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Abstract. Avoiding the most damaging consequences of climate change will almost certainly require pairing rapid emission
cuts with large-scale carbon dioxide removal (CDR). Among the proposed CDR pathways, enhanced weathering (EW)
20 accelerates natural mineral dissolution to convert atmospheric CO: into long-lived bicarbonate and carbonate reservoirs.
Despite the many reported data from EW experiments, large uncertainty remains about the realisable CDR potential of applying
rock materials to agricultural land. One of the relevant sinks for CO: is the transfer to bicarbonate alkalinity, and various EW
studies have reported a wide range of results for this process. Intercomparison of these data is problematic due to the different
experimental set-ups, environmental conditions as well as combinations of rock materials and soil types. In order to assess and
25 compare the realisable CDR potential of various EW combinations, a large greenhouse experiment was set up in which 4
different soil types (7 different soil batches) were treated with 13 different feedstock materials. The experiment included
growing perennial ryegrass (Lolium perenne) and was conducted over two years with high irrigation rates (> 2000 mm a-1)
and elevated temperatures (>19 °C) to speed up the weathering process. Alkalinity production was highly variable among the
treatments and some even showed a loss of alkalinity compared to their controls. Consistent with expected dissolution kinetics,
30 alkalinity production rates followed the trend: steel slag > limestone / carbonate-rich metabasalt > peridotite > basanite. Matrix
analyses of soil properties versus feedstock revealed that alkalinity production from acidic soils was highest. At higher pH-
levels (> 7 pH), carbonate mineral saturation likely constrains further dissolution, potentially favouring carbonate formation.
Detailed analyses of cation pools (exchangeable, carbonates, oxides and clay) revealed large changes within the first year
where 10-50 times more cations were retained than exported via leachate, making the realised CDR potential as alkalinity
35 relatively small compared to the CDR potential of cations retained. Understanding the dynamics of transfers between cation
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pools and their potential saturation are important to develop models and enable projections. Data reported from EW studies so

far are insufficient to enable calibration of models, specifically if projections in CDR-realisations should span decades.

1 Introduction

In order to limit global warming below 2 °C, climate mitigation strategies must involve drastic reductions in emissions besides
40 actively removing CO: from the atmosphere (IPCC, 2018). Achieving the Paris Agreement’s goal of limiting global warming
by 2050 will require the annual removal of 7-9 billion tonnes of CO: (Smith et al., 2024). As no single approach is suitable
for every ecological or geophysical context, this will necessitate a diverse portfolio of carbon-dioxide-removal (CDR) methods

(Fuss et al., 2018; Medicine et al., 2019).

45 Land-based CDR approaches include afforestation, application of biochar to agricultural soils and enhanced weathering (EW),
as well as engineered technologies such as bioenergy with carbon capture and storage (BECCS) and direct air carbon capture
and storage (DACCS). Further approaches include ocean-based strategies, such as ocean alkalinity enhancement that increases

the ocean’s capacity to absorb and store COs-.

50 Among terrestrial strategies, enhanced weathering is particularly appealing due to its scalability, its additional ability to
improve soil and plant health and its potential for long-term carbon sequestration (Beerling et al., 2020). EW involves
amending soils with crushed silicate rocks (or other alkaline feedstocks) to accelerate their chemical weathering reaction with
CO:.. In soil and rainwater, dissolved CO- forms carbonic acid (H.COs), which can react with silicate minerals (Berner et al.,
1983; Walker et al., 1981). A classic example of this process is the dissolution of wollastonite (CaSiOs) (R1) (Almaraz et al.,

55 2022; Hartmann et al., 2013):

CaSiO; + 2H,C05 + H,0 — Ca?* + 2HCO5 + H,Si0, (R1)

This reaction sequesters atmospheric CO: by converting it into bicarbonate (HCOs") with carbonic acid as an intermediate,
while releasing calcium (Ca®"). Similar reactions release other cations (e.g. Na*, K* or Mg?") that charge-balance alkalinity,
which contributes to long-term carbon storage in soil solutions, groundwaters, rivers and the ocean (Wolf-Gladrow et al.,
60 2007). Alkalinity that reaches the oceans has a residence time of 88-121 thousand years (Middelburg et al., 2020) ultimately

leading to the precipitation of carbonates or remaining dissolved as (bi)carbonate (Berner, 2003; Hartmann et al., 2013).

Further, this terrestrial form of CO: sequestration does not lead to land-use conflicts as it can be combined with agriculture
and may even improve soil and crop health (Buss et al., 2024; Haque et al., 2019). It is therefore considered more sustainable
65 than plant biomass carbon, which is often quickly returned to the atmosphere through decomposition of organic material (Fuss

et al., 2018; Smith, 2005).



https://doi.org/10.5194/egusphere-2025-5402
Preprint. Discussion started: 24 November 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

The fate of the released cations and associated alkalinity (mainly carbonate alkalinity: HCO* & CO3%*) determines the
efficiency and permanence of CO: sequestration by EW, together with long-term changes in soil organic carbon (SOC) storage
70 and CO; degassing from soils. Ideally, one mole of alkalinity will form for each mole of charge-equivalent released base
cations (e.g. Ca**, Mg?", Na* and K*). However, the fate of cations after mineral dissolution is uncertain. Within soil pore
water, cations may also charge-balance non-carbonate anions such as NOs™. Base cations may be lost from the soil pore water
in exchange for other cations via plant uptake and temporary adsorption onto cation exchange sites (CEC) on soil or organic
particles, or by incorporation into newly formed minerals such as secondary carbonates, clay minerals, (hydro)oxides, or
75 organic-mineral complexes (Kanzaki et al., 2025; Pogge von Strandmann et al., 2025; Sparks, 2003; Steinwidder et al., 2025;
Tisdale et al., 1985; Wimpenny, 2016).
Although field trials are still essential for evaluating real-world feasibility, monitoring and sampling leachate and gas fluxes
can be challenging in such open systems (Clarkson et al., 2024). As an alternative, closed systems in a controlled environment
enable improved understanding of crucial processes. While a greenhouse mesocosm approach should not entirely replace field
80 trials for quantifying CDR potential, it is more cost and labor-effective to test high numbers of rock/soil combinations in
controlled environmental conditions than in the field. Controlled experiments can also be used to investigate longer-term
processes, because weathering reactions are more rapid at constantly higher temperatures and water supply (West et al., 2005).
Depending on the design of experiments, an initial 'flushing period' of cations is often observed within the first few weeks of
setting up soil column or pot experiments (Amann et al., 2022; Vorrath et al., 2025). This phenomenon can influence early
85 measurements of cation release, CO; efflux and alkalinity generation and has been observed in previous studies (e.g. Amann
et al., 2020). This has been attributed to the 'Birch effect' that in this case happens because of disturbance (sieving, drying and
rewetting) of the soil system during experiment preparation and setup (Birch, 1958; Smith et al., 2023). Such disturbances can
lead to preferential release of soluble ions, increasing mineralisation of organic matter and CO, efflux, desorption from cation
exchange sites or displacement of pore water. These mechanisms may affect the interpretation of short-term experiments when
90 used to interpolate for long-term weathering processes. Therefore, interpretation of long-term CO, sequestration requires

understanding of initial adjustment phases and their rate changes of cation release.

Most published research on pot, column or mesocosm trials investigating the potential of enhanced weathering (EW) to
sequester CO: and the fate of released cations relies primarily on short-term experiments that typically last from a few weeks
95 to a few months. Examples of known test periods are 8 weeks (Haque et al., 2019); 64 days (te Pas et al., 2025); 99 days
(Vienne et al., 2022); 120 days (Kelland et al., 2020); 5 months (Renforth et al., 2015); 6 months (Pogge von Strandmann et
al., 2022b); 32 weeks (Ten Berge et al., 2012); 340 days (Amann et al., 2020). To the best of our knowledge, the only long-
term pot trial monitoring leachate alkalinity with multiple feedstocks is by Buckingham & Henderson (2024), lasting 16

months, with collection of soil solutions in 13 sampling events. By combining a longer experimental phase under controlled
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100 conditions, with multiple soils and feedstocks and high-frequency sampling, we were able to separate short-term dynamics

from longer-term shifts.

Here, we present a comprehensive dataset from an approximately two year long greenhouse mesocosm trial of EW with
cultivation of Lolium perenne (perennial ryegrass) in 10-litre buckets. The diverse set of experiments was designed to
105 investigate the export of alkalinity in leachate waters Initial experiments began in January 2023 with four replicates for each
treatment. A second group of experiments started in January 2024 and included seven replicates for each soil-feedstock

combination.

