
 

 

Journal of Mining Institute. 2026. Vol. 281. Iss. 2. P. 22-34 

© Natalya Yu. Antoninova, Artem V. Sobenin, Albert I. Usmanov, Yaroslava A. Kuznetsova, 2026 

22 

This is an open access article under the CC BY 4.0 license  

 

 

 

 

 

 

Research article Geotechnical Engineering and Engineering Geology 

 

Rationale for the application parameters of unmodified  

iron-magnesium production waste as a nature-like ameliorant  

for cadmium immobilization 

 
Natalya Yu. Antoninova, Artem V. Sobenin, Albert I. Usmanov, Yaroslava A. Kuznetsova  
Institute of Mining of the UB RAS, Ekaterinburg, Russia 

 

 

How to cite this article: Antoninova N.Yu., Sobenin A.V., Usmanov A.I., Kuznetsova Ya.A. Rationale for the applica-

tion parameters of unmodified iron-magnesium production waste as a nature-like ameliorant for cadmium immobilization. 

Journal of Mining Institute. 2026. Vol. 281. Iss. 2, p. 22-34.  

 

Abstract 

An assessment is presented regarding the use of iron-magnesium production waste for the remediation  

of cadmium-contaminated soils. The waste contains, mg/kg: Mg 175,000, Fe 52,000, K 30,000, and traces of Cu, 

Zn, and Co, with no detectable Cd. Garden cress (Lepidium sativum L.) was grown for seven days on  

a substrate containing 10 mg/l Cd and treated with three doses of an iron-magnesium composite (IMC): 10, 60, and 

120 g/m2. FeSO4, MgSO4, and a combination thereof were used for comparison. Parameters evaluated included  

germination rate, root length, pH, redox potential, mineralization, moisture content, and metal concentrations  

in soil and plants (via atomic absorption spectrophotometry); root barrier coefficients (RBC) and translocation factor (TF)  

were calculated. The high IMC dose (T4, 120 g/m2) maximized Cd immobilization (reducing the mobile fraction  

by 38 % to 9.6 mg/kg), eliminated Mg deficiency, and stimulated root growth by 30.6 %, but caused soil salinization  

(TDS up to 740 mg/l) and the accumulation of Ni (up to 39.8 mg/kg) and Co (up to 5.2 mg/kg) in the soil. The  

low dose (T6, 10 g/m2) reduced Cd availability to 11 mg/kg and increased root growth by 10.4 % without significant 

salinization (TDS 270 mg/l). Ni and Co were effectively retained by the roots (RBC 1.96 for Ni, >3.0 for Co),  

and their transport to the shoots was minimal (TF 1.26 for Ni, 0.60 for Co). For short-term application, a dosage  

of 120 g/m2 is justified, provided salinity is monitored. The optimal long-term solution is a dosage 

of 10 g/m2. 

 

Keywords 

soil remediation; cadmium; iron-magnesium waste; industrial waste; ameliorants; biotesting; nature-like materials; root 

barrier coefficient; translocation factor; secondary contamination 

 

Funding 

This article was prepared within the framework of State assignment 075-00408-26-00 N 125070908250-1, topic 2 

“Geoinformation support for the systemic assessment of nature-conservation strategies during subsurface resource  

development” (FUWE-2025-0002). 

 
Received: 09.04.2026               Accepted: 25.06.2026                Online: 30.10.2026               Published: 30.10.2026 

 

 

Introduction 

Soil contamination with heavy metals, particularly cadmium (Cd), is a critical issue in the 

development of environmental protection measures [1, 2]. Cadmium is characterized by high mobility 

in natural environments [3, 4], toxicity [5], and the potential for bioaccumulation and entry into food 

chains [6], posing serious risks to human health and ecosystem stability [7]. The primary sources of 

cadmium entering the environment are mining and metallurgical facilities [8, 9], and agricultural 

activities, including the use of phosphate fertilizers [10, 11].  

