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ARTICLE INFO ABSTRACT

Associate editor: Matthew S Fantle The Devonian Period (~359-419 Ma) documents significant environmental changes and marine species turn-

over, but whether these changes were linked to terrestrial weathering remains unknown. Here, we use lithium

Keywords: isotopes in brachiopods and bulk marine carbonates (67Licarb) from the Devonian Period to investigate changes in
L iso“,’pes silicate weathering, which represents the primary long-term atmospheric COj sink. A rise of ~ 10 %o in &’ Licarp
D? vontan values (from ~ 8 %o to ~ 18 %o) is observed across the Mid-Devonian (~378-385 Ma), suggesting a major change
Sézzltjl?::;g in the seawater Li cycle. We attribute the rise in 8”Licarp values to an increase in the dissolved riverine Li flux and

8’ Lisiver values, which likely arose from increases in both weathering intensity and regolith thickness, related to
the expansion of deep-rooted plants. However, the presence of such terrestrial ecosystems would also have
restricted the continuous weathering of silicate rocks. In order to maintain high 8" Liseawater values in the Late
Devonian, we propose that repeated cycles of destruction and regeneration of terrestrial forest ecosystems could
have occurred, which would have prevented a supply-limited weathering regime from being permanently
established. Such a process would potentially have caused oscillations in marine nutrient availability and redox
conditions, thereby contributing to prolonged marine biodiversity loss during the Late Devonian.

Carbonate diagenesis

1. Introduction habitable niches for multicellular biota (e.g., Copper and Scotese, 2003;

Foster et al., 2017; Lenton et al., 2016). Indeed, during this period, reef

The Earth during the Devonian Period (~359-419 Ma) experienced
significant shifts in both the climate and environment, which left long-
lasting impacts on global biogeochemical cycles, which can still be felt
during the present day (Becker et al., 2016). For example, a wide range
of studies have suggested that there could have been decreases in at-
mospheric CO3 (from 2000 ppm to less than 1000 ppm) and increases in
O, concentrations, which would have been beneficial in creating more

construction reached an unprecedented peak, fish diversity increased
substantially, and terrestrial plants evolved into forms with more meg-
aphyll leaves, seeds, and roots (Becker et al., 2016; Chen et al., 2021).
However, despite these ‘favourable’ conditions, the Late Devonian
contains a series of short biological events and biodiversity crises,
including the Frasnian-Famennian boundary (F-F, or Kellwasser crisis,
~372 Ma) and the Devonian-Carboniferous boundary (DCB, or
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Hangenberg crisis, ~360 Ma), collectively leading to one of the ‘big five’
mass extinctions in geological history which wiped out approximately
half of the marine genera (Becker et al., 2020). The direct causes of these
events have been extensively debated, with hypothesised mechanisms
including: temperature change (Joachimski and Buggisch, 2002);
competition from generalists (species) (Stigall, 2012); and toxic aerosols
emitted by bolide impacts and volcanism (Barash, 2016). Another po-
tential direct driver for the biodiversity crises may have been ocean
anoxia, based on recent evidence from sophisticated biogeochemical
models and uranium isotopes (Elrick et al., 2022; Smart et al., 2023).
Changes in ocean redox conditions at this time were likely linked to
tectonic activity (both volcanism and mountain building) and/or plant
evolution events, both of which could significantly change continental
weathering processes (e.g., Algeo and Scheckler, 1998; Chen et al.,
2021; McGhee and Racki, 2012; Willis and McElwain, 2014).

However, there is only limited direct evidence showing (1) how and
why weathering processes might have changed during this time, (2) the
influence weathering could have had on the operation of the Earth
system, and (3) its consequent impacts on the Devonian mass extinctions
(e.g., Percival et al., 2019). Efforts to solve these problems have included
investigations of radiogenic strontium (Sr) isotopes in paleo-seawater
archives (e.g., van Geldern et al., 2006), but such records are not
exclusive in recording silicate weathering, being obscured by hydro-
thermal fluxes (Pogge von Strandmann et al., 2013) and carbonate
weathering, which does not directly influence climate on timescales
greater than tens of thousands of years. Therefore, other proxies are
needed to trace silicate weathering throughout the Devonian Period.

Lithium isotopes (8”Li) are a robust tool for studying silicate
weathering processes, since Li is mainly hosted in silicate minerals
(Penniston-Dorland et al., 2017). Lithium has two isotopes: 7Li and °Li.
During the dissolution of primary rocks, Li isotopes are not significantly
fractionated, i.e., the dissolved fluid has an identical 8”Li value to pri-
mary silicate rocks (Pistiner and Henderson, 2003). In contrast, the
formation of secondary minerals (e.g., clays, oxides) strongly fraction-
ates Li isotopes, with a preference for °Li incorporation in the solid
(Hindshaw et al., 2019; Vigier et al., 2008). Surface water Li isotopes are
not significantly fractionated by vegetation uptake or organic
complexation (Pogge von Strandmann et al., 2022). Recent studies have
linked the fractionation of Li isotopes to the water—rock interaction time
(Dellinger et al., 2015; Zhang et al., 2022a). In the modern ocean, Li has
a residence time of ~ 1 Myr, and is mainly supplied by continental
weathering and hydrothermal on-axis circulation fluids (e.g., Pogge von
Strandmann et al., 2013). Lithium is removed from seawater by clay
mineral formation, in both shallow marine sediments and deep marine
off-axis oceanic crust (e.g., Li and West, 2014; Zhang et al., 2022b).
Therefore, if the sinks and the hydrothermal inputs can be constrained,
paleo-seawater Li isotope compositions can be interpreted in terms of
paleo-continental weathering. Indeed, Li isotopes in bulk carbonates or
foraminifera have been successfully applied to trace changes in terres-
trial weathering processes in previous studies (e.g., Hathorne and
James, 2006; Kalderon-Asael et al., 2021; Misra and Froelich, 2012;
Pogge von Strandmann et al., 2013). Hence, we suggest that Li isotopes
could be a reliable tracer for examining silicate weathering processes
during the Devonian.

Here, we report 5’Li data from brachiopods and bulk carbonates
across the Devonian Period to track changes in silicate weathering.
These samples were collected from a range of global sites with different
depositional settings (Tables S1 and S2). To date, only a handful of
studies have been conducted on brachiopod carbonates for Li isotopes,
and they have suggested that brachiopods can faithfully record marine
Li isotopes with a constant isotopic offset between carbonates and
seawater (e.g., Washington et al., 2020). We further assess the fidelity of
Palaeozoic brachiopods for recording seawater Li isotope compositions.
We then determine whether silicate weathering changed during this
period or not, and examine the possible mechanisms driving the
observed §’Li variations during the Devonian. Finally, we consider the
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implications for the role of weathering in Late Devonian mass extinc-
tions and the operation of the Earth system.

2. Materials and Methods
2.1. Sample collection

We obtained 73 brachiopod samples covering most of the Devonian
Period from the collections of Brand (1989), van Geldern et al. (2006),
and Rode and Lieberman (2004) (Table S1). The samples from Brand
(1989) and van Geldern et al. (2006) have previously been tested using
cathodoluminescence and used to generate oxygen (O) and carbon (C)
isotope data, while no geochemical data has previously been reported
from the samples of Rode and Lieberman (2004). The sampling locations
are shown in Fig. 1 and the species and ages are listed in Table S1. The
ages of samples were estimated from conodont zones, with samples from
the Emsian, and from the Givetian to the Famennian (Fig. 2, Table S1).
An additional 17 mid-deep water bulk carbonate (limestone) samples
that were deposited in a rift basin were collected in South China to
provide a comparison with the brachiopod samples (Fig. 1, Table 52).
The ages of the bulk carbonate samples range from 419 Ma to 363 Ma,
covering the majority of the Devonian (except for a gap in the Emsian)
(Fig. 2, Table S2). The aim of this sampling approach is to compare data
from different regions and different carbonate types, in order to filter for
the effect of diagenetic alteration.

