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Abstract

Enhanced weathering (EW) of silicate minerals has been proposed as a carbon dioxide removal
(CDR) strategy with potential co-benefits for soil health and crop productivity. Among the
proposed feedstocks, basalt is considered a good candidate feedstock due to its lower heavy
metal content compared to olivine-rich rocks such as dunite. However, basaltic feedstocks differ
substantially in mineralogical composition, and the implications of this variability for EW co-
benefits remain poorly understood, particularly in relatively fertile agricultural soils. In this field
experiment, we applied two basalt (Bolsdorfer and Huhnerberg) and a tephrite (Eifelgold)
amendment (all at 50 ton ha™'), which differed in mineralogical composition, as well as lime
(applied at 2 ton ha™), to a Belgian maize field (Gleyic Podzol with loamy-sand texture; topsoil pH
= 6.66 = 0.03; cation exchange capacity (CEC) = 7.6 = 0.13 cmol* kg'). We assessed the
feedstocks’ potential to affect topsoil (0-10 cm) volumetric water content (VWC), chemical
fertility and crop performance over 16 months.

Huhnerberg, Bolsdorfer and lime increased pore water alkalinity (+87.9%, +65.1%, +51.6%
respectively) and DIC (+111.0%, +97.2%, 74.4% respectively), indicating active weathering. Other
treatment effects were modest and mostly short-lived. Bolsdorfer, Hihnerberg and lime
significantly increased soil pH (+0.52 + 0.06, + 0.53 £ 0.09, +0.37 + 0.08 respectively; mean + SE)
and base saturation (+21.1% * 4.0, +18.8% *= 6.0, +20.8% * 6.8 respectively; mean * SE) after the
first growing season, but these early responses dissipated over time. None of the treatments
significantly affected CEC, while effects on VWC were growing season- and treatment-specific.
Crop biomass and quality, including plant Ni and Cr content, were unaffected, aside from minor
shifts in nutrient concentrations. Overall, EW co-benefits for soil water content, soil chemical
fertility and crop biomass were limited and dependent on amendment mineralogy. The observed
short-term improvements in soil chemical fertility did not translate into greater crop biomass,
suggesting that the agronomic benefits of basalt amendments may be limited in relatively fertile,
near-neutral soils. Importantly, the absence of adverse effects on crop biomass and quality
suggests that silicate rock application did not compromise crop performance under the
conditions investigated.
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Introduction

Climate change is widely recognized as one of the most pressing global challenges. It contributes
to social disruption, biodiversity loss, and economic instability, with these impacts expected to
intensify as climate-related disasters become more frequent and severe (Garcia-Leon et al.,
2021; Habibullah et al., 2022). Addressing these consequences requires not only steep emissions
reductions, but also the deployment of carbon dioxide removal (CDR) technologies (Ipcc, 2022).
One promising approach is enhanced weathering (EW) of silicate minerals, which builds on the
natural geochemical process in which silicate minerals react with carbon dioxide (CO,) and water
to form dissolved (bi)carbonate ions. These (bi)carbonate ions can either be transported out of
the system through groundwater and riverine fluxes, or precipitate as pedogenic carbonates
within the soil (Beerling et al., 2020; Beerling et al., 2018; Fuss et al., 2018). EW accelerates this
process by grinding silicate rocks into fine powders, thereby increasing their reactive surface area
(Hartmann et al., 2013; Schuiling and Krijgsman, 2006). In particular, applying silicates to
agricultural soils offers a practical advantage over land-intensive CDR methods such as
afforestation and reforestation, as it utilizes existing farmland without competing for land use
(Beerling et al., 2018).

EW has the potential to deliver multiple co-benefits for soil health and crop productivity. One of
the most significant is its potential to improve soil chemical fertility by increasing soil pH and
cation exchange capacity (CEC), both of which influence nutrient availability and retention (Anda
et al., 2015; Conceigéo et al., 2022; Gillman, 1980). Soil pH plays a central role in regulating the
mobility of elements: at low pH values, essential nutrients become less available to plants, while
harmful trace metals such as nickel (Ni) and zinc (Zn) are increasingly mobilized (Kabata-Pendias,
2000; Loomis and Morris, 1983). Upon weathering, silicates can also generate metal (hydr)oxides
and secondary clay minerals, thereby increasing the clay-sized fraction of the soil and, in turn, its
CEC (Righi and Meunier, 1995). Accordingly, EW has been shown to promote plant growth and
crop vield, especially in acidic or nutrient-depleted soils (Goll et al., 2021; Shamshuddin et al.,
2011; Vaghetti Luchese et al., 2021), while responses in more fertile agricultural soils have
generally been more limited (Swoboda et al., 2022). Silicate dissolution also supports gradual
nutrient release, including magnesium (Mg), calcium (Ca), potassium (K) and phosphorus (P),
which are essential for plant growth and can enhance cropyield and quality (Beerling et al., 2018).

Onthe other hand, EW may also entail undesirable environmental effects. One potential concern
is a reduction in soil hydraulic conductivity following feedstock application, which may result
from the partial occlusion of soil pores by fine (silty to clayey) amendment particles (Akortey et
al., 2026; Amann and Hartmann, 2019; Levy et al., 2024). Such blockages could reduce water
infiltration and alter water flow pathways (Akortey et al., 2026; Amann and Hartmann, 2019; Hillel,
1998). Especially in systems where silicate materials are applied to the soil surface with little to
no incorporation, reduced infiltration may increase surface runoff and limit water movement into
deeper soil layers (Amann and Hartmann, 2019; Clarkson et al., 2024), potentially decreasing soil
water availability within the rooting zone. Conversely, when silicate feedstocks are well-
incorporated into the plough layer, they may increase soil water retention and plant-available
water (Akortey et al., 2026; De Oliveira Garcia et al., 2020). Under water-limited conditions, such
effects could improve crop drought resilience. The agronomic implications for water availability
are likely to be context-dependent, depending on the impact of EW on soil texture and structure,
as well as interactions with climatic conditions, crop characteristics, biological activity (e.g.,
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earthworm-mediated macropore formation), and management practices such as feedstock
application rate and degree of soil incorporation.

Another potential risk associated with EW is the accumulation of heavy metals introduced
through the applied rock material (Suhrhoff, 2022; Hartmann et al.,, 2013; Renforth, 2012).
Elevated soil pH induced by silicate weathering generally decreases the mobility of trace metals
like nickel (Ni) and zinc (Zn), thereby promoting their retention in the soil and reducing their
immediate bioavailability (Basta et al., 1993). However, this immobilization does not eliminate
the environmental risks associated with EW: should soil acidification occur in the future, for
example as a result of land-use change, management intervention, or natural pedogenic
processes, previously retained metals may become mobilized. The subsequent release of heavy
metals could increase their transport to groundwater and/or their uptake by crops. Consequently,
the long-term environmental safety of EW requires careful consideration (Hartmann et al., 2013).

Basalt is one of the most commonly used silicate rocks in EW applications due to its long history
of agricultural use, widespread availability, and generally low concentrations of the toxic
elements Niand chromium (Cr) (Dupla et al., 2023; Gislason and Oelkers, 2014; Skov et al., 2024;
Swoboda et al.,, 2022; Van Straaten, 2002). However, the mineralogical and elemental
composition of basalt often varies. This heterogeneity can influence weathering rates and
therefore the nature of its co-benefits and risks (Gudbrandsson et al., 2011; Palandri and Kharaka,
2004; Te Pas et al., 2023), with heavy metal content spanning from safe to potentially concerning
levels (Dupla et al., 2023). For instance, while basalts rich in olivine weather more rapidly, they
may release higher concentrations of heavy metals such as Ni and Cr (Beerling et al., 2018),
thereby posing potential trade-offs between CDR efficacy and environmental safety.