The most common measure for reducing the bioavailability of heavy metals is the application of 

chemical ameliorants such as limestone (lime) flour and phosphorites capable of immobilizing toxic 

elements [11]. However, the effectiveness of these methods is inconsistent and depends heavily on 
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specific soil conditions. Studies show that in soils systematically fertilized with liquid manure, liming 

while raising the pH simultaneously increases cadmium mobility. This effect is attributed to the for-

mation of stable, mobile Cd-fulvate complexes during the alkalization of an organically contaminated 

medium [11]. An alternative amendment, glauconite-bearing phosphorite flour, demonstrates a more 

stable (albeit weaker) immobilizing effect; however, its sorption capacity drops sharply regarding 

organo-mineral forms of the metal [11]. The inconsistent performance of traditional approaches to 

these challenges is confirmed by other studies [12]. In peat soils, the use of slaked lime especially 

combined with mineral fertilizers (NPK) led to the highest levels of cadmium accumulation in plants, 

whereas the application of natural zeolite resulted in reduced bioavailability to plants [12]. These 

findings indicate that the effectiveness of traditional ameliorants depends heavily on specific soil 

conditions and does not always guarantee the desired outcome. Consequently, there is a pressing need 

to identify new, more versatile, and environmentally safe materials for cadmium immobilization  

that can ensure a stable effect without requiring complex optimization of specific environmental  

parameters. The use of industrial waste specifically from iron-magnesium production appears to be  

a promising avenue, as these materials can serve as nature-like ameliorants. 

Current research into the remediation of contaminated land is shifting toward the development 

of highly effective composite and modified materials. Natural and modified sorbents represent 

promising avenues of study. Composite materials based on natural minerals (such as attapulgite) and 

waste products (oyster shells) demonstrate a synergistic effect by combining high adsorption  

capacity (up to 197 mg/g for Cd) with the ability to regulate soil acidity, thereby further reducing 

metal mobility [13]. Another area of focus involves functionalized biochars. Chemical modification 

of biochar for instance, with potassium permanganate significantly enhances its potential as an im-

mobilizing soil amendment. Such materials can reduce Cd bioavailability in soil by 43 % and its 

accumulation in crops by 66 % [14]. Innovative solutions, such as biochar-based hydrogels enriched 

with phosphate-solubilizing bacteria, combine up to 98 % cadmium adsorption with the delivery of 

essential phosphorus to plants, thereby boosting soil fertility [15].  

The general trend involves the development of “nature-like” technologies that facilitate  

comprehensive environmental remediation through the synergy of multiple mechanisms such as 

sorption, precipitation, and pH modification while simultaneously addressing the utilization of secondary 

raw materials. Mining industry waste specifically from iron-magnesium production [16, 17],  

appears particularly promising in this regard, as it contains compounds capable of sorbing heavy 

metals and altering soil acid-base and redox properties. This approach enables the use of waste 

materials to reduce the mobility and bioavailability of cadmium in contaminated soils, aligning with 

the principles of waste recycling and resource conservation. 

Thus, the aim of this study is to substantiate the parameters (optimal dosages and application 

conditions) for using unmodified waste from iron-magnesium production as a highly targeted,  

nature-like soil amendment for cadmium immobilization in contaminated soils. To achieve this 

aim, the following objectives have been set: 

 evaluate the dose-dependent effect of iron-magnesium waste on the physicochemical parame-

ters of soils (pH, redox potential, total mineralization, moisture content); 

 investigate the effect of the ameliorant on the bioavailability of cadmium for the test crop by 

assessing its accumulation in roots and shoots; 

 conduct a comprehensive assessment of the ameliorant’s concurrent impact on the migra-

tion of other chemical elements (Ni, Co, Cu, Zn, Fe, Mn, Mg, K) to rule out the risk of secondary 

contamination; 

 determine, based on the analysis, safe and effective application rate ranges for the waste regarding 

cadmium immobilization. 
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Materials and methods  

Objects of study. Substrate. The soil used in this study was collected from the experimental 

research site of the Institute of Mining of the UB RAS (Fomino village, Sysertsky District, Sverdlovsk 

Region). The site is subject to anthropogenic impact due to past agricultural cultivation  

and construction activities, as well as its proximity (approximately 15 m) to a roadway. The soil  

is classified as a grey forest soil with a heavy texture and a granular-nutty structure; its reaction 

is near-neutral. To simulate substrates typical of intensive vegetable farming, the soil was mixed 

with peat-based growing medium in a 7:3 ratio. Intensive vegetable production frequently  

employs multi-component substrates containing peat, which are often contaminated  

with cadmium due to the use of mineral fertilizers. Substrates of similar composition were  

previously tested in our experiments aimed at identifying ameliorants capable of immobilizing 

cadmium [18].  

