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inoculation on soil chemical properties and maize growth
on a nutrient-rich soil
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Abstract. Enhanced weathering (EW) of silicate minerals has emerged as a promising carbon dioxide removal
(CDR) strategy, with potential benefits for soil fertility and crop performance. However, the soil processes that
determine these co-benefits remain poorly explained. In particular, interactions between basalt amendments and
soil biota such as arbuscular mycorrhizal fungi (AMF) may influence nutrient mobilization and plant uptake,
but these effects have rarely been quantified. In a 113 d mesocosm experiment with Zea mays using a Belgian,
sandy loam Plaggic anthrosoil (pH = 5.6), we investigated the effect of basalt (applied at 50tha~') and AMF
inoculation on soil properties, nutrient and heavy metal availability, and crop yield and quality. We also as-
sessed potential AMF-driven bio-weathering via cation mass balance and pore water dissolved inorganic carbon
(DIC), pH, and alkalinity measurements. In our experiment, basalt application, but not AMF, improved soil pH
(+0.71 £ 0.14), cation exchange capacity (+0.43 +0.18 meq 100 g~ "), base saturation (4+13.6 %= 3.5 %), and
generally increased exchangeable Ca and Mg in the 0—40cm soil profile (+80.2 £24.6 and +23.9 4.4 mg
per kg soil respectively), whereas most other nutrients in the pore water remained unaffected (all values are
mean =+ SE). Crop yield and quality were largely unaltered by basalt or AMF, except for an increase in plant
Mg with basalt application. Moreover, heavy metal availability and plant uptake were also generally unaffected,
with the notable exception of soil pore water and corn Ni, which increased with basalt (+-0.02 +0.005 mg L™!;
40.0002 £ 0.0001 mg per g dry biomass; mean & SE). These results suggest that risks associated with heavy
metal contamination are not generic, but may depend on local soil conditions. In our experiment, elevated back-
ground Ni concentrations likely contributed to pore water Ni concentrations exceeding the environmental quality
standards of the European Union and Australia even in the control treatments. Finally, we found no clear evidence
that AMF enhanced basalt weathering rates. Overall, AMF had limited influence on soil chemical fertility and
crop performance. On the other hand, basalt application improved key soil chemical indicators and increased the
exchangeable fractions of Ca and Mg, demonstrating its role as a soil improver. Unlike several studies conducted
in more acidic soils however, these chemical enhancements did not increase maize growth here, suggesting
limited short-term agronomic benefits of basalt under the fertile soil studied here.
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1 Introduction

Amidst the urgent need for sustainable agricultural practices
in the face of climate change (Branca et al., 2013), enhanced
weathering (EW) of silicate minerals emerges as a promis-
ing solution, offering a novel approach to mitigate carbon
dioxide (CO3) levels while simultaneously improving soil
health and crop yields (Swoboda et al., 2022). Silicate miner-
als react with water and CO; to form (bi)carbonate, resulting
in long-term carbon (C) sequestration (Dietzen et al., 2018;
Moosdorf et al., 2014). This is a naturally occurring process
that regulates the global C cycle over geological timescales,
but it is too slow to cope with the current rising atmospheric
CO, concentrations (Goudie and Viles, 2012). EW aims to
accelerate this natural process by grinding the silicate rocks
into a fine powder in order to increase their surface area and
hence their weathering rate (Renforth et al., 2011). When ap-
plied to soils, this process is facilitated by moisture, elevated
CO, concentrations, and microbial activity.

Beyond its carbon dioxide removal (CDR) potential, EW
can affect soil chemical fertility and crop performance. Sil-
icate weathering releases nutrients, can counterbalance soil
acidification, and improve soil water retention and cation ex-
change capacity (Swoboda et al., 2022; Van Straaten, 2006).
Moreover, weathering of silicate minerals releases divalent
metal cations and promotes the formation of secondary clay-
sized minerals, both of which can facilitate the stabilization
of soil organic matter through organo-mineral interactions
(Kleber et al., 2015; Slessarev et al., 2021; Wu et al., 2023),
potentially improving soil fertility (Oldfield et al., 2019;
Woomer et al., 1994). In line with this, EW has been shown to
stimulate plant growth and crop yield, particularly in acidic
or nutrient-depleted soils (Goll et al., 2021; Shamshuddin et
al., 2011; Vaghetti Luchese et al., 2021), whereas responses
in fertile agricultural soils have been less positive (Swoboda
et al., 2022).

On the other hand, EW may also introduce undesirable
side effects. These include the accumulation of heavy met-
als and reduced water infiltration, potentially resulting from
the occlusion of (macro)pores by rock amendments which
limit preferential flow pathways (Akortey et al., 2026; Dupla
etal., 2023). Additionally, increases in soil pH may stimulate
microbial activity, potentially accelerating organic matter de-
composition and leading to net losses of soil organic carbon
(SOC; Wang and Kuzyakov, 2024). Such SOC losses could
not only reduce soil fertility, but also partly offset the carbon
sequestration benefits of EW, as gains in inorganic carbon
storage may occur at the expense of organic carbon stocks
(Buss et al., 2024; Lei et al., 2025; Steinwidder et al., 2025).
Consequently, these processes could diminish both the agro-
nomic and CDR benefits anticipated from EW. However, the
mechanisms governing these co-benefits and risks remain in-
sufficiently explained, particularly the biotic interactions that
may modulate EW effects in soils.

Basalt is often considered for agricultural soil amendment
due to its widespread availability and mineral composition.
As an igneous rock rich in magnesium and iron silicates, it
can also contain essential macronutrients such as calcium and
potassium, along with important micronutrients and benefi-
cial elements such as silicon (Conceigdo et al., 2022). Com-
pared to other (ultra)mafic silicate rocks like dunite, basalt
contains lower concentrations of toxic heavy metals such as
nickel and chromium, making it a safer option for agricul-
tural use (Amann et al., 2020; Swoboda et al., 2022). Nev-
ertheless, such risks are not negligible, given the substantial
heterogeneity in basalt’s elemental composition, which may
lead to heavy metal concentrations spanning from safe to po-
tentially concerning levels (Dupla et al., 2023). On the other
hand, the bioavailability of heavy metals is also strongly in-
fluenced by pH, with higher pH generally reducing the sol-
ubility and uptake of metals like nickel and zinc (Basta et
al., 1993). Basalt application may thus improve soil chemi-
cal fertility while minimizing contamination risks, although
local soil conditions, as well as feedstock selection and ap-
plication rates, can impact these outcomes.

Among soil biota, mycorrhizal symbionts, broadly clas-
sified in ectomycorrhiza and arbuscular mycorrhizal fungi
(AMF), play a central role in plant nutrition and soil pro-
cesses. Ectomycorrhizal associations typically occur be-
tween the fine feeder roots of woody perennial species and
a relatively specific group of soil fungi (Smith and Read,
2010), and are therefore largely irrelevant for most annual
cropping systems. In contrast, approximately 80 % of terres-
trial plant species, including many important crops such as
maize, wheat, and soybean, engage in a symbiotic relation-
ship with AMF via their root systems (Verbruggen and Toby
Kiers, 2010; Wilkes, 2021). AMF extend beyond the root
surface through extensive extraradical hyphal networks, with
hyphal lengths commonly on the order of 0.5 to 5 m per g soil
(Johnson et al., 2003; Sochorov4 et al., 2016), although sub-
stantially higher values (around 70 m of hyphae per g soil)
have occasionally been reported (Miller et al., 1995). By ex-
ploring soil volumes inaccessible to roots alone, these net-
works enhance the uptake of nutrients, particularly relatively
immobile elements such as phosphorus (Ferrol et al., 2019;
Smith et al., 2011). The acquired nutrients are delivered to
the host plant via arbuscules, AMF structures that are formed
inside the root cells of the host plant (Parniske, 2008). In
exchange, AMF receive carbohydrates that can be used for
their growth (Kalamulla et al., 2022; Parniske, 2008; Ver-
bruggen et al., 2021). Besides nutrient exchange, AMF can
also influence soil structure and aggregation by exudation,
hyphal turnover and enmeshment of soil particles (Rillig et
al., 2015).

AMF can also affect the natural weathering of mineral
rocks through several physical and chemical processes. Hy-
phae exert physical pressure on minerals, widening existing
cracks and increasing their reactive surface area (Koele et al.,
2014; Smits and Wallander, 2017). AMF also act as a sink

55

60

65

70

75

80

85

90

95

00



o

o

15}

S

S

o

L. Boito et al.: Basalt and AMF effects on soil chemistry and maize growth 3

for weathering products, and thus create chemical disequilib-
ria across the rock surface which can enhance its weathering
(Quirk et al., 2015; Verbruggen et al., 2021). In addition, dur-
ing ammonium uptake AMF release protons that acidify the
soil surroundings, thus aiding the natural weathering process
(Neumann and George, 2010; Taylor et al., 2009). AMF res-
piration also increases CO, concentration in the soil (Moy-
ano et al., 2007; Taylor et al., 2009), thereby creating a more
favourable environment for rock weathering (Winnick and
Maher, 2018). Finally, AMF may influence the bioavailabil-
ity and plant uptake of heavy metals through acidification and
glomalin-mediated chelation (Gonzalez-Chavez et al., 2004;
Riaz et al., 2021).