2.2. Analysis

Samples from two sources have existing O and C isotope data (Brand,
1989; van Geldern et al., 2006), while the O and C isotope data for the
samples from Rode and Lieberman (2004) were newly obtained at the
Bloomsbury Environmental Isotope Facility (BEIF) using a Finnigan
Delta Plus XP mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA). The precision of all internal (BDH, IAEA, and IFC) and
external standards (NBS19) was + 0.02 %o for 5'3C and + 0.04 %o for
8'80.

Samples were rinsed with 18.2 MQ cm (MQ) water to remove any
dust on the surface. They were then either drilled by micro-drill or
peeled off using a VOMM®© metal spatula. The peeled-off samples were
ground to a fine powder using an agate mortar and pestle. All samples
were transferred to 2 mL centrifuge tubes and rinsed twice with MQ
water, before being leached with 0.1 M HCI for one hour at room tem-
perature (Pogge von Strandmann et al., 2019b). The amount of acid
added was calculated to ensure digestion of less than 90 % of the car-
bonate. The tubes with the carbonate leachates were then centrifuged
for 3 min (11,000 RPM), and the supernatants were carefully pipetted
off and dried down in PFA beakers on a PFA-coated hotplate at 130 °C in
a Class 100 metal-free clean room.

For measurements of elemental concentrations, 100 pL of superna-
tant was diluted to approximately 50 pg/g calcium (Ca) in 2 % HNOj3
and analysed on a Varian 720 Inductively Coupled Plasma Optical
Emission Spectrometer (ICP-OES) and an Agilent 7900 quadrupole
Inductively Coupled Plasma Mass Spectrometer (ICP-MS) in the LOGIC
laboratories at UCL. A series of multi-elemental synthetic solutions
covering a wide range of concentrations was prepared from Agilent©
single standard solutions and used to calibrate the measurements. The
USGS SGR-1 standard was used to assess the quality of the calibration.
Analytical precision was better than + 2 % for OES measurements and
=+ 5 % for ICP-MS measurements for the analysed elements (Table S1 and
S2).

After the carbonate leachates were dried, they were loaded onto
columns filled with AG50W X-12 resin and purified following a two-
stage cation exchange column procedure using 0.2 M HCl as the
eluant (Pogge von Strandmann et al., 2019a). Because Li isotopes are
fractionated during cation exchange, a Li recovery of more than 99.8 %
should be ensured for all samples. Atlantic seawater and blank samples
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Fig. 1. Location map for samples used in this study. Red stars and red circle are the locations of brachiopod samples and bulk samples, respectively. 1- Siberian; 2-
Mid-West United States (Ohio, Missouri, Nevada, and Montana State); 3- New York State (Appalachian Mountains); 4- Canada (Appalachian Mountains); 5- Germany;
6- Morocco; 7- Spain; 8- South China. The base map is modified from PALEOMAP (http://www.scotese.com) at 385 Ma. The blue areas in the map are shallow

marine, and brown areas are continents.

were processed together with the samples to provide a further control
for the accuracy and precision of the data. Purified samples were ana-
lysed for Li isotopes using a Nu Plasma 3 multi-collector inductively
coupled plasma mass spectrometer (MC-ICP-MS) in the UCL LOGIC
laboratories, by sample-standard bracketing with the IRMM-016 stan-
dard. The measured &’Li values were converted to values based on L-
SVEC, where A”Ligmm to L.svic =  0.003 % 0.054 %o. Analytical details
are given in Pogge von Strandmann et al. (2019a). The long-term
reproducibility of seawater &Li values in this study is 30.95 & 0.49 %o
(2sd, n = 6), in good agreement with published values (Penniston-
Dorland et al., 2017; Pogge von Strandmann et al., 2019a).

3. Results

Our new dataset for all measured samples shows an increase in Li
isotope compositions across the Devonian, in both brachiopods and bulk
carbonates (Fig. 2A, Tables S1 and S2). After applying diagenetic
screening methods (see Discussion) and converting 67Licarb to 67Lisea‘,\,ater
values (see below), this increasing pattern remains (Fig. 2B). Generally,
the 8’Li values of brachiopods (and hence inferred seawater) increased
by ~ 10 %o from the Early to Late Devonian (Fig. 2B). Before the Mid-
Devonian (385 Ma), the & Licyp values ranged from 6 to 10 %o, with
an average of 8 %o. The ' Licarb values then increased to ~ 18 %o after the
Mid-Devonian, with a more variable range (~10 to 20 %o). The increase
occurred in a short interval of ~ 10 Myr, approximately from 390 to 380
Ma (grey bar in Fig. 2B). A Student’s t-test suggests resolvable differ-
ences between the &’Li values before and after 385 Ma (p-value =
0.00018, degrees of freedom = 67). Assuming that the brachiopod
carbonate archive has a constant negative offset of 3.6 %o, and bulk
carbonates of 6.1 %, from seawater 5’Li values at the time of deposition
(Dellinger et al., 2018; Pogge von Strandmann et al., 2019b; Washington
et al., 2020), & Liseawater can be reconstructed by adding those offset
values onto the 67Licarb data (Kalderon-Asael et al., 2021) (Fig. 2B). The
8 Liseawater curve is fitted with a robust LOESS method in MATLAB
2020a (Fig. 2B, Fig. S8). Our new data is in general agreement with the
low-resolution Phanerozoic data from Kalderon-Asael et al. (2021) who
also reported a rising trend in &’Li values during the Palaeozoic.
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4. Discussion

4.1. Are brachiopods a good archive for past seawater Li isotope
compositions?

Given that modern brachiopods display limited intra-shell and inter-
species differences and have a relatively small and constant Li isotope
fractionation ( 3.6to 4.2 %o) from the culturing fluid (Dellinger et al.,
2018), brachiopod fossil carbonates are regarded as a potentially useful
archive to record paleo-seawater chemistry (Washington et al., 2020),
but must be carefully screened for potential diagenetic alteration. As
there is no single method to screen for the fidelity of the geochemical
composition in fossil brachiopod samples, here we used two methods to
assess the extent of alteration: (1) optical microscopy, and (2)
geochemical filtering (e.g., Ullmann and Korte, 2015).

