Catena 254 (2025) 108967

Contents lists available at ScienceDirect

Catena

A

ELSEVIER

journal homepage: www.elsevier.com/locate/catena

Rapid and significant lithium isotope response to afforestation in
Icelandic topsoils

a,b,*

Xianyi Liu , David J. Wilson “@®, Kevin W. Burton , Bjarni Didrik Sigurdsson 4
Julia C. Bos“, Wesley T. Fraser “®, Philip A.E. Pogge von Strandmann "

& LOGIC, Department of Earth Sciences, University College London, London WCIE 6BT, UK

b Department of Earth Science, Utrecht University, 3584CB, the Netherlands

¢ Department of Earth Science, Durham University, Durham DHI1 3LE, UK

4 Faculty of Environmental and Forest Sciences, Agricultural University of Iceland, H66H+9R9, Hvanneyrabraut, 311 Hvanneyri, Iceland
€ Geography, Department of Social Sciences, Oxford Brookes University, Oxford 0X3 OBP, UK

f MIGHTY, Institute of Geosciences, Johannes Gutenberg University, Mainz 55122, Germany

ARTICLE INFO ABSTRACT

Silicate weathering plays an important role in pedogenesis and the carbon cycle. Lithium (Li) isotopes are an
effective tracer for the silicate weathering intensity and have been employed extensively to quantify both modern
and past silicate weathering processes. The presence of vascular plants is believed to significantly influence
weathering processes and pedogenesis, but how exactly plants and their ecosystems influence the behaviour of
silicate weathering and Li isotopes in soils is poorly constrained. Here, we explored this question by measuring
plant organs and sequentially leached fractions from soil chronosequences in Iceland spanning 25-63 years
following afforestation. We found that Li isotopes were significantly fractionated within the plants during Li
transport from the roots towards the leaves, and propose that °Li preferentially crosses vacuole membranes in
cells, while Li is enriched in the vascular system and accumulates in the leaves. This intra-plant fractionation
could be most pronounced during plant growth when plants are subject to an excess nutrient supply. The Li
isotope compositions in the exchangeable, carbonate, and oxide minerals of the afforested soils were ~ 10 %o
higher than in those of the heathland soils, and such differences can be attributed to both the input of heavy Li
isotopes from litterfall decomposition and the effect of afforestation-mediated secondary mineral formation.
Overall, this study suggests that silicate weathering processes traced by Li isotopes can respond significantly and
rapidly (<25 years) to forest establishment, with important implications for paleoenvironmental reconstructions
and the evolution of the critical zone.

Dataset link: Data for Rapid and significant
lithium isotope response to afforestation in
Icelandic topsoils (Original data)
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1. Introduction

Silicate weathering plays an important role in pedogenesis by dis-
solving primary minerals and producing secondary minerals. It also
supplies alkalinity to the ocean, helping to remove CO, from the at-
mosphere and significantly influencing global climate (Walker et al.,
1981). The use of plants to mediate pedogenesis and increase silicate
weathering efficiency has recently been proposed to speed up this pro-
cess and combat the increasingly urgent atmospheric CO, problem (e.g.,
Campbell et al.,, 2022; Edwards et al., 2017; Kantola et al., 2017).
Conceptually, plants would acquire nutrients from substrates (i.e.,
rocks) and significantly influence silicate weathering in multiple direct
and/or indirect ways (e.g., Dakora and Phillips, 2002; Kulmatiski et al.,

2008; Lucas, 2001; Uhlig et al., 2017). The roots of plants not only
mechanically break up rocks and increase relative surface areas (i.e.,
increase erosion and weathering rates), but also elevate soil CO, and
organic acid levels, further enhancing chemical weathering processes
(Berner et al., 2003; Jones, 1998; Rosenstock et al., 2019). However,
plants also bind and stabilise soils, which can reduce erosion and limit
the supply of fresh rocks, thereby reducing chemical weathering fluxes
(Dontsova et al., 2020; West et al., 2005). Thus, due to a limited un-
derstanding of the dominant mechanisms of plant-mediated silicate
weathering in soils, the overall efficacy of the ‘weathering-enhancing
mechanisms’ is poorly constrained. Such complex and counteracting
processes together produce diverging results for the role plants can play
in weathering and pedogenesis processes over different timescales. For
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example, moss and fungi-rock interaction experiments (with a timescale
of days) suggest that plants could significantly increase silicate weath-
ering fluxes and help the formation of soil (e.g., Bonneville et al., 2011;
Lenton et al., 2012), whereas studies targeting longer timescales (e.g.,
>100 years) suggest that plants approaching maturity can instead
inhibit silicate weathering (Balogh-Brunstad et al., 2008; Oeser and von
Blanckenburg, 2020). Therefore, reliable proxies and observations
across timescales are needed to track plant-mediated silicate weathering
processes in soils.

Lithium (Li) isotopes are a useful tool for tracing silicate weathering
processes. The two stable isotopes, °Li and ’Li, have a relatively large
mass difference, which allows them to exhibit a large fractionation.
Lithium isotopes are not significantly fractionated during primary
mineral dissolution, but are highly fractionated during secondary min-
eral formation (Penniston-Dorland et al., 2017). In general, OLi is pref-
erentially adsorbed onto inner-spheres on mineral surfaces and/or
incorporated into secondary mineral lattices, leaving the fluid phases
enriched in ’Li (Pistiner and Henderson, 2003; Pogge von Strandmann
etal., 2021). The fractionation varies from 0 %o to over 20 %o, depending
on the binding environment (Hindshaw et al., 2019). Compared to
traditional approaches to investigate weathering and compositional
changes of soil, including the chemical index of alteration (CIA) proxy
and mineralogical analysis (e.g., X-ray diffraction), Li isotopes are more
sensitive and not substantially influenced by source-rock lithology (e.g.,
Pogge von Strandmann et al., 2019). Such a sensitivity of Li isotopes to
weathering (i.e., secondary mineral formation) makes them a powerful
tracer to deconvolve the controlling mechanisms during pedogenesis (e.
g., Liet al., 2020; Rudnick et al., 2004), to investigate the evolution and
material transfers in soils (Cai et al., 2024; Zhang et al., 2023), and to
study the response of weathering processes to both seasonal-scale hy-
drological controls (Wilson et al., 2021) and geological-scale (kyr to
Myr) past climate change (e.g., Hathorne and James, 2006; Misra and
Froelich, 2012; Pogge von Strandmann et al., 2013).