Despite the important role of AMF in promoting nutrient
uptake as well as mineral weathering, experimental evidence
on the interaction between AMF and EW is limited, as high-
lighted by Verbruggen et al. (2021). In this study, a meso-
cosm experiment was established with the aim of exploring
the interaction between AMF and EW in agriculture. We hy-
pothesized that (i) AMF presence increases basalt weathering
rates, and thus higher dissolved inorganic carbon (DIC) and
alkalinity concentrations in the pore water and base cations
in the soil-water complex are expected; (ii) basalt application
improves soil chemical fertility and therefore plant growth
and nutrient uptake, and that this effect is modulated by
AMF; (iii) basalt application does not increase heavy metal
availability due to pH buffering, while AMF may counter-
act this effect through rhizosphere acidification and further
affect heavy metal dynamics by altering nutrient and metal
transport between soil and plant; (iv) AMF growth responds
to basalt application as a result of changes in soil nutrients
and chemical fertility. Importantly, this study was conducted
using a fertilized sandy loam soil with moderate acidity and
relatively high nutrient availability, contrasting with the more
acidic or nutrient-poor soils in which positive crop responses
to silicate amendments are frequently reported.

2 Materials and Methods

2.1 Experimental set-up

Twenty mesocosms (0.6 m height, 0.25 m radius) were con-
structed at the experimental site in the Drie Eiken Cam-
pus of the University of Antwerp, Belgium (51°9.6967'N,
4°24.5132' E), and placed outdoors to receive natural rain-
fall. To allow leachate collection, a 2 cm hole at the bottom of
each mesocosm was connected via polyurethane tubing to a
glass collector (2.3 L). To prevent soil from leaching into the
glass collector, a soil exclusion mat (black woven polypropy-
lene; weight=100¢g m~2; BRICO Belgium) covered the bot-
tom of each mesocosm.

The experimental treatments were randomized within the
so facility in order to minimize differences in sun exposure, and
mesocosms were wrapped in reflective foil to avoid exces-
sive heating. In order to compare treatments with and with-

out AME, all soil was pasteurized by heating for 4 h at 80 °C
(Ven et al., 2019; Verlinden et al., 2018). This procedure
was intended to substantially reduce the abundance of fungal
propagules, particularly AMF spores, while avoiding com-
plete sterilization of the soil. AMF colonization and hyphal
length results at the end of the experiment confirmed that
pasteurization succeeded, as treatments that were not inoc-
ulated (see further) showed clearly lower hyphal length and
colonization (Fig. 1).

The bottom 40cm of all mesocosms was filled with
a pasteurized Plaggic anthrosol soil with sandy loam
texture (69.5% sand, 28.1 % silt, 1.8 % clay; Table Sl
in the Supplement) originating from a pasture in Zand-
hoven, Belgium. The initial soil was slightly acidic (mean
pHESE=5.61+0.3; soil:water=1:2.5, see further for
detailed method), with an organic carbon content of
0.8 £0.05 % (mean =+ SE; determined by loss-on-ignition at
550°C for 4h) and a potential cation exchange capacity
(CEC) of 3.9+ 0.6 meq 100 per g soil (mean £ SE; see fur-
ther for method). On 23 May 2022, the top 20 cm was filled
with non-amended, pasteurized soil for the control treat-
ments (n = 10 mesocosms). To mimic amendment incorpo-
ration through ploughing, the top 20 cm of the basalt treat-
ments (n = 10 mesocosms) received pasteurized soil with a
mixture of 0.98 kg (equivalent to 50 tha~!) of freshly mined
Eifel Basalt (Table 1; Rheinischen Provinzial-Basalt- und
Lavawerke (RPBL); 50°41.4833'N, 7°19.1198'E), with
particle size between 0.02 and 0.2 mm (Fig. S1) and specific
surface area (SSA) corresponding to 6.283 4 0.001 m? g~!
(mean £ SE) measured on three technical replicates with a
Quantachrome Autosorb iQ using the Braunauer-Emmet-
Teller method. The measurement used nitrogen (N3) as ad-
sorbate with multi-point (5 points) and isotherm (77 K) set-
tings. The samples were degassed at 300 °C with 200 min of
soak time. High measurement quality was ensured by fre-
quent reference (Bundesanstalt fiir Materialforschung und
-priifung) measurements. Basalt mineralogy was obtained
through XRD analysis on samples milled in ethanol for
10 min (Bruker D8 Advance, Cu Ku radiation at 30 mA and
40kV, 20 from 5 to 70°). An internal standard (10 wt %
Al>O3) was added during sample preparation to determine
amorphous phase content. Basalt elemental composition
(XRF) was provided by RPBL.

On 15 June 2022, two seeds of dwarf corn plants (Zea
mays L., 1753; golden midget variety) were sown in each
mesocosm to mimic a field density of about 13 plants per
m?2. For half of the treatments (five control and five basalt
mesocosms), seeds were inoculated with AMF (Rhizopha-
gus irregularis; Symplanta) prior to sowing. Dry inoculum
(40 g) was suspended in 200mL of deionized water in a
glass beaker and thoroughly homogenized. Seeds were sub-
sequently added to the suspension and mixed thoroughly to
ensure a uniform coating of the inoculum on the seed surface.
The remaining 10 mesocosms (five control and five basalt
treatments) received a sterilized inoculum (Table 2), obtained
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Figure 1. AMF hyphal length (a), root colonization by AMF (b) and root biomass (c¢) of the four treatments (C—AMF = control without
AMF, C+AMF = control with AMF, B—AMF = basalt without AMF, B+AMF = basalt with AMF) at the end of the experiment. Boxes
represent the interquartile range (25th—75th percentile), horizontal lines indicate the median, and whiskers extend to the most extreme data
points within 1.5x of the interquartile range. Points outside this range are plotted as outliers. p- and F-values from an ANOVA analysis
with hyphal length, root colonization or biomass as response variables and basalt, AMF and their interaction as covariables are shown.
Interactions were not significant and were excluded from the model. Statistical significance is indicated by an asterisk (*). Compliance with
model assumptions of normality and homoscedasticity was ensured by square-root transformation.

Table 1. Left: basalt mineral phases obtained via XRD analysis on samples milled in ethanol for 10 min (Bruker D8 Advance, Cu Ko
radiation at 30 mA and 40kV, 20 from 5 to 70°). An internal standard (10 wt % Al,O3) was added during sample preparation to determine
amorphous phase content. Right: elemental concentrations obtained via XRF analysis, provided by RPBL.

Mineral Mineral Formula Basalt Basalt
% %
SILICATES Si 20.8
K-feldspar KAISi3;Og 6.7 Mg 7.8
Plagioclase (Na,Ca)(Si,Al)4Og 7.5 Fe 4.1
Clinopyroxene (Ca,Na)(Mg,Fe,ALTi)(Si,Al)2Og 28.8 Al 3.0
Olivine (Mg,Fe),SiOq4 13.6 Ca 7.7
Nepheline (Na,K)AISiO4 42 Na 1.0
Sodalite NagAlgSigO24Cly 14 Ti 1.4
Analcime NaAlSi» Og-(Hy0) 19 P 0.1
2: 1 layer silicates (K,H30)(ALLMg,Fe);,(Si,Al)4019[(OH);,,H, O] 9.1 K 0.3
733 Mn 0.2
CARBONATES
Calcite CaCO;3 0.1
OTHER/AMORPHOUS

Amorphous 26.6
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Table 2. Treatments established in the experiment, including num-
ber of replicates and abbreviations.

