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ARTICLE INFO ABSTRACT
Editor: Xinbin Feng Our current understanding of controls on §’Li variability and fractionation mechanisms is limited, complicating the
interpretation of chemical weathering. The role of clay adsorption in Li isotope fractionation during chemical
KQ"’_""’@ weathering has been confirmed. However, clay assemblage and fluid chemistry are not simple and often variable in
]élthmfn isotopes weathering settings, potentially modulating Li isotope fractionation on Earth's surface. Here, this research investigated
K’;EE;T:M the patterns and processes of Li isotope fractionation during adsorption on kaolinite and smectite with fluid chemistry
Smectite of 0.001 M NacCl, 0.5 M NaCl, and 0.001 M Na,HPO,. Specifically, the time-dependent experiments with the reaction
Fluid chemistry period up to 15 days revealed that the steady state can be achieved within one day under neutral conditions. The

Weathering concentration-dependent (initial Li concentration of 2 to 1000 M) experiments confirmed the accumulation of Li*
in smectite interlayers and adsorption of Li* only at the external surfaces of kaolinite. Using 0.5 M NaCl solution
and the desorption experiments, we hypothesize that outer-sphere Li may exist in the interlayer sites, which can be
replaced by excess Na*. In comparison, inner-sphere Li* (unexchangeable) potentially dominates at the edge surface
of clays. The presence of Na,HPO, increases the binding capacity for Li ™ adsorption, in particular for kaolinite. In all
cases, °Li is enriched on clay surfaces and interlayer spaces, consistent with field observations. Fluid chemistry may
affect the degree of clay Li adsorption but exerted negligible impacts on isotope fractionation. For kaolinite, a wide
variation (up to 30 %o) in isotopic fractionation between adsorbed and aqueous Li (A7Liaq_ad) exists, conforming to a
kinetic fractionation mechanism with a constant fractionation factor a,q..q of ~0.992. By contrast, the isotopic fractio-
nation between Li adsorbed on smectite and Li ™ left in solutions keeps constant (A7Liaq_ad of ~5 %o), likely following
an equilibrium isotope fractionation law with an a,4.aq of ~0.995.
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1. Introduction

Silicate weathering is one of the key factors controlling global climate
and carbon cycles through consumption of atmospheric carbon dioxide
(Berner and Berner, 1997; West et al., 2005). Incongruent silicate
weathering promotes secondary clay formation as soils form, which serves
as the direct evidence of weathering alteration (Tabor et al., 2002; John
et al., 2003). The preferential loss of alkali elements during weathering
drives the cycling of elements such as Li and K, and their stable isotopes
are fractionated by weathering processes (e.g., Dellinger et al., 2015;
Pogge von Strandmann et al., 2019; Li et al., 2021; Li et al., 2022).

Lithium isotopes have been used as a weathering tracer since significant
Li isotope fractionations occur during chemical weathering (Huh et al.,
2001; Pistiner and Henderson, 2003; Vigier et al., 2008; Millot et al.,
2010; Liu et al., 2013; Dellinger et al., 2015; Pogge von Strandmann
et al., 2017a; Pogge von Strandmann et al., 2017b; Hindshaw et al., 2019;
Li et al., 2020; Ma et al., 2020). And it is well established that isotopically
lighter Li is preferentially scavenged by clays from the aqueous solution,
leaving water isotopically heavier. As a result, a wide range of Li isotope
fractionation up to ~60 %o in the crust, water, and carbonates relative to
the bulk silicate Earth and mantle was reported (e.g., Tomascak et al.,
2016; Penniston-Dorland et al., 2017; Pogge von Strandmann et al.,
2020). Previous studies reveal the potential of Li isotope signals in soils,
sediments, river water, and past seawater to quantitively reconstruct the
intensity and/or rate of chemical weathering and hydrological conditions
(e.g., Misra and Froelich, 2012; Dellinger et al., 2017; Li and Liu, 2020;
Xu et al., 2022; Zhang et al., 2022). To better interpret Li isotope informa-
tion in geological records, the processes and mechanisms of isotopic
fractionation during clay formation (adsorption and incorporation) require
further investigation.

Experimental studies could provide robust constraints on the processes
and mechanisms responsible for Li isotope fractionation during clay forma-
tion. Early surveys of Li adsorption on clay minerals and concomitant
isotopic fractionation between reacted and initial fluids showed intriguing
data, i.e., A”Li;eacted solution-source solution Of 7.7—24.8 %o for gibbsite, 1.6 %o
for ferrihydrite, 7.1 %o for kaolinite, 3.8 %o for chlorite, but close to zero
for montmorillonite and illite under ambient conditions (Pistiner and
Henderson, 2003; Millot and Girard, 2007). Synthesis experiments of smec-
tite by Vigier et al. (2008) reported A”Ligyid.clay in & range from 1.6 %o at
250 °C to ~10.0 %o at 25-90 °C, following an equilibrium isotopic fractio-
nation mechanism. A strong kinetic control on isotope fractionation during
low-temperature fluid-rock reaction has been identified in recent studies.
For example, Wimpenny et al. (2015) emphasized the diffusive isotope ef-
fect during Li ™ uptake at gibbsite interlayers due to a swelling feature.
Using “Li nuclear magnetic resonance (NMR), Hindshaw et al. (2019) syn-
thesized Mg-rich layered silicates (stevensite and saponite) and estimated
site-specific isotope fractionation at octahedral outer-sphere and pseudo-
hexagonal sites, reflecting an interlay of equilibrium and kinetic fractiona-
tion paths. A recent study by Li and Liu (2020) confirmed the kinetic frac-
tionation path (A67Liaq,mitial up to ~30 %o, with an azq.aq ~0.992) during
kaolinite adsorption that may be ascribed to an ion-desolvation process.
While Li isotope fractionation directions are broadly consistent with each
other, the large variability hints at mineralogy-specific isotope fractiona-
tion and fluid chemistry controls that are not yet fully understood. The min-
eralogy control on adsorption was emphasized by field data and modeling
(Li and West, 2014; Dellinger et al., 2015; Wanner et al., 2017). However,
it was only examined by Pistiner and Henderson (2003) and Millot and
Girard (2007) via nonsystematic adsorption experiments. The fluid chemis-
try control is important considering the impact of electrolyte background
on clay surface property (e.g., charge and binding site availability)
(Chang et al., 2018). All of them may cause different degrees of Li isotope
fractionation.

This study aims to understand the mechanisms of Li isotope fractiona-
tion during clay adsorption, focusing on the controls of clay mineralogy
and fluid chemistry. In brief, the isotope compositions of adsorbed and
aqueous Li were measured, and isotopic fractionation was calculated
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based on experimental setup using two common clay minerals (kaolinite
and smectite) with varying fluid chemistry (0.001 M NacCl, 0.5 M NaCl,
and 0.001 M Na,HPOy). The results improve the understanding of Li
isotope compositions in soils, sediments, and rivers with implications to
trace chemical weathering and climate change.