Test culture. Garden cress (Lepidium sativum L.) was used as the test organism. This crop 

was selected due to its short growing season and sensitivity to heavy metal contamination.  

Ameliorants. The starting material consists of chrysotile-asbestos beneficiation tailings, which 

are classified as serpentinites. Magnesium compounds are extracted from these wastes, a process that 

also generates secondary paste-like waste classified as hazard class 3 [15, 16]. The MPC/APC values 

(maximum permissible concentrations and approximate permissible concentrations) listed in Table 1 

are based on SanPiN 1.2.3685-21 “Hygienic standards and requirements for ensuring the safety  

and/or harmlessness of environmental factors for humans”. In CIS countries, the total volume of  

accumulated serpentinite waste exceeds 500 million tonnes [19]. Its elemental composition is charac-

terized by high levels of magnesium (175,000 mg/kg), iron (52,000 mg/kg), and potassium 

(30,000 mg/kg), as well as the presence of trace amounts of copper, zinc, and cobalt, which require 

monitoring. The cadmium content in the waste is below the detection limit, thereby minimizing the 

risk of direct contamination. 

 
Table 1 

Elemental composition of materials (total content), mg/kg 

Cu Mg Fe Zn Cd Co Ni Mn K 

Unmodified iron-magnesium production waste 

41.3±1.1 175,000 ± 3500 52,000±2000 77.7±1.8 < 0.037 119.8±1.4 3083±48 1010±35 30,140±787 

Substrate 

7.10±0.87 1610±40 10,600±250 42.3±1.8 0.68±0.20 4.20±0.65 22.30±1.1 190.50±3.5 4370±90 

MPC/APC 

–/132 – – –/220 –/2 – –/80 1500/– – 

 

Prior to use, the iron-magnesium composite (IMC) was dried at 105°C and sieved through  

a 1 mm mesh. For comparative analysis, iron sulfate FeSO4 (T3), magnesium sulfate MgSO4 (T2), 

and a combination thereof (T1) were used as conventional materials widely employed in agricul-

ture. The sulfate dosage of ~14 g/m2 corresponds to the average agronomic application rate  

for most crops. 

Modeling of cadmium contamination. Soil contamination with cadmium was simulated by ap-

plying a solution prepared from a certified reference material (State CRM 7874-2000). A solution 

with a Cd concentration of 10 mg/l was applied at a rate of 10 ml per 60 g of air-dried soil. Following 

application, the soil was left for two weeks to reach sorption equilibrium. The concentration of mobile 

cadmium forms in the soil after treatment was 15.4±3.9 mg/kg. 
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Experimental procedure. The experiment was conducted in Petri dishes with a diameter of  

100 mm (surface area 0.00785 m2). Amendment dosages were calculated based on the dish area:  

10 g/m2 of IMC corresponded to 0.08 g per dish (T6); 60 g/m2 to 0.5 g (T5); 120 g/m2 to 0.9 g (T4); 

and for sulfates (T1-T3), 14 g/m2 corresponded to 0.1 g per dish. The weighed amendment was  

thoroughly mixed with 60 g of contaminated soil until a homogeneous mixture was obtained.  

The resulting substrate was placed in Petri dishes, moistened with distilled water, and left for two 

days to stabilize. Garden cress (Lepidium sativum L.) seeds were sown on the surface (without burial), 

in accordance with the cultivation practices for this crop. The experiment was performed in triplicate. 

The growing period lasted seven days, following the seed manufacturer’s recommendations (the matu-

ration period for garden cress is 8±2 days). By this time, a fully developed plant had formed, suitable 

for assessing metal accumulation and redistribution within the system root – shoot. Upon completion, 

relative seed germination (RGP) and relative root length (RRG) indices were calculated and subse-

quently evaluated [12, 13].  

Sample preparation. Plant samples were ashed in accordance with GOST 26929-94 using the 

TEMOS-EXPRESS sample preparation system (ITM LLC, Russia), with a stepwise temperature in-

crease from 250 to 450 C. The resulting ash was treated with nitric acid, evaporated, and calcined at 

300 C; this cycle was repeated until the ashing process was complete. In the final stage, the ash was 

moistened with nitric acid, and the solution was quantitatively transferred to a test tube. 

