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Abstract: This article presents the results of a study of glauconite obtained from phosphate rock
waste. The aim is to study the morphological, structural and chemical characteristics of glauconite
and to determine the potential for secondary use of mining waste in the agricultural sector. The
electromagnetic separation method was used to obtain glauconite concentrate. The optimum pa-
rameters for obtaining the maximum mineral content in the concentrate were determined. Studies
have shown that glauconite is characterised by globular, granular grains of the highly mature variety.
Glauconite almost invariably contains inclusions of pyrite and apatite, which significantly improve
the characteristics of the fertiliser. Laboratory experiments have shown that glauconite waste and
glauconite concentrate have a positive effect on plant growth and development. The high potassium
content, the favourable globular shape of the grains, and the presence of apatite and pyrite inclusions
indicate the potential use of glauconite from mining waste as a potash fertiliser. Application of
glauconite fertiliser to the soil will provide an opportunity to improve its texture, providing better
moisture and aeration. The use of glauconite fertiliser is particularly valuable on acidic soils where

apatite can be dissolved, making phosphorus available to plants. This nutrient additionally favours

check for

updates plant growth, as well as reducing the risk of heavy metal accumulation in the soil. Thus, glauconite

from the waste of the Egorievsk deposit represents a promising fertiliser for improving soil quality
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and increasing crop yields.
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Water soluble nitrogen, phosphorus and potassium are three essential elements that
play an important role in plant growth and development [1]. Potassium plays an essential
role in plant development. It promotes plant growth, participates in cellular homeostasis,

contributes to charge balance, osmotic regulation and enzymatic catalysis, and provides
immunity to disease [2-5]. Potash fertilisers are produced from sedimentary evaporite
rocks such as sylvite, sylvinite and carnalite, as well as from surface and underground
brines [6,7]. Many researchers are currently investigating the use of clay minerals [8-10],
including glauconite, as potash slow-release or controlled-release fertilisers [2,4,6,7,11-14].

Glauconite is a dioctahedral, potassic, iron-rich clay mineral of predominantly marine
origin [15-18]. Based on K,O content, glauconite can be divided into four types: nascent
(2%—4%), slightly evolved (4%—6%), evolved (6%—8%), and strongly evolved (>8%) [15,19].
The structure of glauconite consists of dioctahedral T-O-T sheets (tetrahedral-octahedral-
tetrahedral). The octahedral sites usually contained more Fe* than AI** and significant
amounts of Mg?* and Fe?*. Iron is mainly present in the form of Fe* in the glauconite
structure [4,16]. Glauconite can absorb useful components [14,20,21] and be used as a
Attribution (CC BY) license (https:// ~ complex fertiliser due to the special structure of the clay mineral [14,22].
creativecommons.org/licenses /by / The results of studies related to the use of glauconite as a sole source of potassium
4.0/). fertiliser have demonstrated positive effects on the growth of crops [11,13,23,24].
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Glauconite is usually formed in a coastal-marine environment under conditions of
sedimentary diagenesis [17,25]. Glauconite-rich beds occur in the sedimentary sequence
with phosphorites [26-28] or, in some basins, with ironstones [11,29]. Glauconite rocks are
potential secondary mineral products in sedimentary ironstone deposits [11]. However,
glauconite from phosphorite deposits is poorly understood. Given the current knowledge
on the various uses of glauconite in agriculture [2,4,6,7,11-14], ecology [30-33], the chemical
industry [34,35], etc., it is necessary to pay attention to the evaluation of glauconite in
mining wastes from phosphorite deposits under development. The positive prospects of
glauconite from these deposits will contribute to the expansion of their raw material base
and reduce the amount of mining waste at the expense of its use.

The aim of this work is to study the morphological, structural and chemical char-
acteristics of glauconite from the waste of the Egorievsk phosphorite deposit in order to
determine the potential for secondary use of mining waste in the agricultural sector.

2. Geological Background

The Egorievsk nodular phosphorite deposit is located 90 km southeast of Moscow
and covers an area of about 950 km? [36,37]. Tectonically, the field is confined to a depres-
sion on the East European Platform, enclosed between the Oka-Tsninsk rampart and the
Voronezh anteclise. The area consists of Middle and Upper Jurassic and Lower Cretaceous
sedimentary rocks deposited on the eroded surface of Carboniferous limestone (Figure 1).