Despite growing interest in EW and increasing efforts to compare CDR potential and associated
co-benefits of different feedstocks (Rijnders, 2025; Steinwidder et al., 2025; Te Pas et al., 2023),
field-based comparisons among basalts and tephrites with contrasting mineralogical
compositions remain scarce. Similarly, relatively few studies have evaluated silicate
amendments alongside conventional practices such as agricultural liming (Araujo et al., 2024;
Buckingham and Henderson, 2024; Dietzen et al., 2018). Moreover, evidence for EW-induced
agronomic benefits derives primarily from acidic, highly weathered, or nutrient-limited soils,
whereas relatively fertile agricultural soils, which are likely targets for EW deployment focused on
CDR rather than agronomic improvement, have received less attention and generally show
weaker responses (Swoboda et al., 2022; Van Straaten, 2002). Consequently, it remains unclear
whether mineralogical differences among basaltic feedstocks lead to contrasting effects on soil
water dynamics, chemical fertility and crop productivity under field conditions.

To address these knowledge gaps, we conducted a field experiment with maize (Zea mays L.,
1753) to assess the effects of two basalt types, one tephrite, and agricultural lime on soil VWC,
chemical fertility, and crop performance. By comparing amendments with distinct mineralogical
profiles under the same field conditions, we aimed to determine whether feedstock mineralogy
gives rise to contrasting agronomic benefits or risks. We hypothesized that silicate and lime
amendments would i) increase soil VWC, owing to a decrease in hydraulic conductivity resulting
in increased water retention, ii) improve soil chemical fertility indicators, specifically soil pH, CEC
and base saturation, and finally iii) positively affect crop yield and quality, without an increase in
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heavy metal content. Overall, we anticipated stronger effects from faster-weathering silicates,
which more rapidly release cations, increase soil pH and contribute to the formation of oxides
and clays, which ultimately increase CEC. Finally, we hypothesized that lime would produce more
immediate but shorter-lived effects compared to silicates, owing to its faster dissolution rate.

Materials and methods

A field experiment was setup in an agricultural field and located in Westmalle, Belgium
(51°17'50.3"N, 4°39'54.6"E). The regional climate is temperate maritime with mild winters and
warm summers, and the location experiences an average precipitation of 850 mm year”, and a
mean annual temperature of 11 °C (Koninklijk Meteorologisch Instituut Van Belgié, 2026; Kottek
et al., 2006). The soil at the experimental site is classified as a loamy sand (sand: 79.58%, silt:
19.18 %, clay: 1.24%) Gleyic Podzol (World Reference Base; Dondeyne et al., 2014). Key soil
properties include a near-neutral pH of 6.66 + 0.03, a relatively high SOC content of 2.7% = 0.15
and CEC of 7.6 = 0.13 cmol* kg". Bulk density varied depending on the timing of measurement,
particularly because of ploughing (Figure S1). The site belongs to the Mintjens Group NV and
covers an area of approximately 4.9 ha. The field is typically used to cultivate crops for cattle feed
such as maize, triticale, or ryegrass, and during the winter season, a cover crop (either triticale or
mustard) is often grown. The experimental site is fertilized annually using both manure (170 kg
nitrogen (N) ha) and calcium ammonium nitrate (150 kg ha™; nitrate (NOs) = 13.5%; ammonium
(NH4") = 13.5%; calcium (Ca) = 6%), and all agricultural operations (i.e., fertilizing, ploughing,
sowing, herbicidal application, harvesting) are performed using machinery. Maize is generally
planted between April and June, depending on weather conditions, and harvested between
September and November.

To evaluate the effects of different silicate types, as well as lime, on soil and crop parameters, five
treatments (Table 1) were randomly established in 10 x 10 m plots: two basalt types (Bolsdorfer,
mined at 50°16'34.4"N 6°40'28.7"E; Huhnerberg, mined at 50°42'28.1"N 7°20'13.2"E) and a
tephrite (Eifelgold, mined at 50°26'23.7"N 7°16'44.7"E) were provided by Rheinische Provinzial-
Basalt- und Lavawerke (RPBL). These silicates differed in their mineralogical composition but had
similar particle size distribution (d80 = 62.3, 84.4 and 78.4 um for Huhnerberg, Eifelgold and
Bolsdorfer respectively; Table 2-3; Figure S2-S4). In addition, one lime (CaCOs;; AVEVE) treatment
and an unamended control were also established. Each treatment was replicated three times,
resulting in a total of 15 plots. Amendments were applied once, on 22-23-24 May 2023, after
ploughing but prior to maize (Zea mays L., 1753) sowing. Silicate amendments were applied at 50
t ha™, a common application rate in EW experiments (Steinwidder et al., 2025; Suhrhoff et al.,

Table 1: Overview of the experimental design. For each treatment, the associated feedstock
type and application amount are specified.

Treatment name Feedstock added Amount (t ha?)
Control None -
Lime_02 Limestone (Calcium carbonate) 2

Bolsdorfer_50 Bolsdorfer (Basalt) 50
Eifelgold_50 Eifelgold (Tephrite) 50

Huhnerberg_50 Hlhnerberg (Basalt) 50
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2024), while lime was applied at a lower rate of 2 t ha™ to reflect realistic agricultural practices.
Amendments were manually distributed on the soil surface without incorporation into the soil;
however, farming machinery was deployed in the field following amendment to sow the maize (on
26 May 2023), leading to feedstock incorporation into the soil. The data collection period spanned
two consecutive growing seasons and the fallow period between them (539 days; first growing
season = 26 May to 11 October 2023; second growing season = 19 June to 12 November 2024).
During the fallow period, maize plants (remaining after harvesting of the cobs) were retained, and
no cover crop was sown. To minimize edge effects, all sampling was conducted within the central
5 x5 m core of each plot. Soil VWC was monitored using a TMS soil moisture sensor (TMS, TOMST)
installed in the centre of each plot. Sensors were inserted vertically into the soil to record data
within the 0-10 cm layer. Measurements were recorded at 15-minute intervals throughout the
experimental period. VWC sensors were temporarily removed between day 25 (15 June 2023) and
day 30 (20 June 2023) to allow access to the field for agricultural machinery.

Pore water sampling

Pore water was sampled once before amendment (25 April 2023), three times during each
growing season, and two times during the fallow period between them, using rhizon samplers
(Macrorhizon, 19.21.35; Rhizosphere Research Products B.V.) installed vertically in the soil at a

Table 2: Mineralogy of the applied basalts expressed in wt % obtained by XRD analysis. XRD patterns were
recorded using a Panalytical X’Pert PRO MPD ©-0O diffractometer (Cu-Ka radiation generated at 40 kV and 40 mA),
equipped with a variable divergence slit (20 mm irradiated length), primary and secondary soller, Scientific
XCelerator detector (active length 0.59°), and a sample changer (sample diameter 28 mm).

Mineral Mineral formula Bolsdorfer Eifelgold Hiihnerberg
SILICATES

Nepheline (Na,K)ALSiO, 31 10.5
Plagioclase (Na,Ca)(Si,Al),O4 14.5 26.5
K-Feldspar KALSi;O, 1.5 5
Muscovite KAL(ALSi3O10)(F,OH). 3 6.5 3
2:1 layer silicates (K,H;0)(A,Mg,Fe),(Si,Al),0,,[(OH),,H,0] 27.5
Kaolinite ALSi,O5(0OH),4 1.5
Leucite KALSi,O¢ 12

Analcime NaAlSi,O4°(H,0) 1
Diopside MgCaSi,0O¢ 45 41.5 23
Forsterite Mg,SiO, 4 5 6.5
Akermanite Ca,Mg[Si,0,] 6.5

PHOSPHATES

Fluorapatite Ca,(PO,);(OH,F,Cl) 4.5 2.5 1
SULPHATES

Pyrite FeS, 0.5
OXIDE/HYDROXYDES

Magnetite Fe?'Fe,** 0, 7.5 5.5
Hematite Fe,O; 6



174 depth of 0-10 cm and connected to 50-ml luer-lock syringes (Fisher Scientific BV) to generate
175 suction. Prior to sampling, 710 ml of rainwater collected in underground storage tanks at the
176 University of Antwerp was gently applied to the soil surrounding each rhizon sampler and allowed
177 to infiltrate completely. Subsequentially, a vacuum was created in the syringe, and pore water
178  was collected for analysis.