Before assessing sample diagenesis, we used elemental ratios as a
geochemical tool to assess the validity of the acid leaching. This test is
necessary because silicate minerals (including primary silicate minerals
and secondary silicate minerals) are enriched in lithium (Li) compared
to carbonates, so even a small amount of silicate contamination (i.e.,
mud from the host rocks) could overprint the primary carbonate §’Li
signal in the brachiopods. Silicates generally have low 8”Li values (close
to 0 %o), so if the carbonate leachates are contaminated, the resulting
87Li values should be driven lower. Aluminium/calcium (Al/Ca) ratios
are widely used to assess potential contamination from the leaching of
silicate minerals, because Al is a major element in silicate minerals,
while its concentrations are negligible in pure carbonate minerals
(Kalderon-Asael et al., 2021; Pogge von Strandmann et al., 2013;
Washington et al., 2020). We observed no general trend between Al/Ca
ratios and 8”Li values in all samples, potentially suggesting limited ef-
fects from silicate contamination (Fig. 3A). However, when dividing the
samples according to their host-rock lithology (shale, carbonate, shaley
carbonate), we find that for the shale-hosted samples, there is a subtle
decreasing trend in Li isotopes versus Al/Ca ratios when Al/Ca > 0.8
mmol/mol. This threshold is the same as the cut-off Al/Ca ratio of 0.8
mmol/mol previously reported (Pogge von Strandmann et al., 2013),
which has been extensively applied in many previous studies (Bastian
et al., 2018; Kalderon-Asael et al., 2021; Pogge von Strandmann et al.,
2013; Washington et al., 2020). Meanwhile, these samples also showed
elevated Li/Ca ratios, further suggesting contamination from silicate
minerals (Fig. 3B). Overall, 14 samples were excluded due to potential
silicate contamination on the basis of their Al/Ca ratios (Fig. 3A, B). We
further plotted the expected end-members of pure brachiopod
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Fig. 2. Lithium isotopes and other data from the Devonian Period. A: All Li isotope data from carbonates obtained in this study. Brown circles are data from
brachiopods (this study), green squares are data from bulk carbonates (this study), and black diamonds are data from Kalderon-Asael et al. (2021) (including bulk
carbonates and brachiopods). B: Li isotope data that passed the diagenesis screening procedure, converted to seawater values (see text for fractionation factors). The
grey curve is a robust LOESS curve, smoothed using a smoothing factor of 0.2 (see Fig. S8 for alternative curves). C: Radiogenic Sr isotope data from the seawater
archives of van Geldern et al. (2006) and McArthur et al. (2020). The two brown bars represent two major Devonian orogeny events (Chen et al., 2021) that coincided
with elevated Sr isotope compositions. D: Temperature reconstruction (dark green line), modified from previous studies (Scotese et al., 2021). Atmospheric COy
reconstructions (brown pentagons) from Foster et al. (2017), with the adjacent numbers giving the estimated values. E: Terrestrial plant diversity (green line;
Cascales-Minana, 2016), and the numbers of marine animal species (black line; Fan et al., 2020). The green bars show the major innovations in terrestrial plants
(Willis and McElwain, 2014). F: Major biological events in the Devonian (Becker et al., 2020), the frequency of which increased in the Late Devonian. G: Carbon
isotope data from carbonates (Cramer and Jarvis, 2020), which show a higher frequency of oscillations towards the end of the Devonian. H: Uranium isotope data
from carbonates (Elrick et al., 2022), which indicate anoxic seawater in the Early Devonian, and predominately oxic but highly variable seawater oxygenation in the
Eate Devonian. The grey vertical bar across all panels indicates the Mid-Devonian shift in Li isotopes.

carbonates and sediments to assess contamination (Fig. 3A, B), although
the chemistry of the end-members is highly uncertain. For the case of
extremely high initial carbonate Li isotope compositions of 60 %o, the
samples screened with 0.8 mmol/mol cut-offs sit on mixing lines to-
wards the sediments, suggesting the validity of this cut-off.

To assess diagenesis by optical microscopy, we followed a protocol
employed by McArthur et al. (2012), using a small VOOM®© metal
spatula to peel off the brachiopod shells onto weighing papers for
scrutinization. We would expect to observe certain features as signs of
‘good preservation’, including (1) translucent and light colour; (2)
original shell-like shape, flakiness, and lineation (i.e., primary structures
remain); and (3) vitreous lustre (Fig. S1 A-D). If the primary low-
magnesium calcite (LMC) brachiopods were dissolved and recrystal-
lized, the new abiotic calcite would generally lose the primary structures
of the original biogenic calcite. Compared to SEM inspection, optical
microscopy can avoid observational biases which may arise from sample
heterogeneity when viewing only a small portion of the sample
(Ullmann and Korte, 2015). However, because some samples were not
large enough to be peeled by spatula, we could only apply this method in
limited cases, with only 28 samples being assessed in this way (Table S1,
‘Microscope’ column), and 7 samples did not meet these criteria. How-
ever, this method is not fully quantitative, and therefore was combined
with geochemical screening.

Due to a limited understanding of diagenetic processes, shell growth
rates, and ancient seawater compositions, debates are ongoing in terms
of the choice of geochemical filters and appropriate cut-off values for
diagenetic alteration in fossil samples (Ullmann and Korte, 2015). Also,
the alteration of elements with a short reactive length scale in pure
carbonate settings (e.g., Ca) may not be a useful tracer for elements with
longer reactive length scales (e.g., Sr), implying that it is important to
select multiple appropriate diagenesis proxies, favouring elements with
similar reactive length scales (Fantle et al., 2020). Previous research on
the diagenesis of fossil samples in sediments suggests that Li isotopes
might be significantly altered during recrystallisation (Andrews et al.,
2020; Fantle et al., 2020; Ullmann et al., 2013). Metal elements (Mn and
Fe) have been proposed as diagenetic (recrystallisation) proxies (Brand,
1989; Fantle et al., 2020; van Geldern et al., 2006; Washington et al.,
2020), because Mn and Fe can be incorporated into recrystalised car-
bonate from reduced fluids. Given that the samples from Rode and
Lieberman (2004) contain large amounts of pyrite, which might imply
reduced fluid conditions, Mn and Fe are included in the analysis. Bra-
chiopods typically have a low Mn and Fe content; therefore, observa-
tions of high concentrations would likely indicate interactions with
reduced fluids bearing high Mn and Fe concentrations (Ullmann and
Korte, 2015). Strontium can also be lost during the carbonate
dissolution-recrystallisation process, while high Mg contents may indi-
cate potential dolomitization (Ullmann and Korte, 2015).

We selected a series of widely used diagenesis proxies, based on the
elements that should indicate recrystallisation processes, including Mg/
Ca, Sr/Ca, Mn/Sr, Fe/Ca, and oxygen isotopes (Fantle et al., 2020; Ull-
mann and Korte, 2015; Washington et al., 2020), to compare to the Li
concentrations or Li isotopes (Fig. 3). The trends among these proxies
can serve as evidence for diagenesis. If no trends were observed, we set
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the expectations for the initial chemical composition based on modern
brachiopod studies (Dellinger et al., 2018; Ullmann et al., 2017)
(Table S3) and ran a diagenesis model, comparing the simulation results
with the samples (Supplementary Materials) (Fantle and Lloyd, 2025).
The diagenesis model employs reactive transport modelling to deter-
mine how the elemental and isotopic compositions would have changed
during the process of carbonate recrystallisation, with given initial
conditions and partition coefficients (the parameters and assumptions
can be found in the Supplementary Materials). However, in a multi-
reactive phase system, such as brachiopods hosted in shale, both sili-
cate and carbonate minerals are reacting in the sediments, with impli-
cations for the behaviour of Li. Because Li has low concentrations in
fluids and carbonates, but has a high partition coefficient into silicate
minerals, it might have longer reactive length scales than the above
(diagenetic proxy) elements, so there is a chance that the Li concen-
tration and/or isotopic composition of a sample could be altered without
signs of alteration in the proxies with shorter reactive length scales
(Penniston-Dorland et al., 2017; Fantle and Lloyd, 2025). Therefore, we
do not use these major element proxies to make any firm conclusions
regarding whether samples have been diagenetically altered or not, only
that Li is more likely to have been diagenetically altered in certain
samples.

A cross-plot between Mg/Ca and Sr/Ca ratios (Fig. 3C), as an indi-
cator for recrystallisation, shows positive trends for some samples
(potentially suggesting diagenesis for some samples), although both Mg/
Ca and Sr/Ca ratios are within the range of modern brachiopods
(Table S3). We select three initial carbonate conditions (see Supple-
mentary Materials for details) and run the diagenesis model to simulate
how the carbonate chemistry would be altered (Fantle and Lloyd, 2025).
We do not intend to use this model to represent all possibilities, but
rather to illustrate some possible scenarios. The diagenetic trajectories
suggest that as recrystallisation proceeds, samples would gradually lose
Mg and Sr relative to Ca, but the range of chemical variation observed
between the samples cannot be fully explained by the diffusion-
dominated recrystallisation process by starting with certain initial
values. However, subtle positive trends in some sample sets (Fig. 3C, red
arrows) and model runs (Fig. 3C, red lines) may suggest that at least the
Canadian Appalachian and Missouri samples with lower Mg/Ca and Sr/
Ca ratios might have undergone recrystallisation. Furthermore, the
cross-plot between Sr/Ca ratios and Li isotopes (Fig. 3E) shows that the
loss of Sr coincides with elevated Li isotope compositions in the Appa-
lachian (cut-off = ~ 1.2 mmol/mol) and Missouri (cut-off = 0.6 mmol/
mol) samples, suggesting that the Li isotopes in these samples might be
diagenetically altered (Ullmann et al., 2013).