Determination of total metal forms in soil. Sample preparation was performed using a MARS 5 

microwave system (CEM Corporation, USA) in accordance with EPA Method 3052. To a 0.5 g  

sample, 9 ml of HNO3 and 3 ml of HF were added; the mixture was allowed to stand for 15 min, then 

heated to 180 C over 6 min and held at that temperature for 10 min at a power of 1800 W in sealed 

EasyPrep vessels. After cooling, the volume was adjusted to 50 ml, yielding a clear solution. 

Determination of mobile metal forms in soil. Mobile acid-soluble forms of metals were deter-

mined by extracting soil samples with one-dimensional solution of nitric acid at a mass-to-volume 

ratio of 1:10. To do this, 5 g of soil was placed in 50 ml of one-dimensional solution of nitric acid 

and agitated on a rotator. 

Analytical methods. Metal concentrations (Cu, Zn, Cd, Co, Mg, Fe, Ni, K) in plants and soil were 

determined using flame atomic absorption spectrometry in an air-acetylene flame (Varian AA 240 fs, 

Varian Australia Pty Ltd.) [12, 13, 17]. Key physicochemical parameters pH, redox potential (ORP), 

total dissolved solids (TDS), and moisture content were measured in the soil substrates. 

Assessment of metal translocation. To analyze the redistribution of elements within the soil-root-

shoot system, two main coefficients were calculated [12, 13]: 

 root barrier coefficient (RBC), indicating the ability of roots to retain the element (RBC > 1); 

 translocation factor (TF), reflecting the degree of element accumulation in the above-ground 

part of the plant from the soil (TF > 1). 

Statistical significance of differences between experimental treatments was assessed using  

analysis of variance and Tukey’s test at p < 0.05. 

The permissible application rate of IMC was calculated using the method of S.E.Vitkovskaya: 

PAR = (0.8 MPCp – Cb) Mp / (C – Cb) T, 

where MPCp is the standard value from SanPiN 1.2.3685-21; Cb is the element content in the soil 

prior to application; Mp is the mass of the arable layer, Mp = 3000 t/ha; C is the element content  

in the ameliorant; and T is the application period, T = 1. The lowest calculated dose was considered  

the limiting factor. 

Results discussion  

An analysis of modern methods for remediating cadmium-contaminated soils has revealed that, 

while most existing approaches successfully immobilize the metal, they often fail to comprehensively 

account for environmental factors, potentially leading to secondary contamination. Furthermore, many 

effective ameliorants are either costly or require complex modification. Consequently, there is a pressing 
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need to identify accessible, nature-like materials capable of immobilizing cadmium even those with  

inherent limitations (such as the introduction of associated elements) provided that the associated risks 

are managed. The use of iron-magnesium production waste as a nature-like soil amendment warrants 

further investigation, accompanied by a mandatory assessment of potential side effects. 

Iron and magnesium compounds are natural key components of soil minerals [20-22]. Iron  

hydroxides and oxides contained in such wastes, due to their developed specific surface area, are one 

of the most effective natural sorbents of heavy metals [23, 24]. However, to eliminate the risk of 

secondary contamination, a comprehensive assessment of the impact of the sorbent is necessary. It is 

important to analyze both the biological response of the ecosystem and changes in the soil environ-

ment. Indicators of growth and development of garden cress (Lepidium sativum L.) and physicochemical 

properties of the soil when adding various materials are presented in Table 2. A comprehensive  

analysis of all indicators makes it possible to compare in detail the influence of various ameliorants 

on the plant-soil system under conditions of cadmium stress [25, 26]. In terms of the key parameter 

of initial development – RGP – all treatment options demonstrated 100 % efficiency. The subsequent 

development of sprouts, assessed by the RRG parameter, revealed significant differences. Maximum 

stimulation of root formation, exceeding the level of pure control by 30.6 %, was achieved when 

adding a dose of 120 g/m2 (T4) of iron-magnesium waste. The combined application of iron and 

magnesium sulfates (T1) also showed a significant positive result, increasing root length by 14.7 %, 

while their separate application (T2, T3) and a waste dose of 10 g/m2 (T6) provided a moderate but 

stable increase. The unexpectedly low efficacy of the 60 g/m2 waste dose (T5), comparable only to 

the suppressed cadmium control, indicates the presence of a narrow dosage range where negative 

factors, likely related to osmotic stress, outweigh the protective effect. 
 