Legend

Neogene system

N2 Clays, peaty sands (up to 62 m)

Cretaceous system

Clays, silty sands, sandstones,

K1 glauconite sandstones, phosphorite
nodules (up to 90 m)

Jurassic-Cretaceous system

Silty sands, sands with phosphorite
J—K, nodules, glauconite and quartz sands
(up to 150 m).

Jurassic system

Js Clays (up to 25 m)
Clays with phosphorite nodules,
e bituminous and glauconitic clays
(upto 29 m)

Sands, clays, clays with iron-rich ooids,
clays with siderite concretions, siltstones,
brown coals, siderite concretions, lenses
of ironstones (up to 424 m)

Carboniferous system

Interlayering of clays, marls, clayey
C; dolomites, organogenic fragmentary
limestones; limestones (up to 55 m)

c Limestones, with thin interlayers of marl
2 and clay (up to 93 m)

=?B Area of the Egorievsk deposit

Figure 1. Scheme of the geological structure of the southeastern part of Moscow region with the
location of the Egorievsk deposit according to [38].

The rocks lie monoclinic with a slight dip of layers to the northeast [37].

The ores from the Egorievsk deposit belong to the group of glauconite phosphorites
and are characterised by complex compositions [38]. They consist of phosphate (45%), glau-
conite (25%-30%), and quartz (25%). Phosphate minerals are represented by fluorapatite
and carbanapatite (kurskite) [39,40]. The ores also contain feldspars, pyrite, calcite, and
iron hydroxides [40].

The productive phosphorite series includes rocks of the Volga stage of the Upper
Jurassic and the Ryazan horizon of the Lower Cretaceous. It includes the lower and
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upper phosphorite layers (horizons), separated by a pack of quartz-glauconite sands
(Figure 2) [37].
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Figure 2. (A) Photo of the sampling site; (B) lithological section of phosphorite of the Egorievsk
deposit [37].

Phosphorite layers are represented by nodular phosphorites and phosphatised am-
monites in clayey and sandy sediments. The nodules are composed of phosphates with silty
intrusions of quartz, glauconite, feldspar, less frequently hydromica and pyrite. The content
of glauconite in the layers reaches 30%-33%. The thickness of the phosphorite layers ranges
from the first tens of centimetres to 1.5 m. The quartz-glauconite sandstones separating
the two phosphorite layers are composed of fluorocarbonapatite (up to 15%), glauconite
(up to 49%), hydromica (up to 15%) and quartz (up to 11%) [37,39]. The thickness of the
quartz—glauconite sequence varies between 0.13 and 7.8 m, with an average thickness of
2 m. Quartz—glauconite sands contain layers and lenses of glauconite clay with occasional
sandy-type phosphoric nodules [37].

Phosphorites were deposited under reducing conditions in shallow marine basins
with limited input of terrigenous material from the continent. Phosphorite layers contain
benthic fauna, mainly sponge remains, and diverse organisms, including nektonic and
planktonic species. The formation of phosphorite concretions from amorphous phosphate
occurred in marine mud at a depth of about 100 metres. The formation of phosphorites is
characterised by a sequential process involving: 1. accumulation of clastic minerals and
organic remains; 2. development of globular glauconite; 3. formation of concretions of
amorphous phosphate; 4. crystallisation of radially fibrous phosphate within phosphorite
pores; 5. precipitation of pyrite and leaching of amorphous silica [36].

At the former mining and processing plant, which processed phosphorite ores from
the Egorievsk deposit, only selectively mined phosphorites from the upper and lower layers
were enriched, but glauconite sands were sent to landfills or for reclamation of disturbed
lands [39]. The primary enrichment of the phosphate rock was carried out by the gravity
method. Water served as a flushing fluid to separate the phosphate concentrate. After the
beneficiation process, large dumps rich in glauconite are formed. This study focuses on the
glauconite waste from the Egorievsk deposit.
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3. Materials and Methods

The material used for the study was loose waste from the Egorievsk deposit, which
has a high glauconite content. A magnetic concentrate with a higher glauconite content
was obtained by electromagnetic separation of the initial mining waste samples. The sepa-
ration was carried out using an EVS-10/5 (NPK Mekhanobr-Technika, Saint- Petersburg,
Russia). Glauconite concentrate weighing 230 g was producing from 500 g of bulk sample.
Five glauconite concentrate samples and three bulk samples were selected for laboratory
analyses. The samples used for the study were loose samples, powdered samples, checkers
and tablets.