179 Pore water analyses included alkalinity, pH and concentrations of dissolved inorganic carbon
180 (DIC), and the metals Al, Na and Ni. Soil pore water pH was measured with a flat membrane
181 electrode (6.0256.100; Metrohm) connected to a 914 pH/Conductometer (2.914.0020,
182 Metrohm). DIC was measured on three technical replicates with a TOC analyser (FormacsTM HT
183 Series, Skalar); whereas alkalinity was measured on three technical replicates by a continuous
184 flow analyser (SAN++® Advanced Series, Skalar). Elemental analyses (Al, Na, Ni) were performed
185 on samples acidified with 1.5 ml 70% nitric acid (HNO3) by inductively coupled plasma-optical
186 emission spectrometry (ICP-OES; iCAP6300 Duo; Thermo Fisher Scientific). DIC and elemental
187 analyses were conducted in-house on samples filtered through a disposable 0.45 pm PET-45/25
188 membrane filter (CHROMAFIL, Macherey-Nagel). Alkalinity and pH measurements were carried
189 out on unfiltered samples.

Table 3: Elemental composition of the applied silicates. Bulk-rock geochemical analysis was determined by X-ray
fluorescence spectrometry at the Geochemistry laboratory of the Federal Institute for Geosciences and Natural
Resources, Hannover, Germany. The major and minor element composition was determined with a PANalytical Zetium
wavelength dispersive XRF spectrometer on melt beads from samples powdered by using an agate ring mill. The samples
were then further prepared by mixing with a flux material (lithium metaborate Spectroflux, Flux No. 100A, Alfa Aesar) and
then heated to form molten glass beads.

Element Unit Eifelgold Bolsdorfer Hiihnerberg|Element Unit Eifelgold Bolsdorfer Hiihnerberg
Si wt % 43.1 38.9 42.9 Cu ppm 60 102 55
Ti wt % 2.8 2.6 1.9 Ga ppm 17 17 15
Al wt % 14.2 11.7 11 Hf ppm <22 <22 <21
Fe wt % 11.3 11.1 11.6 La ppm 61 99 62
Mn wt % 0.2 0.2 0.2 Mo ppm <8 <8 <8
Mg wt % 8.6 9.5 13.4 Nb ppm 77 138 62
Ca wt % 11.5 16.3 9.1 Nd ppm 53 99 51
Na wt % 3.1 3.5 1.8 Ni ppm 100 118 382
K wt % 3.3 2.4 1 Pb ppm <8 <8 <8
P wt % 0.6 1.1 0.6 Rb ppm 73 60 31.5
S wt % 0.1 0.3 0.1 Sb ppm <17 <17 <17
Cl wt % 0.03 0.04 0.01 Sc ppm 32 32 <28
F wt % 0.1 0.2 0.1 Sm ppm <26 <26 <26
LOI wt % 0.7 1.7 6 Sn ppm <21 <21 <21
As ppm <4 <4 <3 Sr ppm 834 1418 659
Ba ppm 1020 1119 494 Ta ppm <15 <15 <15
Bi ppm <7 <7 <7 Th ppm 10 18 8
Ce ppm 121 209 93 U ppm <7 <7 <7
Co ppm 43 38 56 \ ppm 296 384 191
Cr ppm 150 251 408 W ppm <13 <13 <13
Cs ppm <60 <63 <57
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Soil sampling and analyses

Topsoil (0-10 cm) samples were collected in triplicate from each plot before amendment (on 19
April 2023), during the fallow period (on 13 February 2024), at the start of the second growing
season (on 23 July 2024) and at the end of each growing season (on 04 October 2023 and 23
September 2024), and subsequently air-dried. Soil pH was measured individually for each of the
triplicate samples by suspending 4 g of air-dried soil in 10 mL of deionized water (soil : water=1:
2.5). The suspensions were shaken by hand for 30 s, allowed to settle for one hour, and then
briefly shaken before measuring their pH. Soil potential CEC and base saturation were
determined by 1 M ammonium acetate (NH,OAc) displacement at pH 7.0 using ICP-OES
(iCAPB300 Duo; Thermo Fisher Scientific; Brown, 1943) after pooling together the three soil
sample replicates from each plot.

Biomass sampling and analysis

At the end of each growing season (on 04 October 2023 and 23 September 2024) above- and
below-ground plant biomass was sampled. In each plot, a fixed area of 0.36 m* was randomly
selected, ensuring the inclusion of maize plants from three different corn rows (Figure S5). All
plants within the sampling area were cut as close to the soil surface as possible and then
removed. In the laboratory, the top three leaves of each plant were sampled, whereafter the
aboveground biomass was further separated into stems (which included tassels), remaining
leaves and corn. The fresh weight of each component was then recorded, before drying the plant
material at 70 °C for 48 hours or until a constant weight was achieved, after which the dry
biomass was determined.

To assess belowground biomass, root samples were collected from within the same 0.36 m” area
defined for above-ground biomass sampling, using a 100 cm?® Kopecky ring to extract soil and
roots from the middle of the 0-10 cm layer. In each plot, three samples were taken adjacent to a
cut plant (“plant root” samples), and two samples were taken from the centre of the corn row
(“midrow” samples). Once in the laboratory, root samples were cleaned by gently rinsing them
with tap water over a 1 mm mesh sieve and picking root materials out by hand. All belowground
biomass samples were then dried at 70 °C for 48 hours, and their dry weight was recorded. In
order to estimate the total belowground biomass in each plot from the “plant root” and “midrow”
samples, we first determined the proportion of the sampled plot area represented by each
sample type. We assumed “plant root” samples to be representative of a circular area with a
radius of approximately 10 cm around each maize plant, while “midrow” samples represented
the remaining area between corn rows. To quantify these proportions, we analysed three
randomly selected pictures of the 0.36 m> sampling area taken during the harvest from three
different plots using ArcMap (Esri, 2011). On average, the area associated with “plant root”
samples accounted for 16% of the total sampled area, whereas “midrow” samples represented
the remaining 84%. These percentages were then used to scale root biomass estimates to the
plot level.

Plant samples were analysed for nutrients and heavy metals as follows. Before analysis, the three
top leaves (hereafter referred to as leaves), stems, corn kernels and roots were ground using an
ultra-centrifugal mill (ZM 200, Retsch GmbH) with a 0.25 mm mesh size sieve. To quantify Ca, Cr,
Fe, K, Mg, Na, Ni, P, and Zn contents, a 0.2 g sample of dried and homogenized plant material was
subjected to acid digestion with 70% HNO; at 60 °C for 30 minutes, followed by the addition of
30% hydrogen peroxide (H.O.) and further heating at 120 °C for 90 minutes. After cooling and
filtering, elemental concentrations were measured by ICP-OES (Thermo Scientific, iCAP 6300
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Duo). Biogenic Si was determined by digestion of a 0.03 g plant sample with 25 ml 0.5 M sodium
hydroxide (NaOH) and then analysed with a continuous flow analyser (SAN++® Advanced Series,
Skalar) following Demaster (1981) and Saccone et al. (2007). Between 4 and 8 mg of plant
material was used to perform elemental C and N analyses by Dumas dry combustion method
using a Flash 2000 CN Soil Analyzer (Interscience, Louvain-la-Neuve, Belgium).

Data analysis

All statistical analyses were performed in R using packages nlme, lmertest, dunn.test and
emmeans (Dinno, 2024; Lenth, 2026; Kuznetsova et al., 2017; Pinheiro et al., 2007; R Core Team,
2024). The level of significance for all analyses was set at p < 0.05. Interactions terms were tested
and excluded from the final models if statistically insignificant. Data collected prior to field
amendment was excluded from statistical analyses but is shown in the figures with reduced
opacity for visual reference.

