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Acidic, metal(loid)-contaminated soils require scalable circular solutions; the efficacy of a finely milled dolomite
by-product, alone or co-applied with vermicompost (VC) or biochar (B), was assessed as amendments to reha-
bilitate an Iberian mine-impacted soil and to enable phytostabilisation with Lolium multifiorum. In a greenhouse
pot trial comparing five amended treatments (SD, SV, SB, SVD, SBD) against an unamended control, soil
chemistry (pH, C/N, available P, CEC, Al saturation), TCLP-extractable Cu-Zn-As, plant biomass, and multi-
variate response (PCA) were quantified. Dolomite sharply neutralised acidity (pH 3.1 — 8.3-8.5), increased CEC
(23.0 - 65.5-81.9 cmol()/kg), and reduced Al saturation (11.2 % — ~0.02 %), with large decreases in TCLP-Cu
fell to <10 mg/kg in dolomite-containing treatments and to <3 mg/kg with VC formulations; Zn was suppressed
to <65 mg/kg except where liming counteracted B effects. Arsenic showed a distinct pattern: VC increased TCLP-
As in close association with available P, whereas dolomite alone or with B kept As below detection—most
plausibly via Ca/Mg-driven (co)precipitation of sparingly soluble arsenate/phosphate phases; notably, SVD < SV
for As, indicating partial mitigation by dolomite. Vegetation failed in the control but established across all
amended soils, with biomass maximized under VC. Overall, the results indicate that dolomite by-product
particularly in combination with VC provides a circular, field-relevant route to restore soil function and
reduce bioavailable Cu and Zn by >90 % while sustaining plant establishment; given VC-linked As mobilization,
co-amendment with Fe-rich sorbents and prudent P management are recommended to minimize risk in practical
applications.

1. Introduction

Mining, both historical and ongoing, has played a fundamental role
in global economic development, yet it has also resulted in significant
environmental degradation, particularly of soil and adjacent ecosystems
(Worlanyo and Jiangfeng, 2021). Although remediation efforts typically
focus on mining infrastructure (e.g., tailings, waste rock), contamination
often extends well beyond these boundaries, affecting agricultural lands,

forests, and aquatic systems (Canedo-Argiielles et al., 2013; Kossoff
et al., 2014; Salgado et al., 2023; Varol, 2011).

Concurrently, the large-scale generation of industrial waste repre-
sents a critical environmental challenge. In response, the European
Union has implemented stringent policy frameworks such as the Zero
Waste initiative and the Circular Economy Strategy that mandate the
valorisation of industrial by-products as a central mechanism for envi-
ronmental sustainability and climate neutrality (European Comission,
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2014; European Commission, 2020). Among industrial waste streams,
residues generated by dolomite processing deserve particular scrutiny,
as European production alone surpasses 20 Mt yr’1 (Ursueguia et al.,
2023). These fines are intensely hygroscopic: upon contact with atmo-
spheric moisture, they hydrate almost instantaneously, causing
agglomeration, volumetric expansion and heat release. To avoid oper-
ational incidents, producers are compelled to palletise and hermetically
wrap the material immediately after generation, a time-consuming and
costly practice (Lanas and Alvarez, 2004; Lin et al., 2021). The challenge
escalates at landfill, where much larger masses of residue hydrate, well
and release strongly alkaline leachates, complicating leachate treatment
and jeopardising liner integrity. Consequently, dolomite-derived resi-
dues pose a persistent management challenge for producers, waste op-
erators, and landfill managers alike, while imposing significant
environmental burdens when disposed of.

Utilising such residues as soil amendments offers a promising strat-
egy for the rehabilitation of degraded soils, especially those charac-
terised by severe acidification and metal contamination. Dolomitic by-
products (CaMg(COs3),), rich in Ca?t and Mg?" and with an intrinsic
pH > 9, serve as potent liming agents that neutralise soil acidity and
facilitate the precipitation of heavy metals as insoluble phases
(Islas-Valdez et al., 2017; Rinklebe et al., 2016). Their local reuse avoids
the need for virgin limestone extraction, reduces greenhouse gas emis-
sions from transportation and landfilling, and supports circular material
flows (Lou and Nair, 2009; Patel et al., 2025).

Nature-based solutions (NBS) provide a practical and integrative
framework to simultaneously address soil rehabilitation and waste val-
orisation by substituting engineering-intensive remediation with bio-
logically driven functions (European Comission, 2017). These strategies
incorporate organic amendments (e.g., vermicompost, biochar), inor-
ganic residues (e.g., dolomite by-products), metal-tolerant vegetation,
and microbial stimulation to restore soil structure and immobilise con-
taminants (Song et al., 2019). Organic fractions supply labile carbon and
nutrients, while mineral components elevate pH and cation exchange
capacity, creating conditions conducive to metal stabilisation. This
synergistic approach mitigates erosion, supports vegetation cover, and
promotes atmospheric CO5 capture (Hiitsch et al., 2002; Pang and Xu,
2024), contributing to climate change mitigation (Fiorentino et al.,
2025; Lenton, 2010). In the same context, phytoremediation, imple-
mented with species such as Lolium multiflorum, plays a pivotal role
within the NBS framework by promoting vegetation establishment,
stabilising contaminants, and enhancing soil productivity (Chalot, 2024;
Kafle et al., 2022; Wong, 2003). When combined with organic and
inorganic amendments, its efficacy in restoring degraded soils is mark-
edly improved (Baragano et al., 2021; Fang et al., 2025).

Although dolomitic by-products have been proposed as potential
liming agents, systematic research on their performance in soils
combining extreme acidity with multi-metal(loid) contamination re-
mains scarce. In particular, the potential synergies between dolomite-
derived residues and organic amendments such as vermicompost or
biochar are poorly understood, especially regarding their capacity to
both immobilise contaminants and restore soil functionality within
Nature-Based Solution (NBS) frameworks. Furthermore, field-relevant
evaluations that integrate chemical, biological, and structural in-
dicators of remediation success are still limited, which hinders the
development of operational guidelines for large-scale implementation.

Despite extensive research on liming agents and organic amend-
ments, the mechanistic and practical benefits of co-applying a finely
milled dolomite by-product with vermicompost in highly acidic, metal-
impacted soils remain underexplored. This study explicitly evaluates
that combined, circular and low-cost strategy, positing that it can
outperform single-amendment approaches by coupling rapid acidity
neutralization and Ca/Mg supply with organic-matter/nutrient inputs
and DOC-mediated sorption processes.