Laboratory analyses used to investigate bulk waste and glauconite concentrate sam-
ples include the following analytical methods: X-ray diffraction analysis (XRD), scanning
electron microscopy (SEM), transmission electron microscopy (TEM), X-ray fluorescence
analysis (XRF), infrared spectrometry (FTIR), and inductively coupled plasma mass spec-
trometry (ICP-MS).

X-ray diffraction analysis was carried out to investigate the bulk mineral composition
of the concentrate and to identify clay minerals. For analysis, the samples were dried,
crushed in a roll crusher and then ground in a mill to a powder (powder, particle size not
exceeding 10 um). The clay fraction (less than 2 microns) of all samples was obtained by
successive procedures: crushing, dispersion of the debris in an ultrasonic bath, preparation
of a suspension, removal of the terrigenous part (quartz, feldspars). The suspension was
then left to stand in a column of distilled water for 8 to 16 h (according to Stokes” law and
the operator’s estimate of the sedimentation rate of the particles), the top of the suspension
was broken off in a centrifuge (3000 rpm) and sent for analysis. The images were recorded
on a Rigaku Ultima IV with a Cu K« anode at 40 kV and 30 mA. Imaging was performed
over a range of 3-65° on the 2-theta scale at a rate of 1° per minute in 0.02° increments.
The clay fraction was taken dry, saturated with organic liquid (ethylene glycol) and after
heating/roasting at 550 °C to identify phyllosilicates. In general, all procedures were
carried out according to generally accepted recommendations [41]. Quantification was
performed using the Rietveld method [42] with PDXL and Siroquant software (version
5) using the PDF-2, PDF-4 and PDF-14 databases (ICDD, Denver, CO, USA). Data on
glauconite were obtained from the PDF 2014 database, card PDF 00-063-0583. The average
measure of inaccuracy of the method was 1%. The accessory minerals were not included in
the calculations and probably account for a bulk fraction of less than 0.5%.

Scanning electron microscopy was carried out on a loose sample and a checkerboard
to determine the mineral composition of the bulk sample and concentrate and to study
the morphology and chemical composition of glauconite. SEM was performed using a
TESCAN VEGA 3 SBU microscope (Teskan, Brno, Czech Republic) equipped with an
OXFORD X-Max 50 (Oxford Instruments, Abingdon, United Kingdom) energy dispersive
detector. The accelerating voltage (hv) for SEM imaging and analysis was 20 kV with the
probe current intensity ranging from 4.5-11.5 nA.

Transmission electron microscopy was used to determine the mineral composition of
the globules and the structure of glauconite. PEM was carried out using a JEOL JEM-2100F
(JEOL, Tokyo, Japan) transmission electron microscope. A drop of the clay suspension was
dried on a copper mesh (300 meshes, 3.05 mm diameter) before being examined by TEM at
an accelerating voltage of 200 kV.

X-ray fluorescence analysis was performed to compare the geochemical characteristics
of the bulk sample and the concentrate. Concentrations of basic oxides (Fe;O3, SiO,, Al,O3,
NayO, MgO, P,0s, K0, CaO, TiO,;, MnO) were determined using an X-ray fluorescence
microanalyzer HORIBA XGT 7200 (HORIBA Ltd., Moscow, Russia). Special samples
(pressed pellets) of finely ground mass were prepared for the research. Powdered samples
were pressed under a hydraulic press, after which they were baked in a muffle furnace at
900 °C for 9 h with an assessment of the loss on ignition as the difference in weight before
and after baking.
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Infrared spectroscopy was employed to determine the functional groups present
in the chemical bonding of glauconite, as well as to identify microinclusions. Infrared
spectra of the composites were obtained in the range of 4000—400 1/cm using an FTIR
spectrometer (Shimadzu FTIR 8400S, Kyoto, Japan) with a temperature-controlled high-
sensitivity detector (DLATGS) of KBr tablets with a resolution of 4 1/cm.

Inductively coupled plasma mass spectrometry (ICP-MS) was performed to determine
heavy metal contents in glauconite concentrate and the bulk glauconite rock. The inves-
tigation was carried out using an ELAN DRC mass spectrometer. The analytical sample
with a mass of approximately 0.5 g was subjected to melting at 1050 °C for 15 min. A
LiBO, /Li; B4O7 mixture was used as a fluxing agent to ensure optimal melting conditions.
This process produced glassy beads which were then dissolved in a mixture of HE, HNOj3
and HCIOy acids in a ratio of 5:4:1.5 at 120 °C. The dissolution was carried out in a plat-
inum crucible for 6 h to ensure complete decomposition of the samples. The liquid extract
obtained was evaporated at 160 °C. After evaporation, the sample residue was dissolved
in 10 mL of 5 M HNOj solution. The solution was then filtered to remove particles and
precipitates and sent for analysis.