Over the last two years, we have conducted around 400 pot tests, and all of this data is available on Github. Although our trials
110 included various soil types and feedstocks that might be suitable for EW, this work focuses on a select number of setups where
a specific feedstock was applied to several different soils, or where a diverse range of feedstocks was applied to one specific
soil (197 pot trials). The materials investigated represent a variety of commonly studied EW amendments (e.g. peridotite,
basanite (low-Si basalt), metabasalt, glacial rock flour, limestone, cement and steel slag), tested on numerous soils of European
temperate climate (Hartmann et al., 2024). These experiments were conducted in a greenhouse with elevated temperatures
115 (>19 °C all year) and high irrigation rates (2000 to 4000 mm a™'). It is therefore important to note that this study provides

results under accelerated weathering conditions rather than real-field conditions in a temperate climate.

The leachate data presented here cover either 250 or 650 days of observation, from a total of 197 experimental setups,
depending on the start date. This data set is unprecedented in terms of its long experimental duration and coverage of a variety
120  of EW amendments applied to numerous soils of European temperate climate. It is providing a valuable opportunity to evaluate
the potential of EW through alkalinity production in different agricultural soils. In addition to monitoring the leachate
alkalinity, potential alkalinity sinks within the soil were investigated in a subset of experiments by measuring carbonate
formation, cations trapped on exchange sites, and cations in other secondary phases. Our hypothesis is that alkalinity export
from soils is higher following the application of alkaline materials for the purpose of EW. Our results provide valuable insights

125  for cation and carbon accounting in EW deployments, including the role of soil cation sinks.

2 Experimental set up and analytical methods
2.1 General experimental design

Given the objectives of this study and the need for controlled comparisons between different soil types and their treatments, a
controlled greenhouse mesocosm experiment was selected as the most appropriate approach. This design allows for detailed
130  investigation under uniform conditions and ensures that observed differences in weathering rates and chemical transformations

are primarily driven by soil characteristics and rock amendments, rather than by external environmental variability.
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Each mesocosm comprised a stacked pair of 10-litre lysimeters (average @ ~ 25.6 cm, height 26.3 cm) that formed a closed
soil-water-gas system (Fig. 1). The bottom bucket functioned as a leachate collection tank. Two push-in fittings, one near the
base and one near the rim, were linked by a transparent PVC tube which was used to measure the leachate level as well as to

135  drain during sampling. The upper port also allowed for headspace gas sampling. This tank was sealed to the upper 'soil' bucket
by a perforated lid with silicone sealant around the edge. The base of this upper bucket was lined with root fleece and a 3 cm
layer of washed quartz sand to ensure an even flow and to prefilter the leachate (Fig. 1). Above the sand, 10 cm of unamended
soil was topped by ~15 cm of the treatment mix (sieved soil plus EW feedstock, see Tab. 1). In selected pots, electronic CO-
sensors (NDIR-CO; Sensor ‘Sensirion SCD30 CO:’) were embedded in the upper soil-rock horizon to measure pCO,. To

140  monitor how the feedstock surface area, mass and mineralogy might change over time, a tea-bag test sachet filled with 5 g of
feedstock was added in the top layer of selected experiments. Note that these tea bag samples are not further discussed in this
work, but are mentioned here as they may have also added weathering products to the leachate. Finally, 20 earthworms (mix
of Eisenia foetida, Dendrobena veneta, Lumbricus terrestris) were added to each pot to allow bioturbation and 3 g of Lolium
perenne seeds were uniformly distributed on top.

145 This greenhouse setting ensured that all mesocosm experiments experienced identical climatic conditions, thus allowing for
accelerated weathering conditions. Moreover, having a temperature constantly above 19 °C (temperature range Fig. S1) and
high leachate formation due to irrigation up to 2,000 mm a! allowed for a shorter experimental period necessary to detect
different biogeochemical trends.

To maintain a broadly consistent chemical composition and low background alkalinity, irrigation water was supplied from a

150 rainwater cistern. The irrigation system (Netafim's Netbow irrigation rings with 4 outlets and a diameter of 12 cm) was
automated to deliver water four times a day in six-hourly intervals to ensure consistent and comparable levels of soil moisture.
During the hot summer months, the irrigation rate needed to be increased up to 4,000 mm a’! to ensure leachate formation due
to the very high evapotranspiration rates (Tab. S5. Irrigation rates applied by period).

In addition, the mesocosm design allowed precise control of experimental variables such as rock amendment application and

155 easy access for leachate sampling. Our experimental design also simplified logistical demands to accommodate large-scale

monitoring across a total of 400 mesocosms in one site.
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6 CO, Sensor; 7 Earthworm; 8 Layer of soil-feedstock mix; 9 Tea bag; 10 Lolium Perenne;
11 Irrigation ring.

Figure 1: Schematic sketch of Carbdown greenhouse mesocosm. Modified after Paessler et al. (2023).
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165

Table 1. Overview of soils, treatments, replication across experimental batches and starting dates.

Fiirth 1 LUFA 2.1 LUFA22A | LUFA22B | LUFA6SA | LUFA6SB Fiirth 2
Started Started Started Started Started Started Started Started
01/2023 01/2023 01/2023 01/2024 01/2023 01/2024 04/2023 05/2023
Controls Controls Controls Controls Controls Controls Controls Controls
n=4 n=4 n=4 n=7 n=4 n=7 n=4 n=4
Basanite Basanite Basanite Basanite Basanite Basanite Cement concrete Basanite
40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 EW 140 t ha-1 40 t ha-1
n=4 n=4 n=4 n=7 n=4 n=7 n=4 n=4
Metabasalt Metabasalt Metabasalt Limestone Metabasalt Limestone (meta) Leuco-basalt |Basanite
40 t ha-1 40 t ha-1 40 t ha-1 10 t ha-1 40 t ha-1 10 t ha-1 EW 2 40 t ha-1 200 t ha-1
n=4 n=4 n=4 n=7 n=4 n=7 n=4 n=3
Peridotite Peridotite Peridotite Peridotite Peridotite Peridotite (meta) Leuco-basalt
40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 EW 3 40 tha-1
n=4 n=4 n=4 n=7 n=4 n=7 n=4
Serpentinised
Steel slag Steel slag Steel slag Steel slag Steel slag Steel slag
peridotite
40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1 40 t ha-1
EW 4 40 t ha-1
n=4 n=4 n=4 n=7 n=4 n=7
n=4
Serpentinised
Glacial Rock
peridotite
Dust 40 t ha-1
EW 540 t ha-1
n=4
n=4
Serpentinite
EW 6 40 t ha-1
n=4
Leuco-basalt
EW 740 t ha-1
n=4

2.2 Soils

The soils selected for this experiment are of diverse origins. Two soils were sourced from the Carbon Drawdown Initiative's
field trial site in Fiirth, Germany: 'Fiirth 1' was sampled in January 2023 for comparison with earlier field and lysimeter
experiments at this site. 'Fiirth 2' was sampled from the same field in late March 2023 for use in further pot trials. Three

standardised soils from the Speyer Agricultural Research Institute (LUFA) were also used: LUFA 2.1, LUFA 2.2 and LUFA
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6S. (Note: LUFA is a government-run, independent agricultural testing and research institute in Germany that provides

standardised soils for agricultural experiments.) As two experiment series were conducted using different batches of LUFA

2.2 and LUFA 68, the first batches are listed as LUFA 2.2 A and LUFA 6S A, while the second batches are listed as LUFA
170 2.2 B and LUFA 6S B.