However, despite the increasing use of Li isotopes to trace weath-
ering processes in both modern and past soils, only limited research has
utilised them to understand the interaction between plants and soils (Li
et al., 2020; Pogge von Strandmann et al., 2022). Furthermore, these
studies only obtained soil compositional data from a fixed point in time
and therefore could not assess the response of Li isotopes over decadal or
longer timescales. Such effects need to be constrained in order to reliably
interpret Li isotope signals in enhanced weathering, soil science, and
paleoenvironmental research. In addition, from the plants side, only a
handful of studies have made preliminary assessments of the behaviour
of Li isotopes within plants (Cai et al., 2024; Chapela Lara et al., 2022;
Clergue et al., 2015; Lemarchand et al., 2010; Li et al., 2020; Steinhoefel
et al., 2021), and the number of samples analysed has been extremely
limited (e.g., four measurements were reported in Lemarchand et al.
(2010) and one in Chapela Lara et al. (2022)). Thus, studying the
behaviour of Li isotopes in plants and soils over decadal timescales will
help us not only to understand the role of plant-mediated silicate
weathering in soil dynamics, but also to further the application of Li
isotopes for quantifying plant-mediated enhanced weathering in soils in
relation to COy sequestration goals. Considering longer geological
timescales, improved constraints on plant weathering and its Li isotope
signature will also help in assessing the role of silicate weathering in the
Earth system during periods with a changing distribution of vascular
plants on land.

Here, we analysed soil and plant samples from a soil chronosequence
in Iceland to investigate the behaviour of Li isotopes during afforesta-
tion. A set of spatially extensive field plots were cleared of trees at
certain times in the past and then allowed to regrow, such that each area
experienced different periods of tree growth (up to 63 years). This
sample set allows a comprehensive examination of the behaviour of Li
isotopes during plant growth, and the effects of afforestation on
weathering processes over decadal to multi-decadal timescales. The
plant samples indicate significant Li isotope fractionation during tree
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growth, while the leachable fractions of the soils were heavily influ-
enced by weathering changes related to the process of afforestation.

2. Samples and methodology

The samples were obtained near Lagarflj6t river in East Iceland,
within the largest forested area in Iceland (Sigurdsson et al., 2005)
(Fig. 1). This area has a mean annual temperature of 3.4 °C and annual
rainfall of ~ 740 mm. The substrates are basalt rock and rhyolitic vol-
canic ash from the eruption of Mt Askja in 1875 (Ritter, 2007), and the
frequent volcanic eruptions in Iceland have created stratified and hori-
zontally heterogenous soils (Arnalds et al., 1995; Ritter, 2007). This area
was subject to 1000 years of extensive erosion due to deforestation and
grazing (Arnalds et al., 1995), before an afforestation project started
with the first plot being established in 1952. The species used in this
project is Siberian larch, which normally lives for more than 100 years
and can reach ~ 20 m in height. The soils in this area are classified as
andosols, which contain significant amounts of dissolvable glass and
amorphous secondary minerals.

In this study, soils from five plots with different afforestation ages (i.
e., chronosequences L1, L2, L3, L4, and L5, with afforestation ages of 25,
31, 32, 46, and 63 years, respectively) were collected (Fig. 1). In order to
mitigate the possibility of biased measurements from small sample sizes,
each sample used in this study is a mixture of four individual samples
collected from four transects within a plot. Note that the trees from all
five sites had been thinned at least once and the use of heavy machinery
may have damaged the topsoil physical properties. For comparison, we
also obtained soils from a nearby tree-less heathland (H). Both shallow
(~10 cm depth, layer O) and deeper (~30 cm depth, layer B) topsoils
from the afforested locations were sampled and the sampling method
can be found in Bos (2021), while samples from ~ 20 cm (HS) and ~ 30
cm (HD) were taken from the H location. Investigating topsoils mini-
mises the impacts from potentially more complex sub-surface hydro-
logical conditions, allowing a focus on the influence of plants on soils.
The same region was sampled in both 2002 and 2015, and here we used
the soil samples collected in 2015. Basic physical properties, pH, soil
organic carbon (SOC), and soil organic nitrogen (SON) are reported in
Bos (2021). In addition, samples of roots, bark, grass (ground vegeta-
tion), and leaves of the trees were also collected and dried.

The plant samples were collected from one tree at each of the five
sites (L1 to L5). The plant samples of the same organ from each site were
first dried and mixed, in order to homogenise the plant signals. They
were then ground by agate pestle and mortar, and were fully digested
using concentrated HNO3 and Hy0- at 130 °C for three days.

14°58" W 14°33' W

65°10°N 65°10°N

65°00° N 165°00" N

14°58" W

14°33°' W

Fig. 1. Locations of the sampling sites near Lagarfljot river. H, heathland; L,
larch. Modified from Ritter (2009), with image from Google Earth Pro.
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The soil samples were sequentially leached to obtain the following
four fractions, following previous studies (Liu et al., 2022; Pogge von
Strandmann et al., 2022): 1) the exchangeable (Ex) phase (weakly-
bound adsorbed cations) by adding 1 M sodium acetate and reacting at
room temperature for 1 h; 2) the carbonate (Carb) phase by adding
acetic acid buffered to pH 5 using 1 M sodium acetate and reacting at
room temperature for 5 h; 3) the reducible (oxide, Ox) phase by adding
1 M hydroxylamine hydrochloride (HH) in 25 % acetic acid and reacting
at room temperature for 1 h; and 4) the ‘clay’ (Cl) phase by adding 0.6 M
HCI and reacting at room temperature for 1 h. The residue fractions (Rs)
were then completely dissolved in a mixture of HF, HClO3, and HNO3 at
130 °C for three days. Here, the sequential leaching is conducted to
obtain signals reflecting the weathering processes rather than those from
primary minerals (i.e., Rs). As with all selective leaching processes, it is
likely that each step is not 100 % efficient at extracting the phases of
interest, and that other non-targeted phases may also be weakly attacked
(Liu et al., 2022). In particular, we note that the clay leach is primarily
designed to determine the Li isotope composition of this fraction, and
likely does not dissolve all the clays contained in the samples (Li and Liu,
2020; Pogge von Strandmann et al., 2014). Despite potentially incom-
plete extraction at each step of the sequential leaching, comparing the
fractions leached from similar substrates has been shown to be reason-
able (Pogge von Strandmann et al., 2023). Furthermore, in basaltic
weathering experiments, the combination of these leaches was able to
mass balance the Li removed from solution (Pogge von Strandmann
et al., 2019, 2022), which also supports the validity of this procedure.
We further assess the reliability of the leaching results based on their
elemental ratios in Section 4.