Treatment Meaning # replicates
C—-AMF Control treatment without AMF 5
C+AMF Control treatment with AMF 5
B—AMF  50tha~! of basalt without AMF 5
B+AMF  50tha~! of basalt with AMF 5

by suspending 40 g of dry inoculum in 200 mL of deionized
water in a glass bottle and autoclaving the inoculum at 121 °C
for 25 min. In addition, a microbial wash was added to ev-
ery plant to avoid initial differences in microbial commu-
nity due to inoculation (Wagg et al., 2011). The microbial
wash was obtained by suspending 20 g of dry inoculum in
400 mL of deionized water. After mixing, the liquid inocu-
lum was filtered through a Whatman Grade 41 ashless filter
paper (12.5 cm diameter, nominal retention: 20-25 um, Cat.
No. 1441 125, Cytiva), and a few drops were inspected un-
der a microscope to ensure the absence of AMF spores. Af-
terwards, 10 mL of microbial wash were transferred to each
seed before sowing. All pots were fertilized with nitrogen,
phosphorous and potassium (NPK; 96-10-39.5kgha™!) by
adding ammonium nitrate (NH4NO3), triple super phosphate
(TSP; 45 % P,0s5) and potassium sulphate (K»SO4). The N
fertilization amount was similar to that used in Ven et al.
(2019), whereas P and K application amounts were halved
to avoid overfertilization in combination with the added sil-
icates. To prevent severe drought stress during dry spells,
mesocosms were irrigated with rainwater collected in under-
ground tanks. All mesocosms received the same amount of
water (285 mm; cumulative over the experimental period).
One mesh bag (13 x 3 x 2 cm) with a mesh size of 30 um,
which is permeable to AMF hyphae but excludes roots, was
buried vertically in each mesocosm at a depth of 0-10cm.
The mesh bags were filled with white sand that was preheated
in the oven at 550 °C for 5 h to remove organic matter.
During the experiment, several plants were infected with
corn smut, a disease caused by the pathogenic fungus Usti-
lago maydis (DC., 1842). The fungus forms tumours on the
aerial parts of its host plant (Matei and Doehlemann, 2016)
and can significantly decrease maize yield (Clough et al.,
2011). Whenever a plant was infected and a tumour was ob-
served, the tumour was removed from the plant. Fresh weight
was determined, whereafter the tumour was dried in the oven
at 70 °C for 48 h and its dry weight was recorded. Corn smut
weight did not differ among the treatments (Table S2).

2.2 Soil chemical fertility and pore water measurements

From 1 June 2022, soil pore water samples were col-
lected every two weeks using rhizon samplers (Rhizon Flex,
Rhizosphere Research Products B.V.) installed vertically

at 0-10cm depth in each mesocosm. Pore water analyses
included alkalinity, pH, and concentrations of DIC, alu-
minium (Al), nickel (Ni), and zinc (Zn). Pore water calcium
(Ca), iron (Fe), potassium (K), magnesium (Mg), sodium
(Na), ammonium-nitrogen (NHA1r -N), nitrate-nitrogen (NO5 -
N), phosphate-phosphorus (POZf—P), silicon (Si), sulphate
(SOi_), copper (Cu) and manganese (Mn) concentrations
were also quantified and are reported in Figs. S2-S3. Soil
pore water pH was measured with a flat membrane electrode
(6.0256.100, Metrohm) connected to a 914 pH/Conductome-
ter (2.914.0020, Metrohm). DIC was measured on three tech-
nical replicates with a TOC analyser (Formacs™ HT Se-
ries, Skalar) using deionized water as blank and sodium
carbonate (EMSURE, Supelco) as standard; whereas alka-
linity, NH -N, NO; -N, SO;~ and PO; ™ -P were measured
on three technical replicates by a continuous flow anal-
yser (SAN++® Advanced Series, Skalar) using sodium car-
bonate (Certipur, Merck Group) and standard NHI, NO3_ R
PO;~ and SOi_ solutions (Certipur, Supelco) as quality
controls respectively. DIC, NHI-N, NO; -N, POZ‘-P and
SOZ_ analyses were conducted in-house on samples filtered
through a disposable 0.45um PET-45/25 membrane filter
(CHROMAFIL, Macherey-Nagel). Elemental analyses were
performed by inductively coupled plasma-optical emission
spectrometry (ICP-OES, DSOI SpectroGreen, SPECTRO)
in the Helmholtz Laboratory for the Geochemistry of the
Earth Surface (HELGES) on samples filtered through a dis-
posable 0.2 um PET-20/25 membrane filter (CHROMAFIL,
Macherey-Nagel) and acidified with 10 mL 65 % nitric acid
(HNO3), using international water reference material SLRS-
6 (NRC-CNRC) as quality control. Alkalinity measurements
were carried out in-house on unfiltered samples.

Measurements of soil chemical fertility (here defined as
soil pH, CEC and base saturation) were performed on soil
samples collected before basalt application and on topsoil
samples (0-20 cm) collected at the end of the experiment (12
September 2022). Topsoil pH was measured by collecting,
pooling and air-drying three subsamples per mesocosm. Sub-
sequently, 4 g of soil was dissolved in 10 mL deionized wa-
ter (soil : water = 1 : 2.5) and shaken before pH measurement.
Soil potential CEC and base saturation were determined by
1M ammonium acetate (NH4OAc) displacement at pH 7.0
using ICP-OES (iCAP6300 Duo, Thermo Fisher Scientific;
Brown, 1943).

2.3 Sequential extractions of soil cations

Sequential extraction techniques are designed to quantify el-
ements in different soil fractions (Tessier et al., 1979). These
are valuable for calculating weathering rates of the silicate
minerals (Niron et al., 2024; Vienne et al., 2024) as well as
to quantify cations available for plant uptake (i.e., in the soil
exchangeable complex). For this, soil samples were collected
at the beginning of the experiment (day 9 after basalt amend-

45

50

55

60

65

70

75

80

85

90




o

2

15}

25

30

3!

&

4

S

4

o

50

6 L. Boito et al.: Basalt and AMF effects on soil chemistry and maize growth

ment) at a depth of 0-20 cm (sampling deeper soil layers was
not possible as it would entail destructive sampling). At the
end of the experiment (day 113), soil samples were taken at
three depth intervals (thus defining three soil layers: 0-20,
2040, and 40-60 cm) and subsequently air-dried.

Sequential extractions were performed using protocols
adapted from Tessier et al. (1979) and Uhlig and Von Blanck-
enburg (2019). In a four-step process, Al, Ca, Cr, Fe, K, Mg,
Na, Ni, Si, and Zn were extracted from four soil pools, i.e.,
the exchangeable, carbonate, reducible and oxidizable pools.
Cations that remained in the soil after the extraction process
are considered to be part of the primary or secondary min-
erals’ structure, and thus unlikely to be released under typi-
cal soil conditions (Tessier et al., 1979). The concentrations
of Al, Ca, Cr, Fe, K, Mg, Na, Ni, Si, and Zn for each ex-
traction step were then quantified in the Helmholtz Labora-
tory for the Geochemistry of the Earth Surface (HELGES)
on three technical replicates by ICP-OES (DSOI Spectro-
green, SPECTRO), using international water reference ma-
terial SLRS-6 (NRC-CNRC) as quality control. In order to
exclude the cations extracted from the initial soil and un-
weathered basalt, and investigate the effect of basalt and
AMF on the cations in the various soil fractions, soil cation
concentrations at the start of the experiment were subtracted
from the concentrations measured at the end of the experi-
ment. In the main text only cation concentrations in the ex-
changeable fraction are reported and widely discussed. These
are cations adsorbed onto the soil’s exchangeable complex,
and are therefore relevant for soil fertility, plant uptake and
growth. Results from reducible and oxidizable pools are re-
ported in the supplements (Figs. S4-S5; Tables S3-S4) and
are only briefly discussed in the main text, as they provide
indication on clay-sized mineral and stable organic C forma-
tion respectively.

2.4 Weathering rates calculations

Weathering rates were calculated based on the major cations
(Ca, Mg, Na, K) released from the applied basalt as in Stein-
widder et al. (2025). These cations can follow several paths:
they either leach out of the soil, are taken up by plants, or
remain within the soil system. During the experiment, high
temperatures (mean summer temperature =19.6 °C, com-
pared to the 17.9 °C average between 1991 and 2020; Konin-
klijk Meteorologisch Instituut Van Belgié, 2022) were regis-
tered, and leaching occurred only at the beginning of the ex-
periment and in minimal volumes (mean +=SE=0.7+0.1L;
Table S5), as most of the water in the mesocosms was lost
through evapotranspiration driven by plant uptake and atmo-
spheric evaporative demand. The leaching loss of cations was
thus negligible and only the cations accumulating in plant
biomass and soil pools were used for the weathering rate cal-
culations.

To determine the amount of each cation released from the
applied basalt and taken up by plants (ACatpant), leaf cation

concentrations in the C—AMF treatment (Catc—_AMF (leaf);
see Sect. 2.5 for method) were subtracted from cation con-
centrations in basalt-applied treatments (Catyeatment (leaf); EQ-
1). Average leaf cation concentration was used to calculate
the increase in mol charge equivalents with basalt applica-
tion compared to C —AMF treatment.

ey

In order to determine the amount of each cation released into
the soil from the weathering of the applied basalt over the ex-
perimental duration (ACatse; ), initial (day 9) cation concen-
trations in each sequentially extracted pool i (Catgay 9, ;) were
subtracted from the final cation concentrations extracted at
the experiment’s conclusion (Catqay 113,i; day 113; Eq. 2).