Particle-size distributions were determined by dry sieving with DIN-compliant meshes (approximate aperture sequence: 630
pum, 200 um, 63 um). For ease of comparison with the international literature, we report texture names using the United States
Department of Agriculture (USDA) classification. Texture names derived from these fractions, acknowledging a minor
175 mismatch between systems (DIN uses 63 pm for the sand—silt boundary, whereas USDA uses 50 um; clay is <2 pm in both
schemes). This choice allows readers to directly compare our grain-size distributions with published datasets that use USDA
terminology. The corresponding German soil texture classes following the ‘Bodenkundliche Kartieranleitung’ (KA6)
(Hartmann et al., 2024), calculated from the same sieve data, are provided in the supplementary (Tab. S1).
The Fiirth soils are loamy sands, which represent the second highest pH (7.1) of our tested batch. They also have a moderate
180 cation exchange capacity (Fiirth 1: 10.7 and Fiirth 2: 10.2 meq (100 g)!), and contain both some organic (0.97-1.08 wt%) and
inorganic (0.14-0.15 wt%) carbon. The clay sample LUFA 6S is characterised by a slightly higher pH (7.3) with a high CEC
(18.7-19.09 meq (100 g)!) and roughly double the amounts of organic (1.46-2.05 wt%) and inorganic (0.26-0.37 wt%) carbon.
In comparison to these slightly alkaline soils, the other two LUFA soils have an acidic pH and negligible soil inorganic carbon.
LUFA 2.2 is a sandy loam with pH 5.6, moderate CEC (8.5-9.46 meq (100 g)') and the overall highest organic carbon (1.94-
185  1.97 wt%). Finally, the LUFA 2.1 soil is a sand with the lowest pH (4.6), low CEC (2.9 meq (100 g)") and intermediate organic
carbon contents (1.28 wt%). Detailed characterisation of the different batches of these 4 main soil types can be found in Table

S1 of the Appendix (includes method description for pH, CEC, PSD and carbon).

2.3 Feedstock materials

A total of 13 different feedstock materials were used in this study. All feedstocks were applied to the mesocosms at 40 t ha!

190 except limestone, which was applied at 10 t ha!. These feedstock included 6 representative materials: serpentinised peridotite
(referred to subsequently as "peridotite"), basanitic leucitite ("basanite"), greenlandic glacial sediment ("glacial rock flour"),
calcite-rich metabasalt ("metabasalt"), industrial by product “steel slag”, and dolomitic limestone (“limestone”). Additionally,
7 feedstocks were sourced from EW suppliers. For the basanite only, different application rates of the same feedstock (20, 40,
100, 200, 400 t ha™") were added to investigate the relationship with alkalinity export.

195  For this study, we focus on a subset of 6 representative feedstocks, which were added to multiple soils. A short description of
these materials is given below (more details can be found in the appendix: mineralogy (Tab. S2), chemistry (Tab. S3) and grain

size and specific surface area (Tab. S4)).
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2.4 Leachate sampling and analyses

Leachate water samples were collected monthly. The first milliliters of water were used to rinse all sampling containers before

200 being discarded, and this volume was also accounted for in the total volume of leachate measured during each sampling event.

2.4.1 Total Alkalinity

Total alkalinity (TA) for each mesocosm was measured on 100 ml of leachate with a HACH Digital Titrator (Model 16900
(SD + 1 %)). This kit uses an indicator powder (Bromocresol Green-Methyl Red), which shows a colour change from green
to red at pH 4.3. For the titration, sulphuric acid (1.6 N) was added to the sample dropwise until the titration end point was
205 reached. According to the HACH titrator instructions, this amount of added acid is expressed as mg/l CaCOs;. To convert this
reading to mg/l HCOs~, we use a factor of 1.22, derived from the molar ratios of CaCOs and HCOs". The resulting HCOs~
concentration in mg/l is then divided by 61 (the molar mass of HCOs") to turn the reading into in micromoles (pmol(eq) 1').
Note that this result primarily represents HCOs™, but it may also include other negatively charged species that buffer H*.

Therefore, we present the charge equivalent as alkalinity rather than the bicarbonate concentration.

210  2.4.2 In situ measurement of pH, conductivity, O2 and temperature

To determine in situ parameters such as pH, electrical conductivity (EC) and oxygen saturation and concentration, 200 ml of
leachate was filled into a pre-rinsed measuring cylinder and measured with a portable WTW multi-parameter analyser
(MultiLine® Multi 3630 IDS) and its sensors Sentix® 940-x (pH sensor (SD £ 0.1 pH unit)), TertraCon® 925 (EC sensor (SD
+5 umS cm)), FDO® 925 (Optical IDS dissolved oxygen sensor (SD dissolved O conc. 0.2 mg 1!, O, saturation + 2 %)). In
215  order to obtain the leachate temperature in parallel with the sampling event, we always recorded the average value of the three

built-in temperature sensors.

2.4.3 Major cations

Sample preparation consisted of filtration using 0.45 pm nylon syringe disc filters (Minisart HighFlow PES, Sartorius AG,
Germany) to remove suspended particles prior to analysis. The samples were then collected in 15 ml polypropylene conical
220 centrifuge tubes (VWR Ultra-High Performance, HDPE-Cap with sealing ring, VWR International GmbH, Darmstadt,
Germany) and acidified with 2 ml of 65 % HNOj to prevent precipitation and to stabilise the sample. Immediately after filling
the sample tubes, they were cooled to 4 °C.
The stabilised water samples for major cation (Na*, K*, Ca?*, Mg?") measurements were analysed three times for accuracy
using inductively coupled plasma mass spectrometry (ICP-MS) (iCAP Qc, Thermo Fisher Scientific Inc., Bremen, Germany)
225  as described in Bandara et al. (2023). For major cation calibration, a mixed standard was prepared from four single-element
stock solutions (VWR; 1,000 ppm each of Ca, Mg, Na and K). A three-point external calibration curve was generated by serial
dilution, with concentrations ranging from 0.4 to 2 ppm for K, Na and Mg, and from 4 to 20 ppm for Ca.
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2.4.4 Major anions

Samples were also filtered using 0.45 um nylon syringe disc filters and collected in 15 ml polypropylene conical centrifuge
230 tubes, but not acidified.

Anions (F, Br, CI', NOs, NOy, SO4* and PO4*) were quantified by ion chromatography (930 Compact IC Flex, Deutsche

Metrohm GmbH & Co. KG, Filderstadt, Germany). The limit of quantification was 0.1 mg I'! with a precision of <5 % RSD,

verified by repeated measurements of two control standards as unknowns in the upper and lower calibration range.

2.5 Soil sampling and analyses

235 Soil samples were collected at the end of each experiment (i.e. after 250 and 650 days), or when a replicate pot was removed
from the trial (only possible for the LUFA 2.2 B and 6S B trial because of sufficient replicates (n = 7)). Intermediate soil
sampling was not performed in order to avoid disturbing the hydrological properties of ongoing experiments, which could
compromise the representativeness of subsequent leachate data.

Upon sampling, the soil column from each pot was divided into either two or three layers of equal thickness depending on the

240 experimental design. Each soil layer was homogenised immediately after sampling. A subsample of at least 800 g wet weight
was then separated and placed in an aluminium tray to dry in a convection oven at 40 °C. After drying, the samples were

ground using a mortar to ensure complete homogenisation prior to further analysis.

2.5.1 Major and trace element chemistry of different soil fractions

Soil major and trace metal concentrations were measured for four different soil chemical fractions/pools, using a sequential
245  extraction scheme (modified from Tessier et al. (1979), Pogge von Strandmann et al. (2022a), and Vienne et al. (2025)). The
extractions targeted 1) the exchangeable fraction; 2) the carbonate fraction; 3) the reducible (oxides) fraction and 4) the clay
mineral (primary and secondary) fraction. All extractions were carried out sequentially using 1.00 g of air-dried, homogenised
soil. The supernatant solution was collected in full for analysis after each extraction step. Table 2 shows the volume and
concentration of each extractant solution used, and the protocol used for each step.
250

10
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Table 2: Extractant solutions and protocol used for soil sequential extractions. After: Tessier et al. (1979), Pogge von Strandmann et
al. (2022a), and Vienne et al. (2025).

Soil Extractant Solution Protocol

Fraction/Pool

1. Exchangeable IM ammonium acetate (10 ml) Add reagent; shake (20 °C, 1 h); centrifuge (2000
rpm, 10 min)

2. Carbonate A) 1M acetic acid (5 ml) Add reagent A; shake (20 °C, 2 h); add reagent B;

B) deionised water (4 ml) + 3M ammonium | centrifuge (2000 rpm, 10 min)

acetate (1 ml)

3. Reducible | 0.04M hydroxylamine hydrochloride in 25% | Add reagent; shake (20 °C, 1 h); centrifuge (2000
(Oxide) (v/v) acetic acid (20 ml) rpm, 10 min)
4. Clay 0.6M hydrochloric acid (10 ml) Add reagent; water bath (85 °C, 1 h); centrifuge

(2000 rpm, 10 min)

255  Samples for each extracted soil fraction were analysed using ICP-OES (Agilent 5800) for Al, Ba, Ca, Cu, Fe, K, Mg, Mn, Na,
P, S, Si, Sr, and Zn; and ICP-MS (Agilent 8900 Triple-Quadrupole using He or no collision cell gas) for Li, Ti, V, Cr, Co, Ni,
As, Zr, Cd, Pb, Th, and U. Calibration standards and blanks for ICP-OES and ICP-MS analyses were matrix-matched to the
extractant solutions for each fraction.
The internal analytical uncertainty of ICP-OES and ICP-MS measurements was assessed using a calibration standard as a drift
260 monitor and a reference standard solution (Evian water). For each batch, all sequential extraction and analysis steps were

performed in triplicate on one soil sample, to assess total measurement uncertainty.