The extracted fractions from the sequential leaching were diluted
and their elemental concentrations were measured by Varian ICP-OES
and Agilent ICP-MS in the LOGIC laboratories at UCL. For the
exchangeable and carbonate fractions, the samples were diluted (ma-
trix-matched) to Na concentrations of 100 pg/ml, while the other sam-
ples were diluted to Ca concentrations of approximately 10 pg/ml. A
series of standard solutions made up from single element standards
(Agilent) was used for calibration. To control for potential matrix ef-
fects, the standards for the high-Na samples (i.e., exchangeable and
carbonate phases) were also matrix-matched, and hence were different
from those for the other samples. The analytical uncertainty (internal
RSD) was better than 2 % for the ICP-OES measurements and 5 % for the
ICP-MS measurements, and USGS SGR-1 and NBS 88a standards were
used to assess the accuracy (which was within 5 % of the reference
values).

For Li isotopes, samples containing ~ 5 ng of Li were purified via a
two-stage column method with AG50W X-12 resin using 0.2 M HCl as an
eluent, before being analysed on a Nu Plasma 3 MC-ICP-MS in the LOGIC
laboratories at UCL (Pogge von Strandmann et al., 2019). Because Li
isotopes can be highly fractionated during the ion-exchange process, we
ensured that the recovery efficiency of Li was higher than 99.8 % (Gou
et al., 2020). Atlantic seawater and blanks were also analysed as con-
trols, with seawater §Li values of 31.2 + 0.2 %o (n = 6) being in good
agreement with previous studies (e.g., Pogge von Strandmann et al.,
2019; Wilson et al., 2021).

3. Results

Background information on the soils, including physical and chem-
ical properties and ages of the sites, was reported by Bos (2021), with
selected information included in Table 1. The bulk density of the soil
samples varies between 0.42 and 0.89 g/cm?>, and the pH of the pore
waters exhibits a relatively narrow range between 5.8 and 6.9. The SOC
values are between 2.0 % and 7.2 %, while P-Olsen values (indicating
the phosphorus that can be used by plants) range from 6 to 33 pg/g. The
older sites (L3, L4, and L5) have higher SOC and P-Olsen values than the
younger sites (L1, L2).

The elemental and Li isotope data from the sequential leaching
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Table 1

Basic chemical and physical data from the Icelandic soil samples. Fine-grained
proportion means the weight of samples passed through 64 pm sieve / the
total weight.

Sample Fine-grained proportion Bulk density pH SOC
g/cm® mg/g
Ll1s 0.20 0.55 6.10 35.38
L2s 0.19 0.56 6.30 27.14
L3s 0.16 0.64 6.10 45.48
L4s 0.15 0.42 5.80 71.67
L5s 0.17 0.52 5.80 59.27
L1d 0.33 0.78 6.60 32.87
L2d 0.16 0.67 6.50 46.15
L3d 0.16 0.74 6.90 52.54
L4d 0.29 0.71 6.50 63.79
L5d 0.20 0.74 6.30 35.81
HS / 0.77 6.56 33.41
HD / 0.89 6.60 20.10

experiments are reported in Table 2. The four extractable fractions
together represent less than 7 % of the total Li (Table 2, Fig. 2A), which
is similar to results from the regolith in Hawaiian soils (Li et al., 2020),
and also similar to results from leaching Icelandic river sediments (<5%;
Pogge von Strandmann et al., 2023). The Li isotope values for each
fraction are shown in Fig. 2B. The exchangeable fractions have relatively
high Li isotope values (mean 8’Li = 16.2 + 3.5 %o, 2 5.d., n = 10), and
show no clear correlations with afforestation age or sample depth. The
carbonate fractions only comprise ~ 0.3 % of the total Li, with mean Li
isotope values of 14.4 + 4.4 %o (2 s.d., n = 10). The oxide fractions have
lower Li isotope values (mean = 7.2 + 5.7 %o, 2 s.d., n = 10), while the
clay fractions have even lower Li isotope values (mean = 2.9 + 4.3 %o, 2
s.d., n = 10), which are similar to the residue values that represent
pristine rock (mean = 2.1 %o, 2 s.d. = 4.4 %o, p-value = 0.22) (Table 2).

The &’Li values of the exchangeable and carbonate fractions overlap
with, but are generally slightly higher than, the values obtained in Ha-
waiian soils (10.3 to 16.4 %o) (Li et al., 2020), while they are comparable
to the exchangeable values in organic-amended basalt-rock interaction
experiments (Pogge von Strandmann et al., 2022) and Icelandic river
sediments (Pogge von Strandmann et al., 2023). The oxide fractions
have generally lower 8”Li values than in Hawaiian topsoils (11.1 to 17.2
%o), but are comparable to the findings of basaltic water-rock interac-
tion experiments (2.8 to 8.0 %o) and Icelandic river sediments (—9.7 to
7.0 %o) (Li et al., 2020; Pogge von Strandmann et al., 2023; Pogge von
Strandmann et al., 2022). The clay fractions have slightly lower &’Li
values than in the results of water-rock interaction experiments (5.3 to
10.8 %o) (Pogge von Strandmann et al., 2022). As noted in Section 2,
sequential leaching is not able to fully leach out the targeted fraction and
it may also incorporate some contamination from other fractions, so the
relative proportions of each fraction may not be fully accurate, but the
differences in Li isotope composition between the fractions appear
robust.

The Li isotope compositions of the plant materials are presented in
Table 3. Generally, the Li isotope values of the roots and bark are low
(—0.9 to 2.4 %o, 5.6 %0) and are comparable to those of the bulk soils
(Table 2), while the leaves have the highest Li isotope values of between
5 and 22 %o (mean = 13 £ 12 %o, 2 s.d., n = 5). The ground vegetation
(grass) has intermediate Li isotopic compositions ranging from 0.6 to
18.6 %o (mean = 9.8 %o, 2 s.d. = 12.7 %o).

4. Discussion
4.1. Lithium isotope fractionation within plants

The Li isotope compositions of the roots (1.2 + 2.2 %o, 2 s.d., n = 5)
are lower than those from Hawaii (~13.6 %o) (Li et al., 2020), but higher

than roots from Strengbach in France (—4.3 %o) (Lemarchand et al.,
2010). They are also slightly lower than the §’Li values of the bulk soils
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Table 2
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Elemental and Li isotope data from sequential leaching of Icelandic soils. The quantities are masses leached from 50 mg of sample (u.d.l. = under detection level). This
table is also presented in https://zenodo.org/records/14194335; tab ‘Sequential leaching’. The ex and carb fractions have high Na contents because of the use of Na-