Objective of the study. This work tests the hypothesis that a finely
milled dolomitic by-product, applied alone or in combination with
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vermicompost or biochar, can concurrently immobilise Cu, Zn, and As,
restore key soil physicochemical properties, and support phytostabili-
sation with Lolium multiflorum in a highly acidic, mine-impacted soil
from southwestern Spain. To evaluate this integrated objective, changes
in the bioavailable fractions of the target metal(loid)s, improvements in
pH, soil organic carbon, available nutrients, and cation exchange ca-
pacity, and the establishment and stabilising capacity of L. multiflorum
are quantified, while explicitly assessing how organic co-amendments
differentially modulate the behavior of anionic (As) versus cationic
(Cu, Zn) contaminants.

2. Material and methods
2.1. Soil and soil sampling

The study area is located on the right bank of a river estuary, within
an environment historically influenced by mining activities. Running
parallel to the edge of the salt marsh was a former mining railway line,
oriented approximately north-south, which was once used for trans-
porting pyrite from the mining basin to a river pier. In the vicinity, a
mineral crushing and grinding plant was constructed. Its operations,
along with the infilling and stockpiling carried out around the facility
and the railway line, have caused significant metal contamination in the
area. The analysed samples originate from the surroundings of these
pyrite storage and fill zones. Although the area is situated within a salt
marsh, it is not directly affected by tidal fluctuations, and the soil ex-
hibits medium permeability. For confidentiality reasons related to the
participation of a private company, the exact site coordinates are not
reported. The characteristics of the soil selected for this experiment are
detailed in Table S1 (see analytical methods in section 2.4).

2.2. Amendments

Vermichar Lombricompost S.L. supplied biochar (B) and vermi-
compost (VC). B is obtained by pyrolysis of oak wood at 500. At the same
time, vermicompost is the result of decomposing mushroom substrate
and cereal crop residues, facilitated by earthworms of the Eisenia fetida
specie. In contrast, vermicompost is the result of decomposing mush-
room substrate and cereal crop residues, facilitated by the Eisenia fetida
species of earthworms. The general characteristics of the biochar and
vermicompost used are presented in Table S1.

The INTOCAST plant in Lugones, Spain, provided the dolomite by-
product. These hydrated dolomite fines are produced during the con-
ventional grinding of dolomite sinter. The dolomite-grinding unit at the
INTOCAST plant in Lugones (Asturias, Spain) operates a closed-loop
dust-collection system in which the dust generated during sinter pro-
cessing is continuously extracted, filtered, and discharged into a storage
silo. A fraction of this material is recycled in the mixing facility and
incorporated into the dolomite-brick pressing mixes; nevertheless, a net
excess of approximately 50-60 tons per year remains. This surplus is
stored in stretch-wrapped big bags to prevent—or at least delay—further
hydration.

In addition to the baseline properties of the dolomite by-product
summarised in Table S1, more detailed analyses were conducted on
the dolomite by-product, as it represents the most novel amendment
investigated in this study. Laser-diffraction analysis (Beckman-Coulter
LS Particle Size Analyser) performed in accordance with ISO 13320
(International Organization for Standardization, 2020) on the dolomite
subproduct yielded a broad yet unimodal particle-size distribution: D10
= 1.372 pm, D50 = 8.882 pm and D90 = 42.49 pm, giving a span
(D90—-D10)/D50 of 4.6. Hence, 50 % of the material lies within the <9
pm silt-clay fraction, providing a high specific surface area and potential
geo-reactivity, while the absence of particles >60 pm reduces segrega-
tion during blending and application in soil-remediation trials.

Powder X-ray diffraction (XRD) was performed on the dolomite by-
product using a Philips X’Pert PRO diffractometer equipped with a Cu-
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Ka tube (A = 1.54060 A, 40 kV, 45 mA, 240 mm goniometer radius).
Scans were collected from 5.0° to 79.9° 20 with a 0.017° step size and
90s counting time per step under ambient conditions (25 °C). Dif-
fractograms were processed with X’Pert HighScore Plus and semi-
quantified by the RIR method in X-Powder™, giving 39.0 + 6.9 wt%
% periclase (Mg0), 37.9 + 0.9 wt% % portlandite (Ca(OH),), 8.8 + 0.7
wt% % brucite (Mg(OH)2), 4.4 + 0.7 wt% % calcite (CaCO3) and ~10 wt
% amorphous material (Fig. 1A). Complementary thermogravimetric
analysis (TGA, TGA/SDTAS851e) of the same material, carried out in the
University of Oviedo analytical services, provided mass-loss profiles that
corroborate the dehydration of hydroxides and the decarbonation of
residual carbonate identified by XRD, thereby constraining the thermal
stability window of the sub-product for subsequent soil-remediation
trials (Fig. 1B).

2.3. Greenhouse experiment and plant growth

The experimental design consisted of five soil treatments, with the
control soil prepared under controlled conditions (average temperature
of 15 °C and 70 % humidity). The unamended control (S) consisted
solely of the degraded soil. Amendment treatments included: soil mixed
with the dolomite by-product (SD), soil amended with vermicompost
(SV), soil amended with biochar (SB), soil receiving a combined addition
of the dolomite by-product and vermicompost (SVD), and soil receiving
the dolomite by-product together with biochar (SBD). Amendment
percentages for each treatment are detailed in Table 1. All treatments,
including the control, were prepared in triplicate (n = 3), thoroughly
homogenised, transferred to 1 L plastic pots, and subsequently vegetated
under greenhouse conditions as described below.

The selected proportions are reproducible at pilot and field scales
because the dolomite by-product is readily available and vermicompost
is a cost-effective amendment that even mining companies or public
administrations can produce autonomously. Moreover, the effectiveness
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Fig. 1. A: X-ray diffractometric study (semi-quantitative phase Composition).
B: Thermogravimetric analysis.
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Table 1
Proportions (%) and conditions used in controls and the different treatments.
Code Polluted soil Dolomite by-product Vermicompost Biochar
S 100
SD 98 2
SV 85 15
SB 95 5
SVD 83 2 15
SBD 93 2 5

S = contaminated soil (negative control); SD = S + Dolomite by-product; SV =S
+ vermicompost; SB = S + biochar; SVD = S + vermicompost + dolomite by-
product; SBD = S + biochar + dolomite by-product.

of biochar in contaminated soils is well documented, and a 5 % appli-
cation rate is sufficient to elicit measurable effects (Forjan et al., 2018).