3 Results
3.1 Leachate total alkalinity export from specific soils

The long-term dataset provides a comprehensive view of the temporal evolution of leachate alkalinity across 197 examined
265 pots. Monthly sampling intervals enabled a robust and detailed assessment of changes in alkalinity over time. Results were
normalised to one square meter soil surface area to facilitate comparison with field data. Figure 2 shows that cumulative
alkalinity export from the mesocosms is not always higher than the controls. Specifically, the Fiirth 1 soil shows significantly

lower alkalinity export rates for some treatments.

11
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270  Figure 2: Relative cumulative leachate alkalinity between control pots and treated pots. Data from 650 days are available for Fiirth
1, LUFA 2.1, LUFA 2.2 A and LUFA 6S A. To compare the two batches of LUFA soils built separately, the first 250 days of LUFA
2.2 A (started in 01.2023) and LUFA 6S A (started in 01.2023) are plotted separately next to the B batches (started in 01.2024). On
Fiirth 2 soil we tested 7 rock dusts from EW companies (‘EW1-7’). Vertical numbers above columns indicate the exact percentages.
3.1.1 TA export from the loamy sand ‘Fiirth 1’
275  All treatments show a steady increase in accumulated alkalinity over the 650 day experiment. The control (blue) exports around

~7700 mmeq m? alkalinity by the end of the experiment, in an almost linear pattern over time. Treatments with basanite

(orange), metabasalt (green), and peridotite

(red) followed a similar trend until day 200, after which export rates decreased,

resulting in a lower cumulative TA production of 71 to 84 % relative to the control (Fig. 3). In contrast, the steel slag treatment

(purple) showed a 12 % higher alkalinity export than the control.
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Figure 3: Accumulated leachate alkalinity results for Fiirth 1 (n=4 per treatment). The control treatment (blue) consists only of the
‘Fiirth 1’ soil, while the other experiments include additions of EW feedstock materials at 40 t ha™! equivalent: basanite (orange),
metabasalt (green), peridotite (red), and steel slag (purple). Shaded areas represent the variability among replicates.

The sandy LUFA 2.1 control released about one-ninth the alkalinity of the Furth 1 control. In LUFA 2.1, all feedstock
treatments increased the export rates. However, these rates remained below those of the Fiirth 1 soil, except for the steel slag

treatment (Fig. 4). Note that analyses of leachate samples started after an initial 140 day period. This delay was intentional,

Measurements from the steel slag treatment started a month later because insufficient leachate was available until day 145.
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Figure 4: Accumulated leachate alkalinity results for LUFA 2.1 (n=4 per treatment). The control treatment (blue) consists only of
the ‘LUFA 2.1’ soil, while the other experiments included additions of EW feedstock materials at 40 t ha' equivalent: basanite
(orange), metabasalt (green), peridotite (red), and steel slag (purple).

3.1.3 TA export from the sandy loam “LUFA 2.2”

295 The sandy loam LUFA 2.2 shows higher export rates than LUFA 2.1, but lower than Fiirth soil, with the exception of the steel
slag treatment with 11,800 mmeq m™ (Fig. 5a). The basanite and peridotite show, however, no clear deviation from the control,
in contrast to the carbonate-rich metabasalt. The second experiment with LUFA 2.2, which ran for a shorter time period, reveals
a similar pattern, but reaches much higher total accumulated alkalinity. These LUFA 2.2 B experiments again show no clear
difference between control, basanite and peridotite. Two additional treatments, limestone at a 4x lower dose and glacial rock

300 flour from Greenland (Fig. 5b), showed a significant increase in alkalinity export, resulting in accumulated TA values about

twice as high as the control, and over half that of the steel slag.
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Figure 5: Accumulated leachate alkalinity results for LUFA 2.2. 5a: The control treatment (blue) consisted only of the first batch A
of ‘LUFA 2.2’ soil, while the other experiments included additions of EW feedstock materials at 40 t ha'! equivalent: basanite
(orange), metabasalt (green), peridotite (red), and steel slag (purple) (n =4 per treatment). Sb: The control treatment (blue) consisted
only of the second batch B of ‘LUFA 2.2’ soil, while the other experiments included additions of EW feedstock materials at 10 t/ha
equivalent: limestone (green) or at 40 t ha™! equivalent: basanite (orange), peridotite (red), steel slag (purple) and glacial dust (brown)
(n =7 per treatment; for all except glacial dust n = 4).
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310 3.1.4 TA export from the clay soil “LUFA 6S”

The clayey LUFA 6S showed distinctly high alkalinity export from the control compared to the other soils described above,

comparable to the export observed with Fiirth 1 combined with the steel slag.

In experiment LUFA 6S A, all treatments showed a higher alkalinity export compared to their controls (Fig. 6a and b). The

second experiment with LUFA 6S soil (LUFA 6S B) achieved about the same alkalinity export after only 250 days when
315 compared with the 650 day experiment with LUFA 6S A suggesting an alkalinity production rate more than double the first

experiment. The addition of limestone in the second batch resulted in comparable results to the metabasalt in the first batch.
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Figure 6: Accumulated leachate alkalinity results for LUFA 6S. 6a: The control treatment (blue) consisted only of the first batch A
320 of ‘LUFA 68’ soil, while the other experiments included additions of EW feedstock materials at 40 t ha! equivalent: basanite
(orange), metabasalt (green), peridotite (red), and steel slag (purple) (n=4 per treatment). 6b: The control treatment (blue) consisted
only of the second batch B of ‘LUFA 68’ soil, while the other experiments included additions of EW feedstock materials at 10 t ha™!
equivalent: limestone (green) or at 40 t ha! equivalent: basanite (orange), peridotite (red), steel slag (purple) (n = 7 per treatment).

3.1.5 TA export from the loamy sand ‘Fiirth 2’ (second batch) with commercial EW application materials

325 Experiments with the second batch of Fiirth soil (Fiirth 2), collected from the same field as Fiirth 1, started in April 2023, with
7 feedstock materials used in commercial EW projects (Fig. 7). All treatments resulted in a higher accumulation of leachate
alkalinity compared to the unamended control (Fig. 2). However, the control of the second batch of Fiirth soil only reached
about two thirds of the alkalinity export as the Fiirth 1 soil. As observed when applying the same basanite used extensively on
Fiirth 1 soil to the Fiirth 2 soil, we similarly saw no significant difference in leachate alkalinity between controls and treatments

330 (Fig. S4).

All commercial feedstocks produced slightly higher cumulative alkalinity than their control. EW2 (green) and EW3 (red)
showed smaller increases, but remained consistently above the control. The added alkalinity fluxes ranged from 400 mmeq m-

2 to 1200 mmeq m~ and reflected a CO»-sequestration rate of ~0.1 to 0.3 tons per ha per year.
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335  Figure 7: Accumulated leachate alkalinity results for Fiirth 2 (n = 4 per treatment). The control treatment (blue) consists only of the
second batch of ‘Fiirth’ soil, while the other experiments included additions of EW feedstock materials at 40 t ha™! equivalent from
different commercial companies: EW 1 to EW 7.