Laboratory experiments were carried out on the cultivation of agricultural crops with
the addition of a bulk sample and glauconite concentrate. Soil without fertiliser was used
as control and rationing cells. Oat (Avéna sativa) seeds were grown in glass Petri dishes
(9 cm diameter, 1.5 cm depth) at room temperature (26 = 1 °C) for 20 days. Dry samples of
glauconite rock and glauconite concentrate were applied to the soil at a rate of 90 kg per
hectare. Each experiment was replicated three times (cell) and averaged. A slightly acidic,
dark grey agricultural soil (pH 5.1) with 4.1% organic carbon was used for the experiments.
Plants were watered every morning with tap water. Germination energy, germination
rate, plant height and dry weight of the plants were determined [11,43]. Germination was
estimated as the ratio of the number of sprouts to the number of seeds sown. Germination
energy was recorded daily, and the final percentage of germination was determined after
4 days. The number of shoots was determined assuming that the plants were 2 cm above
the soil surface. Height and weight of plants were measured after 20 days. Oat seedlings
were individually wrapped in a paper sheet and stored in a desiccator at 80 °C. The dry
weight of the plants was measured when the weight of the samples had stabilised.

Statistical analysis of the results was performed using the program Microsoft Excel
365. Values were calculated as arithmetic mean with standard deviations. The average
values were determined by the least significant difference (LSD) test at the 0.05 probability
level. Analysis of variance, followed by LSD and one-way ANOVA were used to determine
significant differences between experiments and among treatments, respectively.

4. Results

4.1. Research and Enrichment of Glauconite from Waste of the Egorievsk Deposit
4.1.1. Characteristics of Mining Waste from the Deposit and Enrichment of
Glauconite Concentrate

The waste from the Egorievsk deposit consists of glauconite (42.2%), apatite, quartz,
pyrite, gypsum, goethite and ilmenite. In order to obtain the concentrate with the maximum
content of globular glauconite, the following parameters of electromagnetic separation
were chosen: current—7A, distance from the feed to the path—2 mm, distance from the
shaft to the path—4 mm, and average speed—2.5 cm/s. The glauconite content increased
twofold as a result of the enrichment of the bulk sample (86.1%, Figure 3).

In addition to glauconite, kaolinite and smectite (Figure 4), as well as apatite (Figure 4),
pyrite, and goethite are observed in the concentrate.

The pyrite content in the concentrate does not exceed 5%. According to the XRF data
(Table 1) in the bulk composition of the concentrate there is an increase in elements included
in the glauconite composition (K,O, Fe;O3) and a decrease in elements characteristic to
quartz, apatite and gypsum (5iO,, P,Os, CaO), which confirms the increase in glauconite
concentration in the concentrate.
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Table 1. Chemical composition (%) of bulk sample and glauconite concentrate of the Egorievsk deposit.

NaZO MgO A1203 Si02 P205 Kzo CaO TiOZ MnO Fe203 SUMM LOI

BS 0.8 1.3 11.1 43.6 6.2 29 6.9 0.2 0.1 11.1 84.2 15.8
GC 0.4 1.3 9.5 415 2.0 5.0 2.7 0.3 0.1 28.9 91.4 8.6

Note: BS—bulk sample, GC—glauconite concentrate.

Figure 3. Photos of the bulk sample (A) and glauconite concentrate (B) obtained by electromagnetic
separation under a binocular microscope. Ap—apatite, Glt—glauconite, Gth—goethite, Im—ilmenite,

Qz—quartz.
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Figure 4. Diffractograms of bulk sample, glauconite concentrate and clay fraction. Ap—apatite,
Glt—glauconite, Gp—gypsum, Gth—goethite, Ilt—illite, KIn—kaolinite, Qz—quartz, Sme—smectite.
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4.1.2. Mineralogical and Geochemical Features of Glauconite

Glauconite has a globular shape of grains ranging in size from 60 to 370 um
(Figure 5A-C). Globules are composed of chaotically arranged flaky crystals up to 0.25 pm
in size (Figures 5D and 6).