2. Experiment and analysis
2.1. Regents and materials

Guaranteed reagent grade acids (Fisher Scientific™) were purified using
a sub-boiling Savillex™ distiller and purified water was obtained from a
water purification system (Milli-Q™ Direct-Q 3UV (18.2 MQ-cm). Smectite
and kaolinite were chosen, representing major soil components driven by
weathering and pedogenesis. There are marked differences between their
structures. Smectite is a 2:1 layer phyllosilicate mineral, and its alumina oc-
tahedron is located between silica tetrahedron sheets. By contrast, Kaolinite
is a 1:1 layer mineral, with its alumina octahedron and silica tetrahedron
sheets arranged in parallel (Brigatti et al., 2006). We used well-
characterized kaolinite (KGa-2) and smectite (SWy-2) sourced from the
Clay Mineral Society (www.clays.org). Ultrapure NaCl and Na,HPO,
(>99.9 %) were purchased from Fisher Scientific™. Powdered materials
were processed to recover 0.1-1 pm fraction and intensively cleaned to pre-
clude impurities following the protocol in Li and Liu (2020) and Li et al.
(2021). After cleaning, Li concentration in eluents was below the Q-ICP-
MS detection limit. Prior to experiments, the control groups (water-clay
mixture without initial LiCl, a duration of 15 days) were used to monitor
potential Li ™ interference released from clays. And negligible Li* release
was found (Li and Liu, 2020).

2.2. Adsorption experiment setup

We designed clay-fluid interaction experiments to assess the direction
and magnitude of Li isotope fractionation during adsorption on kaolinite
and smectite at the constant pH of 8 (22.5 °C) in closed systems. Before
each experiment, clays were suspended in water without adding LiCl, and
pH was adjusted using trace amounts of HCI or NaOH. After overnight
suspension, LiCl (§’Li = 5.8 + 1.1 %o, Li and Liu, 2020) was added and
well-mixed into solution. The aim of this step is to avoid large pH variation
during experiments. There were slight decreases in pH at the very begin-
ning, likely stemming from hydroxyl deprotonation and proton release
due to ion exchange (Lawagon et al., 2016; Brazier et al., 2019). The pH
conditions during experiments were monitored using a pH meter
(Orion Sta A221) and maintained at required level. Fluctuation in pH was
less than +0.25. The solid-to-fluid ratio was fixed at 10 g/L for kaolinite
and 2 g/L for smectite. Three experiment sets were designed, and the
details are:

(1) Time-dependent experiments

In this experimental set, we recorded temporal change in Li concentra-
tion and isotope composition of fluids over a period of 15 days. Experiments
were carried out in 250 mL acid-cleaned borosilicate Erlenmeyer flasks
filled with 200 mL clay slurries with 75 pM Li and continuously stirred at
150 rpm using magnetic bars. This experimental set was designed to track
temporal variation in fluid chemistry and the time to reach the steady
state. During the experiment, solutions were sampled at different time in-
tervals from the same reactor and filtrate. We infer that possible change
in solid-to-fluid ratio by sampling is negligible because only small amounts
of solution were collected (0.5 mL for element analysis and 2 mL for isoto-
pic analysis). In this study, fluid chemistry was set to 0.001 M, 0.5 M NaCl,
and 0.001 M Na,HPO,, respectively. In experiment sets, the choices of fluid
chemistry were made based on general natural conditions. For example, the
use of 0.001 M and 0.5 M NaCl aims to investigate the pattern of Li adsorp-
tion and isotope fractionations in low-salinity (river water in general) and
high-salinity aqueous environments (e.g., seawater, brines, and groundwa-
ter in some cases, Miller et al., 1986). The use of 0.001 M Na,HPO, aims to
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assess the impact of widespread oxyanions (e.g., dissolved inorganic phos-
phate ions) in Earth's surface environments (e.g., soils, lakes, rivers and
oceans) (Arai and Sparks, 2007; Nikanorov and Brazhnikova, 2009). It is
recognized that oxyanions potentially exert strong impacts on clay interfa-
cial properties (Johnston and Tombacz, 2002), but the influence on Li
adsorption and corresponding isotopic fractionation remains elusive. Each
experiment was performed once for each clay set.

(2) Concentration-dependent experiments

In this experimental set, we recorded the ratio of adsorption and isoto-
pic fractionation of Li by adjusting initial Li molarity from 2 to 1000 pM.
Experiments were performed in borosilicate Erlenmeyer flasks filled with
200 mL clay slurries and shaken at 150 rpm in a thermostatic water bath
shaker (Thermo Scientific™ TSSWB 15) for 3 days, which was determined
to reach the steady state based on data of the first experimental set). The
aim is to set a wide range of adsorption ratio and degree of isotope fractio-
nation. In addition, fluid chemistry was provided using 0.001 M NacCl,
0.5 M NaCl, and 0.001 M Na,HPO, in the individual groups, respectively.
We used 0.001 M and 0.5 M NacCl to represent freshwater and seawater
(or brine), respectively (Li and Liu, 2020). We also used 0.001 M
Na,HPO,, which is ~100-1000 times higher than natural river water P
contents (Mainstone and Parr, 2002) to represent eutrophic (or anthropo-
genic) water. We used different electrolytes to assess the impacts of fluid
chemistry on Li adsorption and isotopic fractionation. We performed the
triplicates for individual experiments and reported the average value. The
uncertainty of Li adsorption calculated from triplicates may reflect a sum
of pH variations (<0.25), filtration loss (<3 %) and the one standard devia-
tion (1 S.D.) of the Q-ICP-MS analysis (<3 %).

(3) Desorption experiments

In this experimental set, we recorded the extent of Li desorption from
reacted clays in experiments with 50 pM Li and 0.001 M NaCl. This initial
step was carried out in 250 mL borosilicate Erlenmeyer flasks. NH4Ac salt
was added to maintain the ionic strength (IS, provided by NH4Ac) ranging
from 0.1 M to 1 M. Reacted clays were treated with NH, exchange and con-
tinuously stirred using magnetic bars for 3 days. Desorbed Li in reacted so-
lutions was analyzed. The aim is to determine the proportion and isotopic
composition of exchangeable Li residing on the external surfaces and inter-
layer space.

At the end of the experiments, clay suspensions were sampled after
centrifuging and rinsed by purified water. Supernatants were collected
after filtration using 0.22 pm PTFE syringe filters. Filtration did not modify
aqueous Li concentration for >3 % (within the analytical uncertainty of
Q-ICP-MS) and Li isotope fractionation produced by filtration was
undetected (using prepared LiCl solutions). Samples were transferred to
centrifuge tubes and stored at 4 °C until analysis.

2.3. Elemental analysis

Samples were dissolved in 2 % HNO; and measured on a Q-ICP-MS
(Agilent™ 7900) at the University of North Carolina at Chapel Hill. The con-
centrations of dissolved elements (Li, Na, K, Al, and Ca, etc.) were mea-
sured, and the instrument was calibrated using a series of ICP standards
with known concentrations. Internal standards, including Be, Ge, Rh, In,
Ir, and Bi were used for instrumental drift correction. Procedural blanks
were undetected. In addition, two USGS standards BHVO-2 (basalt) and
GSP-2 (granodiorite) were measured to ensure the analytical reproducibil-
ity with a precision of 10 % (Table 1).