ACatplant = Catyreatment (leaf) — Catc— AME (leaf)

2

ACatreleasedftreatment,i = Ca'tday 113,i — Catday 9,i

As the extraction process also extracts primary minerals from
un-weathered basalt, this approach accounts for the contribu-
tion of the un-weathered basalt to the extracted cations pool
by subtracting the initial (mostly un-weathered) soil + basalt
mixture from the final concentrations. Because no soil sam-
ples were collected immediately after amendment (at day
0), samples obtained at day 9 were used as the initial
soil + basalt mixture. As weathering rates are highest im-
mediately after rock application, this approach likely under-
estimates the true weathering rates. Nevertheless, the day 9
measurements still provide an appropriate baseline for test-
ing our central hypothesis, namely whether AMF enhance
basalt weathering rates. Although some weathering occurred
before the first sampling event (Fig. S6), AMF-driven weath-
ering is unlikely to have contributed substantially during this
period because fungal hyphae require time to establish. This
interpretation is supported by the pore water DIC dynamics
(Fig. 3), which indicate that AMF activity increased progres-
sively throughout the experiment rather than immediately af-
ter inoculation. Consequently, while the use of day 9 samples
likely results in conservative estimates of absolute weather-
ing rates, it does not bias our assessment of the relative effect
of AMF on weathering.

For the 0-20 cm layer, initial (day 9) cation concentrations
were subtracted from the final concentrations. For the deeper
layers, where no basalt was incorporated, initial cation con-
centrations (Catgay9,;) were assumed to be equivalent to ini-
tial concentrations in the top layer of the control treatment
without basalt (C—AMF). Any cation increase observed in
the lower layers was therefore attributed to weathering prod-
ucts, as un-weathered basalt was absent in these layers. This
calculation assumes that cation migration to the deeper soil
layers occurs exclusively as a result of weathering.

Finally, in order to account for potential changes over time
in the soil due to plant uptake and/or inclusion of cations
within clays, the increases in cation concentration in the
basalt treatments for each sequentially extracted soil pool i
(ACaty;,; ) were expressed relative to the C —AMF treatment
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(ACatyeleased_C — AMF, i; Eq. 3). Weathering rates (Wr; ex-
pressed as logjg (mol charge equivalents m~2s71)) were
then calculated as in Steinwidder et al. (2025; Eq. 4):

ACatsoil,i = ACatreleased_treatment,i - ACatreleased_C —AMF,i 3)
2 x (ACa; + AMg; ) + (ANa; + AK;
Wr = log, .( L .g’) (AN, ) 4)
time x application amount x SSA

Where ACa;, AMg;, ANa;, and AK; are the concentration
changes in each soil fraction (i.e., exchangeable, carbonate,
reducible and oxidizable pools) and plant pool i calculated
as mentioned above (i.e., ACatyj,; and ACatpay), time is
the experimental duration in seconds, application amount is
980 g per mesocosm (equivalent to 50 tha~') and SSA is the
specific surface area of the applied basalt, with a value of
6.283 m2 g’1 (see Sect. 2.1).

2.5 Plant measurements

Plants were harvested on 12 September 2022. The three
top leaves of each plant were sampled for further analy-
sis, whereafter the aboveground biomass was harvested and
separated into stems, leaves, tassels and corn. Aboveground
biomass was then dried at 70 °C for 48 h and the dry weight
of each organ was determined. After harvesting the above-
ground biomass, roots were sampled from the topsoil (0-
20 cm), middle soil (20-40 cm) and bottom soil (40-60 cm)
layers to estimate the root biomass within each mesocosm.
For each layer, two 100cm? cores were taken directly be-
neath each plant and one between the two plants. The roots
were then washed using a | mm mesh sieve, after which they
were dried at 70 °C for 48 h and weighed. Root biomass esti-
mates assumed that cores beneath the plants represented root
growth in half of the mesocosm, while cores between the
plants reflected the other half (as in Ven et al., 2020). Before
analysis, the three top leaves (hereafter referred to as leaves),
stems, tassels, corn kernels and roots were ground using a
centrifugal mill (ZM 200, Retsch GmbH) with a 0.25 mm
mesh size sieve.

Plant samples were analysed for nutrients (C, Ca, Fe, K,
N, Mg, P) and heavy metals (Al, Cd, Cr, Ni, Pb, V and Zn).
Dried, homogenized plant material was subjected to acid di-
gestion with 70 % HNO3 at 60 °C for 30 min, followed by
the addition of 30 % hydrogen peroxide (H,O;) and fur-
ther heating at 120 °C for 90 min. After cooling and filter-
ing, elemental concentrations were measured by ICP-OES
(Thermo Scientific, iCAP 6300 Duo). Quantification was
based on multi-element calibration standards (CPAChem),
with yttrium (Merck) used as an internal standard. A certi-
fied reference material (Hay Powder BCR129, CPAChem)
was processed alongside the samples using identical diges-
tion procedures. Quality control checks were conducted ev-
ery 20 measurements to ensure analytical precision and ac-
curacy. Plant Ni, Cr and Mg results are reported in the main
text, while concentrations of all other elements are reported

in the Supplement (Fig. S7). 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 De-
Master (1981) and Saccone et al. (2007).

2.6 AMF measurements

To determine plant root colonization by AMF, plant roots
were first cleared and then stained using a non-vital stain-
ing technique (Vierheilig et al., 2005). Washed roots were
cleared by placing them in an Erlenmeyer flask containing a
5 % potassium hydroxide (KOH) solution which was then set
in a warm water bath at 90 °C for 8 min. Hereafter, the roots
were rinsed and stained with 10 % Sheaffer Black ink in 10 %
acetic acid by placing them in a warm water bath at 90 °C for
10 min. To remove excess ink, the roots were immersed in
lactoglycerol (1:1:1 lactic acid : glycerol : deionized water)
and stored in an Eppendorf tube with lactoglycerol overnight
at 4 °C (Fig. S8). The proportion of roots colonized with my-
corrhizal fungi was then quantified by counting arbuscules,
vesicles and hyphae using the gridline intersection method
(Giovannetti and Mosse, 2006).

During the harvest on 12 September 2022, the mesh bags
were removed from the mesocosms and stored frozen until
further analysis. Hyphal length of the mycorrhizae was sub-
sequently determined according to Rillig et al. (1999) with
adaptations as in Ven et al. (2019).

2.7 Data analysis

All statistical analyses were performed in R using packages
nlme, ImerTest and dunn.test (Kuznetsova et al., 2017; Pin-
heiro et al., 2007; R Core Team, 2024; v4.3.1; Dinno, 2024).
The level of significance for all analyses was set at p < 0.05.
A factorial analysis of variance (ANOVA) was used to inves-
tigate the effects of basalt application, AMF inoculation, and
their interaction on soil pH, CEC, base saturation, exchange-
able cation concentration in each soil layer and weathering
rates. If normality or homoscedasticity of the model residu-
als were not met after log- or square-root transformation, the
non-parametric Kruskal-Wallis test was used with treatment
(C—AMF, C+AMF, B—AMF and B+AMF) as explanatory
variable. A post-hoc test (Tukey’s honestly significant differ-
ence test or Dunn’s multiple comparison test for parametric
and non-parametric analyses respectively) was conducted to
explore significant differences among treatments.

When cation concentrations in soil were below the detec-
tion limit (= bd; Tables S6-S7), the concentrations were set
to zero to allow further statistical analyses. In some cases, the
presence of the cation was detectable, but the very low con-
centration did not allow an accurate quantification. For these
measurements, half of the limit of quantification was used for
statistical analyses.
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8 L. Boito et al.: Basalt and AMF effects on soil chemistry and maize growth

To quantify treatment effects on variables with repeated
measurements over time, i.e., pore water pH, DIC, alkalin-
ity, and nutrient and heavy metal concentrations in the pore
water, a linear mixed model was employed. Basalt applica-
tion, AMF, time (days after basalt application), and their in-
teractions were included as fixed effects, and mesocosm was
included as a random effect term. To assess whether the pres-
ence of galls from corn smut was affected by basalt, AMF or
their interaction, a generalized linear model was used with
the binomial family, as appropriate when modelling binary
response variables.

The data and model code in support of our
findings are openly available in Zenodo at
https://doi.org/10.5281/zenodo.16813184 (Boito et al.,
2025).