acetate.
Sample Fraction Na Mn Sr Si Al Fe Mg Ca K Li 87Li 2sd
ng ng ng ng ng ng ng ng ng ng %o
Lls ex 22000.00 0.73 0.47 2.97 0.00 0.10 24.28 121.17 3.97 1.21 17.60 0.34
carb 18330.00 1.49 0.30 7.68 5.02 2.96 5.67 49.68 1.97 1.06 14.33 0.09
ox 2296.77 5.93 0.18 12.86 49.62 39.11 2.30 16.04 0.86 1.06 4.09 0.33
cl 285.50 3.15 0.36 50.37 301.60 244.25 41.97 69.38 1.30 5.56 -1.60 0.14
rs 682.54 104.37 9.00 / 3429.20 4888.49 1323.20 2849.81 179.86 424.95 4.39 0.57
L2s ex 20600.00 0.21 0.21 3.03 0.00 0.20 12.70 72.38 4.43 1.09 16.22 0.39
carb 21000.00 0.47 0.30 9.10 5.46 4.07 4.97 62.76 3.65 1.70 14.22 0.10
ox 1972.28 5.15 0.33 11.86 67.07 46.00 1.59 19.82 1.34 1.48 7.89 0.29
cl 280.12 5.87 0.91 295.70 425.91 267.43 16.38 64.42 1.91 3.30 3.76 0.01
TS 572.30 96.83 7.49 / 2906.14 4574.04 1200.57 2637.04 113.81 247.29 3.06 0.25
L3s ex 21000.00 0.20 0.41 3.13 0.00 0.27 19.62 160.53 7.25 1.05 16.87 0.06
carb 19600.00 0.82 0.30 8.29 3.35 2.02 5.71 85.86 2.94 1.14 16.40 0.53
ox 2229.64 2.51 0.21 14.25 42.77 16.34 3.42 34.74 1.09 0.94 9.07 0.10
cl 240.67 2.59 0.38 63.28 261.88 199.41 28.28 87.28 2.10 3.96 1.98 0.35
rs 434.80 81.28 4.76 / 3014.81 4844.26 747.64 1641.50 105.42 234.22 —-0.75 0.44
L4s ex 19400.00 1.29 0.36 2.37 0.00 0.45 16.40 92.33 13.04 1.09 14.15 0.00
carb 19300.00 2.12 0.23 4.33 6.37 3.57 3.87 34.17 4.27 1.13 9.42 0.55
ox 2466.75 2.00 0.12 4.09 33.73 17.95 0.85 10.08 1.30 0.46 0.96 0.10
cl 284.45 7.19 0.34 80.94 455.00 233.84 11.05 69.27 1.52 3.42 2.76 0.36
rs 870.20 86.93 7.85 / 3196.67 4053.60 1018.88 2418.03 321.66 341.59 3.21 0.15
L5s ex 21800.00 0.26 0.20 3.50 0.00 0.73 15.39 75.95 5.71 1.17 14.92 0.50
carb 18400.00 0.75 0.13 5.33 4.21 1.69 3.20 31.79 1.34 1.05 15.57 0.17
ox 2880.06 2.02 0.09 10.89 39.86 19.85 1.29 14.12 0.78 0.77 8.44 0.29
cl 488.48 4.58 0.39 65.39 308.85 275.16 57.34 144.92 3.42 7.10 2.43 0.16
rs 681.36 88.25 7.42 / 2897.41 4298.33 1203.77 2751.48 161.98 234.04 3.26 0.04
L1d ex 20100.00 0.15 0.54 4.51 udl 0.20 31.54 140.86 1.29 2.40 14.01 0.02
carb 20500.00 0.29 0.31 10.03 5.29 1.90 9.18 68.14 1.15 2.24 12.62 0.34
ox 2545.88 8.19 0.26 14.34 111.24 54.48 2.63 36.74 0.63 4.78 6.75 0.34
cl 335.69 8.87 0.32 13.57 610.21 259.97 2.80 33.37 0.26 4.05 1.75 0.24
s 286.36 79.30 4.07 / 3875.64 6319.67 673.06 1503.07 49.11 203.70 —0.57 0.89
L2d ex 22900.00 0.22 0.35 3.56 4.64 0.57 12.07 65.29 3.74 1.13 18.50 0.41
carb 18300.00 0.33 0.55 7.69 4.80 4.91 3.84 39.38 2.45 1.10 16.92 0.41
ox 1852.88 2.09 0.59 9.83 45.46 31.09 0.99 11.20 0.86 0.94 9.55 0.38
cl 279.02 4.22 1.38 53.89 321.77 215.13 11.36 75.44 2.62 2.64 6.08 0.36
rs 730.90 87.69 7.58 / 2945.25 4031.04 1100.62 2517.60 223.48 262.26 2.99 0.14
L3d ex 21000.00 0.33 0.37 3.44 udl 0.03 28.39 148.13 0.37 1.48 19.25 0.28
carb 18700.00 0.70 0.24 11.50 6.92 2.79 7.55 61.91 0.16 1.92 17.33 0.10
ox 3225.81 10.97 0.18 17.23 93.40 58.01 2.67 31.02 0.39 2.80 11.79 0.34
cl 395.47 8.63 0.25 66.45 562.49 268.36 10.30 47.03 0.66 3.22 6.39 0.44
TS 697.47 116.74 9.67 / 3273.83 5359.96 1496.52 2957.60 140.73 279.29 5.61 0.40
L4d ex 22700.00 0.19 0.21 3.69 u.d.L 0.45 12.82 105.81 1.61 1.06 15.93 0.37
carb 17100.00 0.39 0.12 6.49 1.77 2.03 3.22 33.23 0.92 0.85 13.64 0.47
ox 4405.79 1.71 0.10 10.25 46.96 23.97 1.86 20.39 0.55 1.35 6.38 0.13
cl 267.72 2.54 0.34 72.56 270.92 238.80 34.49 84.23 2.36 4.71 1.93 0.60
rs 701.06 95.22 7.47 / 3012.85 4307.38 1312.85 2752.01 136.74 267.24 —0.72 0.39
L5d ex 221200.00 0.44 0.38 4.13 udl 0.16 22.23 120.24 1.26 1.08 14.26 0.20
carb 18900.00 0.79 0.23 9.01 6.34 3.52 4.96 61.11 0.41 1.37 13.41 0.58
ox 2228.98 8.19 0.14 24.36 70.20 47.71 1.44 16.87 0.12 1.79 6.87 0.26
cl 339.61 3.95 0.38 53.73 478.04 336.31 48.02 127.07 3.13 6.52 3.34 0.22
Is 457.10 95.72 5.41 / 3386.81 5102.74 932.04 1734.68 93.39 265.91 0.61 0.44
HS ex 18400.00 1.07 0.57 u.d.L ud.L 0.38 29.01 178.07 21.59 1.11 5.52 0.05
carb 16000.00 4.89 0.38 udl 5.67 1.48 10.50 99.73 10.06 0.89 2.93 0.48
ox 6687.32 15.97 0.38 18.24 72.64 19.89 6.42 85.11 5.13 1.56 —0.86 0.37
cl 619.26 3.93 0.29 15.75 180.50 125.85 15.74 57.45 1.79 2.22 2.65 0.35
rs 473.76 / / / 3631.35 5020.1 956.65 1995.87 95.87 / 2.54 0.41
HD ex / / / / / / / / / / 9.95 0.27
Carb / / / / / / / / / / 8.49 0.11
Ox / / / / / / / / / / 5.27 0.04
cl / / / / / / / / / / 3.49 0.51