2.4. Chromatography and isotope analysis

Samples were purified using a dual-column system (Liu and Li, 2019).
Samples in 0.7 M HNO3; were loaded on the first column (inside diameter:
1.5 c¢m), containing 17 mL AG50-X8 cation-exchange resin (200-400
mesh, Bio-Rad™). The first Li fraction was collected to eliminate the inter-
ference of most matrices including >80 % Na. Elution was evaporated to
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Table 1
Inter-laboratory comparison of elemental compositions
in a couple of USGS standards.

SRM Description [Li]
NO. (ppm)
50
4.5"
BHVO-2 Basalt, USGS, n.d.
4.3¢
9.1°¢
36°
GSP-2 Granodiorite, USGS, 35.1°
34.84
Note:

@ Certified values.

b This study.

¢ Zhao and Zheng (2015).

4 Zhang et al. (2016).

¢ Braukmiiller et al. (2018).

dryness and dissolved in 2 mL 0.2 M HCl. Samples were passed through
the second column (ID: 0.6 cm), filled with 3.4 mL AG50-X8 resin
(200-400 mesh, Bio-Rad™). To enhance total Li recovery, after cuts con-
taining Li tails may additionally go through the same column again. Pre-
and post-cuts were checked to confirm quantitative Li recovery >99 %
and preclude any matrix effect for accurate Li isotope analysis. Total proce-
dural blanks were monitored (<1 ng), and in all the cases, negligible com-
pared with sample sizes at pg-levels.

The “Li/®Li ratios were measured on a Q-ICP-MS (Agilent™ 7900) at
the University of North Carolina - Chapel Hill, following the method docu-
mented in Liu and Li et al. (2019). Briefly, Li in samples and standards were
matrix matched to a concentration of 0.5 ppb using 2 % HNO3. Samples
were introduced using a microflow self-aspirating (Agilent™, 200 pL/min)
PFA nebulizer, a quartz spray chamber, and a quartz torch. A sample-
standard bracketing method was adopted and concentration matching be-
tween standards and samples was limited to >95 %. The ”Li/°Li ratio was
reported in a 8 notation relative to an IRMM — 016 Li standard (equivalent
to the L-SVEC standard), following the equation:

("Li/°Li) sample

("Li/°Li) | _svge

8'Li (%o0) = { —1} x 1000 1)

A long-term reproducibility from replicate measurements of interna-
tional references was better than 1.1 %o (two standard deviations, 2 S.D.)
(Liu and Li, 2019). Certified standards were analyzed, yielding 8Li values
conform to reported reference data (Table 2): BHVO-2 (4.6 = 1.2 %o),
GSP-2 (—0.7 = 0.9 %o), and NASS-7 (31.0 = 0.9 %o0) (2 S.D.). The
87Li values of adsorbed Li were corrected by deducting from the original
structural Li composition of clay structures (KGa-2: 0.2 + 0.6 %o; SWy-2:
—0.6 £ 0.7 %o) following the equation:

[Ll} solid X 87Li50]id - [Li]unreacted clay X 87Lium'€aCted clay
[Li]ad

87Liad = (2)

where [Lilgoq and 8 Ligyiq imply the Li concentration and isotope compo-
sition of reacted clays, respectively, and [Li]unreacted clay and 8 Liynreacted
clay indicate the Li concentration and isotope composition of pristine
(unreacted) clays, respectively. The isotope fractionation between aqueous
Li and adsorbed Li (A”Li,q.aq) was defined following the equation:

ALigg—ad = 8 Ling — 8 Lisg (3)

where 8Li,, and 8"Li,q imply the isotope values of aqueous and adsorbed
Li, respectively.
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Table 2
Inter-laboratory comparison of K isotopic compositions in serval USGS standards.
SRM Description 8 Limeasured 2S.D. N Instrument
NO. (%o0) (%)
4.6° 1.2 6 Q-ICP-MS
4.6" 0.3 3 MC-ICP-MS
BHVO-2 Basalt, USGS 4.7¢ 0.6 7 Q-ICP-MS
459 0.2 4 MC-ICP-MS
4.4° 0.3 8 MC-ICP-MS
-0.7% 0.9 6 Q-ICP-MS
-0.6" 0.6 3 MC-ICP-MS
GSP-2 Granodiorite, USGS —0.6° 0.7 7 Q-ICP-MS
-0.8¢ 0.3 5 MC-ICP-MS
-0.8° 0.3 29 MC-ICP-MS
31.0° 0.9 6 Q-ICP-MS
NASS-7 Seawater, NRC 30.4° 1 3 MC-ICP-MS
30.6¢ 1.3 7 Q-ICP-MS
Note:
@ This study.

b Lietal. (2019).
¢ Lietal (2019).
4 Lin et al. (2016).
€ Sun et al. (2016).

3. Results
3.1. Characterization of Li adsorption patterns

In time-dependent experiments ([Li] of 75 pM, 0.001 M NaCl), the ratio
of Li adsorbed on investigated clays ranged from 37 to 59 % (kaolinite) and
47 to 57 % (smectite). In time-dependent experiments ([Li] of 75 pM, 0.5 M
NaCl), the ratio of Li adsorption ranged from 39 to 54 % (kaolinite) and 18
to 47 % (smectite). In time-dependent experiments ([Li] of 75 uM, 0.001 M
Na,HPO,), the ratio of Li adsorption ranged from 57 to 63 % (kaolinite) and
38 to 40 % (smectite). Overall, Li adsorption ratio increased rapidly at the
very beginning of experiments, and then the steady state was reached
within one day (Table 3. Figs. 1a-1b), consistent with the results reported
in Li and Liu (2020).

In concentration-dependent experiments ([Li] from 2 to 1000 pM) with
varying fluid chemistry, the ratio of Li adsorbed on clay minerals ranged
from 12 to 98 % (kaolinite) and 10 to 78 % (smectite). Li adsorption in-
creased with decreasing initial Li molarity. Compared with Li adsorption
with the addition of 0.001 M NacCl (13 to 98 %, kaolinite; 24 to 78 %, smec-
tite), the use of 0.5 M NaCl significantly decreased Li adsorption for smec-
tite (10 to 37.5 %) but it was not the case for kaolinite (12 to 98 %). In
contrast, the presence of 0.001 M Na,HPO, slightly increased the degree
of Li adsorption for smectite (23-60 %, smectite) but exerted negligible im-
pacts on kaolinite (14-95 %) (Table 4, Fig. 1c).

Clay Li coverage (adsorbed Li content divided by clay BET-N, surface
area, kaolinite, KGa-2, 20.14 mz/g; smectite, SWy-2, 28.60 m?/ g, Brazier
et al., 2019) was calculated for direct comparison among clays (and even
smectite and kaolinite). In time-dependent experiments, smectite Li cover-
age (0.62 to 0.74 uM/m?) was near three times of kaolinite (0.14 to
0.22 pM/m?) under the same condition (sampling time interval)
(Table 3). In concentration-dependent experiments, smectite Li coverage
ranged from 0.01 to 4.12 uM/m?, and kaolinite Li coverage ranged from
0.01 to 0.72 pM/rn2 (Table 4). As fluid chemistry changed from 0.001 M
NaCl to Na,HPO,, there is no distinguishable change in smectite Li cover-
age, but kaolinite Li coverage increases slightly. As fluid chemistry was
set using 0.5 M NacCl, clay Li coverages of smectite and kaolinite with the
same amount of initial LiCl were comparable. When adding more Li, clay
Li coverage was higher, and the coverage plateau was not reached (Fig. 3a).