To assess the effects of treatment and time on maize biomass density and quality, a factorial
analysis of variance (ANOVA) was performed, with treatment and growing season as fixed effects
and plot as a random effect. If normality or homoscedasticity of the model residuals were not
met after log- or square-root transformation, the non-parametric Kruskal-Wallis test was used
with treatment as explanatory variable. A post-hoc test (Tukey’s honestly significant difference
test or Dunn’s multiple comparison test for parametric and non-parametric analyses
respectively) was conducted to explore significant differences among treatments. While full
ANOVA results are presented in the supplementary information (Table S6), only significant
findings are reported and discussed in the main text.

To investigate treatment effects on pore water characteristics (pH, DIC, alkalinity, Al, Na, Ni),
VWC, soil pH, CEC, and base saturation, a linear mixed model was constructed with plot as
random effect, days as continuous covariate and treatment as class covariate (Table S7). VWC
data was obtained from sensor data following Kopecky et al. (2021). Post-hoc comparisons of
linear mixed models were performed using estimated marginal means. For models including a
treatment x day interaction, treatment-specific slopes were estimated using the emtrends()
function and compared pairwise using Tukey-adjusted tests.

Ni concentrations in all corn samples collected in 2023 and 2024 were below the limit of
guantification (LOQ; 0.0002 mg g"); consequently, corn Ni data were excluded from further
analyses. Although Ni concentrations were also below the LOQ in most stem and leaf samples in
2024 and in all pore water samples collected between 25 July and 25 October 2023, these values
were retained and set to zero for subsequent analyses.

The data and model code in support of our findings are openly available in Zenodo at
https://doi.org/10.5281/zenod0.23803780 (Boito, 2026).
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Results

Weathering signals: pore water pH, DIC and alkalinity

Pore water DIC and alkalinity significantly decreased over time, and significant treatment effects
were observed on pore water pH, DIC and alkalinity. Specifically, Hihnerberg basalt significantly
increased pore water pH (+0.36 = 0.06), DIC (+5.02 = 0.95 mg ") and alkalinity (+0.46 = 0.1)
compared to control (all values are means + SE; Figure 1; Table S7). Similarly, Bolsdorfer basalt
significantly increased alkalinity (+0.34 = 0.1 meq ") and DIC (+4.41 £1.33 mg ') compared to
control, while lime significantly increased DIC compared to control (+3.38 = 0.86 mg |").
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Figure 1: Average pore water pH (top), alkalinity (middle) and DIC (bottom) concentrations
throughout the experiment for each treatment. Error bars represent the standard error on the
mean. Shadowed areas represent the growing seasons. Significant p- and F-values are shown
from a linear mixed model with pore water pH, alkalinity or DIC as response variable, days as
continuous covariate, treatment as class covariate and plot as random effect. Significant
pairwise comparisons from post-hoc tests are shown. Significant interaction effects, when
present, are indicated in the plot by an “x”. When interactions were not significant, they were
excluded from the model and not shown here. See Table S7 for complete statistics.
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Effects on VWG, soil fertility and nutrient availability

A treatment effect on VWC emerged during the first growing season, although the response was
limited to specific amendments (Figure 2; Table S7). Relative to control, VWC increased
significantly faster over time in the Eifelgold (2.04-fold) and HUhnerberg treatments (1.87-fold;
significant treatment x day interactions). In contrast, no significant effects were observed for
Bolsdorfer or lime during this period. Interestingly, this pattern changed during the fallow period,
with treatment effects reversing direction: rather than promoting higher VWC, Huhnerberg and
lime both accelerated its decline over time 1.76-fold compared to control. Bolsdorfer also
showed a significantly steeper decline compared to control (1.59-fold relative to the control).
However, visual inspection of the time series showed that the Bolsdorfer response should be
interpreted with caution. Throughout most of the fallow period, Bolsdorfer VWC remained similar
to that of the control treatment, and the significant effect was largely driven by a decrease in VWC
after day 284. Thus, the Bolsdorfer-amended treatment appeared to diverge from the control only

First growing season
507 Days: p<0.0001, F=521.9; Treatment x Days: p<0.001, F=7.2
Eifelgold - Control: p<0.0001
40 Huhnerberg - Control:
p<0.001
30+
20+ ' .
0 50 100
Fallow period
2 501
O
= 404
> Days: p<0.0001, F=773.7
% 30+ Treatment x Days: p<0.0001, F=14.8
© Bolsdorfer - Control: p<0.01
O 204 Huhnerberg - Control: p<0.0001
z Lime - Control: p<0.0001
150 200 250 300
Second growing season

50+

40 Days: p<0.0001, F=181.3

30+

204

440 460 480
Days after amendment

= Control Lime 02 Bolsdorfer 50 Eifelgold_50 — Huhnerberg_50

Figure 2: Average daily VWC for each treatment (n = 3) over the first growing season (top), the fallow
period (middle) and the second growing season (bottom). Shaded areas represent standard errors on the
mean. Significant p- and F-values are shown from a linear mixed model with VWC as response variable,
days as continuous covariate, treatment as class covariate and plot as random effect. Significant
interaction effects, when present, are indicated in the plot by an “x”. Significant pairwise comparisons
are shown. When interactions were not significant, they were excluded from the model and not shown
here. See Table S7 for complete statistics.
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towards the end of the fallow period. Finally, no treatment effects were detected during the
second growing season.

In general, soil pH significantly declined over time (Figure 3). Interestingly, at the first sampling
after amendment (day 135), a significant treatment effect was observed: Bolsdorfer (+0.52 *
0.06), Huhnerberg (0.52 = 0.09) and lime (0.37 = 0.08) significantly increased soil pH compared
to control (values are means = SE; Table S7). However, this effect was temporary and disappeared
later, as indicated by a significant treatment x days interaction effect. CEC increased over time
and was not significantly affected by treatment, despite a non-significant increase in CEC at day
135 with Bolsdorfer, Hihnerberg and lime (Figure 3; Table S7). Similarly to soil pH, Bolsdorfer
(+21.1 = 4.0%), HuUhnerberg (+18.8 + 6.0%) and lime (+20.8 * 6.8%) base saturation increased
significantly at day 135 and subsequently declined (Figure 3; Table S7).

With the exception of pore water Al and Na, treatment did not significantly affect pore water
elemental or nutrient concentrations (Figure S8-S10). Huihnerberg significantly reduced pore
water Al compared to control (-0.17 £ 0.07 mg |"; Figure S8), whereas Bolsdorfer and Eifelgold
treatments significantly increased pore water Na compared to control (+5.94 +2.29 and +4.41 +
2.31 mg I for Bolsdorfer and Eifelgold respectively; values are mean = SE; Figure S9; Table S7).

Crop biomass and quality

Maize biomass density generally varied significantly between growing seasons, with very little
treatment effects (Figure 5; Table S6). Corn, leaf and root biomass significantly decreased
between the first and the second growing season, whereas stem biomass did not differ
significantly between growing seasons. A significant treatment x growing season interaction
effect emerged on stem biomass; however, a post-hoc comparison revealed only a trend for an

i T
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G5 T 56 + g |
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Days p<0.001, F=14 4 @ +
] - m
Days"2: Pqi 0-001‘ F=46 | l Treatment p<0.01, F=4.8
60 Treatment x Days*2: p<0.001, F=5.2 60 Treatment x Days: p<0.01, F=4.7
Day 135: Day 135: |
Bolsdorfer - Control: p<0.01 Bolsdorfer - Control: p<0.01
Huhnerberg - Contral: p<0.01 Huhnerberg - Control: p<0.01
Lime - Control: p=0.047 Ek ol 50 Lime - Control: p=0.012
0 200 400 0 200 400 0 200 400
Days after amendment Days after amendment Days after amendment

@ Control Lime_02 Bolsdorfer_50 Eifelgold_50 £4 Huhnerberg_50

Figure 3: Average soil pH (left), potential cation exchange capacity (CEC, middle) and base saturation
(right) throughout the experiment for each treatment. Error bars represent the standard error on the
mean. Shadowed areas represent the growing seasons. Significant p- and F-values are shown from a
linear mixed model with soil pH, CEC or base saturation as response variable, days as continuous
covariate, treatment as class covariate and plot as random effect. Significant pairwise comparisons
from post-hoc tests are indicated. Significant interaction effects, when present, are indicated in the plot
by an “x”. When interactions were not significant, they were excluded from the model and not shown
here. See Table S7 for complete statistics.
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increase in stem biomass with Hihnerberg at the end of the second growing season (p=0.056;
+0.53 = 0.16 kg m; mean = SE). Treatment did not affect total aboveground biomass (Figure S11).