(—0.8 to 5.6 %o), the clay fraction (2.9 + 2.2 %o, 2 s.d., n = 5), and the
oxide fraction (7.2 + 5.7 %o, 2 s.d., n = 5). Assuming that the
exchangeable fractions (16.2 + 3.5 %o, 2 s.d., n = 10) have small and
approximately constant offsets from the associated pore fluids (A7Li(ﬂuid_
ex) of 0 to 10 %o) (Hindshaw et al., 2019), we calculate the A7Li(l—00t_ﬂuid)
to be ~ —15 %o to —25 %o. However, the exact source of Li to the roots in
our study is unknown, as there are multiple potential Li sources in the
rhizosphere, including the bulk rocks, exchangeable fractions, second-
ary minerals, and pore fluids (Korchagin et al., 2019; Steinhoefel et al.,

2021). Regardless of the exact source, the plant roots appear to prefer-
entially take up lighter Li isotopes than the abiotic pools. In contrast, the
A7Li(r00t_ﬂuid) values reported in the Hawaiian and Strengbach plants are
small (i.e., 8 Li(roor) is similar to 8’ Li(gyiay) (Lemarchand et al., 2010; Li
et al., 2020).

The data from different organs of the plants show significantly
different ranges (Table 3). The 8’Li values of the bark are ~ 5.6 %o and
the leaves average ~ 13.0 %o, both significantly higher than the average
values of the roots (~1.2 %o) (Fig. 3). There is no clear relationship
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Table 3

Elemental ratios and Li isotope data from plant samples. B, bark; L, leaves; R,
roots; G, ground vegetation. This table is also presented in https://zenodo.
org/records/14194335; tab ‘Plants’.

Sample Li/K Li/Na Li/Fe Li/Mg Li 87Li 2sd
mg/g mg/g mg/g mg/g ng/g %o

1B 0.07 0.04 0.22 0.06 / / /

1L 0.01 0.17 0.52 0.02 167 4.99 1.29
1R 0.14 0.83 0.27 0.08 234 2.36 0.43
2B 0.06 2.34 0.75 0.10 / 5.56 0.25
2L 0.01 0.17 1.03 0.02 132 15.67 0.55
2R 0.07 0.30 0.15 0.04 167 0.90 0.15
3L 0.01 0.09 2.36 0.05 390 15.95 0.11
3R 0.39 1.37 0.43 0.11 1216 1.70 0.06
4L 0.01 0.00 0.79 0.03 200 21.64 0.55
4R 0.21 0.88 0.14 0.04 533 1.68 0.94
5L 0.00 0.02 0.49 0.02 112 6.95 0.04
5R 0.14 0.34 0.05 0.04 481 —0.89 0.46
2G / / / / / 0.63 0.26
3G / / / / / 18.62 1.51
4G / / / / / 10.24 1.01
5G / / / / / 9.93 0.24

between the afforestation age and the Li isotope composition in each
organ type, suggesting that the variation in Li isotopes is not due to
ageing of the trees or the accumulation of Li from an external input with
high 8’Li values. However, there is an apparent positive correlation
between the height of the plant organ (characterised by the height of the
trees) and its Li isotope composition (Fig. 3A). Assuming that taller trees
have longer transportation routes (e.g., roots and xylem), during which
more cells could extract nutrients and other associated elements from
the xylem, such a correlation could suggest that lighter Li isotopes are
preferentially removed on the way to the top of the tree, with the re-
sidual heavy Li isotopes being incorporated into the leaves. In addition,
such intra-plant fractionation is also seen in the leaf samples of the
ground vegetation (e.g., dicots, mean = 9.8 %o, Table 3).

The increase in Li isotope composition in the plant organs with
transport is also accompanied by a decrease in Li/K and Li/Na ratios
(Fig. 3B, C). These data may suggest that, during upwards transport of
fluid and nutrients, Li is preferentially stored and removed compared to
K and Na. The Li/K and Li/Na ratios in the leaves are between
0.001-0.15 mg/g (mean: 0.01 + 0.008 mg/g, 2 s.d.,, n = 5), and
0.003-0.17 mg/g (mean: 0.09 + 0.14 mg/g, 2 s.d., n = 5), respectively.
These values are smaller than the Li/K and Li/Na ratios in the bulk rocks

(1-4 mg/g and 0.34-0.7 mg/g, n = 5) and the roots (0.07-0.39 mg/g
and 0.3-1.4 mg/g, n = 5), which may be taken to represent the Li
released during the bio-mediated weathering processes. The preferential
removal of Li during nutrient transport may be related to the toxicity of
higher concentrations of Li for chlorophyll, such that plants need to
prevent excess Li from entering the leaves and may do so by storing the
extra Li in the vacuoles of cells that are situated at lower tree heights (e.
g., root cells) (Tanveer et al., 2019). We hypothesise that, in an
aggrading forest system, such excess Li might come from enhanced bio-
mediated weathering of the deep regolith and/or from pore water.
Specifically, the plants require sufficient nutrients (e.g., K, Mg) from
rocks for growth and, considering stoichiometric release of alkaline and
alkaline earth metal cations during mineral dissolution (Oelkers et al.,
1994), the dissolution would provide Li that exceeds the requirements of
the plants (i.e., Li/nutrient ratios in the rocks and weathering fluids
would be greater than the required Li/nutrient ratios in the plants).