3.2 Cation pools and potential alkalinity

For the second batch experiments with LUFA 2.2 B and LUFA 6S B, the major cation contents of the 4 different soil pools
340 (F1 exchangeable, F2 carbonate-associated, F3 oxide, F4 clay) were determined using sequential extraction after 6 and 12
months. The amount of cations that were retained in the soil were calculated as the sum of charge equivalents of Ca?*, Mg**,
Na*, and K*. Across all F1-F4 soil pools, the retained fraction of cations are substantially larger than the amount of leached
alkalinity accumulated over the same time periods (Fig. 8).
At the end of an experiment, analyses of the cation pools in the control pots revealed that in the LUFA 2.2 B soil, the majority
345  of cations are stored in the exchangeable pool (Fig. 8a). By contrast, in LUFA 6S B control, the majority of cations are stored
in the carbonate and clay pools (Fig. 8b). The initial cation content of LUFA 6S B is 10 times higher than in LUFA 2.2 B, and
any EW treatments to these soils results in much smaller relative changes to retained cations in LUFA 6S B than in LUFA 2.2
B.
Application of 40t ha! steel slag dose caused the largest increases in all cation pools for both soils. In LUFA 2.2 B, all 4 soil
350 pools showed lower cation contents from 6 to 12 months after application, in, but increased leached alkalinity over the same
time period. Interestingly, the sum of potential alkalinity in soil pools and leachate alkalinity decreased overall during this
time. In the LUFA 6S B soil, the addition of steel slag showed slight increases in cation contents from 6 to 12 months in all

soil pools, with the exception of the exchangeable pool.
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Six months after a 10 t ha™! limestone dose to LUFA 2.2 B, cation contents increased in all 4 soil pools, most noticeably in the
355 exchangeable and carbonate pools. A slight decrease in total soil cation content was observed after 12 months. By contrast,

the same limestone application to LUFA 6S B resulted only in a slight cation increase in the clay pool, and negligible increases

in the exchangeable and carbonate pools.

The cation content in the clay pool also increased most strongly 6 months after addition of both 40 t ha™! basanite and peridotite

to the LUFA 2.2 B soil. However, application of the peridotite treatment to the LUFA 6S B soil only led to a marked increase

360 in the clay pool after 12 months. This treatment also showed an increase in cations in the carbonate pool.
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Figure 8: Sequential extraction pools and leachate alkalinity for LUFA 2.2 B (8a) and LUFA 6S B (8b). Stacked bars show cation
pools from sequential extraction (F1 exchangeable, F2 carbonat iated, F3 oxide, F4 clay). Values are the sums of charge

365 equivalents of Ca*, Mg*, Na* and K* per pot (meq pot™). Dark-blue bars in front show cumulative leachate alkalinity for the same
interval (meq pot™). (a) LUFA 2.2 B: Control, Limestone, Basanite, Peridotite and Steel-slag treatments after 6 months and after 12
months. (b) LUFA 6S B: the same treatments after 6 and 12 months.

4 Discussion
4.1 General observed patterns

370 The main objective of this study was to investigate alkalinity export from soil mesocosms due to application of alkaline mineral
products. The experimental results partly showed an increase, as expected. However, in some cases no measurable change
between control and treated pot was observed, or even a reduction of alkalinity export was observed (Fig. 2). This unexpected
result hints at potential traps for released cations within the soil system. The more detailed analysis of the different cation pools
using the LUFA 2.2 and 6S soil revealed additional sinks that exceeded the added alkalinity export rates on the time scale of

375 6 and 12 months (Fig. 8). Such behavior has also been reported by other studies, however with fewer combinations of soil and
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alkaline mineral material or for a shorter period of time (cf. McDermott et al., 2024; te Pas et al., 2025; Vienne et al., 2025).

Specific processes and aspects relevant to the observed cation retardation and/or retention are discussed in more detail below.

4.2 Alkalinity export and changes in soil cation pools

Across all soil types, increases in leachate alkalinity and the cation contents of different soil pools in mesocosms treated with
380 alkaline EW feedstock materials generally reflects expected dissolution kinetics of the dominant mineral phases in each
feedstock (compare Tab. S2 with Tab. S6). Steel slag, which is rich in minerals that dissolve quickly (i.e. portlandite, lime,
larnite), produced the greatest increases in cation release. These cations are then mostly taken up by cation pools in the soil,
including the carbonate pool. This finding is consistent with the increase in porewater alkalinity reported after adding highly
alkaline industrial by-products such as steel slag and cement kiln dust in comparable core and lysimeter work (Buckingham &
385 Henderson, 2024), as well as with kinetic parameters derived from laboratory dissolution experiments (Tab. S6) (Hefmanska
et al., 2022; Hefmanska et al., 2023; Leineweber, 2002; Palandri and Kharaka, 2004; Wang et al., 1998).
Calcite-bearing materials, such as metabasalt (applied at 40 t ha™') and limestone (applied at 10 t ha! to LUFA 2.2 B and LUFA
6S B; see Tab. S2 for mineral/TIC composition), produced the second strongest alkalinity gains relative to controls, with the
clearest responses in acidic soils. Peak effects were observed for metabasalt in LUFA 2.1 (+369 % at day 650) and LUFA 2.2
390 A (+186 % by day 250), and for limestone in LUFA 2.2 B (+175 % by day 250) (Fig. 2). The metabasalt alkalinity signal
compared to the control decreased from 186 % after 250 days to ~130 % by day 650 (Fig. 2). This finding is consistent with
rapid early dissolution of abundant calcite, followed by slower weathering with increasing pH (compare Fig. 5 with Fig. S7).
In more alkaline soils, the effect of adding a calcite-bearing feedstock to alkalinity was small or negative (e.g. LUFA 6S A
~114 %; Fiirth 1 ~72 %). Overall, the strong responses under acidic conditions and the reduced impacts at higher pH align
395  with established liming behavior and buffering constraints (Barber, 1984; Buckingham and Henderson, 2024; Goulding, 2015;
Hamilton et al., 2007; Nye and Ameloko, 1987). Similar trends were also found for carbonate-rich crushed returned concrete

(McDermott et al., 2024).

The observation that alkaline soils may generate lower relative alkalinity export may be explained by high Ca-release from

400 calcite-bearing feedstocks promoting carbonate formation in the soils as saturation limits are reached, and pH-related
dissolution dynamics becoming slower. The increase observed in the carbonate cation pool supports the explanation of active
carbonate formation (Fig. 8). Steel slag treatments also showed significant increases in other cation pools such as the
exchangeable, clay and oxide pools. They all exceed the alkalinity export flux for both examined soils after 12 months, as
observed elsewhere (cf. Maxbauer et al., 2025).

405 Peridotite (Fig. 2, red) addition resulted in modest alkalinity gains, with the strongest responses in acidic soils. In LUFA 2.1
and LUFA 2.2 A, leachate alkalinity rose to 199 % and 240 % respectively, when compared to the control by day 650. Notably,
LUFA 2.2 A showed opposite dynamics to the metabasalt: peridotite fell to 85 % at day 250, but then increased to 240 % by
day 650, whereas metabasalt peaked early (186 % at day 250) and declined thereafter (130 % at day 650). In LUFA 2.2 B (250
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days), alkalinity export by peridotite reached only 110 % relative to the control. This finding is consistent with a slow early
410 change in batch A of LUFA 2.2. In neutral to alkaline substrates, effects were weak or negative, with LUFA 6S soils at 112—

144 % and Fiirth 1 at 77 % when compared to their controls.

Similar to carbonate-bearing feedstocks, peridotite additions showed a clear soil pH relationship with increasing leachate
alkalinity. However, the response was slower due to its mineral weathering kinetics. Specifically, Peridotite (79 % olivine)
415 produced modest to moderate alkalinity gains in acidic soils that intensified over two years (cf. Amann et al., 2020; te Pas et
al., 2025; Ten Berge et al., 2012), but caused little or even negative responses in neutral to alkaline soils (Oelkers et al., 2018;
Pokrovsky and Schott, 2000) (Fig. 2). These trends are consistent with both the slower dissolution kinetics of olivine, (which
has an up to 4 orders of magnitude lower dissolution rate than calcite; Tab. S6 (Hefmanska et al., 2023; Leineweber, 2002)),
and with the retention of Mg?" in soils or secondary phases (cf. Iff et al., 2024; te Pas et al., 2025).
420
Basanite (Fig. 2, orange) yielded the weakest leachate alkalinity responses, typically near control levels (84-142 %), across
both acidic and more alkaline soils. This reduced signal is consistent with its pyroxene-rich and olivine-poor mineralogy, and
thus slower weathering rates compared to the peridotite. These results also agree with other studies that show a substantial
fraction of alkalinity can remain retained in the soil matrix for months to years (Amann et al., 2022; Buckingham and
425 Henderson, 2024; Holden et al., 2024; Kelland et al., 2020; Vienne et al., 2022). Such retention can become especially strong

when water supply is limited or when preferential flow bypasses reactive zones (cf. Amann et al., 2020).