Treatment effects on maize nutrient concentrations were generally absent, with two exceptions
(Figures S12-S16; Table S6). First, root C content significantly decreased with lime (-5.99 £3.1 %)
and Eifelgold (-8.82 + 0.82 %) compared to control at the end of the first growing season (values
are mean * SE; Figure S14). Second, Huhnerberg significantly increased root Mg compared to
control (+0.140 +0.024 mg g™'; average increase across two growing season = SE; Figure S16).
Despite significant treatment x growing season interaction effects on corn and leaf BSi, the post-
hoc tests did not reveal any significant treatment effect within each growing season (Figure S12).
None of the treatments significantly affected C:N ratio, N, Ni or Cr content in any of the plant
parts.
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Figure 5: Average biomass density for each organ, for each
treatment and for each growing season. Error bars represent the
standard error on the mean. Significant p- and F- values are shown
from a factorial analysis of variance (ANOVA) performed with
biomass as response variable, treatment and growing season as
fixed effects and plot as a random effect. Significant pairwise
comparisons from post-hoc tests are indicated. Significant
interaction effects, when present, are indicated in the plot by an “x”.
When interactions were not significant, they were excluded from
the model and not shown here. See Table S6 for complete
statistics.
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Discussion

Weathering signals: pore water pH, alkalinity and DIC

Overall, our data reveal consistent weathering signals across most feedstocks, reflected in
increases in pore water DIC and alkalinity, with the notable exception of Eifelgold tephrite, for
which these increases were not statistically significant. Across all silicates, weathering indicators
were strongest during the early stages of the experiment and declined over time, though they did
not disappear entirely. This suggests that weathering persisted beyond the first growing season,
albeit possibly at reduced rates. The comparable effects of Bolsdorfer and Huhnerberg basalts
and lime on pore water DIC (and partially alkalinity, for which the increase with lime had p=0.07)
further suggest that these basalts sustained comparatively high initial weathering rates.

As silicates weather, they consume protons and release cations, leading to the formation of
dissolved (bi)carbonate (Hartmann et al., 2013). This process elevates soil pH as well as pore
water alkalinity and DIC. The observed patterns are therefore consistent with expectations and
with previous findings (Amann and Hartmann, 2022; Amann et al., 2020; Beerling et al., 2024;
Steinwidder et al.,, 2025). Nevertheless, the detection of a weathering signal under field
conditions cannot be assumed. At the field-scale, soil processes can dilute or even obscure
treatment effects, as illustrated by Dupla et al. (2025), who reported minimal impacts of silicate
additions on weathering proxies such as pore water DIC and pH. There, the authors attributed the
absence of a detectable signal to slow mineral dissolution kinetics combined with high soil
heterogeneity, which possibly influenced EW responses and their detection in our field
experiment as well.

Effect of silicate mineralogy and lime

We hypothesized that silicates containing faster-weathering minerals, such as Bolsdorfer basalt,
would exert stronger effects on soil properties and crop performance, while lime would produce
more immediate but short-lived effects due to its rapid dissolution. In particular, Bolsdorfer
basalt contained three times more nepheline (which weathers more than 300 and 200 times
faster than diopside and labradorite, an intermediate plagioclase feldspar, respectively, under
neutral mechanism at 25 °C; Palandri and Kharaka, 2004) than Eifelgold tephrite, while
Huhnerberg did not contain any nepheline (Table 2). In addition, Bolsdorfer basalt contained
twice as much diopside than Huhnerberg basalt, a pyroxene with intermediate weathering rates
(Gudbrandsson et al., 2011).

Overall, our data shows that soil responses cannot simply be predicted from mineralogy: while
Bolsdorfer basalt produced pronounced early responses, as it significantly increased pore water
alkalinity, DIC, Na, soil pH and base saturation, a similar response was observed for Hilhnerberg
basalt, which also significantly increased pore water pH, DIC, alkalinity, soil pH and base
saturation, despite being composed of relatively slower-weathering minerals compared to
Bolsdorfer. Hihnerberg contained substantially higher amounts of plagioclase relative to
Bolsdorfer basalt (0 vs. 26.5%), which likely contributed to proton consumption and base-cation
release during weathering. However, plagioclase dissolution rates vary strongly based on their
anorthite content (Palandri and Kharaka, 2004), therefore plagioclase’s contribution to the
feedstock’s weathering rates cannot be exactly quantified. In addition, small differences in
particle size distribution and specific surface area among the basalts (which strongly influence
reactive mineral surface availability and therefore mineral dissolution rates) may also have
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contributed to the variability observed among treatments. Te Pas et al. (2023) and Buckingham
and Henderson (2024) also observed distinct pH and alkalinity responses of different basalt
feedstocks in soil column experiments. However, results of Buckingham and Henderson (2024)
showed that basalt increased pore water pH, an effect only observed with Hihnerberg basalt in
our field experiment, thus highlighting the challenges of translating laboratory findings to field
settings.

Concerning plant and soil responses, lime did not outperform the silicates, thus contradicting
our hypothesis of a stronger but shorter lime effect compared to silicates, owing to lime’s faster
dissolution rates (Palandri and Kharaka, 2004). Instead, the effects of lime closely mirrored those
of Bolsdorfer and Huhnerberg basalts, apart from an increase in pore water Na with Bolsdorfer
(absent in lime due to its lack of Na; Figure S9). Notably, the above-mentioned soil column
experiment by Buckingham and Henderson (2024) also found that basalt-induced increases in
pore water alkalinity were comparable to those generated by lime, an outcome that aligns with
our findings.

Soil water content

Our results only partially support the hypothesis that feedstock amendments would increase soil
VWC. Significant increases in VWC were observed only following Huhnerberg and Eifelgold
application, and these effects were restricted to the first growing season. In contrast, during the
fallow period, Huhnerberg, Bolsdorfer and lime significantly decreased VWC, whereas no
treatment effects were detected during the second growing season.

Taken together, our VWC results suggest that amendment effects may be governed by the
balance between an immediate physical change following amendment incorporation and slower
changes in soil structure associated with weathering, which develop over time. Shortly after
application, feedstock particles may occupy existing pore spaces and shift the pore size
distribution towards smaller pores. Such changes could increase water retention as water is held
more strongly within finer pores (Hillel, 1998). This mechanism may occur immediately following
incorporation, before substantial weathering has taken place, owing to the physical presence of
amendment particles within the soil matrix. The transient increase in VWC observed for
Huhnerberg and Eifelgold during the first growing season is consistent with this interpretation and
with results from Akortey et al. (2026), who found an increase in water retention after glacial rock
flour addition, and attributed it to the amendment filling pore spaces. A recent review effort by
Gholamahmadi et al. (2026) showed that silicate amendments increased soil moisture by a
median of +4.4%, thus agreeing with our results during the first growing season. However,
because this effect was not consistently observed across all feedstocks and did not persist over
time, particle-induced pore filling alone is unlikely to fully explain the observed treatment
responses.

