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ABSTRACT

Chemical weathering of silicate rocks represents a critical part of the carbon cycle, and also a potential method
for the artificial drawdown of atmospheric CO; (“enhanced weathering”). However, weathering and particularly
the resulting secondary minerals (especially clays) have proven hard to measure and quantify. Here we use
lithium isotopes to examine and compare two different types of laboratory weathering experiments, using the
same initial water and rock, in order to determine their similarities and differences. Specifically, we compare
“open system” experiments, where the reacting water drips through the rock powder, with “closed system”
experiments, where the reacting water and rock are in contact in a closed beaker. The results (elemental ratios,
mobility calculations, saturation indices) suggest that closed experiments, with their longer water-rock in-
teractions times, exhibit more secondary minerals formation. This finding is confirmed by their higher “equi-
librium” solution §’Li values (§’Li = 35.7 versus 29.5 %o, respectively). The determination of their observed
fractionation factors (a = 0.983 + 0.004 and 0.977 =+ 0.003 for the open and closed experiments, respectively)
and partition coefficients between water and secondary minerals yields a test case, to determine whether the
amount of clays that form during weathering can be calculated solely from Li isotope ratios, giving values similar
to the amount of basalt dissolved. Based on potassium concentration (here the most mobile element), 1.9-3.2 g of
rock was dissolved. Based on the Li isotopes, 1.6-2.0 g of clay was precipitated during the month-long experi-
ment. This result agrees with other estimates from isotope systems, which suggest that clay formation is rapid,
which in turn has consequences for weathering processes, and especially for the efficiency of enhanced
weathering.

1. Introduction

enhance organic carbon growth, because microbes leach nutrients from
them (Grimm et al., 2019), but they also help to bury that organic car-

The chemical weathering of silicate rocks is considered to be one of
the primary methods for sequestering atmospheric CO,, and hence
controlling climate (e.g. Walker et al., 1981; West et al., 2005). During
dissolution of silicates in carbonic acid (i.e. dissolved CO5), cations are
released, which are then transported through rivers to the oceans. Here,
some cations (mainly Ca and Mg, but also some other elements like Fe)
and the dissolved carbon form carbonates, which sequester CO, for
geological timescales (Berner, 2003). At the same time, other cations
and anions released during weathering (e.g. P, K, Fe, Zn) fertilise pri-
mary productivity in rivers and the coastal oceans, which takes up CO2
into organic carbon (France-Lanord and Derry, 1997). In addition, clays
and oxides form as a by-product of chemical weathering. They not only

bon in sediments (Kennedy et al., 2014; Kennedy and Wagner, 2011;
Lalonde et al., 2012), further sequestering CO5 for geological timescales.
Chemical weathering thus drives CO2 drawdown on a variety of scales
and timescales.

The artificial acceleration of weathering (“enhanced rock weath-
ering”, ERW) is also being studied as a potential negative emissions
technology (Hartmann et al., 2013). During ERW, fine-grained silicates,
such as basalt, would be added to agricultural fields to increase the
natural weathering rate, with the aim of accelerating carbon removal
from the atmosphere.

This interest has led to a large body of literature examining both
modern and past chemical weathering processes, and also a continuing
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search for proxies for various aspects of weathering and its associated
carbon sequestration. The stable isotopes of lithium (®Li and 7Li) have
increasingly been shown to have high potential for use in this field (e.g.
Pogge von Strandmann et al., 2020). A key strength is that Li is present
in silicates in concentrations orders of magnitude greater than in car-
bonates, and hence its behaviour is entirely dominated by silicate
weathering (Kisakiirek et al., 2005), which is the process of interest in
CO,, sequestration. The Li isotope ratio (8'Li) has a fairly narrow range
in primary silicate rocks (5’Li of the mean continental crust = 0.6 + 0.6
%o (Sauzéat et al., 2015), and 3-5%o in basalts (Elliott et al., 2006)), and
this 8’Li value is transferred to surface waters during congruent rock
dissolution. However, during secondary mineral (clays, oxides, zeolites)
formation during weathering, known as incongruent weathering, °Li is
preferentially taken up (adsorbed and incorporated) by the solid phases
(Hindshaw et al., 2019; Pistiner and Henderson, 2003), leaving the re-
sidual waters isotopically heavy (8'Li of river waters = 2-43 %o)
(Dellinger et al., 2015; Huh et al., 1998; Murphy et al., 2019; Pogge von
Strandmann et al., 2017). The corresponding secondary phases tend to
be isotopically light, but they also tend to become isotopically heavier as
this process progresses since they form from increasingly heavy waters
with an approximately constant isotopic fractionation factor (Pogge von
Strandmann et al., 2023). Lithium isotopes in surface waters are also not
noticeably altered by Li uptake into plants (Clergue et al., 2015;
Lemarchand et al., 2010), or by primary productivity (Pogge von
Strandmann et al., 2016).

Lithium isotope ratios in surface waters are therefore set by the ratio
of primary silicate mineral dissolution to secondary mineral formation,
making them a useful tracer for the silicate weathering intensity, i.e. the
ratio of the weathering rate to the denudation rate (Bouchez et al., 2013;
Dellinger et al., 2015). This property has been used in numerous studies
of modern rivers (e.g. Dellinger et al., 2015; Pogge von Strandmann
et al., 2023), as well as in interpreting archives of palaeo-river waters or
seawater (e.g. Krause et al., 2023; Misra and Froelich, 2012; Pogge von
Strandmann et al., 2021b; Ramos et al., 2022; Sproson et al., 2022;
Wilson et al., 2021).