Overall, the results support a consistent hierarchy in leachate alkalinity increase that reflect soil pH influenced dissolution
kinetics: steel slag > carbonate-rich rocks > peridotite > basanite. Alkalinity export is likely also strongly enhanced by initial
430 carbonate-driven pulses in acidic soils (Fig. 9). Notably, the felsic glacial rock dust, despite containing slower-dissolving
silicate minerals (35 % plagioclase, 28 % mica, 14 % amphibole, 12 % quartz), generated leachate alkalinity on a scale
comparable to the 10 t ha™! limestone treatment (Fig. 2). This outcome reflects its much finer grain size and correspondingly

distinctly larger reactive surface area (Tab. S3).

4.3 Soil properties affecting leachate alkalinity

435  Our findings generally support the expectation that acidic conditions accelerate alkaline feedstock dissolution (Hartmann et
al., 2013; Palandri and Kharaka, 2004; Renforth et al., 2015). They also support a lower initial soil pH being a key factor for
generating leachate alkalinity through enhanced weathering (Fig. 9). The strongest relative alkalinity responses were observed
in acidic soils such as LUFA 2.1 (pH 4.6) and LUFA 2.2 (pH 5.5), especially when treated with carbonate-bearing rocks or
highly alkaline materials. The acidic sand LUFA 2.1, for example, showed notable high increases (+++) when compared to

440 the control. This effect was even stronger when treated with carbonate-bearing rocks and highly alkaline materials (Fig. 9).
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Alkalinity Response and Soil Properties

Firth 1- 7.1 0.15 1.08 10.7 -_ o
| | 0
LUFA 2.1 - 4.6 BDL 1.28 2.9 S
LUFA2.2 A 5.5 BDL 1.94 8.5 U
! | 250
LUFA 2.2 A
first 250 days >3 BOL | 194 | 85 i
LUFA 2.2 B- 5.61 0.01 1.97 9.46
! | =200
LUFA 6S A 7.3 0.26 1.46 18.7 +
) LUFA 6S A _ | | | K
& first 250 days 7.3 0.26 | 1.46 | 18.7 ++ + | +1 | ++ o E
- LUFA 6S B - 7.31 0.37 2.05 19.09 oy + ++ ':.;
S Farth2 7.15 0.14 0.97 10.2 + + + g
w 5 1002
; Literature Literature =
g
o Buckingham & ]
5 Henderson (2024)” 8.4 0.8 2.6 25.1 iy + o ot M
© McDermott et al. 5.75 . . . 2
(7] (2024) average b I 4 | 2
McDermott et al.
(2024) median~ >-75 = | = | = |
Amann et al.
(2020) 6.6 - 1.22 8.6 +
te Pas et al.
sotall s.a6 0.0 | 213 | 299 - | ] |
Amann et al.
(2022) - - ° | ° rE
Holden et al.
(2024) 5.8 - 1 | 1.85 it -
Kelland et al.
(2020) 6:6 5 1.2 2;.4 0 ; ;
pH TIC TOC CEC Mafic Carbonate Ultramafic Highly
(meq/100g) Alkaline

Parameter / Feedstock Category

Figure 9: Leachate alkalinity responses across soils and feedstock classes with accompanying soil properties. Cells show average
leachate alkalinity relative to the untreated control (% of control; color scale centered at 100 %) for four feedstock categories (Mafic,
Carbonate, Ultramafic, Highly alkaline). Blue tones indicate values above the control (greater alkalinity release), red tones less than
445  the control. Symbols summarise effect size: — (<95 %), O (95-105 %), + (105-125 %), ++ (125-200 %), +++ (>200 %). The four left
columns report initial pH, TIC, TOC, and CEC (meq/100g) for each soil. The ‘Literature’ band separates our greenhouse results
(upper block) from values compiled from selected published studies (lower block). BDL = below detection limit; ‘—* = not reported.

By contrast, soils with an initial neutral to alkaline pH (e.g. Fiirth 1 at pH 7.1, LUFA 6S at pH 7.3 and Fiirth 2 at pH 7.15)
generally showed weaker or even negative relative leachate alkalinity responses compared to the control, regardless of
450 feedstock. Although experiments with feedstocks on LUFA 6S showed high absolute alkalinity export, this may not necessarily
be due to weathering of feedstock, but rather background soil buffering or more intense dissolution of pre-existing soil
carbonates (as indicated by the high CEC and TIC values).
This finding warrants a closer examination of the processes responsible for generating alkalinity in LUFA 6S. The rapid and
early differentiation of alkalinity between the treated and control pots in LUFA 6S (within 200 days, especially in LUFA 6S
455 B within 100 days) contrasts sharply with the delayed response in LUFA 2.1 and LUFA 2.2 soils (e.g. LUFA 2.2 + ultramafic
after 350 days and LUFA 2.2 + mafic after 650 days) (Fig.6). Given the higher initial pH (>7.3) and the presence of more soil
inorganic carbon (SIC) in LUFA 68, this phenomenon raises a crucial question: why does a soil with a high initial pH and the
presence of SIC (whose dissolution kinetics are faster than those of the added silicate minerals) exhibit an earlier and more
pronounced increase in leachate alkalinity between control and treatment? We propose two scenarios to explain the early

460 increase in alkalinity in LUFA 68S. These show that the magnitude and timing of the response is not only necessarily dictated
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by mineralogical composition or proton activity, but also hydrological residence time, reactive surface area, precipitation of
secondary phases, pCO; and biological activity. Examination of such other factors might shed more light on the increase in
alkalinity caused by a specific feedstock within a specific soil. In addition, soil models, as suggested by Kanzaki et al. (2022)

and Bertagni et al. (2025) calibrated for such conditions might help to explain the main steering factors.

465 4.3.1 Potential Scenarios for Early Alkalinity in high-pH Soils

1. Cation exchange dynamics and pre-existing carbonates: Cation-anion diagrams of leached cations and anions for LUFA 6S
B (Fig. S3) consistently show Ca?" as the dominant cation exiting the system. About 6 months into the experiment, a clear
increase in leachate Ca?* concentration for the treatments compared to the control emerges and persists. This differs from
observations in LUFA 2.2 B soils, where Ca?" is also the main cation in the leachate water, but the addition of mafic material
470 (basanite) leads to an increase of the percentage of leached Na* (from nepheline dissolution) relative to the control over time,
in addition to elevated Mg?* (from forsterite dissolution) from the application of ultramafic material (peridotite) (Fig. S2). In
a high-pH soil such as LUFA 6S, which has an inherently elevated carbonate background, CEC sites are likely to be occupied
with Ca?" ions due to the natural weathering of its own carbonates-bearing soil (Taalab et al., 2019).
The presence of pre-existing carbonates (Tab. S1) and cation exchange dynamics is evident in LUFA 6S due to the steep
475 increase in leachate alkalinity. These dynamics involve the exchange of cations between the soil and the surrounding
environment. When a new rock feedstock is added, other cations are released via weathering (mostly Mg?*), which then
displace the pre-existing Ca*" from the CEC sites in a competitive process (Sparks et al., 2022). The displaced Ca?" then

contributes to the observed increase in leachate alkalinity.

480 2. Enhanced dissolution of pre-existing soil carbonates: The second scenario suggests that the pre-existing carbonates in the
LUFA 68 are playing a more direct role in the observed increase in alkalinity. Since our added mafic material contains no
carbonates and its Ca-bearing silicate minerals are not expected to weather as quickly as the nepheline in a high-pH
environment when compared to the LUFA 2.2 soils, it is possible that the pre-existing soil carbonates are dissolving more
quickly (Tab. S6) (Hefmanska et al., 2022, Hefmanska et al., 2023; Leineweber, 2002; Pokrovsky and Schott, 2000; Wang et

485 al., 1998). This accelerated dissolution could be a consequence of subtle changes in leachate water chemistry or enhanced
biological activity induced by the addition of the feedstock. For example, increased microbial respiration could lead to greater
CO: release and the formation of carbonic acid, or stimulate the production of organic acids (Fig. S5) (Cristina Moscatelli et
al., 2024; Gocke et al., 2011; Goll et al., 2021; Rineau et al., 2025). These acid-producing processes would enhance the
dissolution of existing carbonates, thereby contributing to the faster increase in alkalinity observed in LUFA 6S compared to

490 the control and later increases in alkalinity in LUFA 2.2 soils.