Additional processes may have contributed to the lower VWC observed with lime, Bolsdorfer and
Huhnerberg during the fallow period. Compared with silicate amendments, in our field
experiment lime was applied at a much lower rate (2 vs. 50 ton ha™). Therefore, given the lower
amount of particles added in the lime treatment, the physical effect might be insignificant here.
Onthe other hand, the faster dissolution rates of lime compared to silicates was likely associated
with higher Ca release (Palandri and Kharaka, 2004), which may have facilitated the formation of
stable macroaggregates through cation bridging and cementation (Blume et al., 2010; Bronick
and Lal, 2005), thereby increasing the proportion of inter-aggregate pore space (Carmeis Filho et
al., 2016; Ferreira et al., 2019; Hamza et al., 2026). These structural changes could facilitate pore
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connectivity, water flow and drainage (Mangalassery et al., 2013; Uchida et al., 2008), thus
reducing VWC. While aggregate formation and water flow pathways were not assessed in the
present study, this mechanism could provide a potential explanation for the responses observed
for lime.

On one hand, plant water uptake and transpiration, together with evaporation, also likely
influenced overall soil moisture dynamics, as shown by the generally higher VWC recorded during
the fallow period compared to the growing seasons. On the other hand, plant transpiration alone
is unlikely to account for the treatment-specific responses observed in this study. During the first
growing season, the higher VWC observed following Eifelgold and Hihnerberg application could
theoretically reflect reduced transpiration. However, this explanation appears unlikely to account
for a substantial proportion of the observed response, as none of the treatments significantly
affected aboveground biomass, which would generally be expected to differ if plant water use
varied markedly among treatments. Further evidence against a dominant role of transpiration
emerges from the fallow period data, during which effects on VWC persisted. Following harvest,
vegetation cover and associated transpiration were strongly reduced, while lower temperatures
also limited atmospheric evaporative demand. Under these conditions, treatment-induced
differences in VWC are unlikely to have been driven primarily by changes in evapotranspiration.
Nevertheless, as evapotranspiration was not measured directly, its contribution to the growing-
season responses cannot be fully quantified.

In addition to variation in evapotranspiration, treatment-induced changes in soil structural
properties likely contributed to the temporal dynamics of VWC. Specifically, the temporal
patterns observed throughout the experiment suggest that the dominant processes controlling
VWC may shift over time. Whereas physical pore-filling may initially increase water retention, this
effect might diminish as feedstock particles weather and soil structure evolves, and weathering-
induced changes in soil aggregation and pore connectivity may become increasingly important.
Under such a scenario, an initial increase in VWC could weaken or even reverse over time,
depending on the balance between water retention, percolation and evapotranspiration
processes. The observed increase of VWC with HUhnerberg during the first growing season,
followed by a significant VWC decrease with the same treatment during the fallow period are
consistent with this conceptual framework, although direct evidence for these processes was not
collected. Still, our results are supported by results from a mesocosm experiment by Boito et al.
(2025), in which basalt addition to mesocosms planted with maize increased soil water content
during the first growing season, while it decreased it during the fallow period and second growing
season.

Interestingly, the decline in VWC with Bolsdorfer basalt was only observed between day 284 and
304. This delayed response may be related to differences in mineralogy and weathering products.
The relatively rapid weathering of Bolsdorfer basalt is largely attributable to its nepheline content
(Table 2), a Na-rich mineral that releases primarily the monovalent cation Na* (and in smaller
measure K*) upon dissolution (Manning, 2010). In contrast to Ca* and Mg?, Na* does not
generally contribute to cation bridging and can even reduce the degree of flocculation (Blume et
al., 2010). Consequently, the initial stages of Bolsdorfer weathering would not be expected to
enhance soil structure. As weathering progressed, however, the slower dissolution of Ca- and Mg-
bearing minerals may have increased the supply of polyvalent cations capable of promoting
aggregate formation. Such a delayed structural response could explain why VWC in Bolsdorfer
treatment remained similar to the control during most of the fallow period, but began to decline
towards the end of it, when weathering of these minerals may have become more prominent.
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Unfortunately, interpretation of the observed temporal trends is complicated by field
management practices. Harvesting operations conducted between the first growing season and
the subsequent fallow period likely affected soil physical conditions through machinery traffic,
while ploughing between the fallow period and the second growing season likely disrupted soil
aggregates and altered pore connectivity (Blume et al., 2010; Bronick and Lal, 2005). Indeed,
VWC was very similar across treatments during the second growing season. Consequently, our
study design did not allow assessment of how amendment-induced structural changes would
evolve under undisturbed conditions. It therefore remains uncertain whether the observed
responses would have persisted, disappeared or shifted over longer time scales. Further work
involving direct measurements of aggregation, pore-size distribution, water flow and retention
would be required to test the mechanisms proposed here.

Soil chemical fertility and nutrient availability

The characteristics of the starting soil (pH = 6.6, SOC = 2.7 %) indicate that soil chemical fertility
was already high prior to amendment, which likely constrained the potential for additional soil
and crop improvements. Within such contexts, EW might therefore prove more relevant as a CDR
strategy rather than a means of delivering agronomic co-benefits, especially since crop
performance also showed no improvement (see below). Our hypothesis that rock amendments
would improve soil chemical fertility (i.e., soil pH, CEC and base saturation) is therefore only
partially supported, as the only significant changes observed were short-lived: increases in soil
pH and base saturation with Hihnerberg, Bolsdorfer and lime disappeared after the first growing
season.

In addition, while increases in pH and CEC are commonly reported outcomes of enhanced
weathering (Anda et al., 2015; Conceigao et al., 2022; Gillman, 1980; Rijnders et al., 2023;
Rijnders et al., 2025; Skov et al., 2024; Ten Berge et al., 2012; Xu et al., 2025), we found no
statistically significant increase in CEC following amendment application. Interestingly, CEC
increased over time in the control plots, a trend primarily driven by the higher CEC values
observed during the last sampling event (day 491, on 23 September 2024). This overall temporal
increase may be attributable to field management practices, particularly manure applications
(Blume et al., 2010). Despite the observed temporal increase, the CEC values observed in this
experiment (8.6 £ 0.2 cmol* kg'; mean = SE) fall within the expected range for Podzols (~11 cmol*
kg™") (White, 2005), and are at the lower end for soils of similar texture but slightly lower SOM (10-
25 cmol+ kg™ for sandy loams, loams, and silt loams with 2-3% SOM and illite, smectite, and
vermiculite clays)(Blume et al., 2010).

Crop biomass and quality

Contrary to our initial hypothesis and consistent with our soil data, crop biomass and quality were
driven primarily by seasonal variability rather than by the applied amendments. Across both
growing seasons, basalt, tephrite, and lime failed to produce consistent changes in maize
biomass or quality, and the few treatment-specific differences that arose were neither systematic
(i.e., consistent across various plant organs) nor repeated across growing seasons. Overall, under
the relatively fertile starting conditions of this field trial, the geochemical shifts induced by EW
did not translate into measurable agronomic benefits.

Such limited crop responses align with findings from similar studies carried out in temperate
regions, where EW often shows little effect on yields unless soils are strongly acidic or nutrient-
depleted (Swoboda et al., 2022). Mesocosm experiments have likewise reported no significant
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biomass increases with basalt application, including for potato (Vienne et al., 2022) and maize
(Boito et al., 2025). However, positive responses have been documented elsewhere, for example
in spring oat (Skov et al., 2024), sorghum (Kelland et al., 2020), and maize (Rijnders et al., 2025),
indicating that EW’s agronomic benefits can occur under specific environmental and/or edaphic
conditions.

A likely explanation for these contrasting outcomes is the dependence of EW’s performance on
baseline soil properties. Yield improvements are most frequently reported for highly weathered,
nutrient-poor soils amended with mafic or ultramafic rocks, where EW can alleviate nutrient
limitations and acidity (Swoboda et al., 2022). In contrast, our experimental soil was relatively
fertile, which may have limited the scope for additional nutrient supply to translate into
measurable crop responses. Thus, in productive agricultural systems, EW may function primarily
as a CDR strategy rather than a crop enhancement practice.