After 15 days of incubation with deionised water at field capacity,
ryegrass seeds (Lolium multiflorum) provided by Zoonort S.L. (Lugo,
Spain), were sown (1.5 g per pot). The soils were watered to maintain
field capacity throughout the experiment. Ryegrass growth was evalu-
ated over a 45-day period. Afterwards, the plants were harvested, and
samples were collected.

Soil samples were homogenised and separated according to the type
of analysis. For the physicochemical analysis, the samples were air-dried
and sieved through a 2 mm mesh, while for biological analysis, they
were only sieved (<2 mm) and kept fresh (4 °C).

2.4. Soil and amendments characterisation

The bulk density was measured using a steel cylinder with known
dimensions. Pseudototal metal concentrations were obtained by
microwave-assisted aqua regia digestion (ETHOS 1, Milestone) and
quantified by inductively coupled plasma optical emission spectrometry
(ICP-OES; Optima 4300 DV, PerkinElmer). The potentially mobile metal
fraction was assessed with the Toxicity Characteristic Leaching Pro-
cedure (TCLP) (USEPA, 1992). Soil pH was measured in a 1:2.5
soil-to-water suspension using a combined glass electrode (Porta, 1986).
Total carbon and total nitrogen were determined on finely ground
samples with a LECO CN-2000 combustion analyser, and the organic
matter content and organic carbon content were calculated from TC by
the conventional Van Bemmelen factor (1.724) (Van Bemmelen, 1890).
Plant-available phosphorus (P) was extracted with the Mehlich solution
(Mehlich, 1984). Exchangeable Ca®", K, Mg2+, Na* and AI** were
released with 0.1 M BaCly (Hendershot and Duquette, 1986) and
measured on the same ICP-OES system; effective cation-exchange ca-
pacity (CEC) was taken as the sum of these cations (Houba et al., 2008).

The aluminium saturation (Alsat) was subsequently calculated as:

Exchangeable AP+ x

Alsat =
a CEC

100
The exchangeable sodium percentage (ESP) was subsequently
calculated as (Forjan et al., 2024):

_ Exchangeable Na*

ESP CEC

x100

2.5. Soil organic carbon stocks (SOCS)

To estimate soil organic carbon stocks, the protocol proposed by
Anta et al. (2015) has been followed. The equation and parameters used
in the stock calculation are detailed below:

Soil organic carbon stocks = % OC x BD x [1- (VG/100)] x LT.

Soil organic carbon stocks: total amount of soil organic carbon to
given depth (tC ha™1); OC: soil organic carbon content for given depth;
BD: dry bulk density (g cm™3); VG: volume of gravels; LT: thickness of
soil layer (cm).
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2.6. Factors for plant production

A series of critical values was assigned to each of the chemical pa-
rameters, based on the model of the SFCC (Soil Fertility Capability
Classification) proposed by, and adapted by Calvo et al. (1987); Macias
Vazquez and Calvo de Anta (1983) and Hazelton and Murphy (2007).
These were used to evaluate the limiting factors for plant production.

e Factor ¢ when the pH < 3.5. Factor c refers to conditions of extreme
soil acidity, characterised by pH values lower than 3.5. This condi-
tion is critical for the development of most plant species, as it directly
affects both the availability of nutrients and the toxicity of certain
elements.

e K factor indicates that a soil is K-deficient if K*< 0.2 cmol(.y/kg.

e Mg Factor (Mg deficiency): this factor applies to soils where the level
of available Mg?* is not sufficient for the needs of the plants, which
may be caused either by a low content of this element in the ex-
change complex (<0,4 cmol()/kg or by an imbalance in the Ca%t/
Mg2+ ratio >50).

e Ca Factor (Ca deficiency): when the value of the Ca®* content in the
exchange complex is < 1.5 cmol;)/kg.

e Na Factor: The Na Factor is defined as the condition wherein Na
saturation within the 50 cm surface exchange complex reaches or
exceeds 15 %.

2.7. Plant analysis

The plants were harvested at 180 days. Fresh biomass was weighed
immediately, and dry mass was assessed after oven-drying for 48 h at
80 °C. The dry mass was then ground in a cryogenic mill with liquid
nitrogen (6775 Freezer/Mill® SPEX SamplePrep) before metal analysis,
which consisted of acid digestion of a subsample (0.2 mg) with 8 ml
H203, 6 ml HNO3, and 2 ml HCl in a hot plate in a Teflon bomb (90 min,
150 °C) (Cerdeira-Pérez et al., 2019; Gebrekidan et al., 2013; Rose-
nkranz et al., 2019). Metal concentrations in the supernatant were
determined by ICP-AES (Optima 4300 DV; PerkinElmer).

The bioconcentration factor (BF) describes the ratio of available
metal(loid) concentration that is taken up into shoots. High BF values
indicate a high concentration of elements in shoots compared to the
available concentration of the metal(loid)s (Rodriguez- Vila et al.,
2015).

2.8. Data analysis

All analytical determinations were performed in triplicate. A statis-
tical analysis was conducted to verify whether there were statistically
significant differences in the parameters analysed between the soil and
the various treatments across multiple treatments. The data obtained
were statistically treated using the SPSS program version 24.0 for
Windows. Analysis of variance (ANOVA) and test of homogeneity of
variance were carried out. In the case of homogeneity, a post hoc least
significant difference (LSD) test was performed. When there was no
homogeneity, Dunnett’s T3 test was performed. A correlated bivariate
analysis was also conducted using Pearson correlation. To carry out a
principal component analysis (PCA), the TCLP-metal concentrations
were natural-log transformed, all variables were autoscaled (z =0, ¢ =
1), and a PCA was calculated on the correlation matrix using the SVD
routine of scikit-learn 1.4 under Python 3.10.

3. Results and discussion
3.1. General results
3.1.1. Bulk densitiy

The control soil (S) exhibited the highest bulk density, 1.34 g cm™, a
value typically associated with medium-textured soils of relatively loose
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structure (Table 2). All amendments lowered this density; notably, the
organic amendments combined with the dolomite by-products (SBD,
SVD) produced the most significant reduction (Table 2).