Table 2  

Development of garden cress (Lepidium sativum L.) and physicochemical properties of the soil 

Parameter RGP, % RRG, % pH ORP, mV TDS, mg/l W, % 

K 100.0±0.0a 100.0±0.0d 5.90±0.10bc 191±3b 279±5a 7.98±0.14a 

KCd 83.3±1.4b 91.7±1.6a 5.86±0.10bc 213±4a 283±5a 7.92±0.14a 

T1 100.0±0.0a 114.7±1.12b 5.48±0.09a 187±3b 302±5a 7.96±0.14a 

T2 100.0±0.0a 109.2±0.2c 5.58±0.09ac 169±3c 302±5a 7.99±0.14a 

T3 100.0±0.0a 109.6±0.8c 5.84±0.10bc 205±3d 326±6b 7.89±0.14a 

T4 100.0±0.0a 130.6±0.5e 6.80±0.12e 128±2f 740±13e 9.05±0.16b 

T5 100.0±0.0a 108.9±3.2c 6.29±0.11d 187±3b 550±10d 8.98±0.16b 

T6 100.0±0.0a 110.4±0.7c 5.97±0.22c 204±4d 270±5a 8.28±0.15a 
  

Note. Different latin letters indicate statistically significant differences between groups (p < 0.05); identical letters indicate the 

absence of statistically significant differences; K – clean peat substrate; KCd – cadmium-contaminated peat. 

 

The impact on the physicochemical properties of the soil varied depending on the nature of the 

amendment. Sulfates (T1-T3) caused slight acidification of the soil solution, with pH values shifting 

from 5.48 to 5.84. In contrast, the industrial waste IMC acted as an active alkaline agent, with an 

effect that was strictly dose-dependent ranging from a minor shift at the low dose (T6, pH 5.97) to 

distinct alkalization (T4, pH 6.80). Such a change in pH is, in itself, a powerful factor in the immobi-

lization of cadmium ions. The effect on redox conditions was equally pronounced. While cadmium 

contamination itself raised the ORP (Cd control 213 mV), the various ameliorants modulated this 

parameter in different directions – magnesium sulfate (T2, 169 mV) significantly lowered it, whereas 

iron sulfate (T3, 205 mV) and the low dose of waste (T6, 204 mV) raised it. The greatest reduction 

in ORP indicating the creation of a reducing environment was observed with the application of the 

high dose of waste (T4, 128 mV). 

Sulfates and the low waste dosage did not result in statistically significant soil salinization, keeping 

levels comparable to the control variants (270-302 mg/l). Applications of the technogenic waste at 

rates of 60 g/m2 (T5) and 120 g/m2 (T4) caused a dose-dependent increase in mineralization 2-fold  
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and 2.7-fold, respectively, relative to the control samples thereby creating a direct risk of osmotic 

stress for more sensitive plant crops. A significant increase in soil moisture W was observed only with 

the application of medium (T5, 8.98 %) and high (T4, 9.05 %) waste dosages, a phenomenon likely 

attributable to the material’s hygroscopic properties. 

Thus, the comparison reveals two alternative approaches. The first, involving a combination of 

sulfates (T1), ensures effective plant protection and root system stimulation without inducing adverse 

changes in the soil complex. The second, based on the use of an industrial waste product, demon-

strates high efficacy in mitigating cadmium stress and stimulating growth. However, this efficacy is 

achieved through a transformation of the soil environment, involving alkalinization, salinization, and 

alterations to the redox status. 

Based on the data from the correlation matrix presented in Fig.1, the following conclusions can 

be drawn regarding the interrelationships between the parameters under study. The most significant 

correlation is observed between indicators characterizing the physicochemical properties of the soil. 

The Pearson correlation coefficient r between total mineralization and soil moisture is 0.91, indicating 

a nearly functional direct relationship. Equally strong direct correlations were recorded between soil 

acidity and mineralization (r = 0.89), as well as between acidity and moisture (r = 0.88). The increase 

in total mineralization is driven by the input of soluble waste components and sulfates; these simul-

taneously increase osmotic pressure and promote moisture retention in the soil solution [27], thereby 

resulting in a direct correlation between TDS and W. The relationship between pH and TDS arises 

because the alkaline components of the solid municipal waste fraction increase the pH upon dissolu-

tion [28]. Consequently, an increase in pH is accompanied by a rise in mineralization, a trend reflected 

by the correlation coefficient of r = 0.89.  
 