3.2. Characterization of Li isotope fractionation

In time-dependent experiments ([Li] 75 pM, 0.001 NaCl), there was an
enrichment of °Li on clays and 87Liaq (Li in solutions) ranged from 12.1 to
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13.5 %o (kaolinite) and 7.4 to 8.2 %o (smectite). In time-dependent experi-
ments ([Li] 75 pM, 0.05 M NacCl), 87Liaq ranged from 10.6 to 14.1 %o
(kaolinite) and 5.6 to 5.9 %o (smectite). In time-dependent experiments
([Li] 75 pM, 0.001 M Na,HPO,), 87Liaq ranged from 12.1 to 13.5 %o
(kaolinite) and 5.4 to 5.8 %o (smectite). The isotopic composition of aque-
ous Li at the very start (<1 day) can be slightly heavy and then kept constant
within uncertainty (1.1 %o; Q-ICP-MS analysis of Li isotope data reported
in this study, Liu and Li, 2019) (Table 3, Fig. 2a).

In concentration-dependent experiments ([Li] of 2-1000 pM) with the
variation in fluid chemistry, 87Liaq of the smectite group spanned a small
range from 5.6 to 9.5 %o and that of kaolinite was relatively wide (6.2 to
35.2 %o). Varying fluid chemistry produced no §’Li,, difference for both
clays (Table 4, Fig. 2b). Specifically, smectite 8”Li,q ranged from 5.9 to
9.5 %o (0.001 NaCl), 5.6 to 9.2 %o (0.5 M NaCl), and 7.6 to 9.4 %o
(0.001 Na,HPO,), while kaolinite 87Liaq varied from 6.2 to 33.5 %o (0.001
NaCl), 6.3 to 35.2 %o (0.5 M NaCl), and 7.6 to 29.1 %o (0.001 NayHPO,).
We also calculated 8”Li,q (adsorbed Li) by mass-balance, exhibiting a range
from 2.7 to 7.9 %o of the kaolinite group, higher than that of the smectite
group (0.6 to 4.5 %o). At pH of 7.5, there was no significant fluid chemistry
dependence of 8"Li,,. With gradual decreases in kaolinite Li coverage, the
isotopic fractionation between fluid and adsorbed (A7Liaq_ad) increased
(Fig. 3b). As for smectite, A‘”Liad,aq kept nearly constant (5 %o) at pH of
7.5, despite of varying Li adsorbed concentration onto smectite at constant
pH by several orders of magnitude (Fig. 3b).

With increasing Li ratio, °Li was preferentially removed by clays and “Li
was enriched in solutions. The difference in isotope fractionation in re-
sponse to adsorption for kaolinite and smectite was identified (Fig. 4). To
reconcile the discrepancy, different mechanisms may be invoked to explain
observed Li isotope fractionation. We described Li isotope fractionation as a
function of adsorption ratio by batch steady-state (Eq. 4) and Rayleigh dis-
tillation (Eq. 5) equations (Fig. 4):

20 fax 8 Liyg + 1000f; x (a—1)\ o .
8L13d: (7 - _O‘(ll_fu_)ﬂ;}u >,8 Lisg
= (8"Liia — fu) /(1= fu) 4)

§Lin — (8"Liriq + 1000) x (1= (1—f;) x @)\
& f1i— 1000 ’ (5)
87Liaq _ e[(a—]) Infi;+ In (8"Liu+1000)] _ 1000

where dqg.qq is the isotopic fractionation factor between adsorbed Li and
aqueous Li, 8"Lij;c is the 8”Li value of starting LiCl salt (5.8 = 1.1 %o),
and fi; denotes the fraction of Li remained in fluids while 1-f;; is the
proportion of Li adsorbed onto clays. This batch steady-state model in
closed systems assumes continuous, fully reversible isotope exchange
(Johnson et al., 2004), while the Rayleigh distillation model considers
that one phase could be continuously removed from the system but is not
fully reversible. We use series of isotope fractionation factor (@qg.qq) for
curve fitting (Fig. 4). The results suggest that an a,q.qq of 0.992 (kinetic,
Rayleigh) provides the best fit for kaolinite experiment data, consistent
with the findings of Li and Liu (2020). By contrast, an tgg.qq of ~0.995
(equilibrium, steady-state) seems to provide the best fit for smectite
experiment data.

3.3. Characterization of desorption experiments

In the desorption experiments, the initial step (50 pM Li, 0.001 M NaCl)
without using NH4Ac produced 8”Li,, of 17 %o after 72 % Li being adsorbed
(kaolinite), and 7 %o after 55 % Li being adsorbed (smectite). With incre-
ments in NH4Ac (steps I to V), Li adsorption ratio decreased from 70 to
69 % and 19 to 11 % for the kaolinite and smectite, respectively
(Table 5). We note that ionic exchange of adsorbed Li* by NH was
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Table 3
Li adsorption and isotopic fractionation in the time-dependent experiments.

Adsorbent Mass Electrolyte T Time Initial [Li] (uM) Final [Li] (uM) Adsorption (%) [Lilaq" 8"Liag”
(g/L) [§9)] (D pM/m? (%o)
2 1 mM NaCl 22.5 0.003 75 39.5 47.3 0.6 n.d.
2 1 mM NaCl 22.5 0.007 75 37.7 49.8 0.7 7.4
2 1 mM NaCl 22.5 0.014 75 36.6 51.2 0.7 n.d.
2 1 mM NaCl 22.5 0.021 75 35.2 53.1 0.7 n.d.
2 1 mM NaCl 22,5 0.04 75 34.2 54.4 0.7 8.2

Smectite 2 1 mM NaCl 22.5 0.12 75 33.7 55.0 0.7 n.d.
2 1 mM NaCl 22.5 0.2 75 32.7 56.3 0.7 n.d.
2 1 mM NaCl 22,5 0.5 75 325 56.6 0.7 n.d.
2 1 mM NaCl 22.5 1 75 32.1 57.1 0.8 7.6
2 1 mM NaCl 22.5 3 75 32.4 56.8 0.7 n.d.
2 1 mM NaCl 22.5 7 75 32.7 56.4 0.7 n.d.
2 1 mM NaCl 22,5 15 75 32.8 56.2 0.7 7.7
2 0.5 M NaCl 22.5 0.003 75 39.5 17.3 0.2 n.d.
2 0.5 M NaCl 22.5 0.007 75 37.6 19.8 0.3 5.7
2 0.5 M NaCl 22.5 0.014 75 36.6 21.2 0.3 n.d.
2 0.5 M NaCl 22,5 0.021 75 56.2 25.1 0.3 n.d.
2 0.5 M NaCl 22.5 0.04 75 56.1 25.2 0.3 5.6