Bulk density dropped to 1.10 g cm ™2 with the SBD treatment and to
1.13g cm 3 with SVD (Table 2). Authors such as Sweet et al. (2025) or
Verheijen et al. (2019) have demonstrated that the application of
organic amendments can reduce soil bulk density; this reduction is
beneficial because it signifies a substantial improvement in soil struc-
ture, thereby placing the soil within a physically optimal range for most
crop species (Garbuz et al., 2021).

3.1.2. Changes in pH values

First, it must be emphasised that soil S is constrained by Factor c for
plant production, given that its pH is below 3.5 (Table 2). All treatments
produced a significant rise in the pH of soil S (Table 2) and thereby
ceased to be constrained by Factor c. Biochar addition (SB), despite its
intrinsic pH of 9.44, caused only a slight but statistically significant
increase, presumably because of the relatively low application rate
(Table 2).

The highest pH values were recorded after the direct incorporation of
the dolomite by-product (SD), vermicompost (SV), or their combined
application (SVD) (Table 2). Moreover, the mixture of the dolomite by-
product with biochar (SBD) yielded a pH significantly higher than that
obtained with the biochar alone (SB), underscoring the strong liming
capacity of the dolomite by-product.

The pH-neutralising capacity of the dolomite by-product stems from
its composition, which contains approximately 40 % periclase (MgO)
and approximately 40 % portlandite [Ca(OH)2] (Fig. 1A), two phases
with very high neutralising power that can rapidly raise soil pH. Por-
tlandite is moderately soluble and releases OH™ as soon as it hydrates,
driving the soil solution towards a pH of 12-12.5; liming trials with Ca
(OH), have reported pH increases of up to 12.3 under experimental
conditions, corroborating its strong alkalising effect (Martin et al.,
2024). Periclase hydrates more slowly to Mg(OH),;. However, Mg(OH),
is less soluble than portlandite; it is, however, sufficiently soluble to
maintain pH values of 10-11 for extended periods, thereby acting as a
slow-release alkaline buffer (Kameda et al., 2018). Because each mole of
Ca(OH); or Mg(OH), neutralises two protons (H"), a mixture containing
40 % of each oxide/hydroxide has a theoretical neutralising value about
1.5 times greater than that of agricultural lime (CaCOs), which explains
the rapid and pronounced pH increase observed when the by-product is
incorporated into acidic soils.

Several studies, such as those by Wang et al. (2021), have recorded a
pH rise after vermicompost is incorporated into soils. During vermi-
composting, the calciferous glands of earthworms secrete CaCOs
micro-aggregates that remain embedded in the final vermicompost.
Mineralisation of the organic matrix also releases base cations (Ca2+,
Mg?*, K*, Nat) originating from the ash fraction of plant and animal
residues. Once added to the exchange complex, these cations displace
H* and AI** from colloidal surfaces, increasing base saturation and,
consequently, soil pH (Garcia-Montero et al., 2013). As shown in
Table S1, the vermicompost used in this study is rich in Ca and Mg. In the
present study, soil pH exhibited a robust positive correlation with
exchangeable Ca?" (r = 0.98, p < 0.01), a strong positive correlation
with exchangeable Mg2+ (r = 0.90, p < 0.01), and a strong positive
correlation with exchangeable Mg?* (r = 0.90, p < 0.01). In addition,
the carboxylic and phenolic functional groups of its humic substances
deprotonate progressively: at low pH they remain largely undissociated,
whereas, as pH rises, they release H', providing substantial buffering
capacity and preventing extreme fluctuations (Masini et al., 1998).

The rise in soil pH induced by biochar amendments in acidic soils has
been documented in numerous studies (Forjan et al., 2024; Ria-Diaz
et al., 2023). Biochar raises the pH of acidic soils through a combination
of rapid “liming” and slower buffering processes (Bolan et al., 2023).
During pyrolysis, part of the feedstock’s mineral fraction is transformed
into carbonates, bicarbonates, and oxides/hydroxides of Ca, Mg, K, and
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Table 2
Results of general soil properties and the different treatments after the experimental period.
S SD SB SV SBD SVD

Bulk density g/cm3 1.34 £ 0.07a 1.22 £+ 0.01b 1.21 £ 0.04b 1.16 £+ 0.02bc 1.10 £+ 0.06¢ 1.13 £ 0.02c
pH 3.13 4 0.05d 8.30 £ 0.18a 3.88 £ 0.12¢ 8.46 £ 0.11a 6.70 + 0.11b 8.35 £ 0.01a
oC % 0.46 + 0.03c 0.49 £ 0.01c 5.29 + 0.16 ab 6.00 & 0.84a 4.66 + 0.98b 4.58 + 0.02b
N % 0.04 £ 0.01c 0.04 £ 0.01c 0.09 £+ 0.01b 0.44 £ 0.03a 0.09 + 0.01b 0.30 £ 0.00a
C/N 11.10 + 1.91b 13.76 + 4.48b 55.28 + 8.39a 13.68 4+ 1.96b 50.00 + 3.51a 15.00 + 0.49b
P mg/kg 0.13 £+ 0.01c 0.14 £+ 0.01c 0.53 £ 0.04c 26.54 + 1.42a 0.22 + 0.01c 15.39 + 0.28b
Ca+2 cmol(+)/kg 12.35 + 1.65d 46.35 + 3.70b 15.82 + 2.23d 35.71 + 1.34c 51.99 + 0.11a 54.54 + 0.20a
Mg+2 2.80 + 0.50bc 13.18 £+ 0.81a 1.87 + 0.54c¢ 4.39 + 0.57b 13.44 £ 1.01a 15.62 + 0.16a
Na+ 5.23 + 0.91a 5.34 + 0.14a 3.35+0.93a 4.75 + 0.51a 6.24 + 0.51a 5.52 + 1.35a
K+ 0.03 + 0.01d 0.62 £ 0.02¢ 0.22 + 0.05d 2.86 + 0.01b 0.87 +£ 0.12¢c 3.43 £ 0.40a
Al+3 2.61 £0.71a 0.01 £ 0.00c 0.61 + 0.05b 0.01 £ 0.00c 0.02 £+ 0.00c 0.02 £ 0.00c
CEC 23.02 + 2.39¢ 65.52 + 4.41 ab 22.02 + 3.59¢ 47.74 + 0.41b 70.56 + 4.29a 81.92 + 3.35a
Alsat % 11.23 + 2.14a 0.02 £ 0.00c 3.34 + 0.50b 0.02 £ 0.00c 0.02 £+ 0.00c 0.02 £ 0.00c
EPS 22.73 + 3.08aa 8.18 £+ 0.51c 15.12 4+ 2.86b 9.96 + 1.10c 8.87 + 0.99¢ 6.76 + 1.78¢