It is possible that a combination of both scenarios contributes to the observed phenomena. Comparable increases in alkalinity
in high pH, carbonate-bearing soils with similar cation exchange capacity values to LUFA 6S have been reported by

Buckingham and Henderson (2024). While they applied basalt with a higher calcium mineral content, the exclusive origin of
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the observed calcium and alkalinity from weathered basalt may warrant further investigation. Much like our findings, theirs
495 could indicate that some of the observed calcium and alkalinity is derived from exchangeable pools and pre-existing
carbonates, rather than exclusively from the added silicate feedstock. This suggests that the rapid increase in alkalinity in high-
pH, carbonate-rich soils may be a more general phenomenon, influenced by cation exchange dynamics and enhanced carbonate
dissolution, irrespective of the mineralogy of the added feedstock. Further research is required to quantify the contributions of

these proposed mechanisms to the overall alkalinity budget in such complex soil systems.

500 4.3.2 Permeability and LUFA reproducibility

Having focused on the properties and interactions of different soils and rocks in the context of EW, the question remains as to
whether these are the only factors controlling the performance of dissolving EW feedstocks and creating increases in alkalinity.
The accumulated alkalinity from an outdoor lysimeter experiment using Fiirth soil (Fig. 10; (Paessler et al., 2025)) was affected
by rain events and droughts. Early in the experiment (<100 days), an intense rainfall following a dry spell produced a
505 pronounced flushing event that contributed ~25 % of the total alkalinity export measured across the entire 850 day monitoring
period. Despite temporary heat events in the greenhouse during this study’s experiments, such variability in water abundance
did not occur due to the relatively high artificial watering rates that were further increased during heat waves. Although the
rate curves for alkalinity production over time are much smoother in the greenhouse experiments presented here (Fig. 3-7),
they still reflect a generally higher flux around day 100 to 200. Therefore, it cannot be ruled out that the accelerated production
510 of alkalinity at the beginning of an enhanced weathering experiment may be due to mixing (homogenisation) and setting up
the experiment induced microbial activity after rewetting (the so-called Birch effect) (Birch, 1958). Comparable behaviour a
few weeks after experimental initiation has also been identified in other EW column experiments (cf. Amann et al., 2022;

Vorrath et al., 2025).
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515 Figure 10: Data from an outdoor mesocosm experiment with different basanite application rates and grain sizes affected by seasonal
variations of rainfall (Paessler et al., 2025).

Despite using homogenised, standardised soils from the agricultural research and investigation institute LUFA Speyer, the two
batches of the same LUFA soils behaved quite differently in the greenhouse. The 2024 batches (LUFA 2.2 B and LUFA 6S
B) consistently produced more alkalinity per litre of leachate in a shorter period of time than the 2023 batches, irrespective of
520 the feedstocks, (we added the equivalent of 40 t ha™! of metabasalt containing 27 % calcite in 2023, and 10 t ha! of limestone
containing 85 % calcite in 2024). As further expanded on further down we attribute this primarily to longer pore-water
residence times and a stronger initial acid supply in the experiments that started later. The relative soil-feedstock driven trends
for generated alkalinity, however, do not change much between the different batches (Fig.9).
First, despite efforts to ensure comparable properties and grain-size distributions of soil, the 2024 batch of the standardised
525  soils differed in their fine fraction, had a lower initial moisture content, and exhibited visible swelling upon initial wetting.
The swelling of clay-rich minerals reduces macroporosity and near-saturated hydraulic conductivity, shifting flow from
preferential to matrix-dominated pathways and increasing residence time. This is consistent with studies on
expansive/smectitic clays that demonstrate alteration of pore architecture by wetting-induced swelling decreases hydraulic
conductivity (Shainberg et al., 2001). This means that pore waters carry more DIC/alkalinity per unit outflow. This
530 hydrological control of weathering fluxes is also a key finding of reactive-transport frameworks (Maher, 2010; Maher and
Chamberlain, 2014).
Second, a pronounced dry-rewet (“Birch”) pulse at the onset of irrigation in 2024 likely elevated soil-gas pCO: due to
mineralisation of soil organic matter, and compaction-induced reductions in pore connectivity (lower gas diffusivity) would
have helped sustain these elevated concentrations (Fig. S5) (Birch, 1958; Smith et al., 2023). Rewetting dry soil triggers rapid

535 microbial resuscitation and CO: bursts (Smith et al., 2023), potentially accelerating the dissolution of carbonates within the
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soil (LUFA 6S B) or Ca/Mg-bearing silicates (LUFA 2.2 B) in a non-saturated environment. This is consistent with the steeper

slopes in cumulative alkalinity versus cumulative volume for the later batches (Fig. 11).

LUFA 2.2
Experiment = 0 Experiment = 2 Experiment = 7 Experiment = 8
g
E 10000 //
2 Start of Experiment
% 5000 2024 (Table 0)
E: . = . 55 * 2023 (Table 6)
E‘ o Jﬁ»—/"’“‘“ M’:‘”r«r’“"”’_ ﬁ—'——ﬁw 4
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LUFA 6S
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Z 5000 RC / / 2023 (Table 5)
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Figure 11: Accumulated alkalinity export (y-axis) vs. cumulative leachate volume (x-axis) for LUFA soils (starting in 2023 vs. 2024).
545 Two rows of figures compare LUFA 2.2 (top) and LUFA 6S (bottom) across experiments 0 (control), 2 (basanite), 7 (peridotite), and
8 (steel slag). Within each soil, colours denote the two batches started with different initial water contents: orange = batch A started
2023 (wetter start), and blue = batch B started 2024 (drier start). Water-holding capacities (determined by LUFA after DIN EN ISO
14240-2:2011-09): LUFA 2.2 A: 26.7 % (initiated 2023), B: 19 % (initiated 2024); LUFA 6S A: 26.47 % (initiated 2023), B: 17.96 %
(initiated 2024).
550 4.4 Cation pools and the significance of their temporal evolution
In line with previous studies (e.g. Iff et al., 2024; te Pas et al., 2025; Pogge von Strandmann et al., 2022b; Vienne et al., 2025),
which emphasise the retention of weathering products within the soil matrix (secondary minerals or cation exchange sites),
our data provide the opportunity to understand to what extent feedstocks actually weather, and what happens to cations within
the soils after mineral dissolution. Importantly, the dominance of in-soil storage also emerges in this study in the comparison
555 of cation content of soil chemical pools with leached alkalinity. In many cases, the treatment—control differences across the

four sequential-extraction pools substantially exceed the corresponding differences in leached alkalinity (Fig. 8; Tab. 3). Note
that negative treatment—control values yield ratios < 0; thus to avoid artefacts driven by very small negative denominators,

these cases are reported simply as “< 0” (Tab. 3 and 4).
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Given soil heterogeneity and single-pot uncertainty, we focus the remainder of the discussion on the main trends. Below, we
560 compare the two soils on which sequential extraction was performed in terms of pH, cation exchange capacity, carbonate

background and the fate of weathering products over time.

In the acidic, non-calcareous, sandy loam LUFA 2.2 B (pH = 5.3, CEC = 9.5 meq (100 g)"!, no background SIC), the relative
export of alkalinity increases over time (control relative to treatment), accompanied by an increase of cations in the
565 exchangeable (F1) and carbonate-associated (F2) pools, and a decrease of the soil pool/ leachate ratio (Tab. 3). This trend is
consistent across all treatments. The alkalinity export for steel slag was intense from the very beginning of the experiment,
however it took more time for limestone to show alkalinity increase in the leachate, and even longer for peridotite and basanite
(Figure 5b). This is reflected by changes in both soil cation to leachate alkalinity ratios, and specific cation ratios (Tab. 3 and
4), indicative of preferential cation release due to weathering of specific minerals in each feedstock. For instance, Ca?' is
570 preferentially released by the weathering of limestone/steel slag, Na* and K* by the basanite, and Mg?" from the forsterite in
peridotite (Fig. 12 a). In this acidic soil type, cations held in the exchangeable and carbonate-associated pools of the steel slag
and limestone treatments decrease between 6 and 12 months, while the oxide and clay pools do not increase significantly.
Meanwhile, alkalinity continues to be exported in leachate. This trend is also visible in the decline in the in-soil pool build-up
to leached alkalinity ratio (Tab. 3). Despite this trend, a factor of 10 times more alkalinity equivalents are still retained in soil

575 phases (Tab. 4).