Smectite 2 0.5 M NaCl 22.5 0.12 75 55.7 25.7 0.3 n.d.
2 0.5 M NaCl 22,5 0.2 75 55.9 25.4 0.3 n.d.
2 0.5 M NaCl 22.5 0.5 75 56.0 25.3 0.3 n.d.
2 0.5 M NaCl 22.5 1 75 55.9 25.5 0.3 5.7
2 0.5 M NaCl 22.5 3 75 55.8 25.5 0.3 n.d.
2 0.5 M NaCl 22.5 7 75 56.1 25.2 0.3 n.d.
2 0.5 M NaCl 22.5 15 75 55.9 25.4 0.3 5.9
2 1 mM Na,HPO4 22.5 0.003 75 46.8 37.6 0.5 5.8
2 1 mM Na,HPO4 22.5 0.12 75 45.4 39.5 0.5 5.7

Smectite 2 1 mM Na,HPO, 22.5 1 75 45.6 39.2 0.5 5.7
2 1 mM Na,HPO4 22.5 3 75 45.3 39.6 0.5 5.6
2 1 mM Na,HPO4 22.5 15 75 45.5 39.4 0.5 5.4
10 1 mM NaCl 22.5 0.003 75 47.0 37.3 0.1 n.d.
10 1 mM NaCl 22.5 0.007 75 42.5 43.3 0.2 12.1
10 1 mM NaCl 22.5 0.014 75 38.3 48.9 0.2 n.d.
10 1 mM NaCl 22.5 0.021 75 35.7 52.4 0.2 n.d.
10 1 mM NaCl 22.5 0.04 75 31.4 58.1 0.2 13.5

Kaolinite 10 1 mM NaCl 22.5 0.12 75 32.3 57.0 0.2 n.d.
10 1 mM NaCl 22.5 0.2 75 32.2 54.1 0.2 n.d.
10 1 mM NaCl 22.5 0.5 75 30.9 58.7 0.2 n.d.
10 1 mM NaCl 22,5 1 75 30.9 58.9 0.2 12.4
10 1 mM NaCl 22,5 3 75 31.6 57.9 0.2 n.d.
10 1 mM NaCl 22.5 7 75 31.2 58.5 0.2 n.d.
10 1 mM NaCl 22.5 15 75 30.9 58.9 0.2 12.3
10 0.5 M NaCl 22,5 0.003 75 45.6 39.1 0.2 n.d.
10 0.5 M NaCl 22.5 0.007 75 41.1 45.2 0.2 10.6
10 0.5 M NaCl 22.5 0.014 75 39.3 47.6 0.2 n.d.
10 0.5 M NaCl 22.5 0.021 75 38.7 48.4 0.2 n.d.
10 0.5 M NaCl 22.5 0.04 75 35.8 52.3 0.2 14.1

Kaolinite 10 0.5 M NaCl 22.5 0.12 75 35.7 52.4 0.2 n.d.
10 0.5 M NaCl 22.5 0.2 75 345 54.1 0.2 n.d.
10 0.5 M NaCl 22.5 0.5 75 35.1 53.2 0.2 n.d.
10 0.5 M NaCl 22.5 1 75 34.5 54.0 0.2 13.2
10 0.5 M NaCl 22.5 3 75 35.3 52.9 0.2 n.d.
10 0.5 M NaCl 22.5 7 75 35.1 53.2 0.2 n.d.
10 0.5 M NaCl 22.5 15 75 34.1 54.5 0.2 12.7
10 1 mM Na,HPO4 22.5 0.003 75 32.0 57.3 0.2 12.1
10 1 mM Na,HPO,4 22.5 0.12 75 28.4 62.1 0.2 13.3

Kaolinite 10 1 mM Na,HPO,4 22.5 1 75 28.1 62.5 0.2 13.5
10 1 mM Na,HPO4 22.5 3 75 27.8 63.0 0.2 13.2
10 1 mM Na,HPO, 22.5 15 75 28.1 62.6 0.2 13.4

Note: n.d. means not determined. Long-term analytical uncertainty (2 S.D.) of 1.1 %o (Liu and Li, 2019) is used as the error of Li isotope composition, in accord with Li and Liu
(2020) and Li et al. (2020).

1 Sorbed Li on clay surfaces, [Lilag = [Lilinigar-[Lilgna)/(Masscay BETcay); The BET-Nj specific surface areas of kaolinite (KGa-2, 20.14 mz/g) and smectite (SWy-2,
28.60 m?/g) were reported in Brazier et al. (2019) and used in this study to calculate clay K coverage.

2 Isotopic composition of Li left in solutions.

marked for smectite while negligible for kaolinite. The difference in 8 Li,q 4. Discussion

between each step was unresolvable within the analytical error (2 S.D. =

1.1 %o, Liu and Li, 2019). It is possible that 1) smectite Li adsorption causes Our experimental results indicate that isotopically heavy Li can be pref-
no isotopic fractionation, or 2) the degree of isotopic fractionation after erentially retained in solutions. Two features can be summarized: 1) the
~11 to 55 % Li being adsorbed by smectite is smaller than or comparable steady state of Li adsorption and isotopic fractionation can be reached
to the analytical uncertainty. within one day, and 2) the percentage of clay Li adsorption and the
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Fig. 1. Characterization of Li adsorption in time-dependent experiments of
(a) smectite (added [Li] 75 uM, pH = 7.5, 0.001 M NaCl, 0.5 M NaCl, and
0.001 M Na,HPO,) and (b) kaolinite (added [Li] 75 pM, pH = 7.5, 0.001 M
NaCl, 0.5 M NaCl, and 0.001 M Na,HPO,). (c) Concentration-dependent
experiments ([Li] 2 to 1000 pM, pH = 7.5, fluid chemistry: 0.001 M NaCl, 0.5 M
NaCl, and 0.001 M Na,HPO,). The Li adsorption percentage was calculated based
on the ratio of Li removed from initial LiCl solutions. The error bars on the Y-axis
show the 2 S.D. of the adsorption experiment triplicates. Diamonds and circles
imply kaolinite and smectite groups, respectively. Colors of orange, purple and
blue denote different fluid chemistry.

magnitude of Li isotope fractionation depend on mineralogy and fluid
chemistry. There is an “Li enrichment in solutions at the start of reaction rel-
ative to solutions sampled in the later stages (Fig. 2a). This may be caused
by ion diffusion with preferential transfer of lighter °Li from water to clay
surfaces, resulting in isotopically heavier Li left in fluids. It is important to
note that Zhang et al. (2022) reported a similar pattern, but a prolonged
Li isotope fractionation period (days to months) based on seasonal river
data and loess dissolution experiments (potentially including interrelated
dissolution, clay formation/transformation, and adsorption). A recent
study highlighted the dominance of water residence time in controlling riv-
erine Li isotope composition (Zhang et al., 2022), similar to conclusions of
previous riverine and groundwater Li isotope studies in catchment and
global scales (Wanner et al., 2014; Liu et al., 2015;). We suggest that this
study only provides a simplified situation, i.e., Li adsorption on clays with-
out considering other coinstantaneous weathering processes, while dy-
namic weathering system generally needs more time to reach the steady
state. After reaching the steady state in the experiments, the isotopic fractio-
nation between aqueous and adsorbed Li is up to ~30 %o for kaolinite fol-
lowing the kinetic isotope fractionation mechanism (Fig. 4). By contrast, a
small and constant isotopic fractionation for smectite is likely driven by the
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equilibrium isotope fractionation mechanism (Fig. 4). The results suggest
the importance of both kinetic and equilibrium Li isotope fractionation
during chemical weathering and clay formation.