Diagenesis of some samples is further confirmed in other proxies.
Lithium isotopes begin to show a decreasing trend beyond our cut-off of
Mn/Sr = 0.6 mmol/mol (Fig. 3F), and there is a rough negative trend
between Li/Ca and O isotopes for the Canadian Appalachian samples
(Fig. 3D, circles). There are also subtle positive trends in the Li/Ca versus
Fe/Ca cross-plot at high Fe/Ca values (Fig. 3H), which yields a threshold
of 0.9 mmol/mol (the samples are mainly clustered in two groups and
Fe/Ca = 0.9 mmol/mol is the cut-off to separate them), which is similar
to the upper limit of the Fe/Ca range in modern brachiopods (Fig. 3H;
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Fig. 3. Diagenesis assessment using geochemical proxies. A: Li isotopes versus Al/Ca ratios to assess potential silicate contamination. The yellow arrow indicates a
potential silicate contamination trend. The red dashed lines are mixing lines with r = 0.2, 1, 5, starting from two sets of end-members (represented by red triangles).
The value of r determines the curvature of the mixing line; for its definitions and the mixing line equations see Langmuir et al. (1978) and the Supplementary
Materials. The end-members have Li isotope compositions of 60 %o or 15 %0 with Al/Ca = 0, representing pure brachiopod carbonates, and a Li isotope composition of
4 %o with Al/Ca = 3 mmol/mol, representing shale residues (Pogge von Strandmann et al., 2013). The yellow dashed line is the cut-off adopted in the setting, and
samples beyond this line were excluded. B: Li/Ca versus Al/Ca ratios. The red dashed lines are the mixing lines with r = 0.2, 1, 5, between carbonate and shale end-
members (represented by red triangles). The yellow dashed line is the cut-off adopted in the setting, and samples beyond this line were excluded. C: Sr/Ca versus Mg/
Ca ratios to trace potential recrystallisation. The three red lines represent three exemplar results from a diagenesis model (see main text), and the red arrows indicate
the diagenetic trajectories. D: O isotopes versus Li/Ca ratios. The red line indicates the results from the diagenesis model, and the red arrow indicates the diagenetic
trajectory. E: Li isotopes versus Sr/Ca ratios. The yellow arrows indicate potential diagenetic trends. The filled markers indicate samples that were excluded based on
this cross-plot. F: Li isotopes versus Mn/Sr ratios. The yellow arrow indicates potential diagenetic trends. The yellow dashed line is the cut-off adopted in the setting,
and samples beyond this line were excluded. G: Li isotopes versus C isotopes. The yellow arrow indicates potential diagenetic trends. The filled markers indicate
samples that were excluded based on this cross-plot. H: Li isotopes versus Fe/Ca ratios. The yellow dashed line is the cut-off adopted in the setting, and samples
Eeyond this line were excluded. The label ‘Appalachian’ in the legend means Canadian Appalachian.

Table S3). All samples have C isotope compositions within the range of Dellinger et al., 2020; Pogge von Strandmann et al., 2019b). Such a

modern brachiopods, but there is a slight increasing trend between Li system has been extensively investigated by dual-system diagenesis
and C isotopes (Fig. 3G), potentially implying that they might be modelling (e.g., Andrews et al., 2020; Fantle et al., 2020). The key
diagenetically altered (Ullmann et al., 2013). Overall, the multi-proxy finding from these studies is that, considering the rate of clay authi-
diagenetic filtering helps rule out a further 30 samples (Table S1) on genesis (and therefore the rate of Li removal) in pore water outcompetes
top of the clay contamination screening and microscopy screening (44 the effect from diffusion (Chanda et al., 2023), the dissolution/authi-
samples ruled out in total). genesis of clay should dominate the Li concentrations and isotopic
Eighteen of the total unscreened brachiopod samples show high 8"Li compositions in the pore fluid, thereby taking them out of an equilib-
values (values > 31 %o, the modern seawater value) (Fig. 2A). Similar, rium state with regard to the carbonate. That is to say, in pore water, 6Li
exceptionally high Li isotope compositions, have also been reported in is preferentially incorporated into authigenic clays (or other secondary
previous studies and likely result from diagenesis (Andrews et al., 2020; minerals), leaving 7Li enriched in the fluid, along an isotopic-distillation
Kalderon-Asael et al., 2021). These high §’Li values are unlikely to evolution pattern (Andrews et al., 2020; Seyedali et al., 2021). As the
reflect vital effects, because the A7Licalcite-seawater Values in modern chemical composition of carbonate is not in equilibrium with the
brachiopods are small, with little variation among species, and with no composition of the pore water, which is altered due to clay authigenesis,
clear relationship between species and &’Li values (Dellinger et al., the carbonate components (i.e., brachiopods) in the shale may establish
2018). Furthermore, these high values are also unlikely to reflect orig- a new equilibrium with the pore water via diagenesis and partly inherit
inal seawater signals for three reasons: this pore water chemistry (e.g., Fig. S1IE) (Andrews et al., 2020). On the
basis of this theory, if we assume that highly altered samples have low Li
(1) The samples with high §’Li values generally have lower Li/Ca contents but high &”Li values, we would expect a negative trend between
ratios (Table S1) than the range for unaltered brachiopods (Li/Ca 8’Li values and Li/Ca ratios, and this feature is observed for some
= 15-50 pmol/mol) (Dellinger et al., 2020) (Table S3). The lower samples in our dataset (Fig. 4A).
Li/Ca ratios suggest that the brachiopods may have experienced We further used the Li and Na concentrations in the brachiopod
diagenetic alteration leading to Li loss and/or exchange that may calcite (i.e., Li/Na in solid) to calculate the Li/Na values of the pore fluid
potentially change Li isotope compositions (Dellinger et al., (i.e., Li/Na in fluid) in which the carbonate was precipitated (Fiiger
2020). et al., 2019) (Fig. 4B). This approach is feasible because both Li and Na
(2) If brachiopod 5’Li values as high as 58 %o (Fig. 2A) were to reflect are monovalent trace elements that are associated with the presence of
an original signal, then the global seawater Li budget would have defects on a crystal surface, so have a similar partitioning mechanism.
needed some combination of the following extreme scenarios: a The empirical relationship is as follows:
significantly muted hydrothermal Li input, as this is a source of
isotopically light Li (Hathorne and James, 2006); an isotopically [Li/Calypyq — 0.707Lo [Na/Cd] 44 0.563 1)
heavy global riverine flux (considerably more extreme than seen [Li/Ca]g,q [Na/Cadlg,;q
in modern rivers); and a greater degree of isotopic fractionation
(A Ligeawater-sink) during removal into the oceanic Li sinks (altered We emphasise that this calculation involves several assumptions: it uses
oceanic crust (AOC) and marine authigenic aluminosilicate clays Li and Na partition coefficients into carbonate minerals during precip-
(MAAGQ)) (Li and West, 2014; Zhang et al., 2021). However, there itation under experimental, instead of diagenetic, conditions, and it
is little evidence that any of these pathways were in place during requires the Na and Ca concentrations of Devonian seawater, which we
the Devonian period (Kalderon-Asael et al., 2021; Mills et al., have adopted from modelled Late Devonian values (Na/Ca = 32 mol/
2017; Williams et al., 2021). mol) (Demicco et al., 2005). Based on those calculations, our altered
(3) The samples with high §’Li values are particularly common in a brachiopod samples can be explained by isotopic distillation with an
few locations (e.g., samples labelled with YA from Siberia, or STR isotopic fractionation factor (o) of 0.992 (ranging between 0.985 and
from Germany; Table S1), suggesting the possibility of local post- 0.997), and/or by varying the starting points for the initial Li/Na ratios
depositional diagenetic overprinting. in the fluid (Fig. 4B). Such a range of fractionation factors agrees with