The above relationship between Li isotopes and proxies that poten-
tially indicate element transport (Fig. 3B, C) agrees with the recent
experimental finding that cells tend to preferentially take up ®Li through
Nat/H" exchange (Poet et al., 2023). Lithium could migrate into the
cells because it has a similar charge and/or radius to K, Mg, and Na, and
plant cells could use Li to help maintain a positive internal turgor po-
tential (force within the cell that pushes the plasma membrane against
the cell wall) (Shahzad et al., 2016). Indeed, it has been shown that Li
could be transported together with Na, K, and potentially Ca and Mg by
the same proteins (including LCT, HKT, and NSCC) (Tanveer et al.,
2019). Similar to Li isotopes, fractionation during plant transport has
also been observed in other stable isotope systems, including Mg and Si
isotopes (Wiggenhauser et al., 2022). We therefore suggest that the Li
isotope fractionation in our samples likely arises from the following
steps: 1) the presence of plants enhances the rock weathering to satisfy
their need for growth and the released elements (e.g., K, Mg, Li) enter
the roots; 2) the Li supply exceeds the demand of plants so excess Li is
preferentially stored in cell vacuoles along the transport routes upwards;
3) when entering vacuoles, light Li is preferentially transported, while
heavier Li is retained in the inter-cell fluid, and is transported upwards
in transportation routes (i.e., towards leaves); 4) heavier Li reaches the
leaves, where it accumulates. During this process, nutrients (e.g., K, Mg)
are also transported upwards, resulting in decreasing Li/nutrient ratios.
In short, the intra-plant fractionation is caused by plant cells storing
excess Li (preferentially 6Li) that had been obtained by the roots during
rock weathering in their vacuoles.

The above observations on plant organs imply that Li could
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experience isotope fractionation within plants, which may be related to
the plant physiology. This finding is in contrast to previous suggestions
that 87Li values of plants are indistinguishable from pore water or rocks
(Chapela Lara et al., 2022; Clergue et al., 2015; Lemarchand et al., 2010;
Steinhoefel et al., 2021). On the other hand, Li et al. (2020) suggested
that light Li isotopes could be preferentially transported upwards due to
kinetic isotope fractionation. The differences between our findings and
those previous studies may be attributed to the growth stages of the
different forests. In our case, the forests are still under their initial
aggrading stage, such that excess Li (together with other necessary
nutrient elements) could be supplied by bio-mediated weathering into
the plants. In contrast, the previous studies investigated forests
approaching the end of their aggrading stage or in steady-state (Chapela
Lara et al., 2022; Clergue et al., 2015; Lemarchand et al., 2010). Steady-
state forests tend to recycle nutrients from the topsoils instead of
weathering fresh rocks (Balogh-Brunstad et al., 2008), which could
prevent excess amounts of Li being released from rock weathering and
entering into the root cells, potentially decreasing the potential for Li
isotope fractionation within plants. This finding is also supported by the
positive correlation between SOC content (especially in deeper topsoils
at ~ 30 cm) and 87Li values of the leaves (Fig. 3D). If we assume that a
higher SOC content suggests that less decomposition of organic matter is
occurring, we might infer less elemental recycling of nutrients from
organic compounds, such that there is more use of root exudates (i.e.,
organic acids) to enhance mineral dissolution to obtain nutrients from
the soil. However, we caution that this scenario is just one possibility to
explain the differences in the observations between the above studies,
and more work on the behaviour of Li isotopes in forest ecosystems is
needed to fully understand the processes involved.

4.2. The influence of afforestation on Li isotopes in the extractable
fraction of soils

Sequential leaching was applied to target the extractable fractions
(exchangeable, carbonate, oxide, and clay) in soils. These fractions
could have formed rapidly, with the exchangeable fraction reaching
equilibrium on a timescale of days (e.g., Zhang et al., 2021), and they
represent a small part of the bulk soil (< 7 % in total), allowing them to
respond sensitively to weathering processes (e.g., Pogge von Strand-
mann et al., 2019). However, phases other than the targeted fraction
could also be leached, making it necessary to assess the validity of the
measurements (Pogge von Strandmann et al., 2019).

For the exchangeable and carbonate fractions, contamination from
Al/Si-bearing minerals should be avoided (Pogge von Strandmann et al.,
2023). The exchangeable and carbonate fractions in our samples have
low Al/Ca ratios (e.g., Al is below the detection limit in the exchange-
able fraction), which rules out a significant influence of contamination
from the silicate or oxide fractions. The exchangeable and carbonate
fractions from the afforested soils have higher Li isotope compositions
(mean values of 16.2 and 14.4 %o, respectively) than in the heathland
soils (ex: 9.9 and 5.5 %o, carb: 8.4 and 2.9 %) (Fig. 2B).

The oxide fractions have high Al/Si ratios (2.8 to 8.2 mol/mol) and
low Fe/Al ratios (0.38 to 0.78 mol/mol), and the Li content is propor-
tional to the Al content in this fraction (Fig. 4A). Considering that oxide
minerals contain negligible Si, and that pristine basalt rocks have Al/Si
ratios ~ 0.25 mol/mol (Kuritani et al., 2011), these higher ratios may
suggest that this fraction is dominated by the extraction of Al-bearing
secondary minerals (i.e., not basalt residue), such as allophane (Al/Si
= 2), gibbsite (Al(OH)3), or other amorphous Al-bearing minerals
(Pogge von Strandmann et al., 2021b). On the other hand, the Li content
in the clay fraction is weakly related to the Fe content in the clay fraction
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(Fig. 4B), potentially indicating that this fraction is dominated by Fe-
bearing secondary minerals. Also, as the Al/Si (1.4 to 8.9 mol/mol)
and Fe/Si (0.9 to 19.1 mol/mol) ratios in the clay fraction are signifi-
cantly higher than in the pristine basalt (~0.25 mol/mol, ~0.2 mol/
mol, respectively) (Kuritani et al., 2011), this fraction is evidently not
dominated by pristine basalt residues. Since both fractions appear to
have extracted predominantly Al- and/or Fe- bearing secondary min-
erals, we consider that the sum of the oxide and clay fractions could be
used to represent the combined secondary mineral fraction in the soil
samples. The average Li isotope compositions of the oxide fractions in
the afforested soil samples (7.2 %o) are higher than those from the
heathland soil (5.3 %o and -0.86 %o) (Fig. 2B), while those of the clay
fractions are similar (mean of afforestated soil sample: 2.9 %o, to 2.7 %o
and 3.5 %o in heathland soil) (Fig. 2B).

The elevated Li isotope compositions in the extractable fractions of
the afforested soil samples cannot be explained by the geochemical
variability of the substrate or by atmospheric inputs such as volcanic
ash, because the samples were collected from adjacent soil plots (Fig. 1).
In addition, a simple calculation, assuming that the rain Li concentration
is 6 ng/L (Vigier et al., 2009), suggests that rainfall could only provide
0.4 ng/m?2/yr of Li to the topsoil. In comparison, a 1 m? area of the top
10 cm of the soil contains a total Li reservoir of 330 mg (based on a
density of ~ 550 kg/m> and an average Li concentration of ~ 6 yg/g)
(Pogge von Strandmann et al., 2021a), indicating that rainfall inputs are
an insignificant contributor to the Li budget. Due to their spatial prox-
imity, with the heathland plot less than 1 km away from plots L1 and L4
and situated on the same stream, inheriting Li isotope signals from up-
stream fluids with significantly diverging Li isotope signatures is also
unlikely (Pogge von Strandmann et al., 2021a).