However, a few key unknowns remain in our interpretation of Li
isotope behaviour during weathering. In particular, the partition co-
efficients and isotopic fractionation factors for different secondary
minerals are not fully known. In addition, the distribution of Li removal
between adsorption (the exchangeable fraction), and uptake into oxides
and clays, is also uncertain, which matters because it is likely only the
latter phase survives in archives such as detrital material. One of the
primary methods available for characterising and quantifying these
processes is through controlled laboratory weathering experiments.
However, relatively few such studies have been completed (Hindshaw
et al., 2019; Li and Liu, 2020; Pistiner and Henderson, 2003; Pogge von
Strandmann et al., 2019b; Pogge von Strandmann et al., 2022a; Pogge
von Strandmann et al., 2021c; Vigier et al., 2008; Wimpenny et al.,
2015; Wimpenny et al., 2010; Zhang et al., 2025), especially in relation
to studies of Li isotopes in the modern natural weathering environment.

In determining the Li uptake and isotopic fractionation during
adsorption onto mineral surfaces, the exchangeable fraction in natural
weathering has so far been shown to make up no more than ~10-15 % of
the Li removed from solution, at least during basalt weathering (Pogge
von Strandmann et al., 2019b; Pogge von Strandmann et al., 2022a).
Therefore, methods are particularly needed to understand the effect of
incorporation into clays. Generally, two different types of weathering
experiments exist. The first approach aims to precipitate a single type of
secondary mineral, in order to directly measure the isotopic fraction-
ation factor (Hindshaw et al., 2019; Vigier et al., 2008). However, this
mineral synthesis approach is challenging because most clay minerals
are difficult, if not impossible, to precipitate artificially at low temper-
atures. The second approach subjects a natural and well-characterised
rock to weathering in water, and allows a combination of different
secondary minerals to form. While a fractionation factor for a single
mineral is not obtained in such weathering experiments, they provide a
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fractionation factor relevant to the mixture of secondary minerals that
form when a specific rock type is weathered (Pogge von Strandmann
et al., 2019b; Pogge von Strandmann et al., 2022a).

Of the “natural weathering” experiments, there are a further two
approaches. “Closed system” experiments react rock with water in a
closed environment (albeit not for gases like CO). This design allows
the relatively rapid supersaturation of the water, and hence the forma-
tion of secondary minerals. In such experiments using basalts, the
observed fractionation factors were found to be identical to those re-
ported from basaltic rivers (Pogge von Strandmann et al., 2019b; Pogge
von Strandmann et al., 2022a), supporting their validity and relevance
to natural systems. “Open system” experiments involve water being
continuously dripped through the reacting rock. This design involves
much larger volumes of water, meaning that such experiments have a
higher water-rock ratio. The other key difference is the continuous
addition of undersaturated water, and hence generally a longer period
before steady-state is reached. Thus, even if the two types of experiment
had the same water-rock ratio, it would be expected that the solutions in
an open-system experiment would become supersaturated more slowly.
Open system experiments may be expected to more closely mimic nat-
ural weathering scenarios, such as when rainwater seeps through soil
profiles (Pogge von Strandmann et al., 2021c).

While both open and closed system approaches have been used, to
date there has been no direct comparison between the two different
types of weathering experiment for Li isotopes. Hence, it remains un-
known how the results from the different types compare, and which are
more representative of the processes that occur during natural (or
enhanced) weathering, and therefore which are a better choice for
future weathering experiments. In this study, open and closed system
experiments were conducted using the same basalt (basanite) rock and
water and are directly compared using both major elemental chemistry
and Li isotopes, in order to facilitate the choice of future representative
weathering experiments.

2. Methods
2.1. Experimental methods

The rock used for these experiments was the Eifelgold basanite,
produced by Lava Union GmbH (https://www.rpbl.de), which effec-
tively represents a Si-poor basalt. This material is commercially avail-
able as a crop fertiliser, and has been previously used for ERW
experiments (Amann et al., 2022), including as one of the primary ma-
terials being used in the CarbDown enhanced weathering experiments
(Germany’s largest ERW scheme; https://www.carbon-drawdown.de).
The surface area of the Eifelgold was measured via BET. The water used
was groundwater from Mainz, Germany. The reason for using natural
water, rather than artificial river water, is to achieve a natural charge
balance, with reasonable amounts of alkalinity and chloride. Two rep-
licates of each type of experiment were run, to assess experimental
variability, although only samples from one experiment of each type
were analysed for Li isotopes.

The closed experiments were effectively identical to others that have
previously been run using different basaltic rocks (Pogge von Strand-
mann et al., 2019b; Pogge von Strandmann et al., 2022a). In these ex-
periments 200 g of basanite powder was added to 900 ml of water, and
then reacted in temperature-controlled shaking bath reactors at 21 °C
for just over a month (Fig. 1). The solution was periodically sampled,
with pH and temperature being recorded, and was then filtered at 0.2
pm and stored for analysis. The solids were sampled after the experi-
ments finished, dried in an oven at 80 °C, and stored for comparison to
the pre-reaction solids.

The open experiments also used 200 g of basanite powder, but in a
column, and water was added at a rate of 3 ml/h via a peristaltic pump
(Fig. 1). This drip rate into the column was tuned before the experiment
to be identical to the drip rate out of the column, which was largely
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Fig. 1. Schematic of the two experiment types.
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determined by the grain size of the reacting basanite. To ensure that the
individual drips from the pump did not drip on the same place on the
rock powder, and hence form preferential channels, a reservoir of 120
ml above the rock was added, which maintained its volume throughout
the experiment due to the identical input and output flow rates. These
experiments were also maintained at 21 °C for just over one month,
which led to a water volume of just under 2500 ml being passed through
the column. The accumulated water was sampled periodically, and the
solids were sampled in the same way as for the closed system
experiments.

2.2. Digestion and leaching methods

The initial Eifelgold basalt was digested following a standard disso-
lution procedure of HF-HNO3-HCIO4, followed by HNOs, and then HCI.