4.1. Mineralogy control

There is a strong mineralogy control on Li isotope fractionation during
clay adsorption. Combined with the results of this study and Li and Liu
(2020), the variability in calculated A”Li,q .q value of the kaolinite group
is significant (—~30 %o) relative to that of the smectite group, which is homo-
geneous (~5 %o, Fig. 3b). Given this difference, we propose that the mech-
anisms of Li isotopic fractionation are distinct for kaolinite (kinetic) and
smectite (equilibrium) based on the isotope model fitting (Fig. 4). We
hypothesize that inner-sphere complexed Li on kaolinite dominate in this
study, which can be supported by two lines of evidence. First, we found
similar Li adsorption patterns using limited (0.001 M) and excess
(0.5 M) Na™, respectively (Fig. 1) in consideration of ionic replacement
of exchangeable Li * with excess Na*. Second, pre-adsorbed Li* on kaolin-
ite is unexchangeable and isotopic fractionation keeps near constant during
the desorption experiments with NH4Ac. Li and Liu (2020) has also sug-
gested that exchangeable Li ™ at pH > 7 is absent during kaolinite Li adsorp-
tion experiments in a range of pH (4-10) and low/high ionic strength (set
by NaCl). The inner-sphere complexion on the clay edge surface may be
linked to silanol (=Si-OH), aluminol (= Al-OH), silica-alumina bridging
sites (=Si/Al-OH), or alumina-alumina bridging (= Al,—OH) sites, all of
which cannot be easily replaced by excess Na* (Bickmore et al., 2003;
Tournassat et al., 2004). Zhang et al. (2021) inferred that Li onto kaolinite
could be bounded to kaolinite AlOg edge sites in a form of octahedral inner-
sphere surface complexes. There is a lack of robust evidence of octahedral
inner-sphere Li on clays and further verification is necessary. We infer
that the kinetic isotope fractionation is caused by inner-sphere complexes
formed at the edge surface of kaolinite. In addition, Li and Liu (2020) pro-
posed Li rapid occupation at the defect sites or diffusion into deep vacancies
after ion-dehydration at the edge surfaces, which are not fully exchange-
able. We hypothesize that adsorption of Li on kaolinite in forms of
inner-sphere complexes at pH > 7 induces kinetic isotopic fractionation. It
is important to note that the presence of inner-sphere and outers-sphere
Li is only a speculation based on its exchangeable ability, which has been
advocated for the adsorption of metal ions on clays using similar methods.
However, direct spectroscopic evidence of Li (e.g., NMR and X-ray absorp-
tion spectroscopy) is lack because adsorbed Li on studied clays is under the
spectroscopic detection limit and further investigations using advanced
techniques may be needed.

As for smectite, we infer that outer-sphere complexation likely domi-
nates Li adsorption, which causes equilibrium isotope fractionation,
which is supported by the following lines of evidence. First, dissolved cat-
ions can present at the interlayer space of smectite because of higher cation
exchange capacity of smectite (SWy-2, 76.4 meq/100 g) relative to kaolin-
ite (KGa-2, 3.3 meq/100 g), despite of limited differences in external sur-
face areas (31.82 = 0.22 m?/g vs. 23.50 + 0.06 m?/g) (CMS, www.
clays.org). Second, clay Li coverages of smectite are about 3 times higher
than those of kaolinite with limited Na™ (0.001 M) at pH = 7.5
(Table 4). Relatively large specific surface area and the occurrence of inter-
layer space of smectite likely results in Li adsorption capacity higher than
kaolinite. Under conditions with excess Na* (0.5 M NaCl), smectite Li
coverages drop dramatically, while the surface Li loads of smectite and
kaolinite are comparable under the same condition (Table 4). Therefore,
we suggest that the dominance of fully exchangeable Li * in smectite inter-
layer space potentially causes the overall pattern of equilibrium isotopic
fractionation.