However, such differences in Li isotope composition of the extract-
able fractions might be explained by several aspects of the afforestation
processes. One potential mechanism is the addition of leaves with heavy
Li isotope compositions onto the topsoils. Lithium isotopes are highly
fractionated within plants (Section 4.1), so when the leaves with high
87Li values fall back to the topsoils (i.e., 0-10 cm) annually and are
decomposed by micro-organisms, they would elevate the §’Li values of
the pore fluid. These elevated Li isotope signatures could then be
inherited by the extractable fractions in soils, and be uptaken by roots,
subsequently helping to produce leaves with heavier Li isotope com-
positions. In support of this mechanism, the addition of litterfall has
previously been reported in these plots, with soils from 0-10 cm depth
having more than 3 times higher SOC levels than the deeper soils (Bos,
2021). In addition, the recycling of Li has been demonstrated in Ha-
waiian soils (Li et al., 2020), and similar recycling mechanisms were
found in other metal isotope systems (Bolou-Bi et al., 2012; Kimmig
et al., 2018; Opfergelt et al., 2017).

We further tested this litterfall hypothesis using mass balance cal-
culations. Given that Siberian larch is deciduous, we obtain the total
litterfall addition by estimating the total biomass of leaves from the size
of the trees (Bjarnadottir et al., 2007). Assuming the diameter (D) of the
trees is 10 cm, we calculate the total biomass of leaves = 17.8 * D8 =
1.15 kg for one tree. The mean density of standing stems is taken as
2500/ha, equivalent to 0.25 trees/m>. Therefore, the biomass addition
from leaves is ~ 0.29 kg/m?/yr, which is similar to estimates from
forests in Strengbach (0.3 kg/mz/yr) (Lemarchand et al., 2010). With a
Li concentration of ~ 200 ng/g (Table 2), the annual addition of Li to the
forest floor is ~ 58 pg/m2/yr. In comparison, a 1 m? area of the top 10
cm of the soil contains a total Li reservoir of 330 mg. Of this reservoir,
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the exchangeable and carbonate fractions make up ~ 1 % (i.e., 3.3 mg),
while the secondary mineral fraction makes up ~ 2 % (i.e., 6.6 mg).
Hence, the combined exchangeable and carbonate reservoir alone would
require ~ 60 years for litterfall to fully replenish it, which is comparable
to the longest afforestation age (63 years) in this study. However, if we
consider that the litterfall was likely not completely decomposed, and
that Li was also partially lost to the fluids and potentially removed from
the catchments, then the decomposition of litterfall probably cannot be
the sole mechanism responsible for increasing the Li isotope values in
these fractions.

In a second potential mechanism, the afforestation process could also
change the chemistry and Li isotope composition of the extractable
fractions indirectly, by influencing the formation of secondary minerals.
This process is demonstrated by the increase in the Al(oxideclay)/Altotan
ratio (a proxy potentially indicating the proportion of secondary min-
erals in soils) between the heathland soil samples and the afforested soil
samples (Fig. 4C). According to transition state theory, secondary min-
eral formation is determined by factors including the saturation state of
the fluids (dependent on ion activity, pH, reactive surface and cation
concentrations), the presence of nucleation sites, temperature, and
mineralogy (Lasaga, 1984). In this case, afforestation could influence
secondary mineral formation via both chemical and physical processes.
Here we outline two possible scenarios, before testing them below. One
chemically-driven scenario involves enhancement of the weathering
rate, which could arise from a lowering of the pH values in the afforested
soils due to organic carbon decomposition (Bos, 2021) and/or root
growth (i.e., increasing reactive surface), and which would in turn
provide more metal cations and enhanced alkalinity for secondary
mineral formation. A second physically-driven scenario is related to
increasing local particle and water residence times, which could arise
from the effects of a closed canopy (decreasing rainfall impact and
evaporation), root stabilisation, or changing soil structure (Brantley
et al., 2017), and which would also favour the formation of secondary
minerals.

In the chemically-driven scenario, an increase in the secondary
mineral content could be related to an increase in the weathering rate
via changing mineral reactive surface (e.g., root separation) or changes
in soil fluid chemistry (e.g., pH). Assuming that taller trees have deeper
roots, the plots with the tallest trees (L5) have Al(oxide+clay)/Al(total) ratios
of 0.09 (shallow soil) and 0.13 (deep soil), which are intermediate
among the 10 afforested samples (Table 1, 2), suggesting that such an
increase might not be directly related to the growth of deeper roots. In
contrast, the Al(oxide+clay)/Al(toran ratio in the shallow heathland soil
samples (~0.06) is half of that in the shallow afforested soils (mean
~0.11), indicating more restricted secondary mineral formation
(Fig. 4C). Such differences in the ratio may be related to soil pH values:
the shallow afforestated topsoils (10 cm) have lower pH values, in which
lower pH conditions increase rock dissolution and promote the forma-
tion of more Al-bearing secondary minerals (including amorphous
minerals) (Mulders and Oelkers, 2021) (Fig. 4C). In turn, a greater
content of secondary minerals in afforested samples would provide more
reactive sites for Li incorporation and/or adsorption, enabling more
fractionation of Li isotopes in the pore fluids (Pogge von Strandmann
et al., 2021a), and could explain the low §’Li values in the secondary
minerals from the heathland site (8”Li(oy) = -0.8 %o and 5.3 %o).

The specific origin of the pH decrease is unknown, although the
lower pH of the shallow topsoils than the deeper topsoils could indicate
a link to the litterfall decomposition (Bos, 2021). Alternatively, or in
addition, the possibility of root respiration or root exudates driving this
change cannot be excluded. As water infiltrates through the afforested
soil column from above, the Li added from litterfall decomposition (67Li
~ 13 %o) and from primary mineral dissolution (8"Li ~ 0 to 5 %o) could
be incorporated into secondary mineral fractions in the shallow topsoils
(67Li(ox) = 6.1 %o, 67Li(cn = 1.8 %o), leaving fluid with more fractionated
Li isotope compositions to continue downwards, thereby increasing the
87Li values of the secondary mineral fractions in the deeper topsoils

Catena 254 (2025) 108967

(67Li(ox) = 8.3 %o, 67Li(cl) = 3.8 %0). As reported in previous studies, Li
isotope compositions of soils in non-forested sites in Iceland were
significantly controlled by rapidly-forming amorphous Al-bearing sec-
ondary minerals (e.g., allophane) (Pogge von Strandmann et al., 2021a),
indicating that the formation of secondary minerals could change the Li
isotope compositions in the extractable fractions over decadal time-
scales, as also observed here.