S = contaminated soil (negative control); SD = S + Dolomite by-product; SV = S + vermicompost; SB = S + biochar; SVD = S + vermicompost + dolomite by-product;
SBD = S + biochar + dolomite by-product. For each row, different letters in different samples mean significant differences (n = 3,ANOVA; P < 0.05). Typical deviation

is represented by +

Na that concentrate in the biochar ash (Arwenyo et al., 2023). When this
ash comes into contact with soil moisture, it dissolves, consumes H™, and
releases basic cations that replace H' and AI** on exchange sites,
thereby increasing base saturation and driving the soil solution pH up-
ward (Geng et al., 2022). Simultaneously, negatively charged functional
groups on the biochar surface (carboxylate, phenolate) complex
hydroxy-Al species and adsorb protons, further mitigating acidity.
Because biochar particles are highly porous and persist for decades,
these reactions continue gradually after the initial application,
providing sustained pH buffering and limiting re-acidification (Liu et al.,
2025).

3.1.3. Organic carbon (OC), total nitrogen (N) and the ratio C/N

Consistent with expectations, incorporation of the dolomite by-
product (inorganic amendment, D) into soil S did not result in a statis-
tically significant change in OC content (Table 2). The largest increase in
OC was obtained with the vermicompost treatment (SV) and the biochar
treatment (SB), followed by the vermicompost + D treatment (SVD) and,
lastly, the biochar + D treatment (SBD) (Table 2).

This increase in OC caused by the organic amendments is logical
since both biochar and vermicompost had a much higher OC content
than S and D (Table S1). The vermicompost introduces a large mass of
readily decomposable organic matter: even at moderate rates, it adds
several-fold more total organic C per kilogram of soil than the baseline,
which is why vermicompost consistently produces the most significant
OC gains in field and pot trials (Przemieniecki et al., 2021). The biochar
contributes highly condensed, aromatic C that is resistant to minerali-
sation. Although its application rate may be lower on a mass basis, its C
concentration is 60-90 %, so the absolute C addition is still substantial.
Long-term trials (>10 years) show net SOC increases of 15-40 % with
biochar alone (Ding et al., 2023).

On the other hand, dolomite by-product (D) is almost entirely inor-
ganic (Table S1); when it is co-applied with an organic amendment, it
dilutes the dose of added carbon and, through its liming action (Ca%*/
Mg?"), stimulates mineralisation of native soil OC. Laboratory in-
cubations with dolomite have recorded CO; releases 3-49 % higher than
the control and faster first-order decay constants, confirming this
priming effect. Multi-year field trials likewise show that plots amended
solely with dolomite can lose OC relative to untreated plots (Wu et al.,
2021). In addition, in SVD, the carbon source is vermicompost, which
contains labile carbon and microbial biomass that can quickly replenish
any liming-induced losses; thus, net OC still rises noticeably (Terefe
et al., 2024). In SBD, the carbon source is biochar. Biochar is chemically
recalcitrant and less prone to microbial turnover; however, its particu-
late nature means there are fewer fresh substrates to offset the priming
triggered by dolomite. The combined treatment therefore shows the

smallest net gain, reflecting a dilution by D and enhanced mineralisation
of native OC without an equivalent influx of labile C (Singh and Cowie,
2014).

As with OC, the addition of dolomite by-product to the soil did not
cause a significant change in N content (Table 2). The application of
vermicompost, either on its own (SV) or in combination with D (SVD),
resulted in a larger increase in N than biochar, whether applied alone
(SB) or together with D (SBN) (Table 2). As shown in Table S1, the
vermicompost had an N content of 24.35 g/kg, compared to 9.60 mg/kg
for biochar, values significantly higher than those reported by S (0.40 g/
kg) and D (0.58 g/kg). This response can be attributed to the fact that
vermicompost delivers a markedly higher load of organic nitrogen
proteins, amino acids and exchangeable NHj along with an active mi-
crobial biomass that triggers rapid mineralisation; recent trials report
25-95 % increases in total soil N at only moderate vermicompost rates
(Malal et al., 2024). Biochar, by contrast, contains very little N (<1 %)
and its carbon is highly aromatic, so it introduces only minimal new
nitrogen into the system (de Oliveira Paiva et al., 2024).

Regarding the C/N ratio, the values of SB and SBD stand out
(Table 2). The extraordinary C/N ratios observed in the biochar treat-
ments (SB ~ 55 and SBD = 50) stem from the intrinsic chemistry of
biochar and its post-application interactions with soil. Pyrolysis vola-
tilizes most feedstock nitrogen (as NHs, HCN, and NOy), leaving a solid
that is 60-90 % aromatic carbon but <1 % total N (de Oliveira Paiva
et al., 2024); the resulting influx of recalcitrant carbon therefore dilutes
the existing soil N pool. Subsequent microbial colonisation of char sur-
faces immobilises additional mineral N to satisfy biomass synthesis and
the slow oxidation of residual labile C, further widening the C/N ratio
(Phillips et al., 2022). In the SBD treatment, co-applied dolomitic lime
elevates pH, enhancing NH3 volatilisation and reinforcing the relative
depletion of nitrogen. Collectively, these processes account for the
markedly higher C/N values recorded in soils amended with biochar
compared with those receiving vermicompost.

3.1.4. Available phosphorus (P)

Although the biochar amendment yielded the highest measured
concentration of P (Table S1), only the treatments incorporating ver-
micompost (SV, SVD) produced a statistically significant increase in P
relative to both the unamended soil (S) and the other treatments (SD, SB,
SBD) (Table 2). These findings may be explained, first, by the higher
application rate of vermicompost compared with biochar (Sarma et al.,
2018) and, second, by the higher proportion of labile organic carbon
fractions in vermicompost, which facilitates P mobilisation. For
example, dissolved organic carbon competes for P sorption sites and
lowers the soil’s surface charge, thereby reducing P fixation and
increasing the bioavailable P fraction (Wang et al., 2024). Consistently,
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a statistically significant positive correlation was detected between P
concentration and OC in the SV and SVD treatments (r = 0.87, p < 0.01).