The exchangeable fraction in both the initial and post-experiment
samples was preferentially leached using 1 M Na acetate for 1 h (Liu
et al., 2022; Pogge von Strandmann et al., 2019b; Tessier et al., 1979),
after which the samples were centrifuged, and the supernatant was
pipetted off and dried down for isotope analysis.

The Eifelgold basalt was also leached for 1 h in 0.1 M HC], in order to
examine the most easily dissolved fraction.

2.3. Concentration analyses

The elemental concentrations of the filtered waters were analysed
using an Agilent 8900 Triple-Quad ICP-MS at the University of Mainz.
An on-line internal standard (Rh and In) was added to each sample and
standard, to monitor and correct for instrumental drift. Water concen-
trations were established using a calibration line made from artificial
element solutions, and accuracy and precision were monitored using the
international river water standard SLRS-6. Rock analyses used the USGS
standard BCR-2 for the same purpose. The analytical precision was +3
% for both major and minor elements.

The major element concentrations, mineralogy and grain-size of the
initial Eifelgold basalt have previously been reported (Amann et al.,
2022).

2.4. Lithium isotope analysis

For the experimental waters, sufficient water was evaporated to
obtain ~5 ng of Li, which was then purified through a two-column
cation exchange procedure using AG50W X12 and 0.2 M HCI as the
eluant, in the LOGIC laboratories at University College London. This
procedure has been used in many previous studies (e.g. Pogge von
Strandmann et al., 2019b). The same column procedure was used to
purify the exchangeable leachates, and the digested initial basalt.

Analyses were performed on a Nu Plasma 3 MC-ICP-MS, also in the
LOGIC laboratories at UCL, relative to the normalising standard IRMM-
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016, which is effectively identical to the LSVEC standard (Jeffcoate
et al., 2004; Pogge von Strandmann et al., 2019b). Accuracy and pre-
cision for the solution samples were determined by repeated analysed of
the IAPSO seawater standard, which over a period of 6 years yielded a
§’Li value of 31.18 + 0.38 %o (2sd, n = 52). The USGS BCR-2 basalt
standard was also analysed, yielding &’Li values of 2.57 + 0.30 %o (2sd,
n = 11). Hence, the long-term external error of this procedure is
conservatively +0.4 %o (2sd).

3. Results

All data tables are provided in the Supplement. Major elemental
concentrations of the initial water for the experiments are within the
range of basaltic rivers (e.g. [Mg] = 21 pg/ml, compared to < 10 pg/ml
in Iceland (Gislason et al., 1996) and <30 pg/ml in Reunion (Louvat and
Allegre, 1997); [K] = 2.9 pg/ml compared to SW Icelandic rivers of
<8.8 pg/ml (Gislason et al., 1996), and in Reunion of <5 pg/ml (Louvat
and Allegre, 1997)). Elemental ratios of this water are also similar to
basaltic rivers (e.g. Mg/Na is 0.6 compared to a range of 0.14-1.02 in
Icelandic rivers, while Ca/Na is 2.4, compared to 0.4-2.6 in Iceland
(Gislason et al., 1996; Louvat et al., 2008)).

The initial Li concentration of the experimental waters (~14 ng/ml)
is slightly higher than in basaltic rivers (<8 ng/ml in Icelandic and
Reunion rivers (Louvat and Allegre, 1997; Louvat et al., 2008)), which
may be because of the removal of Li that occurs during basaltic
weathering, as examined in this study.

3.1. Closed experiments

As the two replicates of each experiment were effectively identical,
the figures only show the data from one experiment of each type. In the
closed experiment, the solution pH values increased from 7.6 in the
original unreacted water to ~8.2 by the end of the experiments. Simi-
larly to previous basaltic closed-system weathering experiments (Jones
et al., 2012; Pogge von Strandmann et al., 2019b; Pogge von Strand-
mann et al., 2022a), the Na, Mg and Si concentrations increased by ~40
%, ~40 % and ~20 % respectively (Fig. 2). In contrast, Ca concentra-
tions decreased by ~25 %. Other elemental concentrations, such as
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Fig. 2. Mg and Al concentrations in both experiments as a function of time.
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those of Al, also increased (Fig. 2), but Fe concentrations slightly
decreased.

Lithium concentrations decreased, as in all previous basaltic exper-
iments, in this case from ~14 to 1.8 ng/ml. At the same time, the so-
lution 87Li values increased, from 15.2 to 37.3 %o (Fig. 3).

The initial unreacted solid had an exchangeable 8"Li value of 14.9 %o,
and the reacted solid in this experiment had an exchangeable 8”Li value
of 24.0 %o. The total Li concentration of this phase was ~35 ng/g, which
is ~7000 ng Li in total. Correcting for the exchangeable fraction of the
initial unreacted basalt indicates that ~4740 ng Li was added to the
exchangeable fraction throughout the experiment.

3.2. Open experiments

In the open experiment, the solution pH values evolved from an
identical initial value of 7.6 to values of ~8.4. The solution concentra-
tion behaviour was more complex than in the equivalent closed exper-
iments (Fig. 2). Major elements such as Na, Mg, K and Si tended to
increase to a peak within ~200 h, and then decrease to concentrations
similar to the initial values. Calcium concentrations behaved in the
opposite manner, decreasing rapidly, and then increasing back to higher
values. The concentrations of elements such as Al and Fe tended to in-
crease through the experiment.