previous studies (Pogge von Strandmann et al., 2019a). The calculated
Most of the samples (16 out of 18) with high 8’Li values were pore fluid Li/Na value is comparable to (or higher than) that of the

determined to be diagenetically altered by our geochemical diagenesis present-day seawater value, and the screening methods above have
filtering process (see above) and were ruled out for further analysis successfully ruled out the majority of the abnormally high &"Li values
(Table S3, Fig. 2). The remaining two samples are not excluded from that could be caused by this process (black sample points in Fig. 4B).
further analysis. From the above observations, we conclude that caution should be
We hypothesise that the high &’Li values in those altered samples taken when assessing paleo-records from carbonates hosted in silicate-
could be due to alteration of calcite by pore waters during early dominated sediments (Andrews et al., 2020). Due to the long reactive
diagenesis in a clay-carbonate dual system (e.g., Andrews et al., 2020; length scale of Li in the dual shale-carbonate system, the recrystallised
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Fig. 4. A: Negative relationship between Li/Ca ratios and Li isotopes in brachiopod samples. The two red triangles represent the ‘initial carbonate’ (bottom right) and
the ‘fully altered carbonate’ (top left). B: Reconstructed pore fluid Li/Na ratios and Li isotopes. The dots are data from the Late Devonian (360-385 Ma) brachiopods,
where the red dots are the samples which passed the screening for diagenesis, and the black dots are the samples that failed the screening. The red square shows the
modern seawater Li/Na ratio and Li isotope composition. The four lines model possible isotopic-distillation evolution pathways, starting from initial fluids with
different compositions from today (open black circles). The samples with high 87Li values can be explained by an isotopic-distillation fractionation with different
fractionation factors (0.997, 0.992, 0.985), and/or with varying initial fluid Li/Na compositions (60 pmol/mol, 200 pmol/mol). The Li/Na ratios of those two initial
fluids are determined from the clusters of data points with the highest Li/Na ratios and lowest Li isotope compositions, as we do not know the Li/Na values of
seawater in the Devonian. Assuming modern-like seawater Li/Na ratios, the intermediate fit to the data (gold line) is obtained using a fractionation factor of 0.992.
The range of fractionation factors could be explained by Li partitioning into different binding sites, the effects of kinetic fractionation, and/or differences in reaction
pathways. Note that not all samples are plotted here, since Li/Na ratios were not measured on every sample.

carbonate could have inherited a signal from pore waters which have
undergone significant isotopic-distillation processes. Also, in low mag-
nesium carbonate (LMC), Li and other monovalent metals mainly exist
in interstitial positions instead of in the mineral lattice (Marriott et al.,
2004). Therefore, the porewater and calcite can exchange Li, Na, and
other alkali metals even without recrystallising carbonate minerals
(Yoshimura et al., 2017).

Generally, our samples have relatively intermediate Al/Ca (0.61 +
0.39 mmol/mol, n = 73), Mn/Sr (0.58 + 0.52 mmol/mol, n = 70), and
Fe/Ca (0.52 + 0.41 mmol/mol, n = 60) ratios, but they have high Mn/
Caratios (0.55 + 0.85 mmol/mol, n = 68). Although optical observation
tools can identify some samples which have undergone diagenesis, the
geochemical filtering is a more general technique and can more robustly
identify samples that display diagenetic signatures (i.e., samples ruled
out by optical tools are also ruled out by the geochemical tools). Overall,
the combination of our geochemical-based silicate contamination and
diagenesis screening ruled out 44 samples (out of 73 samples, 67 of
which had Li isotope data), such that 23 samples are considered valid as
robust paleo-archives for Li isotopes. By using a strict application of
these screening tools, we have good confidence that all the brachiopod
samples that have potentially been chemically altered or contaminated
have been filtered out. The samples that passed the diagenesis filtering
are indicated in Table S1 and are used in the following interpretation.

We emphasise that only 23 out of 73 samples (of which Li isotopes
were measured in 67 samples) passed these assessments, and this pro-
portion (~30%) is lower than that reported for Cenozoic brachiopods
(~50%) (Washington et al., 2020) and for mixed collections of car-
bonates (~70%) (Kalderon-Asael et al., 2021). In addition to the impacts
of the distillation process described above, the method used here to
obtain the carbonate powders (i.e., drilling or peeling off by spatula)
could also have contributed to the low pass rate, since the average Al/Ca
value from the peeled-off samples was 40% higher than in the drilled
samples (0.71 + 0.25 mmol/mol, n = 29 vs. 0.54 + 0.46 mmol/mol, n =
42, respectively). This difference might be because brachiopod fossils
embedded in shale bedrock can contain detrital silicate phases (i.e.,
clays) between the carbonate layers (Fig. S1E), such that the peeling-off
method may increase the risk of contamination from non-carbonate
minerals. In contrast, the tips of dental drills are small enough to
avoid sampling any silicate host rock, so the samples obtained by drilling
are less likely to be contaminated.

4.2. Drivers of the increase in Devonian seawater & Li values

Our data suggest that Devonian seawater 8"Li values increased by ~
10 %o around the Givetian Stage (~378-385 Ma) (Fig. 2B). This increase
accounts for a large part of the observed rise over the past 3 Ga
(Kalderon-Asael et al., 2021), and considerably narrows the timeframe
for the major Phanerozoic increase in the seawater Li isotope composi-
tion. At first glance, such a monotonic increasing trend contrasts with
the variability in the Devonian seawater Sr isotope curve (Fig. 2C),
which generally reflects the timing of major orogenic events. As the Sr
isotope ratios are considered to be sensitive to variations in hydrother-
mal activity and/or continental weathering due to orogenic processes
(McArthur et al., 2012), the decoupling of Li and Sr isotopes may suggest
that the Li isotope record of this study was not predominantly controlled
by these two factors. Also, the sustained increase in the Li isotope
compositions suggests that the increase is unlikely to have been linked to
transient events (e.g., Large Igneous Province eruptions). Instead, the
increase may be related to step changes, such as changes in plant evo-
lution, or variations in the composition of the atmosphere. However, a
more detailed analysis is needed to understand the actual cause for such
a relatively rapid and monotonic change.

To further investigate the drivers of the Devonian Li isotope rise, we
used a steady-state isotope mass balance (IMB) to assess the effect of
variations in the input and output fluxes of Li on the Devonian Li cycle.
We adopted a steady-state approach because the timescale of this study
(~60 Myr) is significantly longer than the modern-day residence time of
Li (~1 Myr), and because the sample resolution is too low to properly
observe non-steady-state changes over shorter timescales (Kalderon-
Asael et al., 2021; Li and West, 2014; Misra and Froelich, 2012; Vigier
et al., 2015). The IMB model has three inputs (continental weathering,
hydrothermal activity, and subduction refluxes) and one combined
output (Kalderon-Asael et al., 2021; Misra and Froelich, 2012). The
output consists of two parts: (1) low-temperature authigenic clay for-
mation, and (2) high-temperature seafloor alteration, which are essen-
tially the same water-rock interaction processes occurring under
different temperatures (Seyedali et al., 2021). To avoid adding
complexity to the model, we combined them as one output, which is
referred to as reverse weathering (see Supplementary Material for more
details). Under steady-state conditions, the Li isotope composition of
seawater can be calculated by setting the inputs equal to the output
(Equation (2)).
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F, river X 5river + F hydrothermal X ﬁhydroﬂlermal +F, subduction X ﬁxubduction)

Oseawater = F
sink

In this equation, ‘F’ represents flux, and ‘6’ represents isotopic compo-
sition (full descriptions of the variables are found in Table S6 and the
Supplementary Materials). We use the Li fluxes and their isotopic
compositions, including the weathering flux (Fyiyer), hydrothermal flux
(Fhydrothermal), subduction flux (Fsypduction), and sink fractionation factor
(Aseawater-sink), to calculate the Li isotope composition of seawater (&
seawater) 11 @ SteadY'State scenario, Friver + thdmtherma + Fsubduction =
Fgink-