Fig.1. Correlation matrix of growth and development parameters of garden cress (Lepidium sativum L.)  

with soil parameters upon the application of various materials  
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A key indicator of plant development – relative root length – shows a strong positive correlation 
with soil salinity (r = 0.72) and moisture content (r = 0.62), as well as a moderate association with 
soil acidity (r = 0.54). However, the most pronounced relationship is the strong negative correlation 
between root length and ORP, with a coefficient of –0.81. This indicates that improved root system 
growth is statistically linked to a shift in redox conditions toward a more reducing state. Redox  
potential, in turn, is inversely related to TDS (r = –0.79) and pH (r = –0.60); specifically, soil  
alkalization and salinization induced by the soil amendment contribute to a decrease in ORP,  
a process that correlates with root development under stress conditions. 

Thus, correlation analysis statistically confirms that the effect of treatments particularly with the 
technogenic waste (T4-T6) – on garden cress characteristics does not occur in isolation but rather 
within the context of transformations in the soil environment. These transformations are manifested 
as an increase in pH, total salt content, and moisture level, alongside a decrease in ORP. 

The primary factor determining the effectiveness of ameliorants is the behavior of cadmium 
within the system soil – root – shoot [29, 30]. The elemental composition of the soil and garden cress 
(Lepidium sativum L.) plants following the application of various materials (T1-T6) is presented in 
Table 3. Maximum permissible concentration values are based on the Customs Union Technical  
Regulation TR CU 021/2011 “On food safety” (as amended on April 22, 2024). While the total cad-
mium content in the soil remained high across all treated variants (14.2-15.4 mg/kg in the Cd control 
and variants T1-T3), the application of iron-magnesium production waste (IMC) statistically signifi-
cantly reduced the soil concentration to 9.6, 11.2, and 11 mg/kg for variants T4-T6, respectively 
(Fig.2). In contrast, the application of iron and magnesium sulfates (T1-T3) did not result in a statis-
tically significant reduction of cadmium content in the soil, indicating a different mechanism of pro-
tective action [30]. In the variants treated with magnesium and iron sulfates (T1-T3), garden cress 
roots accumulated the highest amounts of cadmium – 19.8, 21.8, and 22.1 mg/kg, respectively which 
is substantially higher than the 0.97 mg/kg observed in the Cd control. Cadmium translocation to the 
shoots under these treatments was significantly lower – 17.8, 11.4, and 22.7 mg/kg for variants T1-T3, 
respectively, compared to 38.8 mg/kg (KCd). A different pattern was observed in the variant with the 
high dose of IMC (T4): the cadmium content in the roots was 11.9 mg/kg – 1.6-1.9 times lower than 
with sulfate treatments while the content in the shoots was only 9.2 mg/kg. This supports the strategy 
wherein cadmium immobilization in the soil limits its uptake by the plant as a whole [31-33]. 

Alongside the dynamics of cadmium, the materials influenced the plants supply of other elements 
(Table 3). Cadmium stress in the KCd control treatment caused magnesium and iron deficiencies in 
the roots – Mg content dropped from 5,333 to 1,069 mg/kg, and Fe content from 7,145 to 
2,158 mg/kg. Magnesium deficiency was most effectively alleviated in the T4 variant, where root Mg 
content rose to 10,263 mg/kg 9.6 times higher than the level in the KCd control and soil Mg content 
reached 4,801 mg/kg (6.5 times higher than the KCd control). Sulfates also increased magnesium and 
iron levels in the roots compared to the KCd control, though their effect was less pronounced. 

However, the application of the technogenic waste IMC, particularly at high doses, resulted in 
soil contamination with associated toxic elements. For instance, the nickel content in the soil of treat-
ment T4 was 39.8 mg/kg – 3.9 times higher than the 10.3 mg/kg found in the control while the cobalt 
content was 5.22 mg/kg, compared to 1.22 mg/kg in the untreated control. These elements were also 
actively taken up by the root system; nickel concentrations in the roots reached 97.9 mg/kg, and cobalt 
concentrations reached 9.60 mg/kg. However, their translocation to the shoots was significantly  
lower – 49.9 mg/kg for nickel and 3.15 mg/kg for cobalt. 