A general rule of the equilibrium isotope fractionation is that heavier
isotopes prefer to concentrate in species with stiffer bonds (Schauble,
2004). However, there is no change in the coordination number between
outer-sphere complexed (exchangeable) Li and free Li* (N = 4, Rempe
et al., 2000; Lyubartsev et al., 2001). We consider that slight distortion in
the bond length and angle for outer-sphere Li-(H,0)4 is possible. This is
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Table 4
Li adsorption and isotopic fractionation in the concentration-dependent experiments.
Adsorbent Mass Electrolyte Initial [Li] (uM) Final [Li] (uM) Adsorption (%) [Lilad" 8"Liag” 8"Liad®
(g/L) pM/m? (%o0) (%o0)
2 1 mM NaCl 1000 764.4 (29.1) 23.6 (3.0) 4.12(0.53) 5.9 n.d.
2 1 mM NaCl 500 319.3 (7.7) 36.1 (1.5) 3.16 (0.14) 6.2 n.d.
2 1 mM NaCl 200 97.2(10.1) 51.4 (5.1) 1.80(0.18) 6.4 0.6
2 1 mM NaCl 50 23.4(2.2) 53.1 (4.4) 0.46 (0.04) 6.5 n.d.
2 1 mM NaCl 25 11.0 (0.3) 55.9 (1.2) 0.24 (0.01) 6.5 1.9
2 1 mM NaCl 5 1.7 (0.3) 66.3 (5.2) 0.06 (0.00) 8.2 n.d.
2 1 mM NaCl 2 0.4 (0.1) 78.1 (5.1) 0.03 (0.00) 9.5 2.8
2 0.5 M NaCl 1000 894.9 (5.5) 10.5 (0.6) 0.94 (0.10) 5.8 n.d.
2 0.5 M NaCl 500 423.4 (2.8) 15.3 (0.6) 0.74 (0.05) 5.7 n.d.
Smectite 2 0.5 M NaCl 200 162.2 (9.8) 18.4 (4.9) 0.64 (0.17) 6.2 0.6
2 0.5 M NaCl 50 41.7 (1.6) 16.5(3.3) 0.14 (0.03) 5.6 n.d.
2 0.5 M NaCl 25 19.1 (2.3) 23.5(9.3) 0.10 (0.04) 8.4 2.3
2 0.5 M NaCl 5 3.1(0.7) 37.5(13.7) 0.03 (0.01) 9.2 n.d.
2 0.5 M NaCl 2 1.4(0.2) 28.6 (11.2) 0.01 (0.00) 8.3 3.7
2 1 mM Na,HPO, 1000 767.5 (40.8) 23.3 (4.1) 4.06 (0.71) 7.6 n.d.
2 1 mM Na,HPO, 500 319.6 (39.9) 36.1 (8.0) 3.15(0.7) 8.5 n.d.
2 1 mM Na,HPO4 200 117.0 (9.1) 41.5 (4.6) 1.45 (0.16) 8.4 4.5
2 1 mM Na,HPO,4 50 30.0 (2.5) 40.0 (5.0) 0.35 (0.04) 8.7 n.d.
2 1 mM Na,HPO, 25 10.0 (1.9) 60.1 (7.5) 0.26 (0.03) 9.2 n.d.
2 1 mM Na,HPO,4 5 2.4(0.4) 52.2(7.5) 0.05 (0.01) 9.4 4.1
10 1 mM NaCl 1000 872.6 (14.0) 12.8(1.4) 0.72 (0.07) 6.2 n.d.
10 1 mM NaCl 500 377.0 (52.9) 24.6 (10.6) 0.61 (0.26) 6.6 n.d.
10 1 mM NaCl 200 103.5 (8.0) 48.3 (4.0) 0.48 (0.04) 9.8 2.7
10 1 mM NaCl 50 13.4(1.4) 73.2(2.9) 0.18 (0.01) 17.2 n.d.
10 1 mM NaCl 25 3.9(0.2) 84.2(0.6) 0.10 (0.00) 17.6 4.6
10 1 mM NacCl 5 0.4 (0.2) 92.0 (4.1) 0.02 (0.00) 24.5 n.d.
10 1 mM NaCl 2 0.0 (0.0) 98.0 (0.1) 0.01 (0.00) 33.5 7.9
10 0.5 M NaCl 1000 884.2 (41.9) 11.6 (4.2) 0.61 (0.21) 6.3 n.d.
10 0.5 M NaCl 500 361.8 (32.8) 27.6 (6.6) 0.69 (0.16) 6.5 n.d.
Kaolinite 10 0.5 M NaCl 200 120.8 (14.2) 39.6 (7.1) 0.39 (0.07) 9.7 2.8
10 0.5 M NaCl 50 14.7 (4.0) 70.7 (8.1) 0.18 (0.02) 16.2 n.d.
10 0.5 M NaCl 25 4.9 (0.6) 80.2(2.3) 0.10 (0.00) 17.2 3.4
10 0.5 M NaCl 5 0.4 (0.1) 91.1(1.5) 0.02 (0.00) 22.5 n.d.
10 0.5 M NaCl 2 0.0 (0.0) 98.1 (0.3) 0.01 (0.00) 35.2 7.3
10 1 mM Na,HPO, 1000 857.0 (63.6) 14.3 (6.4) 0.71 (0.32) 7.6 n.d.
10 1 mM Na,HPO,4 500 358.3(13.8) 28.3(2.8) 0.70 (0.07) 7.9 n.d.
10 1 mM Na,HPO,4 200 81.5(5.8) 59.2 (8.5) 0.59 (0.03) 13.6 2.8
10 1 mM Na,HPO, 50 7.4 (0.6) 85.1(1.3) 0.21 (0.00) 18.2 n.d.
10 1 mM Na,HPO, 25 1.6 (0.3) 93.6 (1.1) 0.12 (0.00) 24.8 n.d.
10 1 mM Na,HPO,4 5 0.2 (0.1) 95.5(1.5) 0.02 (0.00) 29.1 6.7

Note: n.d. means not determined. Long-term analytical uncertainty (2 S.D.) of 1.1 %o (Liu and Li, 2019) is used as the error of Li isotope composition, in accord with Li and Liu
(2020) and Li et al. (2020). The errors (2 S.D.) in the parentheses were calculated based on the results of three sets of parallel experiments (triplicates).

1 Amount of Li sorbed on clay surfaces, [Lil.q = [Lilipitar [Lilinal)/(Massciay BET ay); The BET-N, specific surface areas of kaolinite (KGa-2, 20.14 m?/ g) and smectite
(SWy-2, 28.60 m?/g) were reported in Brazier et al. (2019) and used in this study to calculate clay K coverage.

2 Isotopic composition of Li left in solutions.
3 Isotopic composition of Li adsorbed on clays.

because water molecules bind to metal ions primarily through ion-dipole
bonds with electrostatic features (Persson, 2010), which could be affected
by surface charge. Free Li* in surrounding water enriched in heavier Li po-
tentially form stiffer Li—O bonds than surface exchangeable Li*. This may
explain small isotopic fractionation between aqueous Li* and exchange-
able Li (A7Liaq,ad of ~5 %o) for smectite (Fig. 3b and Fig. 4). The isotopic
fractionation between fluids and exchangeable Li (~0 to 12 %o) was also
found in previous experimental and field studies (Chan and Hein 2007;
Wimpenny et al., 2015; Hindshaw et al., 2019; Pogge von Strandmann
et al., 2019). In addition, isotopic fractionation associated with outer-
sphere complexation has also been observed in other isotope systems,
such as Zn, Ca, Ni and Se (Guinoiseau et al., 2016; Brazier et al., 2019;
Alvarez et al., 2020; Xu et al., 2020; Xu et al., 2021). Although no robust in-
terpretation on isotope fractionation driven by outer-sphere complexation
can be drawn, we infer that the charge-related process may be the case of
equilibrium isotope fractionation for smectite (Fig. 4).

4.2. Fluid chemistry influence

Here, we evaluate the fluid chemistry control on the mechanism of clay
Li adsorption and isotope fractionation. Increasing NaCl from 0.001 M to

0.5 M, there is limited change in kaolinite Li adsorption and isotope compo-
sition in water within analytical errors (Table 4). In comparison, a dramatic
reduction occurs in smectite Li adsorption by up to ~50 % when the fluid
chemistry changes from 0.001 M to 0.5 M NacCl (Fig. 1b) without distin-
guishable changes in 87Liaq (<2 %o or less) (2. S.D. = 1.1 %o) (Fig. 2b).
Dramatic decrease in smectite Li adsorption may be caused by (i) excess
Na* replacing Li™ at clay interlayer spaces, and (ii) limited the access of
Li* to the interlayer space due to clay aggregation caused by excess Na™*
(Garcia-Garcia et al., 2009). We note that negligible changes in 8"Li,q for
smectite by adjusting NaCl from 0.5 M to 0.001 M do not preclude deter-
mined equilibrium isotopic fractionation (Qag.aq of ~0.995) in Fig. 4. The
main reason is that the changes in Li adsorption ratio from ~50 % to
10 % for smectite can only cause 8"Li,q difference about 2 %o, comparable
to the analytical uncertainty (2. S.D. = 1.1 %o, the difference between the
upper and lower limits is 2.2 %o). This is also the case in the desorption ex-
periments that the reduction in smectite Li adsorption from ~50 % to 10 %
by NH4Ac extraction occurred without marked isotopic fractionation
(Table 5). We note that a small portion of Li removed by smectite cannot
be fully exchanged by Na® (0.5 M, Table 4) or NHf (0.1 to 1 M,
Table 5). Rather, we hypothesize that a small number of inner-sphere Li
complexes may form at smectite edge surfaces. Supportively, Bourg et al.
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Fig. 2. Characterization of Li isotopic composition of aqueous Li in (a) time-
dependent experiments (added [Li] 75 pM, pH = 7.5, fluid chemistry: 0.001 M
NaCl, 0.5 M NacCl, and 0.001 M Na,HPO,), and (b) concentration-dependent
experiments (added [Li] 2 to 1000 uM, pH = 7.5, fluid chemistry: 0.001 M NaCl,
0.5 M NaCl, and 0.001 M Na,HPO,). The error bars on the Y-axis show the long-
term 2 S.D. of isotope analysis (1.1 %o, Liu and Li, 2019). The error bars of Li
isotopes are not shown here because they are smaller than the symbols. Diamonds
and circles denote the kaolinite and smectite groups, respectively. Colors of
orange, purple and blue denote different electrolytes.