3 Results

3.1 Basalt improved soil chemical fertility, but did not

affect most pore water nutrients

At the end of the experiment, basalt significantly increased
soil pH (40.71 £0.14), CEC (+0.43 £0.18 meq 100 g™ 1),
and base saturation (+13.6 £ 3.5 %; Fig. 2). The influence of
basalt on soil pH, CEC, and base saturation was not affected
by AMF. Similarly, pore water pH (+0.41£0.12) and al-
kalinity (+0.26 4-0.08 meqL~") also increased with basalt,
again without influence of AMF (Fig. 3). All reported val-
ues represent mean basalt effects == SE. Concerning DIC, our
data showed significant two- and three-way interactions be-
tween basalt and time and between basalt, AMF, and time
respectively. Without AMF, basalt increased pore water DIC
concentrations between the start and the end of the experi-
ment by 2.35mgL~!. This effect became more pronounced
in the presence of AMF : DIC concentrations in the B+AMF
treatment increased by 9.6 mgL~! more than in the control
over the same period (day 10-102; Fig. 3).

On the other hand, concentrations of plant-available nu-
trients in the pore water were generally not significantly af-
fected by basalt application nor AMF presence, with the ex-
ception of basalt-driven increases in Mg and Na in the middle
of the growing season (Fig. S2). Pore water Mg also showed
a significant three-way interaction effect of basalt, AMF and
time, with AMF reinforcing the positive effect of basalt.

Concerning heavy metals, Cr in the pore water was below
the limit of quantification (< 0.02 mg L~ for pore water con-
centrations) in all samples and for Ni, 32.3 % of the samples
were below the limit of quantification. Nonetheless, basalt
increased Ni concentration until around day 75 (Fig. 4). A
significant time x basalt interaction was found on Zn con-
centrations in the pore water, although without a clear trend.
Pore water Al decreased with basalt amendment, and AMF
presence decreased pore water Al but only in control meso-
cosms (significant basalt x AMF interaction).

3.1.1 Basalt increased exchangeable Ca, Mg and Na,

while it decreased exchangeable Zn

Basalt application increased exchangeable Ca and Mg in the
0-20 (Ca=+487.5+£37.7; Mg =+11.5 = 5.9 mg per kg soil)
and 2040 (Ca=+72.6+11.3; Mg=+436.3+2.0mg per
kg soil) cm layers but not in the 40-60 cm layer (Fig. 5; Ta-
bles S3—-S4). Additionally, basalt increased exchangeable Na
in the 20—40cm layer (420.3 £2.0mg per kg soil), and in
the 0-20 cm layer a post-hoc pairwise comparison revealed
a significant Na increase between C—AMF and B4+AMF
treatments (4+21.9 mg per kg soil). On the other hand, ex-
changeable K, Fe and Si concentrations were not affected by
basalt application (Fig. 5; Table S3). Concentrations of ex-
changeable Ni and Cr were below the limit of quantification
in all layers, and the same was true for Al in the 40—60 cm
layer (Table S6), hence precluding formal statistical analy-
sis of these elements in the exchangeable pool of those lay-
ers. This was not the case for exchangeable Al in the 0-20
and 2040 cm layers, which was not affected by basalt ap-
plication, and exchangeable Zn, which decreased in the 0-20
and 20-40 cm layers (—=0.3 +0.1 and —0.6 & 0.1 mg per kg
soil respectively; Fig. 6; Tables S3—S4). AMF did not affect
cation concentrations in the sequentially extracted soil pools.

3.2 AMF did not affect basalt weathering rates

Similarly, basalt weathering rates were not affected by AMF
presence (Fig. 7), with rate constants corresponding to
—9.97+£0.04 and —10.01 £0.05logip (mol charge equiv-
alents m~2s~!) for treatments with and without AMF, re-
spectively (mean = SE). This corresponds to the weathering
of 37.5% £ 3.7 and 33.2 % £ 4.0 of Ca-, Mg-, Na- and K-
bearing minerals in the applied basalt (including both crys-
talline and amorphous phases), in the presence and absence
of AMF respectively, over the 113-day experimental period.

When comparing Mg, Ca, Na and K changes in soil pools
with changes in plant pools, it emerged that the greatest con-
tribution to the increase in released cations was in the soil
phase, with a total increase in the soil about two orders of
magnitude greater than in the plants (Table S8).

3.3 Limited basalt and AMF effects on crop growth,
biomass and quality

Generally, plant growth parameters were not affected by
basalt or AMF, including measurements of individual plant
organs (Figs. S9-S10). In addition, no effect of basalt on
AMF hyphal length and root colonization was found (Fig.
1). Corn smut presence did not differ among treatments, nor
did the weight of the galls (Table S2). Elemental concentra-
tions (Ca, Fe, Mg, K, Si, P) in plant parts were typically
not affected by basalt or AMF application, with a few ex-
ceptions. A notable exception was Mg, whose concentra-
tion in plant organs was generally higher with basalt appli-
cation, save for corn Mg where no basalt effect was found,
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Figure 2. Soil pH (a), cation exchange capacity (CEC, b) and base saturation (c) of the four treatments (C —AMF = control without AMF,
C+AMEF = control with AMF, B—AMF = basalt without AMF, B4+AMF = basalt with AMF) at the end of the experiment. Boxes represent
the interquartile range (25th—75th percentile), horizontal lines indicate the median, and whiskers extend to the most extreme data points
within 1.5x of the interquartile range. Points outside this range are plotted as outliers. p- and F-values from an ANOVA analysis with pH,
CEC or base saturation as response variables and basalt (B), AMF and their interaction as covariables are shown. Interactions were not
significant and were excluded from the model. Statistical significance is indicated by an asterisk (*).

and tassel Mg in which a post-hoc comparison revealed an
increase with basalt only in absence of AMF (B—AMF treat-
ment compared to C—AMF and C4+AMF,; Fig. 8; Table S9).
Despite this, no significant AMF x basalt interaction effect
on tassel Mg emerged. On the other hand, in contrast with
other elements in other plant organs, a borderline signifi-
cant (p =0.08) basalt x AMF interaction effect was found
on root Mg concentrations, which only increased with basalt
when AMF were present. Moreover, basalt decreased leaf K,
10 whereas AMF decreased leaf P. Finally, stem and tassel Si
concentrations increased with basalt application (Fig. S7; Ta-
ble S9).
Leaf Cr concentrations were all below the limit of quan-
tification (< 0.0002mgg~"). Therefore, statistical analyses
15 could not be conducted for leaf Cr. Basalt application did
not affect Al, Cr and Zn concentrations in the various plant
organs (Figs. 8 and S7; Table S9). In contrast, corn Ni con-
centrations were significantly higher with basalt and AMF,
but a post-hoc pairwise comparison revealed that only the
20 C—AMF - B4+AMF difference was significant (Fig. §; Ta-
ble S9). Finally, AMF increased corn Cr (Fig. 8; Table S9).

o

4 Discussion

4.1 Weathering rates and proxies

In contrast with our hypothesis, AMF did not significantly
increase basalt weathering rates. This limited response likely
reflects the relatively nutrient-rich conditions of the experi-
ment. The soil used was relatively fertile and only moder-
ately acidic (initial pH=15.6), and all mesocosms received
NPK fertilizer (96-10-39.5kgha™!). Although P and K ap-
plication rates were slightly below Flemish recommenda-
tions (Departement Landbouw and Visserij, 2016; Vlaamse
Land Maatschappij, 2026), no visible symptoms of nutrient
deficiency were observed in the plants. Hence, P availabil-
ity was likely sufficient, reducing the incentive for AMF-
mediated P acquisition. Under such conditions, the poten-
tial for AMF to stimulate mineral dissolution through bio-
logical weathering could be reduced. These findings suggest
that AMF-induced enhancement of silicate weathering may
be limited in fertilized soils where plant P demand is largely
satisfied.

Because the first soil samples were collected nine days
after basalt application, the weathering rates estimated in
our experiment likely underestimate absolute weathering
rates, as mineral dissolution is generally fastest shortly af-
ter amendment. However, this limitation is unlikely to af-
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Figure 3. Mean pH (a), total alkalinity (b) and dissolved inorganic carbon (DIC, ¢) in the soil pore water during the experiment for the
four treatments (C —AMF = control without AMF, C+AMF = control with AMF, B—AMF = basalt without AMF, B+AMF = basalt with
AMF). Error bars represent the standard error on the mean. p- and F-values from a linear regression analysis with pH, total alkalinity or
DIC as response variable and basalt (B), AMF, time (7'), and their relevant interactions as covariables are shown. When interactions were not
significant, they were excluded from the model and are not shown here. Interactions are indicated by carets ("), while significant relationships

by an asterisk (*).

fect the comparison between AMF treatments: AMF colo-
nization develops gradually following inoculation, making a
substantial AMF contribution to weathering during the first
9 d unlikely. Thus, while the absence of day-0 measurements
introduces uncertainty into the absolute weathering-rate es-
timates, it should not bias our conclusion that AMF did not
measurably enhance basalt weathering.