The Li concentrations of these experiments appear similar to those of
the closed experiments, decreasing rapidly from the same starting point
(~14 ng/ml) to 1.4 ng/ml by the end of the experiment, but with a faster
initial decrease. The Li isotope composition also increased, reaching
29.5 %o by the end of the experiment, approximately 8 %o lower than in
the closed experiments. This behaviour results in both types of experi-
ment exhibiting negative co-variations between Li/Na ratios and §Li, as
also observed in other basaltic weathering experiments (Pogge von
Strandmann et al., 2019b; Pogge von Strandmann et al., 2022a), natural
basaltic weathering (Liu et al., 2015; Pogge von Strandmann et al., 2010;
Pogge von Strandmann et al., 2006; Pogge von Strandmann et al., 2016;
Pogge von Strandmann et al., 2021a; Pogge von Strandmann et al.,
2023; Vigier et al., 2009), and also in the natural weathering of other
lithologies (e.g. Dellinger et al., 2015; Murphy et al., 2019; Pogge von
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Fig. 3. Dissolved Li concentrations and isotopes in both experiments as a
function of time. The values at time zero are the compositions of the
initial water.
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Strandmann et al., 2017).

The exchangeable fraction of the reacted post-experimental solid had
a Li concentration of ~87 ng/g, and a 8"Li value of 24.3 %o, and hence
accumulated ~14,900 ng Li in the entire experiment (when corrected
for Li in the exchangeable fraction of the initial basalt). The higher
concentration of Li in this fraction, compared to the closed experiments,
is likely because of the greater total water volume used.

4. Discussion
4.1. Mobility

The relative mobility of an element determines whether it prefer-
entially goes into solution (mobile), or is retained by secondary minerals
(immobile). Generally during natural basaltic weathering, Na is the most
mobile major cation, and hence mobility is calculated relative to [Na],
with the formula: [x/Na]water/[X/Nalrock (Gislason et al., 1996), where x
is the element under investigation. In Icelandic or Azores basaltic rivers,
K is generally similarly mobile to Na, while Mg, Ca and Li are approxi-
mately an order of magnitude less mobile, and elements such as Mn, Al
and Fe are around two orders of magnitude below that (Gislason et al.,
1996; Pogge von Strandmann et al., 2010; Pogge von Strandmann et al.,
2016; Pogge von Strandmann et al., 2021a).

Similar overall patterns are observed in these experiments with
basanite, but there are differences between the experiments, despite the
identical rock and initial water used. In the final sample of both exper-
iments (approaching steady-state), the mobility order is K > Na > Ca >
Mg > Li > Si > Al, Fe, Mn. However, the relative mobility in the closed
experiments is lower for every element (by a factor of 1-2) than in the
open system experiments (Fig. 4). This result suggests that the elemental
uptake by secondary minerals is greater in the closed experiments, but
also that the mixture of secondary minerals is not significantly different
between the experiments (i.e. the formation rate is different, but not the
mineral type, as the relative abundance of elements in the solution does
not change). This scenario makes sense, given that it is quicker and
easier for a smaller volume of water to become supersaturated.

4.2. Mineral saturation behaviour

Mineral saturation indices (SI) were calculated using the PHREEQC
programme (Parkhurst and Appelo, 1999), with elemental concentra-
tions, pH and temperature as inputs, and with the addition of the
THERMODDEM and MINTEQ thermodynamic databases. In both
experiment types, the main primary minerals (forsterite, plagioclase,
pyroxene) were similarly undersaturated (Fig. 5), suggesting that these
minerals were dissolving throughout the experiments. The typical
basaltic secondary minerals (smectite, kaolinite and Fe-oxyhydroxides

10
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Relative mobility
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Fig. 4. Elemental mobility for a range of elements relative to Na (Gislason
et al., 1996) for each experiment type.
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(kaolinite, smectite) minerals in both experiments as a function of time.

such as goethite and ferrihydrite, as well as poorly crystalline or
amorphous allophane and imogolite (Stefansson and Gislason, 2001))
were all supersaturated, implying that the precipitation of these min-
erals was feasible, generally with the degree of supersaturation
increasing with time (Fig. 5). We note that the initial versions of the
precipitating minerals were likely amorphous precursors, rather than
fully crystalline clays (Pogge von Strandmann et al., 2019b).

In the final samples of each experiment type (i.e. those closest to
steady-state), while the secondary mineral supersaturation levels were
similar, the saturation indices were consistently higher in the closed
experiments (by factors of ~1.5-2; Fig. 5). This result implies that sec-
ondary mineral formation was likely higher in the closed compared to
the open experiments, supporting the idea that the more limited volume
of water would become more easily supersaturated, and in agreement
with the observed differences in elemental mobilities (Fig. 4).

4.3. Major element behaviour

While the elemental mobility and saturation indices suggest sec-
ondary silicate mineral formation, the formation of secondary carbon-
ates appears not to play a significant role in either experiment. In
general, Ca/Sr ratios are often considered as an indicator of carbonate
precipitation, because the Ca/Sr ratio of carbonates is high (higher than
the ratio of basalts, with molar ratios of up to 4000), and hence car-
bonate formation will drive the Ca/Sr of waters towards lower values (e.
g. Jacobson et al., 2015; Jacobson and Blum, 2000; Pogge von Strand-
mann et al., 2019c). Here, the Ca/Sr ratio in both experiments increases
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with time, indicative of dissolving basalt (with Ca/Sr ~ 890). However,
the pattern of the Ca/Sr increase is different between the two experi-
ment types (Fig. 6): in the open system experiments, the Ca/Sr contin-
uously increases (Fig. 6), and never reaches an apparent equilibrium (i.e.
ratio steady-state), whereas the closed system experiment reaches a
steady-state after ~400 h.

The same picture arises when examining elements that are involved
in secondary silicate mineral formation. For example, the comparison of
mobile/immobile element ratios, such as Al/K, shows a continuous in-
crease towards (but not close to reaching) the high value of basalt (~2.7)
in the open experiment, while the closed experiment rapidly reaches a
plateau (Fig. 6). This plateau implies that secondary minerals containing
both K and Al started precipitating, and that a dynamic steady-state
condition is much more rapidly reached in the closed experiment than
in the open one. This finding is as expected because a smaller volume of
water should more rapidly reach both saturation and steady-state
(equilibrium) more rapidly. In other words, major elemental behav-
iour reaches equilibrium between dissolution and precipitation signifi-
cantly more rapidly in a closed experiment than in an open one, likely
due to the continuous addition of undersaturated water in the latter
case.

