted by
different geological processes at different depths and thus exhibit
different evolution pathways on its §’Li value. Conservative mixing,
exchangeable pool buffering, and Li incorporation or adsorption are
direct processes controlling the 8’Li value of subsurface flow, ground-
water and river water, respectively. The subsurface structure of the
Critical Zone thus presents a crucial factor when considering the isotope
labels disclosed by water chemistry. Nevertheless, although causal
drivers of 8Li variability between discrete water samples may vary, in
each case secondary mineral formation is the primary process respon-
sible for 87Li fractionation. At this study site Li cycling is not balanced,
given that the 87Li value of regolith is not negative enough to balance
the isotopically heavy Li exported by river water, and given that Li in the
river dissolved load only accounts for 30 + 8 % of Li solubilized from
regolith. These discrepancies might be reconciled by the existence of a
hidden export pathway through removal in subsurface flow of fine
particulates that have lower &’Li values than the bulk regolith. While
such imbalances have been noted in studies of the nutritive elements K
and Ba in big rivers, suggesting an undisclosed biogenic pathway, they
are absent for Li and Na in big rivers (Charbonnier et al., 2022). One
potential explanation for the absence of such imbalance in large rivers is
a scale effect: while at the hillslope scale fluxes are subject to large
heterogeneity introduced by the belowground structure in the Critical
Zone, these fluxes and their isotopes average out once solutes have
emerged in large river dissolved and sedimentary loads. Nevertheless,
since observations of isotopic and flux imbalance in the Critical Zone are
increasingly reported, this hidden export pathway merits further
investigation.
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