Theoretically, the Devonian rise in the seawater Li isotope record
could be explained by changes in any of the inputs or the output
(Equation (2)). For example, an abrupt increase in A7 Ligeawater-sink by 10
%o would be sufficient, by itself, to drive the 10 %o increase in 5’Li values.
Changes in the sink fractionation factor are believed to be related to the
reverse weathering process, which is highly dependent on pH and Si
concentrations (Kalderon-Asael et al., 2021). Given that the secular Li
isotope increase was monotonic, and that a high &’Li seawater signature
has persisted until today, an increase in the isotopic fractionation of the
sink could theoretically have been related to changes in reverse
weathering as a result of decreasing ocean Si concentrations. However,
it has been suggested that decreases in Si concentrations through time
were related to the evolution of radiolarians and/or diatoms, which
prospered during the Cambrian and Mesozoic respectively, and there-
fore were not contemporaneous with the Li isotope increase observed
here (Isson and Planavsky, 2018; Mackenzie and Kump, 1995; Trower
et al., 2021). Hence, any explanation invoking a sudden change to the
sink fractionation factor currently lacks sufficient evidence. On the other
hand, the magnitude of the increase in seawater 8”Li values suggested by
our data cannot be explained solely by a reduction in the size of the
hydrothermal flux or by a similar reduction in the subduction refluxes.
In fact, changes to these inputs would likely result in a maximum in-
crease of less than 3 %o, even if the fluxes were reduced to 0 mol/yr,
because these input fluxes (at least in the modern day) have similar
isotopic compositions (~6 to 8 %o for hydrothermal, and ~ 5 %o for
subduction reflux) to the inferred seawater composition (~10 %o) prior
to the Li isotope rise (Fig. 2B). Therefore, unless their past isotopic
compositions were substantially different to today, changes to hydro-
thermal activity or the subduction refluxes would not change the
seawater isotopic composition to the degree seen in our data.

After ruling out variations in the other fluxes as major drivers of the
observed Li isotope increase, we propose that continental weathering
changes are the most appropriate candidate. If the magnitude of the
global riverine Li flux remained unchanged across the Devonian period,
the mean 8" Liyiver value would have needed to increase by considerably
more than 10 %o (assuming the Early Devonian seawater value was ~ 5
%o (Kalderon-Asael et al., 2021)). Alternatively, if the riverine §’Li value
was equal to the modern-day average (23 %o), and did not vary through
the Devonian period, the global riverine Li flux would have needed to
increase by ~14 times. However, the simple IMB method applied above
lacks any representation of the dynamic relationship inherent between
Li fluxes and Li isotope compositions (Caves Rugenstein et al., 2019;
Kalderon-Asael et al., 2021; Li and West, 2014), and thus it is difficult to
decipher whether a change in the flux or the isotopic compositions of the
continental weathering input was the major contributing factor to the
increase in seawater &’Li values at this time, or whether it was a com-
bination of both (Vigier and Godderis, 2015). Therefore, we introduce
an improved Monte Carlo model that not only considers the relationship
between Li fluxes and their Li isotopic composition, but is also able to
include a wide range of uncertainties for various parameters (see
Tables S6, S7) (Kalderon-Asael et al., 2021). The main construction is

Aseawater sink
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@

described below, and more details are found in the Supplementary
Materials.

The modern ocean residence time of Li is ~1 Myr (Pogge von
Strandmann et al., 2013), and a similar residence time for Li might be
expected for the Devonian Period. Previous studies therefore used 1 Myr
timesteps to build such a model (e.g., Li and West, 2014; Vigier and
Godderis, 2015). However, to apply the steady-state equation, we need
to ensure that the oceanic Li budget reaches steady state at each time
step. Thus, our steady-state box model in this study was built with a
longer 3 Myr timestep, with 20 steps between 420 Ma and 360 Ma. This
decision is a conservative compromise, reflecting the poor understand-
ing of seawater Li chemistry and reverse weathering processes (which
influence the sink of Li) in the Palaeozoic. We run the model as a set of
Monte Carlo simulations, with a resampling number set at 2000 times, in
order to obtain a sufficient number of trials from which we can infer
statistical meaning (Kalderon-Asael et al., 2021).

The previous box modelling study (Kalderon-Asael et al., 2021)
randomly sampled the weathering fluxes (Frver) and their isotopic
compositions (8yiver) Within a certain range (e.g., Fyiver Wwas sampled from
a uniform distribution in the range from 0 to 10 Gmol/yr). In compar-
ison, the key improvement in our model is that we use existing evidence
of the relationships between Fyer and its isotopic composition with
temperature, denudation rate, reaction rate, and regolith thickness to
calculate their values, with known uncertainties used to constrain their
possible ranges (see Supplementary Materials). In this way, the riverine
flux and isotopic values input to the model have a physical basis.

()"
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The Li weathering flux (Fyiye;) is calculated based on the weathering flux
(W), which is itself derived from Equation (3) (see details in the Sup-
plementary Materials and the parameters in Tables S6, S7) (West, 2012).
In this equation, W is determined by the denudation rate (D, D =
chemical weathering (W) + physical erosion (E), indicating total
amount of material removed in a certain period of time), the reaction
rate for fresh rock dissolution (K), surface run-off (q, which is propor-
tional to precipitation (P)), temperature (T), and effective regolith
thickness (z). We slightly modified the parameter K, by following Maffre
et al. (2022) to add an additional term to consider the decaying reaction
rates of rocks with time (denoted as K’; Equations (3) and (4), where z(
—1.83 t/m? ~ 2.25 m). Herein, we follow the definition of West (2012)
on the ‘regolith’ as the uppermost part of the crust that produces the
weathering flux, and thus we do not distinguish between the terms
‘regolith’ and ‘soil’. Hence, this ‘regolith’ term does not equate to the
true thickness of regolith. The terms Ea and R are the activation energy
and gas constant, respectively, while r and ¢ are mathematical fitting
parameters (Table S7)

The isotopic compositions of the weathering flux (8yiyer) are esti-
mated from the observed ‘boomerang’ relationship between weathering
intensity (WI; Equation (5)) and §’Li values in modern rivers (Dellinger
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et al., 2015). This approach considers three mechanisms, including Li
release from primary minerals, and both release and removal from
secondary minerals. The details of how we capture the non-linear rela-
tionship between WI and &’Li values are given in the Supplementary
Materials.

We fed the model by inputting Devonian records of temperature,
denudation rates, and other parameters into Equation (3), with their
uncertainties, along with a range of possible regolith thicknesses (West.,
2012), in order to calculate the W and corresponding Li flux (Fyjyer) and
its isotopic composition (8yiver)-

With our modelled Li riverine flux and its isotopic composition, and
assuming the other fluxes were within the ranges we set in our Monte
Carlo simulation, we generated a set of possible seawater &’Li curves for
the Devonian. Following Kalderon-Asael et al. (2021), we adopted an
uncertainty of + 4 %o for the reconstructed seawater Li isotope curve
(Fig. 5B, black lines), which considers the uncertainties arising from the
Li isotope fractionation between carbonate and seawater, as well as
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some minor fluid diagenesis. Any modelled runs which did not fit the Li
isotope records for the Devonian seawater within those constraints were
excluded. The remaining model results, where the set of inputs gener-
ated model results that fit the paleo-record (Fig. 5A), are then used to
interpret the possible drivers of the Devonian Li isotope rise (i.e., red
dots in Fig. 5).