3.1.5. Cations and cation exchange capacity (CEC)

All treatments except SB (soil + biochar) produced a statistically
significant increase in CEC relative to the control soil (Table 2). The
highest increases occurred in SD, SBD, and SVD, confirming the
contribution of the dolomite by-product (Table 2). This is evidenced by
the concomitant rise in Ca%* and Mg?" concentrations in the treatments
that received this amendment (SD, SBD, SVD). Moreover, every treat-
ment significantly lowered aluminium saturation and sodicity (ESP)
(Table 2). The reduction in aluminium saturation can be attributed to
the pH elevation induced by the amendments; indeed, the present study
documents a strong inverse correlation between aluminium saturation
and soil pH (r = —0.79, p < 0.01). Furthermore, the Ca?* and Mg?*
supplied by the dolomite enlarge the cation exchange complex, thereby
displacing exchangeable A1+ and contributing to the observed decline
in aluminium saturation (Ingvar Nilsson et al., 2001).

Conversely, soil S was initially constrained by the K Factor, but this
constraint disappeared after the various treatments were applied. The
Mg Factor or the Ca Factor influenced neither the untreated soil S nor
any of the amended soils. Moreover, although soil S exhibits very high
sodicity, it does not surpass the threshold that defines the Na Factor.

3.2. Changes in the available Cu, Zn and As concentrations

3.2.1. Copper (Cu)

All treatments applied to soil S markedly decreased the available Cu
concentration (Fig. 2A). Although the magnitude of the reduction was
statistically equivalent across treatments, the SV and SVD amendments
induced the highest declines, lowering extractable Cu by 91 % and 89 %,
respectively. The decrease is partly attributable to the pH increase by the
amendments in soil S; in fact, pH and extractable Cu exhibited a sig-
nificant negative correlation (—0.68, p < 0.01) in this study. It is well
established that, as soil pH rises, the mobility of metallic cations
generally diminishes (Forjan et al., 2018a).

In addition, in the case of SD treatment, the dolomitic residue neu-
tralised soil acidity, precipitating Cu as amorphous hydroxide/carbon-
ate phases and sharply lowering solution activity (Vrinceanu et al.,
2019). The effectiveness of biochar in reducing bioavailable Cu arises
from the combined action of three complementary mechanisms: the
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dissolution of its alkaline ash, which consumes H' ions, increases soil
pH, and promotes the precipitation of Cu as basic hydroxide-carbonates;
the presence of abundant carboxyl, hydroxyl, and n-electron-rich sites
on the biochar matrix, which enable the formation of strong
inner-sphere complexes with Cu; and the high porosity of the material
along with biochar-induced micro-aggregation, both of which expand
the reactive surface area available for Cu sorption (Ahmad et al., 2014).
Vermicompost immobilises Cu primarily through a combination of
mechanisms: its humified organic matrix provides a high density of
carboxylate and phenolate functional groups that chelate Cu?* into
stable, non-exchangeable organo-metallic complexes; the amendment
moderately increases pH and contributes Ca®* and Mg>* ions, which
facilitate the precipitation of basic Cu hydroxide carbonates; poly-
saccharides excreted by earthworms enhance micro-aggregation, phys-
ically trapping Cu within intra-aggregate pores; and the stimulation of
microbial activity under vermicompost application promotes
redox-mediated transformations that further reduce the bioavailable Cu
fraction (Trentin et al., 2019). The SBD and SVD treatments are com-
binations of the above treatments, so their positive effects on reducing
Cu availability are a result of their combined effects.

3.2.2. Zinc (Zn)

The treatments differed markedly in their effects on extractable Zn
concentrations (Fig. 2B). The SBD treatment did not lower available Zn,
and SD produced only a slight decline (Fig. 2B). This weak response
reflects the cation-exchange hierarchy imposed by the dolomitic
amendment: the large influx of Ca?* and Mg?" preferentially displaces
Cu®" (which forms highly stable inner-sphere complexes) while exerting
little control over Zn?", whose affinity for exchange sites is similar to
that of Ca®* (Mesquita and Vieira E Silva, 1996). Consequently, the
increase in CEC alone was insufficient to transfer Zn into non-labile
pools (Vrinceanu et al., 2019), and the dolomite residue counteracted
the Zn immobilising capacity of biochar, preventing any substantial
reduction in extractable Zn (Fig. 2B). By contrast, the and most signifi-
cant decrease occurred when vermicompost was co-applied with dolo-
mite (SVD) (Fig. 2B). Vermicompost supplies humic fractions rich in
carboxylate and phenolate groups that chelate Zn?" into stable
inner-sphere complexes and, together with the pH rise induced by the
amendment, promote precipitation of Zn hydroxide carbonates. Simul-
taneously, the dolomitic residue enlarges the exchange pool; once the
additional sites are saturated with Ca%* and Mg?", Zn?* is competitively
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Fig. 2. Changes in Cu (A), Zn (B), and As (C) concentrations following the application of treatments to soil S. Different letters in different samples indicate significant
differences (n = 3, ANOVA; p < 0.05). ul: under detection limit. Error bars represent standard deviation.
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displaced and subsequently sequestered by these organic ligands or
coprecipitated under the elevated pH (Chunwichit et al., 2024; For-
mentini et al., 2025).