4.4. Trace element behaviour

Part of the interest, and concern, regarding the possible widespread
use of enhanced weathering reactions is the potential for the release of
critical micro-nutrients (e.g. Cu, Zn) and/or toxic heavy metals (e.g. Ni,
Cd, Co). Experiments like those conducted here may help to determine
the release rates and fate of such metals that could be sourced from the
dissolution of basalt. Several of these elements, as well as their isotopes,
are also used to study natural systems in waters, such as nutrient supply
or organic matter behaviour (e.g. Cu, Zn, Ba; Horner and Crockford,
2021; Little et al., 2019).

For all the elements mentioned above, the solution concentration
decreases throughout both experiment types. For example, Ba concen-
trations decrease by an order of magnitude, and Ni by more than a factor
of 3 (Fig. 7). This pattern strongly suggests that they are being taken up
by (silicate) secondary minerals during the inorganic weathering
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Fig. 6. Elemental ratios (Ca/Sr and Al/K) in both experiments as a function
of time.
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process.

For enhanced weathering applications, the implication of this
removal process is that it is less likely that drinking water thresholds for
these metals will be breached, which is in agreement with previous
enhanced weathering experiments and studies (e.g. Haque et al., 2020;
Iff et al., 2024; Pogge von Strandmann et al., 2022b; Renforth, 2012;
Renforth et al., 2015). However, it is suggested that plants obtain a
significant proportion of their nutrients from the soil exchangeable
fraction (i.e. adsorbed to the surface of secondary minerals), or even
leach them from clays (e.g. Steinhoefel et al., 2021). Hence, if large
proportions of the toxic heavy metals are taken up by these fractions, it
could lead to the solid fraction of soils eventually breaching safety
guidelines, especially with repeated applications of amendment rock (Iff
et al., 2024).

For the examination of natural systems, the implication is that the
cycling of these elements (and their isotopes) may also be strongly
controlled by the specifics of the inorganic weathering process,
including adsorption and secondary mineral formation processes.
Therefore, these effects may need to be disentangled, especially if these
systems are being used to reconstruct past changes in natural processes.

4.5. Rock dissolution

In previous basaltic water-rock interaction experiments (Jones et al.,
2012; Pogge von Strandmann et al., 2019b; Pogge von Strandmann
et al., 2022a), the major element concentrations (e.g. Na, K, Mg, Si) were
used to determine the amount of basalt dissolution. This calculation
assumes that those elements are insignificantly affected by secondary
mineral formation. In the case of the closed experiment, the solution
concentration must be corrected for the decrease in water volume due to
sampling to calculate the elemental mass, and then compared to the
theoretical elemental mass change that would have occurred if only the
water volume but not the concentration had changed. Then, using the
elemental concentrations of the Eifelgold basalt, the amount of basalt
nominally dissolved can be calculated.

In the closed experiment, based on Na concentrations, ~0.5 g of
basalt was dissolved. Based on Mg concentrations, this figure is ~0.1 g,
implying that Mg has been removed from solution into secondary
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minerals, as also shown by Mg having ~5 times lower mobility than Na
in these experiments (Fig. 4). The concentrations of K, the most mobile
major cation here, in the bulk basalt suggest that ~1.9 g of basalt was
dissolved, which would be a dissolution rate of ~0.06 g/day. This
behaviour of K agrees with other experiments using the Eifelgold
basinite, and was attributed to the abundance of nepheline [NagKAl4.
Si4016] (Amann et al., 2022), a feldspathoid that is common in the Eifel
region, and which has higher dissolution rates than other Na-dominated
rock-forming minerals (Lasaga et al., 1994).

This calculation is more difficult for the open system experiments,
because both [Na] and [Mg] are lower by the end of the experiments
than at the start (Fig. 2), although both reach a peak early in the
experimental run. This deficit remains when correcting the mass balance
for the amount of the relevant element continuously added through the
input solution, implying that Na and Mg are being removed into sec-
ondary phases or the exchangeable fraction. The precise reason for this
difference from the closed experiments needs to be investigated further.
However, using the K concentrations would suggest that ~3.2 g of basalt
was dissolved (a rate of ~0.09 g/day). This is further discussed below in
terms of the mass balance.

From the above calculations, two aspects become clear: i) the
different experiment types lead to different amounts of basalt dissolu-
tion, with faster dissolution in the open experiments; ii) given appar-
ently variable dissolution and precipitation, a single diagnostic element
to quantify basalt dissolution does not exist. This example highlights one
key reason why isotope geochemistry has often taken the forefront in
weathering studies.

4.6. Lithium mass balance

Although aspects of the two types of experiments appear similar,
such as their general Li behaviour, the mass balances of Li are very
different. For the closed experiments, the Li available at the start of the
experiment is that contained within the initial 900 ml of water. Lithium
is then removed from solution into secondary phases and the
exchangeable fraction, as demonstrated in previous similar basaltic
weathering experiments (Jones et al., 2012; Pogge von Strandmann
et al., 2019b; Pogge von Strandmann et al., 2022a). The mass balance
calculations at each step therefore have to take into account the decrease
in solution volume due to sampling; thus, the initial solution contained
~12,500 ng of Li, which decreased to ~940 ng by the end of the
experiment. Such a loss of almost 93 % of dissolved Li is comparable to
previous basaltic experiments, where 82-87 % of dissolved Li was lost.
In the case of both experiments, the dissolution of ~1.9-3.2 g of basalt
would imply that on the order of 10,000 ng of Li were added to solution
by rock dissolution. However, this process is not observed in mixing
diagram, where solution Li isotope ratios follow removal trends with no
resolvable trend towards higher [Li] and lower 8Li that would be ex-
pected from the addition of Li from bulk rock dissolution (Fig. 8). Hence,
it seems likely that the amount of Li removed was significantly larger
than the amount added by dissolution. We therefore conclude that the
addition of K during rock dissolution is from incongruent dissolution of a
K-rich, Li-poor mineral (likely nepheline).