(2007) suggested that alumina-alumina bridging (=Al,—OH) ligand is
probably the most important adsorption site of smectite within the pH
range of 4.5 to 9, which covers our studied pH of 7.5. However, a robust in-
terpretation on the isotope fractionation mechanism of inner-sphere Li* on
smectite cannot be provided due to low Li adsorption (<40 %) for fitting,
making it difficult to evaluate which isotope model (Rayleigh vs. batch)
provides better fits (Fig. 4).
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Once the fluid chemistry changes from 0.001 M NaCl to Na,HPOy,, there
is a slight increase in the percentage of Li adsorption on kaolinite with the
same initial [Li] (Table 4). By contrast, the variations in smectite Li adsorp-
tion and isotope fractionation on the surfaces of clays are limited. It is
known that a small amount of positive variable charges can be generated
due to the protonation of hydroxyls (= M-OH; ) at the clay edge at pH of
7.5 (Manning and Goldberg, 1997; Gu et al., 2010). However, these
sites are generally unavailable for Li bonding because of electrostatic
repulsion. Nevertheless, the presence of HPO3 ~ may affect ionic exchange
on kaolinite that the connection between hydroxyls and Li™ might be
bridged by HPOZ~ (Olu-Owolabi and Unuabonah, 2011), providing more
sites for binding. Phosphate-bridged Li* may induce negligible isotopic
fractionation given kaolinite adsorption ratio increases without changing
8”Liaq in any group (Table 4). In comparison, the contribution of the bridge
effect (ionic association between adsorbed Li and clay binding sites con-
nected by HPOZ ™) is minor for smectite, potentially because that Li* is
mainly hosted within the interlayers as outer-sphere complexes, and
the permanent negative charge of the interlayers prohibits the access of
HPOZ ", thus limiting the bridging effect.

4.3. Implications for tracing chemical weathering

As chemical weathering is typically incongruent, soils form during pe-
dogenesis, and serve as the direct evidence of continental weathering
over geological time (Tabor et al., 2002; John et al., 2003). Climate change
potentially affects the formation and transformation of clay mineralogy. For
example, unconsolidated materials could be replaced by kaolin-group min-
erals (kaolinite and halloysite), and authigenic Al and Fe (oxy)hydroxides
(e.g., gibbsite, ferrihydrite, and goethite) in relatively warm and
humid environments (Velde and Meunier, 2008), usually featured
by intense weathering. In comparison, the montmorillonite group
mostly exists in hot, semi-arid and seasonally contrasted environments,
particularly flooding seasons with large amounts of porewater retains in
soils during dry seasons (Velde and Meunier, 2008). Longer water residence
times leads to the stabilization of montmorillonite (Curtis, 1990). Because
the mechanisms and degrees of Li isotope fractionation during
adsorption onto kaolinite and smectite can be different based on this
study, clay mineralogical difference likely yields distinct 8’Li values
in soils and pore water, and eventually in river water, groundwater
and seawater. Interestingly, clay synthesis experiments indicated that Li
isotope fractionation via structural incorporation is more sensitive to the
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Fig. 4. The fitting of the Rayleigh distillation model (solid lines, kinetic) and batch model (dotted lines, equilibrium) in closed systems of Li isotope data for kaolinite and
smectite based on concentration-dependent experiments. Filled and hallow symbols denote the data of aqueous and adsorbed Li. Colors of orange, purple and blue imply
different fluid chemistry. The error bars of Li isotopes are not shown here because they are smaller than the symbols. Dashed lines denote the 8”Li (5.8 *+ 1.1 %o) of

initial LiCl salt.

atomic coordination environment, instead of solution chemistry nor the

5. Conclusions

type of clay mineral formed (Vigier et al., 2008; Hindshaw et al., 2019).

Therefore, the influence of clay mineralogy on 8’Li at Earth surfaces
needs to be evaluated further by comparing relative contributions of ad-

sorption and incorporation.

This study reported experimental results of Li isotope fractionation dur-
ing adsorption onto kaolinite and smectite in closed systems with varying

fluid chemistry (0.001 M NaCl, 0.5 M NaCl, and 0.001 M Na,HPO,).

Table 5
Li adsorption and isotopic fractionation in the desorption experiments.
Adsorbent Mass Electrolyte pH T Step! Initial [Li] (uM)? Final [Li]® (uM) Adsorption? (%) 8"Liag”
(g/L) (§9)] (%0)
2 1 mM NacCl 8 22.5 Initial 50 22.7 54.6 7.2
2 0.1 M NH4Ac 8 22.5 1 0 40.4 19.2 5.3
Smectite 2 0.2 M NH4Ac 8 22.5 I 0 42.9 14.3 6.7
2 0.5 M NH,4Ac 8 22.5 il 0 44.7 10.7 5.9
2 1 M NH4Ac 8 22.5 v 0 44.7 10.6 6.5
10 1 mM NaCl 8 22.5 Initial 50 14.2 71.6 16.8
10 0.1 M NH4Ac 8 22.5 I 0 14.7 70.7 17.2
Kaolinite 10 0.2 M NH4Ac 8 22.5 I 0 15.4 69.3 16.9
10 0.5 M NH,4Ac 8 22.5 111 0 15.4 69.3 17.3
10 1 M NH4Ac 8 22.5 v 0 15.4 69.3 17.2
Note:

! Initial step denotes the adsorption experiments and steps I to V represent desorption experiments using NH4Ac.

LiCl was only added in the initial adsorption step.
Li left in solutions including free Li* and a sum of desorbed Li.

2
3
4 The extent of Li removal from initial LiCl solution.
5

Isotopic composition of Li left in solutions (Long-term analytical uncertainty, 2 S.D. of 1.1 %o, Liu and Li, 2019).
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According to the results from time-dependent, concentration-dependent
and desorption experiments, we hypothesize that inner-sphere complexes
probably dominate at clay edge surfaces (especially for kaolinite) under
neutral conditions, driving kinetic isotopic fractionation with a fractiona-
tion factor (Qlag.aq) ~ 0.992. By contrast, outer-sphere complexes may
dominate at smectite interlay spaces, producing equilibrium isotopic frac-
tionation with a fractionation factor (Qtad.aq) of ~0.995. Changing fluid
chemistry mostly affected the amount of Li adsorption onto clays with neg-
ligible effects on Li isotope fractionation mechanisms. In sum, we highlight
that both kinetic and equilibrium paths may be responsible for observed
87Li variations on Earth's surface during chemical weathering.
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