Afforestation may also enhance secondary mineral formation
through physical mechanisms, particularly by influencing the water
residence time (Pogge von Strandmann et al., 2023; Wilson et al., 2021;
Zhang et al., 2022). Natural processes such as bioturbation, root stabi-
lisation, and canopy closure, as well as human processes such as tree
thinning operations, could all influence this parameter. However, if we
assume that a higher soil bulk density indicates a lower porosity and a
higher organic matter content (Bos, 2021), which would likely translate
to a longer water residence time, the lack of correlation between soil
bulk density and 67Li(ex) values (Fig. 4D) suggests that differences in
water residence time may not be a dominant controlling factor in this
setting. We therefore suggest that the integrated mechanisms of litterfall
addition and chemically-driven secondary mineral formation are likely
to be the main controls on the Li isotope compositions in the extractable
fractions of the afforested soils in our study, similar to results from
Hawaiian soils (Li et al., 2020). In addition to the influences from litter
recycling and secondary mineral formation, a decrease in surface soil
erosion linked to afforestation could also have helped the afforested
topsoils to preserve these features (Johnson, 1990).

Additional direct and/or indirect mechanisms can also be envisaged
to arise from afforestation, but they are difficult to simultaneously assess
using Li isotopes. For example, the presence of organic compounds could
affect element complexation in soil pore waters and the secondary
mineral nucleation and growth (Tazaki, 2005). However, the existing
measurements and understanding are not sufficient to assess the role of
organic compounds because the species of organic compounds present in
the soil pore waters are unknown.

4.3. Time dependency of Li isotopes following afforestation

This study also aimed to investigate the temporal evolution of Li
isotopes in soils following afforestation. Based on the data from the
chronosequences, the Li isotopes in the exchangeable fractions decrease
slightly with age by ~ 3 %o from the shallow soils of L1 to L5, but these
changes are much smaller than the total changes due to afforestation
(increases of ~ 10 %o) (Fig. 5). Meanwhile, the Li isotopes in the car-
bonate, oxide, and clay fractions show no clear temporal trends from L1
to L5. In the extracted fractions of the deeper soils, a ‘hump-back shape’
curve is observed for Li isotopes through time, with peak values in the
samples from 31-32 years and a variation range of ~ 5 %o (Fig. 5B). This
temporal evolution may indicate that the influence of afforestation on
weathering reached a peak within less than ~ 40 years in these samples.
In addition, all the fractions show a similar temporal trend (Fig. 5B),
suggesting that the four fractions of the deeper soils may be at least
partly controlled by the same set of mechanisms. However, since these
findings are based on only five time slices, which were unequally spaced
through time, more detailed studies will be required to confirm and
further explore these trends. In particular, any trends within the first
couple of decades of afforestation were not accessible within our study
and this time interval should be explored in future.

The above temporal variations in Li isotopes in the extractable
fractions may arise from a combination of at least four different (but
potentially inter-related) controls: (i) water residence time that is
mainly determined by changes in the thickness and physical properties
of soil (Pogge von Strandmann et al., 2023; Wilson et al., 2021), (ii)
changes in secondary mineralogy (Pistiner and Henderson, 2003) or the
maturation of secondary minerals, (iii) changes in fluid chemistry driven
by mineral dissolution, variable secondary mineral formation (poten-
tially linked to plant physiology and ecosystem development), and the
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Fig. 5. Evolution of Li isotope composition with time in each extractable fraction. A: Evolution in shallow soils. B: Evolution in deep soils. The diamonds represent

the Li isotope compositions of the extractable fractions in the heathland samples.

physical properties of soils, and (iv) variations due to litterfall addition
(potentially also linked to plant physiology). However, these mecha-
nisms are interconnected and are hard to deconvolve with our current
understanding and measurements.

4.4. Implications

The Li isotope increase of ~ 10 %o in the extractable fractions of the
soils following afforestation occurred rapidly (<25 years) (Fig. 5) in
comparison to the growth timescales of trees (>100 years). Given that
the extractable fractions largely represent the secondary mineral prod-
ucts of weathering processes, this finding suggests that the influence of
afforestation on the chemical weathering of silicate rocks is rapid, and
may even be considered as instantaneous when considering geological
timescales (>1 kyr). Hence, the changing presence of vascular plants on
Earth’s surface could be expected to rapidly affect weathering processes,
the rate of secondary mineral formation, and the Li isotope composition
of the critical zone and the oceans, as recently proposed (Kalderon-Asael
etal., 2021). We therefore emphasise that studies applying Li isotopes to
understand the evolution of the critical zone, or for paleoenvironmental
reconstructions more broadly, should carefully consider the influences
from the waxing and waning of forest ecosystems (e.g., Zhang et al.,
2023).

The observed variations of Li isotope fractionation between different
plant organs suggest that, similar to other elements, Li isotopes could be
fractionated during biological processes. Furthermore, the recycling of
leaf litter in topsoils could influence the Li isotope budget of soils,
particularly during the aggrading stage of forest growth. As such, there
are both direct and indirect mechanisms through which plants, as a part
of forest ecosystems, may influence Li isotopes in soils and the surficial
environment. Once forest ecosystems are approaching steady-state, the
higher nutrient recycling rates could lead to less rock weathering by the
roots, and reduced potential for Li isotope fractionation within plants.
Therefore, estimates of bio-mediated weathering rates, whether made
using Li isotopes or other approaches, may be dependent on the growth
stage of plants (Balogh-Brunstad et al., 2008), and estimates from ex-
periments or observations from single-point sampling should be applied
to longer timescales (e.g., >1 kyr) with caution.

5. Conclusions

To understand the behaviour of plant-mediated silicate weathering
in afforested soils, we measured Li isotopes on plant organs, and in
sequential leachates from soil chronosequence samples spanning 25 to
63 years after afforestation and two heathland control samples. The
results from plant organs show that Li isotopes can be fractionated

within plants, with significantly heavier Li isotope signatures in the
leaves than the roots. We suggest that this fractionation might arise from
plants storing the excess light Li in vacuoles, and thereby restricting the
Li transport into leaves where photosynthesis occurs. The extractable
fractions (exchangeable, carbonate, oxide fractions) of the afforested
soils have 8”Li values that are ~ 10 %o higher than those of heathland
soils. Such a change is attributed to the integrated effects of both lit-
terfall decomposition and afforestation-mediated secondary mineral
formation. This finding indicates that afforestation could significantly
influence both Li isotope compositions and silicate weathering over
short timescales (<25 years), and highlights the potential importance of
terrestrial forest evolution as a driver of Li isotope changes in both the
critical zone and seawater over Earth’s Phanerozoic history.
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