This hypothesis was further investigated by leaching the Eifelgold in
0.1 M HCl for 1 h. The Li/K mass ratio of the leach is ~5 x 107>, while
the Li/K ratio of the bulk basanite is ~3 x 10~ The Li/K ratio of the
reacted waters rapidly reaches a plateau at a similar value to the leach of
~3 x 107>, Thus, it appears that the earliest dissolution of the rock
releases K, but not much Li, which is likely why the Li removal trends
detailed below (Section 4.7) exhibit no obvious Li addition by dissolu-
tion. Hence, Li addition by dissolution is an insignificant factor in our Li
budget and is not accounted for here. In other words, the solids must
have gained ~11,600 ng of Li during the course of the experiment.

Of the Li lost to the solids, the exchangeable leach suggests that ~41
% of the Li went into the exchangeable fraction. This proportion is
higher than in the previous basaltic weathering experiments, where
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Fig. 8. Dissolved Li isotopes as a function of Li concentrations. Error bars are
smaller than the symbol sizes.

<16 % went into the exchangeable fraction. This difference is unlikely to
be due to the grain size, because the values are similar (Eifelgold: 3.1
m?/g; Borgarfjérdur sand in previous publications: 3.88 m?%/g). The
likely key difference between the two basalts is likely that the Eifelgold
is freshly quarried and ground, while the Borgarfjordur sand was
collected from a river bank, and is therefore already weathered. Hence,
the fresher surfaces in the Eifelgold could provide more potential sites
for cation exchange. However, this idea requires further testing.

In the open system experiment, the mass balance is more complex,
because water containing ~14 ng/ml Li was continuously added to the
experiment. In total, 34,800 ng of Li was introduced during the course of
the experiment. The decreasing Li concentration of the reacting water
means that a total of ~3470 ng of Li actually made it through the col-
umn, which means that ~91 % of dissolved Li (~31,300 ng) was
removed into solid phases. The water/rock ratio of these experiments
was 12.5, significantly higher than the closed experiments (4.5 at the
start of the experiment).

In this experiment, ~48 % of the Li lost from solution was taken up
into the exchangeable fraction. This proportion is similar to the pro-
portion in the closed experiment (~41 %), which suggests that grain
freshness, rather than the experiment type, could be a major controlling
factor.

4.7. Lithium isotope fractionation

In both experiments, the exchangeable fraction removed a similar
proportion of the Li from solution, despite the quite different amounts of
Li added from the solutions. However, the fractionation into that frac-
tion, based on the final solution §’Li value, differed between the ex-
periments. For the closed experiment, the A Liexch-soln Was —11.7 %o,
indistinguishable from previous (closed) basalt weathering experiments
(Pogge von Strandmann et al., 2019b). Assuming that the remainder of
the Li was removed into secondary minerals (oxides + clays), and that
equilibrium was reached, this implies a fractionation of A Liseemin-soln =
—26.6 %o. This value is similar to, but slightly larger than, the —22.5 to
—23.9 %o fractionation inferred from the previous experiments. This
small difference could be a function of the different rock type (basalt
versus basanite), and hence some differences in the secondary minerals
that formed.

In contrast, in the open experiment, A7Liexch,soln was —5.2 %o, and the
cumulative secondary minerals can be inferred to have exerted a frac-
tionation of A”Ligecmin-soln = —14.3 %o. The lower fractionation of both
the exchangeable fraction and the combined secondary minerals is likely
due to the lower water-rock interaction time in the open experiments. A
number of studies have shown that the dissolved §”Li values in natural
systems depend on the water-rock interaction time, for example by
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comparison to fluid drip rates or riverine discharge, with §’Li values
decreasing as interaction time decreases (Golla et al., 2022; Pogge von
Strandmann et al., 2023; Wilson et al., 2021; Zhang et al., 2022). In
basaltic river suspended loads, the magnitude of Li isotope fractionation
between the exchangeable or clay fraction and water also decreases as
interaction time decreases (Pogge von Strandmann et al., 2023).
Therefore, the lower fractionation for both the exchangeable fraction
and secondary minerals for the open experiment, where the water-rock
interaction time is significantly shorter, is consistent with those studies,
and provides independent experimental verification.

Although more than twice the amount of Li was removed from so-
lution in the open experiment compared to the closed experiment, and
more Li was also added because of the higher water volume, the dis-
solved Li isotope behaviour was broadly similar between the two ex-
periments (Fig. 3). However, there are differences in the relationship
between [Li] and §’Li in the experiments (Fig. 8), with different &'Li
values achieved once relatively constant [Li] is reached. Fig. 8 also
demonstrates that no significant Li was added from rock dissolution, as
that would drive solution [Li] higher, and §’Li lower.

In both types of experiments, similar trends are observed in &’Li
values versus Li/Na ratios occur (Fig. 9), and the negative relationships
between these two parameters implies that Li is being removed into or
onto secondary phases. While the relatively narrow ranges in §’Li values
for most of the experimental waters make it difficult to determine
exactly which fractionation law is being following, the closest match for
both experiments is to an equilibrium (batch) fractionation relationship,
due to the relatively constant 8’Li values with changing Li/Na ratios
towards the ends of each experiment (Fig. 9). This result is in contrast to
previous basaltic experiments, where a Rayleigh fractionation rela-
tionship was better able to explain the data (Pogge von Strandmann
et al., 2019b; Pogge von Strandmann et al., 2022a).