Conclusion

In this 16-month field experiment in Belgium, we tested whether three different silicate
amendments with contrasting mineralogy, compared to lime, could increase soil volumetric
water content (VWC), as well as enhance soil chemical fertility and crop yield and quality. We
hypothesized that the amended silicates would deliver more persistent benefits than lime, with
faster-weathering silicates exerting quicker effects. Increases in weathering signals (pore water
dissolved inorganic carbon (DIC) and alkalinity) indicated that weathering was active in our
experiment, especially during the first growing season after amendment.

Despite sustained weathering, treatment effects on soil chemical fertility (pH, cation exchange
capacity and base saturation) were overall limited and largely short-lived, and they did not
translate into effects on crop biomass and quality. Hihnerberg basalt and Eifelgold tephrite
significantly increased VWC during the first growing season, whereas Huhnerberg, Bolsdorfer
and lime significantly reduced VWC during the subsequent fallow period. These findings suggest
that silicate amendments can influence soil hydrological properties, but that such effects might
be dependenton amendment mineralogy and time since application. Overall, our results indicate
that, in agricultural systems using relatively fertile soil such as the one used in this experiment,
the primary value of EW may lie in its CO, removal potential rather than in consistent agronomic
gains.
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Figure S1: Average bulk density for each treatment throughout the experiment.

Shaded grey areas represent the growing seasons. Error bars represent the
standard error on the mean.
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Figure S2: Particle size distribution (d80 = 62.3 um) of
Hiihnerberg basalt. Provided by RPBL.
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Figure S4: Particle size distribution (d80 = 78.4 um) of Bolsdorfer
basalt. Provided by RPBL.

Figure S5: Example of the area (delimited by yellow measuring tape) randomly selected in each plot
for above- and below-ground biomass sampling.
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Table S6: p- and F- (or chi?) values for analyses on plant data (ANOVA), with treatment, growing
season and their interaction (if significant) as explanatory variables. When assumptions of normality
and homoscedasticity were not met, a non-parametric test (Kruskal-Wallis, indicated in brackets)
was performed. Significance of pairwise comparisons (estimated with post-hoc tests) is also
indicated. Treatment names are C = control, L = lime, BD = Bolsdorfer, EG = Eifelgold, HBG =
Hdhnerberg. Significant effects (p<0.05) are indicated in bold, while trends (0.05<p<0.09) are
indicated in italics. Continues on next page.

Response variable Unit Treatment Growing season Treatment x
Growing season
Total aboveground Kg m P=0.38, F=1.2 P<0.0001, F=60.4 n.s.
biomass
Corn biomass Kg m? P=0.24, F=1.65 P<0.0001, F=190.0 n.s.
Leaf biomass Kg m P=0.59, F=0.73 P<0.001, F=29.63 P=0.072, F=3.01
Root biomass Kg m P=0.86, F=0.32 P<0.01, F=14.76 P=0.074, F=2.98
Stem + Tassel Kg m P=0.5, F=0.9 P=0.19, F=2.02 P<0.01, F=6.8
biomass HBG — C: p=0.056
(2™)
Corn BSi Logl0 (mg g P=0.41, F=1.1 P<0.0001, F=218.7 P=0.012, F=3.47
1
Leaf BSi Log10 )(mg g P=0.79, F=0.41 P<0.0001, F=63.44 P=0.014, F=3.36
1
Root BSi mg)g'l P=0.48, F=0.5 P<0.0001, F=115.77 n.s.
Stem BSi mg g P=0.14, F=2.23 P<0.0001, F=833.0 n.s.
Corn C % P=0.22, F=1.48 P=0.48, F=0.49 n.s.
Leaf C % P=0.17, chi’=6.4 P<0.0001, chi? = n.s.
(Kruskal-Wallis) 40.49 (Kruskal-
Wallis)
Root C % P=0.057, F=2.81 P<0.0001, F=71.22 P=0.057, F=2.81
EG - C: p<0.01 (1%)
L—C: p=0.033 (1%)
Stem C % P=0.45, F=1.0 P<0.0001, F=326.3 n.s.
Corn N % P=0.25, F=1.59 P<0.001, F=15.54 n.s.
Leaf N % P=0.94, F=0.2 P<0.0001, F=441.4 n.s.
Root N % P=0.4, F=1.12 P<0.001, F=22.03 n.s.
Stem N % P=0.23, F=1.69 P<0.0001, F=23.1 n.s.
Corn C:N gg! P=0.35, F=1.24 P<0.0001, F=19.7 n.s.
Leaf C:N gg! P =0.94, chi?=0.81 P<0.0001, chi? = n.s.
(Kruskal-Wallis) 64.28 (Kruskal-
Wallis)
Root C:N gg? P=0.56, F=0.79 P=0.01, F=9.15 n.s.
Stem C:N gg? P=0.4, F=1.12 P<0.0001, F=39.15 n.s.
Corn Ca Ln (mgg?) P=0.37, F=1.19 P<0.0001, F=118.34 n.s.
Leaf Ca In(mg g?) P=0.41, chi?=4.01 P<0.0001, chi? = n.s.

(Kruskal-Wallis)

33.95 (Kruskal-
Wallis)
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Table S6: continued.

Response
variable
Root Ca

Stem Ca

Corn Fe

Leaf Fe

Root Fe
Stem Fe

Corn Mg
Leaf Mg

Root Mg

Stem Mg
Corn K
Leaf K

Root K
Stem K

Corn P

Leaf P

Root P
Stem P

Corn Cr

Leaf Cr

Root Cr

Stem Cr
Leaf Ni

Root Ni
Stem Ni

In(mg g*)

Log10 (mgg™)
Log10 (mgg™)

Log10 (mgg™)
Log10 (mgg™)

V(mgg?)

Logl10 (mgg?)
Logl10 (mgg?)
Log10 (mgg?)

Log10 (mgg?)
Log10 (mgg™)

Logl0 (mgg™)

Logl0 (mgg?)

V(mgg?)
Log10 (mgg™)

Logl10 (mgg?)

Logl0 (mgg?)

mg g

mgg’

Logl10 (mgg?)

V(mgg?)
Log10 (mgg™)

Treatment

P=0.78, F=0.44
P=0.34, chi® =
4.49 (Kruskal-
Wallis)
P=0.022,
F=4.72
L-C: p=0.102
P=0.093, chi? =
0.82 (Kruskal-
Wallis)
P=0.89, F=0.26

P=0.82, F=0.38

P=0.46, F=0.99
P=0.54, chi®=
3.13 (Kruskal-
Wallis)
P<0.01, F=5.45
HBG - C:
p=0.02
P=0.14, F=2.24

P=0.52, F=0.86
P=0.88, F=0.28

P=0.61, F=0.71
P=0.22, F=1.47

P=0.52, F=0.86

P=0.99, chi? =
0.18 (Kruskal-
Wallis)
P=0.88, F=0.28

P=0.35, F=1.25

p=0.42, chi?
=3.91 (Kruskal-
Wallis)
P=0.95, chi? =
0.69 (Kruskal-
Wallis)

P=0.65, chi? =
2.49 (Kruskal-
Wallis)
P=0.87, F=0.31

P=0.83, F=0.37

P=0.37, F=1.19
P=0.86, F=0.32

Growing season

P=0.54, F=0.4
P<0.0001, chi? =
27.73(Kruskal-
Wallis)
P<0.0001,
F=105.5

P<0.0001, chi? =
63.75 (Kruskal-
Wallis)
P<0.0001,
F=124.2
P<0.0001,
F=85.5
P=0.15, F=2.08
P<0.0001, chi? =
55.9 (Kruskal-
Wallis)
P=0.018, F=6.83

P<0.0001,
F=26.54
P<0.0001,
F=872.6
P<0.0001,
F=64.17
P=0.075, F=4.19
P<0.0001,
F=77.59
P<0.0001,
F=338.75
P<0.0001, chi? =
60.14 (Kruskal-
Wallis)
P<0.001,
F=25.12
P<0.0001,
F=306.93
P<0.01, chi? =
10.46 (Kruskal-
Wallis)
P<0.0001, chi? =
65.23 (Kruskal-
Wallis)

P<0.0001, chi? =
16.2 (Kruskal-
Wallis)
P<0.0001,
F=160.9
P<0.0001,
F=373.42
P=0.035, F=5.97
P<0.0001,
F=116.61

Treatment x
Growing season
n.s.

n.s.

n.s.

n.s.

n.s.
n.s.

n.s.

n.s.

n.s.

n.s.
n.s.
n.s.

n.s.

n.s.
n.s.

n.s.

n.s.
n.s.

n.s.

n.s.

n.s.

n.s.
n.s.

n.s.
n.s.
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Table S7: p- and F- values from linear mixed models built to test for effects on pore water data,
volumetric water content (VWC), soil pH, CEC and base saturation. Days (continuous covariate),
treatment (class covariate), and their interaction (if significant) were used as explanatory variables.
Significant post-hoc comparisons between treatment and controls are indicated. Bold indicates
significant effects (p<0.05), while italic symbolizes trends (0.05 <p <0.09). Treatment names are C =
control, L =lime, BD = bolsdorfer, EG = Eifelgold, HBG = Huhnerberg. Continues on next page.