3.2.3. Arsenic (As)

In soil S (Fig. 2C), As is immobilised because the low pH promotes
strong protonation of Fe/Al (hydr)oxide surfaces, enabling the forma-
tion of bidentate inner-sphere complexes with As(V) (Arai et al., 2001;
Ladeira and Ciminelli, 2004; Waychunas et al., 1993). The same
mechanism operates in SB (Fig. 2C), as the biochar fraction is too small
to significantly alter the surface charge or pH. In SD and SBD, the
dolomitic residue increases pH, yet extractable As remains below the
detection limit; this is most plausibly explained by Ca%*/Mg?* super-
saturation that drives the precipitation of sparingly soluble phases such
as Cag(AsOg4)2-H0, thereby curbing As mobility once again (Moon et al.,
2004). By contrast, treatments containing vermicompost (SV, SVD)
enhanced As mobility (Fig. 2C); this effect is governed. Consistently, a
highly significant positive correlation was observed between extractable
As and available P (0.99; p < 0.01). In this study, the increase in As
mobility can be ascribed to the release of labile orthophosphate by the
vermicompost at concentrations high enough to saturate the = FeOH
and = AIOH functional groups on pedogenic Fe/Al (hydr)oxides.
Because PO3~ and AsO3~ are iso-structural tetraoxoanions, phosphate
displaces pre-adsorbed arsenate through ligand-exchange reactions,
thereby increasing the dissolved fraction of As(V). This mechanism is
well-documented in compost-amended contaminated soils (Cao et al.,
2003). One option to mitigate the increase in As mobility upon vermi-
compost application is to add, to the SV and SVD treatments, an Fe-based
by-product capable of adsorbing arsenic (Nielsen et al., 2011; Osono and
Katoh, 2021), without materially increasing the overall treatment cost.

Finally, it can be observed that the effect of dolomite residue is
positive in terms of reducing As mobility because the SVD treatment
mobilises less As than the SV treatment. This effect is most plausibly
explained by the dolomitic residue: the amendment releases Ca>" and
Mg2+, increasing ionic strength; once supersaturation is reached, spar-
ingly soluble Ca/Mg-arsenate and Ca-phosphate phases precipitate,
simultaneously withdrawing PO3~ and AsO3~ from solution (Moon
et al., 2004). By immobilising part of the phosphate, the competitive
pressure on adsorption sites diminishes, and the resulting increase in
extractable As is therefore markedly lower than with vermicompost
alone.

The PCA (Fig. 3) highlights the treatment-dependent shifts in metal
mobility: the untreated control soil (S) occupies the quadrant associated
with the greatest geochemical risk for Cu and Zn, a zone defined by high
acidity and a low Ca/P ratio. The additions containing dolomite by-
product (SD, SBD and SVD) shift decisively toward negative PC1
values due to their pronounced alkalising effect and prove the most
effective at immobilising Cu, reducing its TCLP-extractable concentra-
tion to < 10 mg/kg. Vermicompost-based formulations (SV, SVD) move
upward along PC2; the extra phosphorus supplied by the organic
amendment fosters competitive desorption of arsenate, generating a
modest rise in mobile As, yet they still suppress Zn (<65 mg/kg) and Cu
(<3 mg/kg). Finally, the biochar treatment (SB) delivers a mild pH in-
crease, accompanied by a high P load, effectively lowering Zn (~30-65
mg/kg) and maintaining Cu at trace levels, while keeping As below
detection.

Components satisfying the Kaiser-Guttman criterion (eigenvalue
>1) were retained; PC1 and PC2 accounted for 53 % and 21 % of the
total variance, respectively. Scores and loadings were visualised in a
Gabriel biplot generated with matplotlib 3.9, and sample points were
labelled according to treatment (S, SD, SB, SV, SBD, SVD).

3.3. Effect of the different treatments on Lolium multiflorum

3.3.1. Lolium multiflorum biomass
As shown in Fig. 4A, vegetation (Lolium multiflorum) failed to
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Fig. 3. Principal-component biplot depicting the ordination of the control soil
and the five amended treatments together with the loadings of the studied
variables. Treatment centroids are labelled; arrow length denotes the relative
contribution of each variable to the two retained components. PCA= Principal
component analysis, PC1 = first principal component, PC2 = second principal
component. S = contaminated soil (negative control); SD = S + Dolomite by-
product; SV = S + vermicompost; SB = S + biochar; SVD = S 4 vermicom-
post + dolomite by-product; SBD = S + biochar + dolomite by-product.

establish in soil S. This outcome is most plausibly attributable to the
substrate’s intrinsic constraints: an extremely low pH, elevated ESP, a
high exchangeable-Al saturation, and excessive available Cu and Zn
concentrations (Table S1).

Vegetation established under every amendment applied to soil S
(even when the soil was treated only with the dolomitic residue, SD),
highlighting the importance of correcting critical constraints such as pH,
OC (except for SB treatment), ESP, exchangeable-Al saturation, and the
excessive Cu and Zn available concentrations (Table 2; Fig. 2). These
results concur with the findings reported by Forjan et al. (2018b), Yang
etal. (2016) and Zhao et al. (2018). Indeed, the present study revealed a
significant correlation between OC and biomass (r = 0.73; p < 0.01) and
between available Cu and biomass (r = -0.63; p < 0.01).

The highest biomass was recorded in the vermicompost-containing
treatments (SV, SVD), as they not only alleviated the limitations dis-
cussed above but also produced the highest increases in soil N, P, and K
(Table 2), all essential macronutrients for plant development (Cerqueira
et al., 2022). These biomass gains under vermicompost-assisted treat-
ments are consistent with prior reports in metal-impacted soils using
vermicompost to support phytoextractors and improve post-remediation
soil condition (Arai et al., 2001; Arai et al., 2001). In addition, SV and
SVD treatments produced the most pronounced reductions in extract-
able Zn, which influences production(Kumar et al., 2018) (Fig. 4B).

3.3.2. Concentrations and harvested contents of Cu and Zn in Lolium
multiflorum

Regarding the concentrations of Cu and Zn in the harvested vege-
tation, the SV treatment produced the highest concentrations of both Cu
and Zn (Fig. 4B and C). Lolium multiflorum from SV also yielded the
greatest biomass and the highest harvested loads of Cu and Zn (Table 3),
confirming that this treatment offered more favourable growth condi-
tions. Consequently, Lolium multiflorum accumulated higher Cu and Zn
concentrations and showed an enhanced capacity for concentration,
without evident negative effects. In the remaining treatments, no sig-
nificant differences were detected in either the biomass concentrations
of Cu and Zn (Fig. 2B and C) or the harvested Cu and Zn contents
(Table 3).
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Fig. 4. A: Dry shoot biomass of Lolium multiflorum under each treatment; no growth was observed in the control. B: Copper (Cu) concentration in the biomass. C: Zinc
(Zn) concentration in the biomass. D: Arsenic (As) concentration in the biomass. Different letters in different samples indicate significant differences (n = 3, ANOVA;
p < 0.05). Error bars represent standard deviation. S = contaminated soil (negative control); SD = S + Dolomite by-product; SV = S + vermicompost; SB = S +
biochar; SVD = S + vermicompost + dolomite by-product; SBD = S + biochar + dolomite by-product.