Considering the current understanding of how processes such as
denudation and temperature operate upon weathering, combined with
the wide uncertainty ranges sampled by our Monte Carlo approach, the
box model results suggest that the rise in seawater 8’Li values is best
explained by a ~ 10 %o rise in riverine 8”Li values (from ~ 14 %o to ~ 24
%o) (Fig. 5D), accompanied by a two-fold increase in riverine Li fluxes
across the Mid-Devonian (Fig. 5C). At the same time, the A Ligeawater-sink
shows only a minor increase from 4 %o to 5 %o during this time (Fig. 5E),
potentially suggesting it was not a major driver of those changes. The
increase in riverine Li fluxes and higher 8’Li values were linked to a
significant increase in WI from 0.01 to over 0.06 (i.e., similar to present-
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Fig. 5. Outputs from the Li box model. A: The number of runs (out of 2000) for which the model produced results in agreement with the Li isotope record. B: Model
results (red dots) which fit the seawater Li isotope paleo-record (black lines). The black solid lines in panel B indicate the upper and lower bounds from the Li isotope
records, while the dashed line indicates the average of the Li isotope records. C: Riverine Li flux. D: Riverine Li isotope composition. E: Li isotope fractionation during
removal into the Li sink from seawater. F: Weathering Intensity (W1, Equation (5)). G: Weathering congruency (f), defined as the proportion of Li remaining in the
fluid after water—rock interaction. H: Regolith thickness (z). The red data points in panels B-H are the results from individual runs that fit within the bounds of the Li
isotope records, and the black lines in panels C-H show the median values of the Monte Carlo results. For the purpose of visualisation, we modified the transparency

of the red dots: darker red indicates a greater clustering of dots.
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day global values) (Fig. 5F) (Caves Rugenstein et al., 2019), and a
decline in weathering congruency (i.e., the ratio of primary rock disso-
lution (congruent) to secondary mineral formation (incongruent))
(Fig. 5G). The change in WI was primarily driven by an increase in
weathering (W) compared to denudation (D), i.e., the increase in
weathering was of greater magnitude than the increase in denudation
rates. Overall, these results indicate that the changes in seawater Li
isotope composition could be reasonably explained by changes in con-
tinental weathering, moving from a more congruent (kinetic-limited)
weathering regime to a more incongruent (supply-limited) weathering
regime. In this scenario, the change in WI was likely linked to a change
in regolith thickness, which increased in the model from less than 0.1 t/
m?to 1 t/m? (Fig. 5H, median value), potentially suggesting that the rise
of Li isotopes was driven by the thickening of the regolith. It is also
possible that there was very thick (~20 t/m?) regolith in the early
Devonian and that the regolith thickness decreased through the mid-
Devonian (Fig. 5H, red dots at top), but this scenario is significantly
less likely (less clustering of dots).

However, it is important to note that changes in WI, weathering flux,
and riverine Li isotopic composition can be influenced by many factors
other than regolith thickness (Equation (3)). Although the Monte Carlo
method takes into consideration a wide uncertainty range in the input
parameters, the distribution of these uncertainties was set to be uniform
and to operate independently of each other, which may not necessarily
reflect real-world processes. For example, the level of CO; in the at-
mosphere can influence global average temperature, and therefore
affect the rock reaction rates and runoff. Therefore, we tested potential
co-dependencies in further sensitivity tests, including a varying runoff
rate (ratio of q to P), a CO;, level-controlled reaction rate, and changes in
the fractionation factor (see Supplementary Materials). Studies have
also emphasised the importance of reverse weathering processes on the
Earth system (Li and West, 2014; Isson et al., 2018). Therefore, despite
our simple IMB modelling suggesting that changes in the Li sink did not
substantially affect the Devonian seawater Li isotope record (see above),
we also conducted sensitivity tests for the influence of both climate-
dependent and tectono-climate (sediment)-dependent reverse weath-
ering changes on the 8"Li record generated by our model. More details of
the configurations of these scenarios can be found in the Supplementary
Materials. The relatively poorer fitting of all these scenarios (Fig. S6)
suggests that, based on our current understanding of the Devonian
Period, regolith thickening was very likely the main driver of the
weathering transformations, and consequently the &’Li record, across
the Devonian (see Supplementary Materials).

Many possible processes could have affected the regolith thickness,
including changes in vegetation, climate, slope (tectonics), and lithology
(Norton et al., 2014). Therefore, to investigate the overall drivers behind
regolith change, we consider four scenarios in this study: (1) it varies
independently of abiotic processes (i.e., regolith thickness is not
controlled by factors related to climate and/or tectonics, and is solely
influenced by biological factors such as plant evolution); (2) slope/tec-
tonic changes alone affect it; (3) climate alone affects it; and (4) slope/
tectonics and climate combined affect it. We use the baseline Monte
Carlo model (from above) to represent scenario 1 (biology). In scenario 2
(tectonics), we couple the regolith thickness to denudation rates via
Equation (6) (Gabet and Mudd, 2009). In scenario 3 (climate), we couple
the regolith thickness to the climate (precipitation (P) and temperature
(T)) via Equation (7) (Norton et al., 2014). In scenario 4 (tectonics and
climate), we use Equation (8) (West, 2012) to couple regolith thickness
to both climate and tectonics.

In (ﬁ)
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The detailed configurations and assumptions of these three additional
scenarios can be found in the Supplementary Materials. The resultant
poor fitting in all three additional tests (scenarios 2 — 4) appears to
suggest that the regolith thickening occurred largely independent of
either climate or tectonics (Fig. S7), even though these factors are
generally considered as major controls on regolith production. These
test results, based on our understanding of the Earth system during the
Devonian, may suggest that the increase in Devonian seawater Li iso-
topes is likely related to independent regolith thickening. As the root-
depth evolution of vascular plants is independent from tectonic and
climatic evolution, herein, we suggest that the rapid expansion of deep-
rooted land plants might have been responsible for the regolith thick-
ening and ultimately the changes in weathering during the Devonian, as
also hypothesized by Kalderon-Asael et al. (2021). Indeed, the timing of
the increase in our brachiopod &’Li data, and the inferred rise in
seawater 8’Li values, agrees well with the fossil records of deep-rooted
forests found worldwide in the Mid-Devonian (~385 Ma) (Stein et al.,
2020) (Fig. 2E). Unlike the avascular dwarf plants of the Ordovician and
Silurian, the roots of the Late Devonian arborescent plants could reach
several metres in depth, which may have increased the weathering
fluxes (Algeo et al., 2001). In addition, these deep roots would have
enabled the trees to bind soils, thereby decreasing soil erosion and
increasing soil residence times, eventually allowing more time for sec-
ondary mineral formation (i.e., higher Li isotope compositions; arrow 1
in Fig. 6).

The above discussion demonstrates that the Devonian Period expe-
rienced significant changes in terrestrial silicate weathering, as shown
by the reconstructed Li isotope records, and that such changes were
likely driven by plant evolution, and specifically by the presence of
deep-rooted forests. However, we acknowledge that several assumptions
are made to simplify the scenarios in our models, whereas in reality it
was likely that multiple changes to the Earth system occurred concur-
rently. For example, plants can influence continental weathering in ways
other than by changing regolith thickness, and in turn the controlling
factors on regolith thickness can be influenced by factors other than
tectonics, climate, and vegetation, such as through changes in porosity
(e.g., Dahl and Arens, 2020; Ehrenfeld et al., 2005). Hence, our model
cannot capture all the aspects by which plant evolution in the Devonian
could have influenced weathering, and only reflects a broad global
scenario with coarse spatial and temporal resolution. Nevertheless,
based on the current understanding of the Devonian environment, our
new Li isotope reconstruction, and our modelling, we consider regolith
thickening by plant root penetration to be the most appropriate expla-
nation. Overall, these results suggest that this indirect role of the
biosphere on silicate weathering rates could have been significant in
altering global elemental cycles.