Manganese concentration in the roots dropped sharply from 382.6 mg/kg in the unpolluted control 
to 62.4 mg/kg under contamination conditions. All ameliorants restored manganese levels to varying  
degrees, reaching, for example, 281.0 mg/kg with the application of a high dose of IMC (T4). Ferrous 
sulfate (T3) also promoted significant accumulation of copper (22.5 mg/kg in roots) and zinc 
(45.3 mg/kg in roots and 85.2 mg/kg in shoots) within plant tissues. Potassium content in the shoots 
increased by 45 % (from 110,614 to 160,605 mg/kg) due to cadmium exposure, whereas in the roots, 
it decreased by half (from 48,257 to 23,436 mg/kg). All treatments studied with the exception of 
ferrous sulfate (T3, 234,369 mg/kg in shoots) normalized the elevated potassium levels in the shoots, 
reducing them to values in the range of approximately 100,000-130,000 mg/kg. 
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Iron deficiency was observed in the roots, where the iron content decreased 3.3-fold (from 7,145 

to 2,158 mg/kg). This deficiency was effectively corrected by both sulfate treatments (e.g., to 
4,462 mg/kg in the T1 variant) and IMC waste (to 3,725 mg/kg in the T4 variant). A distinctive effect 
of the high IMC dose (T4) was the suppression of zinc accumulation in the roots to a minimum level 
of 24.0 mg/kg. Thus, the ameliorants do not merely immobilize cadmium but also actively restructure 
the plant’s overall elemental status, correcting specific imbalances caused by the toxicant [34, 35]. 

Elemental analysis confirms that the observed improvement in growth parameters particularly  
in treatment T4 results from a complex redistribution of elements. A high dose of IMC implements  
a cadmium-exclusion strategy by immobilizing the metal in the soil and simultaneously alleviating mag-
nesium deficiency, though it also stimulates the accumulation of other metals (Ni, Co) within the system. 
Cadmium levels in cress shoots exceeded the MPC (Table 3) is an expected outcome, given that the soil 
had been artificially contaminated with high doses to clearly demonstrate the redistribution process.  
Sulfates, meanwhile, allow cadmium uptake by the roots but block its translocation, thereby mitigating 
nutrient imbalance without causing secondary soil contamination [30, 31]. 

The calculation of the PAR for the IMC, performed using the standards set forth in SanPiN 
1.2.3685-21 (total forms for Cd, Cu, Zn, Ni, and Mn, and the mobile form for Co, see Table 1), 
demonstrated that nickel is the limiting element (MPC 40.9 t/ha). The experimental application rates 
(10-120 g/m2, corresponding to 0.01-0.12 t/ha) are two to three orders of magnitude lower than the 
calculated PAR for nickel, confirming the safety of using the soil ameliorant within the studied dosage 
range. 

Calculating the RBC and TF for garden cress (Lepidium sativum L.) specimens grown on  
Cd-contaminated substrates with the application of various cadmium-immobilizing materials (Table 4), 
allows for an objective assessment of the root system’s efficiency in performing its barrier function: 
retaining the toxic element and preventing its transfer to the above-ground biomass [36, 37].  
A decrease in RBC values resulting from the use of a soil amendment would directly indicate  
a compromise of this barrier and increased translocation, signaling a potential environmental risk. 

Calculating the TF made it possible to assess the plant’s ability to accumulate the element from 
the soil [38]. The accumulation factor can serve as a key indicator for evaluating a crop’s phytoreme-
diation potential (if TF > 1) or, conversely, for determining the safety of the harvested produce (if the 
TF tends toward a minimum). 

In the control (KCd), the RBC was low – 0.023, indicating a complete failure of the barrier function 
and massive metal translocation to the shoots, where the TF reached 2.67. All applied ameliorants  
fundamentally altered this situation, vastly increasing the efficiency of cadmium retention in the roots. 
Magnesium sulfate (T2) exhibited the highest RBC value for Cd – 1.91, while the lowest total uptake  
(TF = 0.78) was observed in this same treatment and in the high-dose IMC (T4) (TF = 0.79). Notably, the 
barrier function regarding cadmium remained high in treatments T4 and T5 (RBC = 1.30 and 1.28,  
respectively). These findings support strategies involving either active cadmium retention in the roots (T2) 
or the restriction of uptake through soil immobilization (T4) [31-33]. 