In the carbonate-bearing LUFA 6S B (pH 7.3, CEC 19.1 meq (100 g)"!, SIC 0.37 wt%), alkalinity is also leached; however,
only a limited fraction is derived directly from feedstock dissolution. Most of the exported alkalinity appears to originate from
background soil carbonate dissolution, as indicated by several indices:
580 1. The size of the carbonate pool of cations decreases after basanite and peridotite treatment, especially after 6 months
(Fig. 8/ Fig. S6 and Fig. 12b).
2. Limestone application does not increase the leaching of alkalinity relative to the control; in fact, alkalinity export is
the lowest of all treatments (Tab. 3 & 4; Fig. 6).
3. Anincrease in the F4 (clay) pool, alongside both an increase in mineral specific cations (Na* for basanite and Mg?*
585 for peridotite), as well as an increase in soil cations to leachate alkalinity ratio over time, show weathering of the
added feedstocks, and contribution to the clay pool. Concurrently, the exchange complexes are gradually depleted
and secondary phases (F2—F4) accumulate, which is consistent with longer residence times and strong buffering in

this high-pH, high-CEC soil.

590 Overall, these patterns suggest that the addition of rock to LUFA 2.2 B primarily results in the direct export of alkalinity and
initial loading and releasing of the exchangeable and carbonate-associated pools. By contrast, in LUFA 6S B, the addition of

rock mainly mobilises and re-partitions soil-derived cations into secondary carbonates and clay/organometallic associations,

28



https://doi.org/10.5194/egusphere-2025-5402
Preprint. Discussion started: 24 November 2025 EG U h
© Author(s) 2025. CC BY 4.0 License. spnere

with limited immediate export. We note that single-pot replication introduces variability in absolute magnitudes, but the first-

order trends and mineral-specific cation signals are consistent across the datasets.

595
LUFA22B LUFA 6S B
soil pools|Leached soil pools / |soil pools|Leached soil pools /
(meq) alkalinity (meq)JTA leached|(meq) alkalinity (meq)|TA leached
Control 1,449 57 26 19,285 1459 42
Limestone]2,363 76 31 20,177 |385 52
6 months |Basanite |1,707 52 33 18,568 441 42
Peridotite 2,265 64 36 19,637 |441 45
Steel slag 5,530 179 31 21,322 |556 38
Control 1,321 40 33 20,522 |661 31
Limestone]2,093 146 14 21,957 |638 34
12 months | Basanite [1,877 77 24 20,435 608 34
Peridotite 2,189 89 25 24,466 662 37
Steel slag 13,878 264 15 24,242 |728 33

Table 3: Absolute partitioning of cations between soil storage and leachate export for two soils (LUFA 2.2 B, LUFA 6S B) after 6
and 12 months. For each treatment, we report: (i) soil pools (meq pot!)’ = the total potential alkalinity stored in the soil of one pot,
computed as the sum of charge equivalents of Ca*, Mg*, Na‘, and K* across the sequential-extraction pools (F1 exchangeable + F2
carbonate-associated + F3 oxide + F4 clay); (ii) ‘Leached alkalinity (meq)’ = the cumulative alkalinity exported in leachate over the

600 same period; and (iii) ‘soil pools / TA leached’ = the absolute storage-to-export ratio, indicating how large the in-soil cation inventory
is relative to what was exported.

605

610
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LUFA2.2B LUFA 6S B
A soil pools|A leached A soil pools / A soil pools|A leached A soil pools /
(meq) alkalinity (meq)]Delta TA leached](meq) alkalinity (meq)JA TA leached
Limestone|895.7 19.25 46.53 965.6 -73.40 <0
Basanite ]263.0 -4.80 <0 -698.9 -18.05 <0
6 months | Peridotite 1809.5 7.25 111.65 369.4 -18.05 <0
Steel slag }3,959.0 122.75 32.25 1,939.5 97.50 19.89
Limestone]666.5 105.90 6.29 1,457.8 -22.90 <0
Basanite [518.1 37.30 13.89 -33.3 -52.95 <0
12 months | Peridotite |818.7 49.35 16.59 3,942.6 1.20 3,285.52
Steel slag |2,333.2 223.85 10.42 3,653.2 67.40 54.20

Table 4: Partitioning of treatment-derived cations between soil storage (sequential-extraction pools) and leachate export for two
soils (acidic LUFA 2.2 B, slightly alkaline LUFA 6S B) at 6 and 12 months. For each treatment, three quantities are reported: (i) A

615  four pools = (treatment — control) summed across F1 exchangeable + F2 carbonate-associated + F3 oxide + F4 clay (meq pot™); (ii)
A leached alkalinity = (treatment — control) cumulative leachate alkalinity (meq pot™); and (iii) the partitioning ratio = (A four pools)
+ (A leached alkalinity).
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Figure 12: Relative cation partitioning by treatment, time, and pool for acidic LUFA 2.2 B (12a) and slightly alkaline LUFA 6S B
(12b). Panels are arranged by ion (rows: Ca**, Mg?*, Na*, K*) and treatment (columns: control, limestone, basanite, peridotite, steel
slag). Within each panel, bars show the percentage of the control for each pool on the x-axis: leachate (cumulative export over the
interval) and the four sequential-extraction pools—F1 exchangeable, F2 carbonate-associated, F3 oxide (Fe/Mn-oxide bound), and

625  F4 clay. Colors indicate sampling time (blue = 6 months, orange = 12 months). The y-axis (‘% of control’) is centered at 0 %; 100 %
denotes parity with the control, values >100 % indicate enrichment relative to the control, and <0 % indicates depletion.

5. Conclusion

Our results demonstrate that the extent and fate of enhanced weathering (EW) products are significantly influenced by soil
characteristics, even under tightly controlled conditions. Beyond mineralogy, the factors that exert a first-order control on both
630 dissolution and the partitioning of released cations include soil pH, cation exchange capacity, the presence of soil inorganic
carbon and hydrogeological properties (e.g. permeability and flow regime). Dry—wet cycles, especially immediately after
feedstock mixing/application, have a significant impact on early fluxes and experimental reproducibility. Crucially, it was only
through experiments spanning longer than several months that these patterns became evident highlighting the need for longer

duration studies to avoid pre-emptive conclusions biased by transient effects.
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635 The mineralogical composition and dissolution kinetics of the feedstock can be leveraged to increase overall efficacy of
alkalinity export. At the same time, particle size and specific surface area offer additional opportunities for improvement, as
demonstrated by an experiment involving ultrafine felsic glacial sediment. Realising the gains of such a fine material will
require systematic, comparable trials to determine the extent to which optimisation remains compatible with life-cycle
assessment (LCA) constraints (e.g., grinding energy and logistics).

640  Across all soils investigated, in-soil retention of base cations dominates over leachate export. The extent to which this occurs
varies depending on the soil type. After one year, the feedstock that yielded the greatest alkalinity export via leachate from an
acidic sandy loam (steel slag) retained approximately 10 times more cation charge equivalents in solid pools than exported as
alkalinity. By contrast, a clay soil with a trace carbonate background retained approximately 54 times more in solid pools. This
difference supports the notion that in acidic, low-CEC soils, a greater proportion of alkaline mineral weathering results is

645 exported in leachate as alkalinity. This is consistent with observations from other acidic/low-buffer systems (e.g. lateritic soil;
Amann et al., 2022). By contrast, the prominent increase of the clay (F4) pool in high-pH clay-rich, carbonate-bearing soil
suggests that cations released by weathering are preferentially stabilised within clay associations, preventing alkalinity export
to drainage.

Our results show that cation partitioning in soil chemical pools is a critical component of calculations for the efficacy of EW,

650 and the data we present can be used to benchmark models against. While these data suggest that only some of the theoretical
CDR potential of EW feedstocks is realised within practical timescales, broader sequential extraction campaigns across a wider
range of soils and feedstocks are needed. These need to be combined with further targeted analyses of organic matter
composition, to test whether mineral dissolution promoted clay formation stabilises organic matter and creates a transient
organic sink, which could mean CDR without an increase in leachate TA.

655 Alkalinity generation and export is not only a function of the feedstock composition, but of soil type. It therefore remains
necessary to study the dynamics of soil cation pools with time, their response to chemical and hydrological changes, and their
role in alkalinity export. This should be done across diverse rock/soil combinations to identify which combinations may
constitute long-term carbon sinks and is a vital step that is needed before accurate predictive models can be built for enhanced

weathering applications.

660 Data availability

Data supporting and used within this study are available at GitHub:
(https:/github.com/dirkpaessler/carbdown_greenhouse 2023 2024) and  archived for citation via Zenodo
(https://doi.org/10.5281/zenodo.17492773).
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