Nevertheless, the weathering rates estimated through
cation mass balance in our experiment (—9.97 £0.04 and
10 —10.01 £0.05 log1¢ mol charge equivalents m~2s~! in the

presence and absence of AMF, respectively) were more than

one order of magnitude higher than weathering rates based
on cation tracing previously reported by comparable meso-
cosm experiments. In a similar experiment, Steinwidder et al.
15 (2025) reported weathering rates of —11.15 +0.161ogj9 mol
charge equivalents m~2s~! (14-15 times slower than in our

o

experiment) using the same methodology, 15 months after
application of 50tha~! of the same basalt to the same soil,
albeit unpasteurized. Similarly, Vienne et al. (2024) reported
a mean weathering rate of —11.65£0.09log;p mol charge
equivalents m~2s~! (4448 times slower than in our ex-
periment) following application of 100tha~! of basalt over
137d. The comparatively high weathering rates observed
here may be related to the pasteurization process: heating the
soil at 80°C for 4h likely generated substantial microbial
necromass and increased dissolved organic carbon (DOC)
concentrations. In particular, low-molecular weight organic
acids, which are an important component of DOC, have been
shown to sustain far-from-equilibrium conditions that drive
rapid elemental loss, and potentially weathering rates as well
(Perez-Fodich and Derry, 2019). Indeed, pore water DOC
concentrations in pasteurized mesocosms were on average
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Figure 4. Pore water Al (a), Ni (b) and Zn (c) concentrations during the experiment for the four treatments (C—AMF = control without
AMF, C+AMEF = control with AMF, B—AMF = basalt without AMF, B+AMF = basalt with AMF). Error bars represent the standard error
on the mean. p- and F-values are shown from a linear regression analysis with heavy metal concentration as response variable, and basalt
(B), AMF, time (T), and their relevant interactions as covariables. When interactions were not statistically significant, they were excluded
from the model and not shown here. Interactions are indicated by carets ("), while significant relationships by an asterisk (*).

158 % higher (+22.8 £3.5mg L', mean+ SE) than those
observed in comparable unpasteurized systems (Fig. S11),
consistent with enhanced DOC availability contributing to
the higher weathering rates observed here.

Despite these comparatively high dissolution rates, weath-
ering rates estimated from cation mass balance remained
approximately three orders of magnitude lower than
those predicted from laboratory-derived dissolution kinetics
(—7.0£0.08logo mol charge equivalents m~2s~! for the
amended feedstock; Sect. S1). Such discrepancy is consistent
with previous observations that laboratory-derived weath-
ering rates commonly exceed field-derived rates by one to
five orders of magnitude (White and Brantley, 2003), while
mesocosm experiments typically yield intermediate values
(Malmstrom et al., 2000). Such differences highlight the
strong influence of experimental scale on estimated weath-
ering rates. However, variability in weathering rates cannot

be attributed to experimental scale alone, as mineral dis-
solution rates are also strongly affected by feedstock prop-
erties and environmental conditions (Palandri and Kharaka,
2004). Even among basalt feedstocks, dissolution rates may
vary by up to a factor six due to differences in mineralogy,
glass content, particle size distribution, and elemental com-
position (Lewis et al., 2021). Likewise, environmental con-
ditions such as soil type, temperature and water availabil-
ity can substantially influence weathering dynamics (Dupla
et al., 2025). Consequently, weathering rates reported across
studies should be compared with caution, particularly when
experiments differ simultaneously in scale, feedstock com-
position and environmental conditions.
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Figure 5. Mean A soil nutrient contents (Ca, Fe, K, Mg, Na and Si) for three treatments (C+AMF = control with AMF, B—AMF = basalt
without AMF, B+AMF = basalt with AMF) at the end of the growing season. Error bars represent the standard error on the mean. Nutrient
contents are shown as the difference between the start and the end of the growing season, and are expressed relative to the control treatment
(C—AMF = control without AMF). Soils were divided into three sampling depths (0-20, 20-40, 40—-60 cm) for which nutrient concentrations
were measured in the exchangeable fraction with the sequential extraction method after Tessier et al. (1979). p- and F-values from an
ANOVA analysis with nutrient concentration as response variables, and basalt, AMF and their interaction as covariables are presented in
Table S3.

Al Zn
0.1 0.4
§
o
200 -1 0.0 I =
=) . =
E
€
3}
§ -0.1
] -0.4
-0.2
-0.8
& o PN o & o
p&o >(Qo & q/Qo o° &
N~ o S o o S

C+AMF M B-AMF ll B+AMF

Figure 6. Mean A soil heavy metal content (Al and Zn) for three treatments (B—AMF = basalt without AMF, B4+AMF = basalt with AMF,
C+AMF = control with AMF) at the end of the growing season. Error bars represent the standard error on the mean. Heavy metal contents
are shown as the difference between the start and end of the growing season, and are expressed relative to the control treatment (C—AMEF;
control without AMF). Soils were divided into three sampling depths (0-20, 20—40, 40-60 cm) for which heavy metal concentration in the
exchangeable fraction was measured with the sequential extraction method after Tessier et al. (1979). p- and F-values from an ANOVA
analysis with nutrient concentration as response variables, and basalt, AMF and their interaction as covariables are presented in Table S3.
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Figure 7. Mean basalt weathering rates for the basalt treatments
calculated as the increase in base cations (Ca, Mg, K, Na) in the
soil phase and in the plants between the start and the end of the
experiment, and corrected for the control soil (C—AMF = control
without AMF). Error bars represent the standard errors on the mean.
p- and t-values from a two-sample 7-test are presented.

4.1.1 Reconciling contrasting weathering proxies

Pore water pH, alkalinity and Mg increased with basalt appli-
cation, with no AMF effect, whereas pore water DIC showed
a significant basalt x AMF x time interaction (Figs. 3 and
S2). The observed increase in pore water DIC with basalt ap-
plication was reinforced by AMF towards the end of the ex-
periment, as the fungal hyphae developed. The observed in-
crease in pore water DIC with AMF might suggest that AMF
increased basalt weathering rates. However, other weathering
proxies such as pore water pH, alkalinity, Ca and Mg did not
show similar patterns. This discrepancy between DIC and the
other weathering indicators may be due to different reasons.

While silicate weathering is expected to increase DIC
through (bi)carbonate production, the observed increase in
DIC may also reflect elevated soil partial CO, pressure
(pCO»). Pore water DIC is governed by carbonate equilib-
ria, which are sensitive to transient environmental conditions
such as pore water pH and pCO; (Hartmann et al., 2013;
Zeebe and Wolf-Gladrow, 2001). Indeed, higher pCO; can
increase dissolved carbonic acid (H,COj3) and therefore DIC.
As the pore water pH of the basalt-treated mesocosms in our
experiment was > 6.5 in the second half of the experiment
(Fig. 3), the dissolved H,CO3 likely predominantly speci-
ated into (bi)carbonate ions within the soil solution, leading
to elevated DIC.

A second possible explanation for the discrepancy be-
tween pore water DIC and alkalinity lies in the role of an-
ions in alkalinity. Total alkalinity is the sum of base cation
charges, minus the sum of conservative anion charges (e.g.,
Cl~, SO;~, PO;~, NO; ; Wolf-Gladrow et al., 2007). While
DIC increased with AMF, other anions may have decreased,
leading to a null effect of AMF on alkalinity. We did not

find a decrease in pore water NO3_ s SOZ_- and POi_ with
AMF (Figs. S2-S3), but organic anions may still have con-
tributed to the observed effect. During the middle of the
growing season, basalt treatments with AMF tended to have
lower DOC compared to basalt treatments without AMF
(—11.97 1 mg L~!; mean + SE; Fig. S11), partially support-
ing this hypothesis.

Finally, cation uptake may have also played a role. Plants
and AMF act as a sink for cations, and a positive effect of
AMF on this plant and AMF sink may have contributed to
the observed decoupling between DIC and base cations. In
this case, we would observe an increase in Ca and Mg stocks
in the plant and/or AMF tissues. However, basalt only in-
creased Mg stocks in plants, without an effect on Ca stocks
(Fig. S12). Therefore, the plant sink hypothesis can only par-
tially explain the observed mismatch between DIC and other
weathering proxies such as pore water cations.

Although we cannot fully disentangle the divergence of
different weathering proxies, the inconsistencies in their re-
sponses highlight the limitations of relying on a single proxy
to assess weathering dynamics, as it may not adequately cap-
ture the complexity of the system (see also Iff et al., 2024).
According to the explicit conservative expression for total al-
kalinity (Wolf-Gladrow et al., 2007), DIC and alkalinity con-
sist of distinct chemical species, thus complicating the inter-
pretation of these weathering proxies. Therefore, our results
suggest that cation accounting, rather than carbon account-
ing, may provide a more reliable estimate of weathering dy-
namics, as proposed by Bijma et al. (2026).