Fig.2. Cadmium distribution in the substrate – root – shoot system of garden cress (Lepidium sativum L.) at different amendment  

dosages: a – in the substrate, roots, and shoots; b – root barrier (RBC) and translocation (TF) coefficients 
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Furthermore, cadmium stress sharply reduced the RBC for magnesium from 1.15 to 0.23  

and for manganese from 3.40 to 0.507. The application of ameliorants made it possible not only to 

restore but, in some cases, even to strengthen this barrier. The result for magnesium in treatment T4 

(RBC = 1.61) is particularly notable. Under Cd exposure, a high level of potassium accumulation in 

the shoots was observed (TF = 82.5, compared to 56.0 in the untreated control). Most ameliorants, 

particularly T2 (TF = 54.8) and T4 (TF = 65.1), effectively normalized this parameter. 

The application of IMC resulted in the appearance of new elements in the system, primarily 

cobalt and nickel. For cobalt, RBC of 3.06 and 4.48 were recorded in variants T4 and T5, respectively, 

alongside a relatively low TF of 0.6. This indicates that cobalt introduced via the waste is actively 

taken up by the roots, but its translocation to the shoots is restricted by the system itself. Nickel, which 

exhibited a high TF in the cadmium control (TF = 13.14), showed significantly lower accumulation 

values in the IMC variants (T4, T5; TF = 1.26 and 0.95); this suggests that the forms of nickel intro-

duced with the waste possess lower mobility and bioavailability compared to cadmium. 

Thus, the analysis of coefficients confirms that the positive effect of soil ameliorants lies not in 

completely blocking uptake, but in restructuring the internal distribution of elements – specifically, 

by creating an effective root barrier against the toxicant while facilitating the transport of essential 

nutrients and, in the case of IMC, incorporating new trace elements into this redistribution cycle and 

subsequently retaining them primarily within the below-ground biomass. 

Conclusion 

The study conducted made it possible to achieve the stated goal and address all the formulated 

objectives – namely, to substantiate the use of unmodified waste from iron-magnesium production 

(IMC) as a soil amendment for cadmium immobilization. 

It has been established that the application of IMC exerts a dose-dependent effect on the physico-

chemical properties of the soil. A high dose (120 g/m2, T4) causes alkalinization (pH rising to 6.8),  

an increase in total dissolved solids (TDS up to 740 mg/l), a decrease in redox potential to 128 mV, and 

an increase in moisture content; this creates a reducing, alkaline environment that promotes cadmium 

immobilization. A low dose (10 g/m2, T6) does not result in significant salinization or changes in pH. 

The iron-magnesium composite acts as an effective immobilizer of cadmium. Application of a 

high dose resulted in a reduction of mobile Cd forms in the soil to 9.6 mg/kg (compared to 15.4 mg/kg 

in the Cd control); total accumulation in shoots decreased (TF = 0.79), while the root barrier increased 

(RBC= 1.30). Furthermore, the cadmium-induced magnesium deficiency was eliminated, stimulating 

root growth (a 30.6 % increase in length). 

The primary environmental risk associated with the application of IMC is secondary soil  

contamination with nickel and cobalt. In the T4 treatment (120 g/m2), their soil concentrations  

increased 3.9- and 4.3-fold, respectively, reaching 39.8 mg/kg for Ni and 5.2 mg/kg for Co. However, 

the calculated translocation coefficients indicated that while these elements are actively taken  

up by the roots (high RBC of 3.06 for Co), they are virtually not translocated to  

the shoots (low TF of 0.60 for Co and 1.26 for Ni). The risk of Ni and Co entering the food  

chain directly via watercress is minimal; however, their long-term accumulation in the soil warrants 

further study. 

Based on a comprehensive analysis, two potential dose ranges with different efficacy-safety balances 

have been identified: 

 120 g/m2 (T4) – ensures maximum Cd immobilization and root growth stimulation, but causes 

soil salinization and the accumulation of Ni and Co in the soil. It may be used for short-term remediation, 

provided that subsequent monitoring is carried out; 

 10 g/m2 (T6) – ensures significant Cd immobilization, stimulates root growth and root barrier 

formation, without causing statistically significant salinization or pH changes. The uptake of associated 

toxic elements (Ni, Co) is minimal. 
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The presented findings and recommendations serve as a guide for further research and do not 

constitute a regulation ready for implementation. Future research will involve assessing the dynamics 

of chemical element accumulation in soil and plants when cultivating various crops on different types 

of substrates, as well as conducting field trials under open-field conditions. 
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