Response Unit Treatment Days Days x Treatment
variable
Pore water pH unitless P=0.019, F=3.06 P=0.48, F=0.5 n.s.
HBG - C: p=0.038
Pore water DIC Log10(mg L* P<0.0001, F=7.97 P<0.001, F=13.83 n.s.
+1) BD - C: p=0.017
HBG - C: p<0.01
L - C: p<0.01
Pore water Vv (meqL?) P<0.001, F=5.6 P=0.017, F=5.85 n.s.
alkalinity BD - C: p=0.029
HBG - C: p=0.0112
L—C: p=0.0697
Pore water DOC Log10(mg L) P=0.86, F=0.33 P<0.0001, F=23.83 n.s.
Pore water Al Vv (mglL?) P=0.01, F=3.44 P=0.87, F=0.03 n.s.
HBG - C: p=0.03
Pore water Ca Log10(mg L?) P=0.34, F=1.28 P<0.0001, F=32.1 n.s.
Pore water Mg Logl10(mgL?) P=0.14, F=1.77 P<0.0001, F=43.3 n.s.
Pore water K Log10(mg L?) P=0.49, F=0.86 P<0.0001, F=16.2
Pore water Fe Log10(mg L?) P=0.93, F=0.2 P=0.59, F=0.29 n.s.
Pore water Na Log10(mg L?) P<0.01, F=9.63 P<0.0001, F=36.46 n.s.
BD - C: p<0.01
EG - C:p=0.019
Pore water NOs-  Logl0(mgL?) P=0.88, F=0.3 P<0.01, F=7.06 n.s.
N
Pore water NHs*- Vv (mglL?) P=0.38, F=1.07 P<0.0001, F=28.7 n.s.
N
Pore water Ni mg L? P=0.09, F=2.06 P=0.45, F=0.56 n.s.
Pore water POy - vV (mgL?) P=0.95, F=0.17 P<0.0001, F=27.3 n.s.
P
Pore water SO4 Log10(mg L?) P=0.99, F=0.04 P=0.77, F=0.08 n.s.
VWC V% 1t p=0.39, F=1.13 1 p<0.0001, 1% p<0.001,
F=521.9 F=7.21

Winter: p=0.8,
F=0.41

2": p=0.98, F=0.11

Winter: p<0.0001,
F=773.7

2" p<0.0001,
F=121 2

EG - C: p<0.0001
HGB — C: p<0.001
Winter:
p<0.0001, F=14.8
BD - C: p<0.01
HGB - C:
p<0.0001
L - C: p<0.0001
2" n.s.
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Table S7: continued.

Response
variable

Soil pH

Soil CEC

Base saturation

Unit Treatment Days
Unitless P<0.001, F=6.9 Days =
p<0.001,
F=14.0
BD-C: Days? =
p=0.0013, p<0.0001, F=46
0.0053 (day 135,
265)
HBG - C:
p=0.0025, 0.02
(day 133, 265)
L - C: p=0.0474,
0.082 (day 135,
265)
Logl0(cmol- P=0.36, F=1.2 P<0.0001, F=65
ke?)
% P=0.004, F=4.6 Days = p=0.29,
F=1.2
BD - C: p<0.01 Days? =
p=0.43, F=0.7
HGB - C: p<0.01
L-C: p=0.012

Days x Treatment

Treatment x Days?=
p<0.001, F=5.2

n.s.
Treatment x Day = p<0.01,
F=4.7

BD - C: p=0.042

HGB - C: p=0.063
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Figure S8: Average pore water Al, Fe, and Ni concentrations for each treatment throughout the experimental
period. Error bars represent the standard error on the mean. Significant effects are presented in the plots
and in Table S7. The limit of quantification (LOQ), below which the element’s presence was detected, but its
concentration was too low to be quantified, was 0.007 mg/l. Elemental concentration analyses were
conducted in-house on samples filtered through a disposable 0.45 um PET-45/25 membrane filter
(CHROMAFIL, Macherey-Nagel) and used two quality controls measured every 25 samples prepared from
Certified Reference Material (CPAChem; P/N: RM035359L25).
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Figure S9: Average pore water Ca, Mg, Na and K concentrations for each treatment throughout the
experimental period. Error bars represent the standard error on the mean. Significant effects are
presented in the plots and in table S7. Elemental concentration analyses used two quality controls
measured every 25 samples prepared from Certified Reference Material (CPAChem; P/N:
RMO035359L25). Analyses were conducted in-house on samples filtered through a disposable 0.45
um PET-45/25 membrane filter (CHROMAFIL, Macherey-Nagel).
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Figure S10: Average concentration of NH,-N, NOs-N, PO,>-N and SO, in the pore water for each
treatment throughout the experiment. Error bars represent the standard error on the mean.
Significant effects, when present, are indicated in the plot. The limit of quantification (LOQ), below
which the element’s presence was detected, but its concentration was too low to be quantified, was
0.001 mg/l. NHs-N, NOsz-N, PO,*-P and SO.* were measured on three technical replicates by a
continuous flow analyser (SAN++® Advanced Series, Skalar) using standard NH,", NOs, PO, and
SO/ solutions (Certipur, Supelco) as quality controls respectively. NH;*-N, NOs-N, PO/, SO/
analyses were conducted in-house on samples filtered through a disposable 0.45 um PET-45/25
membrane filter (CHROMAFIL, Macherey-Nagel).
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Figure S11: Average biomass density for each treatment and growing
season. Error bars represent the standard error on the mean. p- and F-
values are shown from a factorial analysis of variance (ANOVA)
performed with biomass as response variable, treatment and growing
season as fixed effects and plot as a random effect. Significant
interaction effects were tested and excluded when not significant.
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Figure S12: Average biogenic Si (BSi) concentration in each organ, for
each treatment and growing season. Error bars represent the standard
error on the mean. Significant effects, when present, are indicated in the
plot. See Table S6 for complete statistics.
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Figure S13: Average C:N ratio in each organ, for each treatment and growing season. Error bars
represent the standard error on the mean. Significant effects, when present, are indicated in the
plot. One outlier, determined by z score standardization as being > 3 SD, was removed. See Table
S6 for complete statistics.
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Figure S14: Average C content in each organ, for each treatment and growing season. Error bars
represent the standard error on the mean. Significant effects, when present, are indicated in the plot.
See Table S6 for complete statistics.
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Figure S15: Average Ca concentration in each organ, for each treatment and growing season. Error
bars represent the standard error on the mean. Significant effects, when present, are indicated in the
plot. Four outliers, determined by z score standardization as being > 3 SD, were removed. See Table
S6 for complete statistics.
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Figure S16: Average Mg (left panel) and Fe (right panel) concentration in each organ, for each treatment
and growing season. Error bars represent the standard error on the mean. Significant effects, when
present, are indicated in the plot. Six (Fe) and two (Mg) outliers, determined by z score standardization
as being > 3 SD, were removed. See Table S6 for complete statistics.