4.2 Basalt, but not AMF, improved soil chemical fertility
measures

Basalt, but not AMF, increased soil pH, CEC and base sat-
uration (Fig. 2). The observed increases in soil pH, CEC,
and base saturation upon basalt application align with our
hypothesis of basalt improving soil chemical fertility, al-
though these did not translate into increased maize growth
or biomass during the 113 d experiment. The observed in-
crease in base saturation was attributable to an increase in
soil exchangeable Ca, Mg and Na due to basalt application
(Fig. S13). Indeed, during weathering of basalt, protons are
consumed and cations are released. Additionally, weather-
ing of primary minerals promotes the formation of metal
(hydr)oxides and secondary silicate phases, ultimately in-
creasing the content of clay-sized particles in the soil and
therefore CEC (Righi and Meunier, 1995). Our results cor-
roborate previous work that observed increased soil pH and
CEC upon basalt application to tropical soils (Anda et al.,
2015; Conceigdo et al., 2022; Gillman, 1980). An increase
in pH was also found in experiments conducted in using
relatively younger, less cation-depleted soils upon basalt or
dunite application (Rijnders et al., 2023, 2025; Skov et al.,
2024; ten Berge et al., 2012).
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Figure 8. Concentration of Mg (a), Ni (b) and Cr (c) in the corn, leaves, stem, tassel, and roots for the four treatments (B—AMF = basalt
without AMF, B+AMF = basalt with AMF, C—AMEF = control without AMF, C4+AMF = control with AMF) at the end of the experiment.
Boxes represent the interquartile range (25th—75th percentile), horizontal lines indicate the median, and whiskers extend to the most extreme
data points within 1.5 x of the interquartile range. Points outside this range are plotted as outliers. Note that for Cr and Ni, the primary axis
shows the concentration in the corn, leaves, stems, and tassels while the secondary axis shows the concentration in the roots. p- and F-values
are shown in Table S9. Significant differences are indicated with a different letter, while a similar letter means no differences between those
treatments. Black letters indicate basalt effects, while red letters indicate AMF effects. If no letters are shown for a combination of plant part
and element, this means that there was no significant influence of basalt or AMF.

4.2.1 Limited AMF and basalt effects on soil nutrients

While basalt amendment increased soil CEC and pH, it gen-
erally did not affect soil nutrient concentrations, with a few
exceptions. Despite an increase in exchangeable Ca and Mg,
s only Mg increased in the pore water as well. This might be
at least partially explained by weathering kinetics: the Mg-
rich mineral olivine weathers relatively quickly compared
to other Ca-bearing minerals within the applied basalt, such
as Ca-enriched plagioclase feldspars (Gudbrandsson et al.,
10 2011). Nevertheless, basalt increased exchangeable Ca (Figs.
5 and S13), indicating that Ca was released during weather-
ing, as observed by Li and Dong (2013), Niron et al. (2024)
and Vienne et al. (2022). Our pore water and exchangeable
Ca results also indicate that, once released, Ca was rapidly
1s adsorbed onto soil exchange sites rather than remaining in
solution, consistent with adsorption lyotropic series (Strawn
etal., 2019).
The observed Mg and Ca increases in the exchangeable
fraction are in agreement with existing literature, as applica-
20 tion of basalt supplies new cations that can bind to soil par-

ticles, increasing base saturation (Gillman, 1980; Gillman et
al., 2001, 2002; te Pas et al., 2023). Increases in exchange-
able Ca and Mg were also reported by Buss et al. (2023),
whereas in a mesocosm experiment by Niron et al. (2024),
basalt application did not affect any of the measured cations
(Ca, Mg, K, Na, Fe and Al) in the exchangeable fraction,
thus contrasting our findings. On the other hand, in our ex-
periment exchangeable Zn, an important micronutrient, de-
creased with basalt application in the two top layers, a result
consistent with previous research (Buss et al., 2023; Des-
malles et al., 2025). Generally, above a pH of 6 exchange-
able Zn contents tend to be very low (Blume et al., 2010).
Therefore, the observed increase in soil pH from 5.6 £ 0.1 to
6.4 £ 0.2 (mean =+ SE) following basalt application may have
contributed to the reduction in exchangeable Zn.

Our finding of increased exchangeable Mg and Ca (albeit
not in all soil layers) is cautiously encouraging, given the
global imperative to restore and maintain soil nutrient levels
to support sustainable agricultural productivity (UN General
Assembly, 2015). Indeed, the exchangeable pool consists of
cations adsorbed onto soil particles that can be readily ex-
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changed with the soil solution (Tessier et al., 1979), repre-
senting a key reservoir of nutrients, from which plant roots
primarily acquire elements essential for growth (Roy and
Finck, 2006). At the same time, even though basalt contains
Fe, and in smaller amounts K, which are important plant nu-
trients, their concentration in the exchangeable and pore wa-
ter pools did not increase with basalt application, stressing
the need to be cautious when expecting soil nutrient replen-
ishment co-benefits from basalt application. Moreover, the
observed decrease in exchangeable Zn underscores the need
for careful evaluation of both unintended side-effects as well
as potential co-benefits associated with enhanced weather-
ing.

Finally, AMF did not significantly affect (micro)nutrient
concentrations in the soil pore water nor in the soil ex-
changeable complex. Our results are thus in contrast with
our hypotheses, as we expected increases in (micro)nutrient
availability and/or uptake with AMF. This outcome may be
at least partially attributed to the experimental conditions,
namely the relatively fertile soil in combination with the fer-
tilizer addition, as explored in Sect. 4.1.

4.2.2 Potential for future soil organic C stabilization and
clay-sized particles formation

Most of the agriculturally relevant (micro)nutrients present in
the basalt, namely Ca, Mg and Fe, increased in the reducible
pool in the 2040 cm layer. The net basalt effect amounted
to +116.0+9.3mgkg~! for Ca, +1200+71.6mgkg~!
for Mg, and +668.3 &+ 109.2 mg kg_1 for Fe (mean & SE).
Likewise, basalt increased oxidizable Ca and Si by
4.5+0.7mgkg~! (mean= SE) and 27.6 £9.5mgkg~!, re-
spectively (mean & SE; Fig. S4; Table S3). The reducible
and oxidizable pools comprise cations bound to metal
(hydr)oxides and organic matter respectively (Tessier et al.,
1979). Cations in these fractions are expected to be retained
in the soil for a relatively long time, with plants able to access
these nutrients only upon weathering (Niron et al., 2024; Pa-
landri and Kharaka, 2004). Nevertheless, metal (hydr)oxide
formation can ultimately increase CEC and govern SOC sta-
bilization processes (Basile-Doelsch et al., 2015; Beerling et
al., 2020; Manning et al., 2024; Totsche et al., 2017), with
downstream benefits for plant growth and soil fertility, par-
ticularly in agricultural soils which are often depleted in or-
ganic matter (Rusco et al., 2001). Although the total stock of
cations in the oxidizable fraction was relatively small com-
pared to other soil pools (Fig. S4), the observed increases
in Ca and Si following basalt application are consistent with
pathways that may contribute to organic matter stabilization.
More specifically, such processes have been linked to im-
proved soil structure (Buss et al., 2023; Steinwidder et al.,
2025) and mineral-associated organic matter (MAOM) for-
mation (Niron et al., 2024) in EW experiments, although
these properties were not directly assessed in the present
study.

4.3 Limited basalt and AMF effects on crop yield and
quality

In line with our soil nutrient data and contrary to our hy-
potheses, plant nutrient concentrations were generally not af-
fected by basalt application or AMF presence, with the ex-
ception of Mg, which generally increased with basalt. In-
creased plant Mg can be directly linked with the observed
increase in pore water Mg concentrations and Mg exchange
capacity, leading to elevated Mg uptake. Our results are sup-
ported by research carried out on maize after basalt appli-
cation (Boniao et al., 2006; Rijnders et al., 2025), and on
ryegrass (ten Berge et al., 2012) and soybean (Moretti et al.,
2019) after dunite application. These consistent findings in-
dicate that EW can help alleviate Mg deficiency, which often
occurs in agricultural systems that are fertilized with N, P,
and K as uptake competition between these elements and Mg
arises (Guo et al., 2016). Nevertheless, our plant data shows
only limited evidence for a positive effect of basalt and AMF
on crop yield and quality, indicating that the agronomic co-
benefits of EW and AMF are modest under the relatively fer-
tile conditions of this experiment (i.e., fertilized soil and only
slightly acidic initial soil pH).