The difference in fractionation behaviour between these experiments
and those conducted previously may be due to a lack of previously
formed secondary minerals and the presence of significant fresh surfaces
due to grinding in the Eifelgold. In contrast, the previous experiments
used weathered river sands, which were not ground, and hence surfaces
were likely at least partly covered by secondary minerals (Jones et al.,
2012). Such differences likely drove faster reaction rates in the Eifelgold.
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Fig. 9. Dissolved Li isotopes versus Li/Na ratios, indicating Li isotope frac-
tionation behaviour. The curved lines represent equilibrium fractionation
paths, with the solid lines corresponding to the best-fit mean, and the lighter
dashed colours representing the upper and lower uncertainty bounds. The
dashed black line is an example of a Rayleigh fractionation pathway, showing
how such a pathway does not fit these data. The numbers correspond to the o
value for the main pathways. Error bars for Li isotopes are smaller than the
symbol sizes. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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Therefore, these faster-reacting experiments could have evolved more
quickly towards true equilibrium than the previous slower-reacting ex-
periments, leading to Li isotope fractionation behaviour that is better
described by equilibrium fractionation. This effect is also observed in
river waters from the Amazon Basin, where settings with faster-reacting
fresh rocks tend to follow equilibrium fractionation, whereas
slower-reacting older rocks tend to drive a Rayleigh fractionation trend
(Maffre et al., 2020).

Assuming that equilibrium fractionation appropriately describes
these experiments, the best-fit fractionation factor for the closed
experiment is o« = 0.977 + 0.003, and for the open experiment is a =
0.983 + 0.004 (Fig. 9), where the uncertainty is based on the error in the
regression fit. These values are similar to fractionation factors of ~0.98
observed during the alteration of the oceanic crust (Chan et al., 1992),
and basalt particles in estuaries (Pogge von Strandmann et al., 2008), as
well as a series of clay formation experiments: a = 0.9812 (Vigier et al.,
2008), 0.9813 (Millot et al., 2010), 0.9834 (Hindshaw et al., 2019), and
theoretical calculations of a = 0.9828 (Dupuis et al., 2017).

With a “known” fractionation factor, a starting Li isotope composi-
tion, and the measured solution Li isotope composition, it is possible to
calculate the fraction of Li left in solution and that taken up into sec-
ondary minerals using standard stable isotope formulae (Pogge von
Strandmann et al., 2019a; Pogge von Strandmann et al., 2019¢; Vigier
et al., 2009). Given the arguments above, we use an equilibrium frac-
tionation formula and alpha value. It is then possible to calculate the
concentration of Li taken into the secondary minerals, using the solution
Li concentration and a partition coefficient. Here we examine the use of
two different coefficients: 1) the experimental smectite partition coef-
ficient from Decarreau et al. (2012), the only study to experimentally
examine this process, based on their relationship between Declay/solution,
temperature and solution concentration, of D ~ 26.04 (Decarreau et al.,
2012); 2) the partition coefficient directly from these experiments, based
on the measured Li mass balance (i.e. Li removed from solution relative
to that remaining in solution), of D ~9.04 for the open experiments, and
D ~12.4 for the closed experiments. As well as uptake into clays, the
latter partition coefficients will also include uptake into the exchange-
able and oxide fractions. Note also that they directly stem from reactions
at room temperature, whereas the experiments of Decarreau et al.
(2012) were conducted at higher temperature, and then extrapolated by
that study to lower temperatures. The equations are:

65—
=——+1 Eqn. 1
Jouter = 1000 tna an
fclay =1 _fwater Equ. 2
. Lil, e
[Ll}clay = ([f]wate ><fclay>D Eqn 3
water

where f is the fraction of Li in that phase, and & is the §’Li value
(subscript i is the initial value).

The [Li] (Li concentration in the water or clay; Eqn. (3)) can then
theoretically be converted to a total mass of Li in the secondary minerals
by using the initial mass of the basalt from the start of the experiment (in
this case 197.3 g). This assumes that most of the elements in the clay
stem from the basalt. This approach assumes that all the basalt in the
reactor had contact with the drip water, which may not be entirely
correct for the open-system experiment, and hence it would be a
maximum estimate. This calculation, based on the fluid Li isotope ratios,
suggests that ~28,500 + 2500 ng of Li was removed into secondary
minerals in the open experiments (using the lower Dejay/solution Pased on
our experiments), which is remarkably close to the ~31,300 ng calcu-
lated via the concentration-based mass balance (see above). In other
words, Li removal amounts based on isotopic fractionation appear to be
fairly accurate. Using the higher value of D for smectite (Decarreau
et al., 2012), this value would be ~82,000 + 7200 ng according to Eqn.
(3), which appears significantly too high, and may be because part of the
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removal was into the exchangeable fraction with a lower fractionation
factor (Pogge von Strandmann et al., 2020). Note that the uncertainty in
these values is the propagated 2sd uncertainty in the analyses of the
values of «, §’Li, [Li], D and the basalt mass.

Calculating the actual amount of clay that forms clearly depends on
“knowing” the Li concentration of the clay, which in turn requires clay
synthesis experiments, such as those of Decarreau et al. (2012) or
Hindshaw et al. (2019). The former study provides a relationship be-
tween solution and clay concentration, but only at a lowest temperature
of 75 °C. Using this relationship and our solution [Li] suggests that up to
46 g of clay could form, which is likely too high (i.e. 23 % of the ~200 g
of basalt reacted), given how little basalt appears to have dissolved.
Hindshaw et al. (2019) synthesised clays at 20 °C, and using their
longest-reacted clay concentration of ~7 pg/g, the open experiments
suggest approximately 4.0 g of clay formed during the reaction of 200 g
of basalt (i.e. ~2 % of basalt reacted) during a month.