Table 3

Copper (Cu), zinc (Zn) and arsenic (As) contents were harvested from each pot (data for the control are omitted because no vegetation established) and the Bio-

concentration Factor (BF) in Lolium multiflorum grown under each treatment.

SD SB sV SBD SVD
Harvested (mg/pot) Cu 3.81 + 0.94b 1.50 + 0.91b 45.99 + 22.25a 4.24 + 1.45b 11.89 + 0.74b
Zn 13.32 + 3.50b 5.24 + 2.81b 832.20 £ 520.55a 29.28 + 7.99b 49.70 £+ 1.81b
As 1.17 + 0.55b 0.37 + 0.25b 3.35 £+ 2.66a 1.57 £ 0.66b 2.26 + 0.48 ab
BF Cu 3.72 + 0.44b 1.18 + 0.58b 16.67 + 10.55a 2.64 + 2.86b 5.95 + 0.49b
Zn 0.78 +£0.12b 0.52 + 0.13b 10.61 = 7.18a 0.73 + 0.62b 3.92 + 1.07b
As 0 0 0.81 + 0.58b 0 2.03 £ 0.41a

For each row, different letters in different samples mean significant differences (n = 3, ANOVA; p < 0.05). Typical deviation is represented by +. S = contaminated soil
(negative control); SD = S + Dolomite by-product; SV = S + vermicompost; SB = S + biochar; SVD = S + vermicompost + dolomite by-product; SBD = S + biochar +

dolomite by-product.

The response of the vegetation to As differed from that observed for
Cu and Zn (Fig. 4C). Lolium multiflorum grown in soil amended exclu-
sively with dolomitic residue (SD) exhibited the highest As concentra-
tions, followed by plants grown under the SV treatment (Fig. 4C).
Nevertheless, the greatest harvested As load occurred in the SV treat-
ment (Table 3). This outcome is attributed to the more vigorous growth
achieved under SV; indeed, a significant positive correlation was
detected between total biomass and harvested As (0.80, p < 0.01).

3.3.3. Bioconcentration factor (BF)

The SV treatment had the highest bioconcentration factors (BF) for
both Cu and Zn, indicating that vegetation grown in vermicompost-
amended soil was physiologically healthier and therefore capable of
accumulating greater amounts of Cu and Zn while achieving superior
biomass production relative to the control and all other treatments
(Tabla 4). This effect is probably linked to the more vigorous growth of
Lolium multiflorum achieved under the SV and SVD treatments, as, in the
rhizosphere, Lolium multiflorum releases root exudates that transiently
modify the local pH and disrupt organomineral complexes (mineral-
associated organic matter, MAO), thereby enhancing nutrient acquisi-
tion (Bolscher et al., 2025). These interactions can simultaneously
mobilise metallic cations; in this context, it is worth recalling that Cu
and Zn function as essential plant micronutrients (Tao et al., 2004).

The only treatments for which a bioconcentration factor (BF) for As
could be computed were SV and SVD (Table 3), and even in these cases
the BF values were low. This finding is consistent with the fact that

available As was detectable exclusively in those two treatments and that
these two treatments had the highest Lolium multiflorum biomass
(Fig. 4A-C). Significantly positive correlations were observed between
BF and harvested biomass (0.53, p < 0.01) and between BF and available
As concentrations (0.65, p < 0.01).

3.4. Carbon sequestration

Carbon sequestration in this experiment reflects a balance between
the amount of new carbon added or fixed and the efficiency with which
that carbon is stabilised (Fig. 5).

Biochar stands out for contributing large quantities of chemically
recalcitrant carbon (Forjan et al., 2018b). In contrast, vermicompost is
particularly effective in stimulating root-derived carbon inputs and the
formation of mineral-associated organic matter (MAO) under alkaline
conditions (Vidal et al., 2020).

However, in this study, the SV treatment exhibited the highest
sequestered carbon content, followed by SB, SBD, and SVD, with the
lowest values recorded in S and SD (Fig. 5). The dolomite by-product
alone (SD) lacks sufficient organic carbon. When combined with other
amendments, it partially dilutes and accelerates the mineralisation of
labile fractions, resulting in intermediate carbon sequestration. It is
essential to recognise that a substantial portion of soil organic carbon
originates from rhizodeposition, comprising soluble root exudates,
sloughed cortical cells, and the necromass of root-associated microor-
ganisms (Bolscher et al., 2025). In the present study, the highest carbon
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Fig. 5. Carbon sequestration in the soil S and in the different treatments.
Different letters in different samples indicate significant differences (n = 3,
ANOVA; p < 0.05). Error bars represent standard deviation.

sequestration values were recorded in the treatments that promoted the
most vigorous growth of Lolium multiflorum (SV, SVD) (Fig. 4A and 5),
highlighting a strong functional link between plant productivity and
below-ground carbon accumulation. Indeed, a significantly positive
correlation was observed between harvested biomass and sequestered
carbon in these treatments (r = 0.89, p < 0.05).

4. Conclusions

Our results support the initial hypothesis that dolomite by-product
(D)—particularly when co-applied with vermicompost (VC)—can
simultaneously neutralise severe soil acidity, immobilise toxic metal
(loid)s, and enhance phytostabilisation potential. Applied alone, D
rapidly increased soil pH from 3.03 to >8.3, reduced exchangeable Al>*
to negligible levels, and created conditions favourable for plant estab-
lishment. In parallel, As mobility decreased, most plausibly via precip-
itation and/or co-precipitation of sparingly soluble Ca/Mg arsenate,
carbonate, and hydroxide phases.

When combined with VC, remediation performance was maximized:
CEC increased, soil fertility indicators improved, >90 % of bioavailable
Cu and Zn were immobilised, and Lolium multiflorum achieved the
highest biomass. By contrast, VC alone tended to increase extractable
As—consistent with phosphate competition and DOC-mediated
desorption—although co-application with D mitigated this effect rela-
tive to VC alone. The D + biochar (B) mixture improved pH and CEC but
was less effective for Zn and appeared to accelerate mineralisation of
labile C, limiting net C gains.

Overall, integrating D with VC emerges as a scalable, low-impact,
circular, nature-based solution that valorises an industrial residue
while rehabilitating degraded, metal-contaminated soils and contrib-
uting to climate-smart land management.
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