4.3. Maintenance of high 8 Liseawater values in the Late Devonian and
implications for terrestrial-ocean relationships

Given that deep roots bind soils, thereby decreasing erosion rates,
their evolution likely lengthened soil and rock residence times on land
compared to the small-rooted plants that had evolved before them (Dahl
and Arens, 2020). Considering the reactivity (i.e., intrinsic weathering
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Fig. 6. Relationship between weathering intensity (WI) and A”Lisiver-source rock Values. Circles are modern observations (Dellinger et al., 2015), and the blue curve is
the modelled ‘boomerang curve’ in this study. The WI is proposed to increase from less than 0.01 in the Early Devonian to ~ 0.05-0.06 in the Late Devonian through
arrow 1 (mainly via regolith thickening). A further increase in regolith thickness would increase the WI and force the system into a supply-limited weathering regime,
producing low 8 Liyye values (arrow 2). However, the periodic destruction of forest ecosystems could remove roots and reduce the regolith thickness, re-exposing
fresh rocks and helping drive the system back to a kinetic-limited regime (arrow 3). The repeated destruction-regeneration events (arrow 3 to 1 to 2) could help to
explain why high 8 Ligeawater values were maintained during the Late Devonian.

rate) of rocks (e.g., Yoo and Mudd, 2008), and that the proportion of
reactive minerals in regolith columns decreases with time, a prolonged
soil and rock residence time would cause a decline in weathering fluxes
(Equation (4)) (Maffre et al., 2022). Therefore, we might expect the
weathering rates of primary minerals to have significantly decreased
following the Devonian plant colonisation, leading to a high WI regime
in which secondary minerals (e.g. clays) start to redissolve, producing
riverine fluxes with low &’Li values and low Li fluxes (Dellinger et al.,
2015) (arrow 2 in Fig. 6). This situation would lead to the oceanic Li
budget becoming dominated by the hydrothermal input, driving
8’ Liseawater to lower, more mantle-like, values. However, this scenario
contradicts both our data and our model observations: the modelled WI
did not soar to the high values expected from a strongly supply-limited
regime, and the 8’ Ligeawater Values remained high (20 %o) during the Late
Devonian (Fig. 2B cf. arrow 2 in Fig. 6).

To explain the apparent discrepancy between the Li isotope signa-
tures we would expect, based on modern observations, and the seawater
Li isotope compositions reconstructed from Devonian paleo-records, we
propose that the repeated destruction and regeneration of terrestrial
ecosystems helped to maintain high 8 Liseawater values during the Late
Devonian, thereby circumventing the problem of a reduction in primary
mineral availability as soils thicken. Theoretically, if the mature eco-
systems are destroyed, the roots binding the soils would be removed,
thereby increasing the erosion rates of the overlying regolith and
exposing fresh rocks. The continents would then enter a kinetic-limited
weathering regime with low WI, producing low 8’ Lisiver values and high
Li fluxes (arrow 3 in Fig. 6). The subsequent regeneration of the eco-
systems (i.e., restoration of plants) could gradually rebuild the regolith
(arrow 1 in Fig. 6), producing weathering fluxes with highly fractionated
8 Liriver values again. As the regolith thickens, the WI would increase
(arrow 2 in Fig. 6), until another destruction event removes the roots
and re-exposes the fresh rocks. These destruction-regeneration cycles
could have repeated with a high frequency, producing a quasi-stable
weathering pattern. Given the long residence time of Li in the ocean,
the oscillations in 8’ Liyyer values and Li fluxes would result in overall
high 8’ Liseawater values on million-year timescales (i.e., the oscillations
in the inputs over shorter timescales would likely be undetectable in
marine sediments). The potential causes of the terrestrial ecosystem
destruction required for such a scenario have been studied extensively,
and include widespread wildfires, which might have been triggered by
orbital variations or volcanic eruptions (De Vleeschouwer et al., 2017;
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Lu et al., 2021; Scotese et al., 2021).

As argued above, given the relatively long ocean residence time of Li,
these destruction-regeneration cycles may not be discernible in those
chemical weathering proxy records (Fig. 2B, C). However, they may
have been indirectly recorded by other proxies. For example, charcoal
records suggest wildfires became more frequent during the Late Devo-
nian, due to the expansion of lignophytes (Lu et al., 2021). The depo-
sition of black shales in North America may also have recorded these
destruction events, as evidenced by the terrestrial woody debris in these
shales (Lu et al., 2019). In addition, oscillations in ocean chemistry and
oxygen levels during the Mid-Late Devonian, as indicated by carbon and
uranium isotopes (Fig. 2G, H), as well as repeated biological events
(Fig. 2F), potentially suggest the presence of repeated destruction events
(Becker et al., 2020; Elrick et al., 2022). However, further studies inte-
grating weathering proxies, redox proxies, lithology, and organic
geochemistry with high temporal resolution, both across the Late
Devonian and targeting individual events, are needed to better establish
these relationships.

Overall, we can now better place continental weathering into the
operation of the Devonian Earth system with the evidence that
biologically-driven regolith variations were an important driver of
global silicate weathering. During the Early Devonian, shallow-rooted
plants could not efficiently recycle the nutrients in their primitive for-
est ecosystems, due to their relatively weak capability to prevent soil
erosion and nutrient loss. Therefore, this simple ecosystem could only be
sustained by continuous plant-stimulated primary mineral weathering
(Fig. 7A). During the Late Devonian, the oscillating weathering patterns
may have caused a temporally heterogeneous supply of nutrients to the
ocean due to the repeated destruction-regeneration cycles, contributing
to an unstable marine environment (Fig. 7B, C). Such environmental
stressors (i.e., changing environment) might also have allowed certain
adaptive species (i.e., ecological generalists) to disperse and thrive,
thereby reducing the overall biodiversity, resulting in the Late Devonian
mass extinctions (Stigall, 2012). In addition, the accompanying influx of
secondary minerals derived from soils and the elevated production of
organic matter could have promoted the burial of organic carbon in the
ocean, potentially making this biotic pathway a relatively more impor-
tant component of the global carbon cycle.
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Fig. 7. Cartoon illustrating the pulsed weathering pattern induced by terrestrial ecosystem destruction-regeneration cycles. A: In the Early Devonian, shallow-rooted
and non-vascular plants had a limited effect on soil retention and did not efficiently recycle nutrients. The lost nutrients were transferred into the ocean, promoting
carbonate burial, primary production, eutrophication, and ocean anoxia. B: In the Late Devonian, during the regeneration stage, deep-rooted vascular plants reduced
soil erosion, leading to a thicker regolith, and more efficiently recycled nutrients. Plants are not driven to weather rocks under these conditions, because they are no
longer in an aggrading status and could obtain nutrients via recycling. The reduced flux of nutrients to the ocean resulted in oligotrophy and ultimately oxic seawater.
C: In the Late Devonian, after the destruction stage, the disappearance of plants allowed the enhanced erosion of soils. The nutrients and organic carbon stored in the
soils were rapidly transported to the ocean, creating flash eutrophication and anoxia of seawater, and promoting organic carbon burial. The regeneration and
destruction were possibly cyclical, recurring multiple times during the Late Devonian, resulting in pulsed weathering patterns, but likely occurred too quickly to be
detectable via the ocean Li isotope record, due to buffering by its long ocean residence time.

5. Conclusions

Based on the marine carbonate samples identified to represent robust
seawater archives, a relatively rapid increase in seawater Li isotope
composition of around 10 %o in 10 million years is observed during the
Mid-Devonian. A new Li isotope box model was constructed to investi-
gate the drivers of this Li isotope shift, and it suggests that an increase in
both global weathering intensity and regolith thickness occurred at this
time. We attribute these changes to the widespread colonisation of the
continents by deep-rooted plants, which would have enhanced chemical

weathering and led to the production of thicker soils. The expansion of
deep-rooted plants likely led to an increase in the recycling of nutrients
on the continents, creating more complex terrestrial ecosystems. The
repeated destruction and regeneration of this terrestrial ecosystem may
have not only sustained high riverine §’Li values and relatively high
dissolved Li fluxes (and hence high seawater 5’Li values), but could also
have contributed to the gradual loss of marine species during the Late
Devonian and shifted the main carbon burial sink towards biotic
pathways.
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