Applying the same calculation to the closed experiments, using our
experimental Dclay/solution Value, suggests that 13,000 & 1100 ng of Li
was removed into clays, which compares well to the estimate of
~11,600 ng from the mass balance approach. Using the clay Li con-
centrations of Hindshaw et al. (2019), it which would equate to ~1.8 g
of clay (1 % of basalt reacted).

Interestingly, the above calculations would imply less secondary
mineral formation per amount of basalt in the closed experiments, which
could appear to be in contrast to the evidence mentioned above (i.e.
saturation indices, major elements, mobility, solution §’Li). This dif-
ference is effectively because more water passed through the open ex-
periments, and both the mass balance and the chemical reaction are at
least partially dependent on the amount of water. Hence, if calculated
relative to the amount of water used in each experiment, it equates to
~1.6 £ 0.2 g of clay per litre of water for the open-system experiments,
and ~2.0 + 0.3 g/1 for the closed experiments. In other words, based on
this quantification method, the open-system experiments appear to form
more secondary minerals per unit of rock, but less per unit of water.

The significant point of these calculations is that it is possible to
reliably (here within ~12 % of the mass balance value) calculate the
amount of Li removed from water by secondary mineral formation based
on the solution Li isotope composition and concentration. With a
partition coefficient, it is then also possible to calculate the mass of Li
taken into clays, and with a “known” clay concentration therefore also
the amount of secondary minerals formed. Therefore, in the context of
natural or enhanced weathering, it may be feasible to quantitatively
determine clay formation from 8’Li measurements. Importantly, for any
given rock-water system, these calculations require a “known” isotopic
fractionation factor and partition coefficient. Such parameters could be
determined by conducting similar experiments to this study using the
specific weathering materials of interest, thereby enabling the quanti-
tative determination of clay formation in field locations.

Such a possibility of constraining clay formation could be particu-
larly important for enhanced weathering reactions, where the uptake of
cations by clay formation and adsorption will reduce the efficiency of
CO4 drawdown (because the cations necessary for carbonate formation
and alkalinity charge balance are retained within clays) (Pogge von
Strandmann and Henderson, 2015). Clays can also be important in terms
of surface passivation, where they form on the surface of reactive sili-
cates, thus slowing the reaction rates (Beerling et al., 2020). However,
clay formation is generally hard to measure, given that there are no
diagnostic elemental signals. As shown here, Li isotopes could poten-
tially provide a route to quantify secondary mineral formation.

The data from these experiments suggest that, firstly, the mass of
rock dissolution and clay formation approximately balance. This would
generally be expected, given that clay precipitation is required to
continue to dissolve primary minerals (e.g. Stefansson and Gislason,
2001). Secondly, the formation of clays is rapid. There is a tendency,
especially in enhanced weathering, to assume that clay formation is too
slow to impact ERW, largely because of studies based on elemental
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concentrations. However, studies based on Li (e.g. Pogge von Strand-
mann et al., 2023), Mg (e.g. Oelkers et al., 2019) and Si (e.g. Geilert
et al., 2023) isotopes show that clays can form within weeks during
natural weathering. While rates are typically faster during laboratory
experiments than in the field, this study (together with the natural
studies mentioned above) shows that clays are a factor that must be
considered even in single year ERW applications.

5. Conclusions

This study set out to compare open (drip-through) and closed system
weathering experiments, especially for their Li isotope behaviour. In
terms of general elemental behaviour, the overall patterns are similar.
However, often the concentrations in the closed experiments appear to
reach an equilibrium value fairly rapidly, while in the open experiments
there is more variation. These differences lead to small variations in
calculated elemental mobility and saturation indices, whereby the
closed experiment has higher secondary mineral saturation by the end of
the experiment, and slightly lower mobility of most cations than in the
open experiment. This implies more (or faster) secondary mineral for-
mation in the closed experiments, which is to be expected, given that it is
easier to supersaturate a smaller volume of water. Whether this effect is
directly due to the higher water-rock ratio of the open experiments, or
more indirectly due to the continuous addition of undersaturated water,
is unclear at this point, and more experiments are needed to resolve this
question.

The experiments also show similarities and differences in Li isotope
behaviour, with dissolved 8’Li values increasing throughout both ex-
periments, but finishing at slightly higher values in the closed experi-
ments (5”Li = 35.7 %o) versus the open experiments (8"Li = 29.5 %o). The
87Li values in both experiment types appear to reach a steady-state value
at similar rates (within ~100 h). However, the Li concentrations in the
experiments continue to decrease after attaining approximately constant
8’Li values, showing that both experiments can be explained by an
equilibrium fractionation trend, whereby concentrations can change
without significant concomitant changes in 87Li values.

The two types of experiment also yield Li isotope fractionation fac-
tors that are within uncertainty of each other (a = 0.983 + 0.004 and
0.977 + 0.003 for the open and closed experiments, respectively), which
are also indistinguishable from fractionation factors calculated for the
alteration of the basaltic oceanic crust (Chan et al., 1992), or of basalt
particles in an estuary (Pogge von Strandmann et al., 2008). Hence, the
two experiments show evidence of (very slightly) variable equilibrium
fractionation factors, but also different fractions of Li removal, leading
to different final solution 5’Li values.

We also demonstrate that fractionation factors and partition co-
efficients from experiments such as these can reasonably be used to
quantify secondary mineral formation in experimental and perhaps also
natural settings, which may be particularly useful for studying enhanced
weathering reactions in field settings. In the case of these experiments,
we estimate that ~1.6 + 0.2 g of clay per litre of water for the open
system experiments, and ~2.0 + 0.3 g/1 for the closed experiments
formed within one month, representing approximately 1 % of the initial
mass of basalt. This mass is similar to the amount of basalt dissolved
(1.9-3.2 g, based on K concentrations and assuming congruent disso-
lution), meaning that a significant proportion of dissolved material was
rapidly taken up into or onto secondary minerals.
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