Furthermore, Na availability increased in both the soil ex-
changeable complex and the pore water, while leaf K concen-
tration declined following basalt amendment. Although these
changes were not associated with consistent negative effects
on plant growth or biomass, they raise questions regarding
the long-term EW consequences for plant nutrition, partic-
ularly shifts in the K:Na ratio that could ultimately con-
strain plant performance (Maathuis and Amtmann, 1999).
Even though leaf Na concentrations were not measured in
this experiment, we recognize Na-K antagonism as a poten-
tial concern over longer timescales, especially under repeated
basalt applications.

Contrary to our hypothesis, basalt amendment did not af-
fect AMF root colonization and hyphal length. This outcome
may be partly explained by the adequate P availability in
our experiment. Arbuscular mycorrhizal symbiosis is estab-
lished by the allocation of photosynthetic C from the plant
to the fungus, and an important driver of this symbiosis is
low bioavailability of soil P (Leake and Read, 2017). In the
present study, P availability was likely enhanced by fertilizer
addition, reducing the plant’s dependence on AMF-mediated
nutrient acquisition. Consequently, plants may have allocated
less C to the symbiosis, limiting fungal development and po-
tentially explaining why basalt amendment did not increase
AMEF colonization or hyphal length.

In addition, the short experimental duration of our trial
(113 d) might have constrained the potential for AMF to in-
fluence crop yield and quality. Indeed, a meta-analysis by
Qin et al. (2022) identified experimental duration as the
most important factor limiting the influence of AMF on crop
growth, followed by soil texture, with a smaller AMF effect
on sandy soils (> 50 % sand). Given both the short experi-
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mental duration of the present experiment and texture of the
used soil (sandy loam; 69.5 % sand), it is likely that both fac-
tors played a role in the observed lack of AMF effect on plant
biomass in our study. Although a longer experimental du-
ration might have allowed both basalt- and AMF-mediated
responses to develop more fully, extending the study was
not feasible because the pasteurized, AMF-free mesocosms
would eventually have been recolonized by AMF spores,
thereby compromising the integrity of the AMF-free treat-
ment.

Finally, soil pasteurization likely removed a substantial
fraction of the indigenous microbial community, potentially
limiting the extent to which basalt-induced improvements
in soil chemistry could translate into plant responses. Many
beneficial effects of increased soil pH on plant growth and
nutrition are mediated by soil microorganisms through pro-
cesses such as organic matter decomposition and consequent
nutrient mineralization, solubilization, and uptake (Richard-
son et al., 2009; Van der Heijden et al., 2008). Moreover,
soil pH is a major determinant of microbial community com-
position and activity (Fierer and Jackson, 2006; Lauber et
al., 2009), meaning that microbial responses to pH change
represent an important pathway through which basalt can in-
fluence nutrient cycling and crop performance. By substan-
tially reducing microbial abundance and diversity, pasteur-
ization may therefore have disrupted these microbial path-
ways, weakening the link between basalt-induced increases
in pH and improvements in nutrient availability. Conse-
quently, the reduced microbial community may have con-
tributed to the limited crop responses observed, despite clear
changes in soil chemical properties.

The observed lack of a plant biomass response is similar
to results by Vienne et al. (2022), where the application of
50tha~! of basalt did not significantly affect potato growth.
In other experiments, on the other hand, basalt application
increased biomass of spring oat (Skov et al., 2024), sorghum
(Kelland et al., 2020), and maize (Rijnders et al., 2025). Ad-
ditional counter evidence is provided by the review of Swo-
boda et al. (2022), which focused primarily on silicate rock
powder applications in highly weathered, nutrient-poor soils,
and which reported a positive silicate effect on crop biomass
for almost all studies using mafic and ultramafic rocks as
feedstock. Taken together with previous studies, our results
indicate that positive crop responses to basalt are not uni-
versal and may be small or absent in relatively fertile soils
such as the one studied here. The contrasting responses re-
ported across soils and regions emphasize the context depen-
dence of EW outcomes. In our experiment, plant N: P ra-
tios (around 7.7; Fig. S7) suggest that crop growth remained
primarily constrained by N rather than P availability. Be-
cause basalt amendments supply base cations and, to a lesser
extent, P, but do not contribute to biologically available N,
their potential to alleviate the dominant nutrient limitation in
our system was inherently limited. In contrast, EW may de-
ss liver greater agronomic benefits in highly weathered tropical

soils, where soil acidity, low base saturation, and depletion of
rock-derived nutrients are more common and where basalt-
derived nutrient inputs can more directly alleviate nutrient
constraints (Haque et al., 2025; Swoboda et al., 2022).

4.4 Need for monitoring of toxic trace elements

Our findings highlight the need for careful monitoring of
soil and plant heavy metal concentrations following basalt
amendment. Given the observed increases in pore water Zn
and Ni, our results do not support the hypothesis that basalt
application does not elevate the availability of heavy metals
in the soil. This is noteworthy, as Ni release is among the
primary environmental safety concerns associated with EW
in agricultural contexts (Suhrhoff, 2022; te Pas et al., 2023).
During the 113d experimental period, average pore water
Ni concentrations exceeded the freshwater Environmental
Quality Standards (EQS) of both the European Union (EU;
4ugL~") and Australia (0.3-10 ug L™!, depending on water
pH and hardness) in both the control and basalt treatments
(71+1.7 and 19.7+£4.9pugL~!, respectively; mean + SE;
ANZG, 2024; European Commission, 2006). This may be
partly due to background soil Ni levels. Nevertheless, the ob-
served concentrations remained below the regulatory limits
set by other jurisdictions, such as the United States (52 and
470 ug L~! for chronic and acute exposure, respectively) and
Canada (3-150 ug L™!, depending on water hardness; British
Columbia Ministry of Water Land and Resources Steward-
ship, 2024; Canadian Council of Ministers of the Environ-
ment, 1987; EPA, 1995).

Plant heavy metal concentrations were generally unaf-
fected by basalt amendment, with the notable exception
of an increase in Ni in corn tissue (0.42+0.0001 and
0.65 £ 0.0004 mg kg~ for control - AMF and basalt + AMF
respectively, mean & SE), therefore only partially supporting
the hypothesis that basalt amendment does not increase plant
heavy metal concentrations. Despite the increase, corn Ni
concentrations remained below the EU regulatory threshold
of 0.8 mgkg~! which will come into effect in 2026 (Euro-
pean Commission, 2024). Our results therefore partially con-
trast with previous research, where Ni concentrations did not
increase upon basalt application (Kelland et al., 2020; Rijn-
ders et al., 2025; Vienne et al., 2022).

Heavy metal concentrations in the pore water and soil ex-
changeable complex were mostly not affected by AMF. On
the other hand, AMF increased Cr concentration in the corn
tissue. Therefore, our hypothesis that AMF presence would
modulate heavy metal availability is only partially supported
by our data. It is important to note that Cr concentrations
in corn tissue were, regardless of treatment, higher than
the average Cr concentrations found in common vegetables
as identified by WHO (World Health Organization, 1988),
which is in the range of 0.005-0.03 mg Crkg~! fresh weight
(Fig. S14). This finding suggests that AMF inoculation does
not universally confer benefits and may, under certain con-
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ditions, such as in co-deployment with silicate amendment
in soils with elevated background Cr contents, pose risks to
food safety.

5 Conclusions

Despite an interaction effect of basalt and arbuscular mycor-
rhizal fungi (AMF) on pore water dissolved inorganic carbon
(DIC), our 113 d mesocosm experiment did not reveal a sig-
nificant AMF-induced enhancement of weathering rates, as
assessed through cation mass balance, pore water alkalinity
and pore water pH. These findings suggest that pore water
DIC alone is not a reliable proxy for weathering dynamics in
soil systems, given its sensitivity to a range of dynamic soil
parameters such as partial CO; pressure and pH. Notably, un-
der the relatively nutrient-rich conditions of this study, AMF
had limited influence on nutrient availability, crop yield and
quality. Longer-term experiments or those conducted under
nutrient-limited conditions are needed to verify whether this
lack of a short-term effect persists over time.

In contrast to AMF, basalt amendment improved several
indicators of soil chemical fertility, including soil pH, cation
exchange capacity (CEC) and base saturation (particularly
exchangeable Ca and Mg). These findings support the role
of enhanced weathering in mitigating soil acidification and
restoring base cation availability. However, these improve-
ments did not translate into enhanced crop yield or nutrient
status, with the exception of increased Mg concentrations in
plant tissues.

Our results therefore suggest limited short-term agro-
nomic benefits of basalt amendment in this experiment,
which used a fertilized sandy loam soil with relatively high
nutrient availability and only moderate acidity. Moreover, al-
though the increase of toxic trace elements in soil and plants
was limited, our results stress the importance of carefully
evaluating the environmental safety of enhanced weathering
for the soil under consideration.
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