100 ym
SEM HV: 20.0 kV WD: 15.00 mm SEM HV: 20.0 kV 'WD: 15.00 mm VEGA3 TESCA SEM HV: 20.0 kV 'WD: 15.00 mm VEGA3 TESCAN
100 pm

View fleld: 589 um Det: BSE 100 pm View field: 383 pm Det: BSE 100 pm View field: 371 ym Det: BSE

5 um

ek —_—
SEM HV: 20.0 kV/ WD: 5.00 mm | VEGA3 TESCAN SEM HV: 20.0 kV/ 'WD: 15.00 mm SEM HV: 20.0 kV/ 'WD: 15.00 mm
View field: 412 pm

View field: 18.9 ym Det: SE 5pm View field: 295 ym Det: BSE 100 pm

Figure 5. Electronic images: (A—C) globular glauconite with inclusions of apatite (A) and pyrite
(B,C); (D) chaotically oriented glauconite flakes; (E) fragment of glauconite grain with sparry ap-
atite aggregate and pyrite veins; (F) split glauconite grain with pyrite inclusion. Ap—apatite,
Glt—glauconite, Py—pyrite.

X-ray diffractograms of glauconite show the following main basal reflexes: 10.2 and
3.4 A. The hkl reflexes are additionally reflected in the 4.6 A (020), 3.4 A (003; 022),2.7 A
(—131),2.6 A (—132;201) and 1.8 A (060). The maximum reflex of 10.2 A (001) is slightly
asymmetric and shifts to 10.00 A after ethylene glycol impregnation. In addition to glau-
conite, basal reflexes of apatite, gypsum, goethite, quartz, illite and kaolinite are present.
The intensity of the basal reflexes of diamagnetic minerals (apatite, gypsum, quartz) de-
creased after magnetic separation. The decrease in intensity of diamagnetic minerals
indicates a decrease in their content in the concentrate.

In the electron diffraction patterns, glauconite is characterised by peaks at 10.9, 4.8,
3.1,2.6,1.6 A, and apatite—8.4, 4.3,2.8, 1.9 A (Figure 6B,C). The width of the T-O-T layers
is 7.6-7.9 A (Figure 6D). Chemical composition of the original glauconite according to SEM
EDS analysis is as follows: KyO 6.1%-9.0%, Fe;O3totaly 16.2%-26.9%, SiO; 48.0%0-51.9%,
Al,O3 5.3%-14.5%, MgO 2.0%-3.0%, CaO 0.6%-2.4%. In addition, glauconite has good
sorption capacity and contains a number of heavy metals that can have negative effects on
plants and contaminate soil. (Table 2).
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Figure 6. TEM-images of glauconite and local electron diffraction patterns: (A) apatite grain sur-
rounded by glauconite flakes, (B,C) glauconite flake crystals, (D) glauconite crystal structure showing
dioctahedral sheets (T-O-T).

Table 2. Contents of heavy metals in bulk sample and glauconite concentrate according to ICP-MS
data and limit allowable concentrations of heavy metals in different regions.

Texas Brazil Europe USA Russia

BS GC [44] [45] [45] [45] [46]
Cr 26.9 45.0 200 56 55
Ni 327 66.8 420 70 44 100
Cu 53 60 172 600
Zn 131.8 227.5 370 347 556 1500
As 11.9 15.7 41 20
Se 6.4 8.4 100
Mo 0.8 1.1 18
Cd 0.1 0.2 39 3 0.7 0.8 20
Pb 8.5 7.9 300 150 18 27 120

Note: BS—bulk sample, GC—glauconite concentrate.
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A detailed analysis of the mineral composition of globules often shows fluorapatite
(Figures 5A,E and 6A,B), less common are pyrite (Figure 5B,C,E,F) and goethite (Figure 7).
Fluorapatite occurs as small, xenomorphic grains (Figure 6A,B), bound by flaky glauconite
crystals. The proportion of fluorapatite in some globules reaches 50%. The content of
fluorine in apatite is 3.0%—-8.9%. Fluorapatite is also detected on the infrared spectrum
(Figure 7). The presence of microinclusions of apatite is indicated by peak characterising
(PO437) at 602 1/cm. Pyrite occurs as grains or fine crystalline aggregates (Figure 5C,E,F),
filling voids and fissures in glauconite globules. Pyrite is often partially or completely
replaced by goethite.
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Figure 7. FTIR-spectrum of glauconite from mining waste.

The strain and symmetric (valence) vibration zone is characterised by peaks 1053-972
and 669 1/cm corresponding to v(Si-O) and 5(Si-O), according to infrared spectrometry
of glauconite. The oscillation peak at 816 1/cm indicates the presence of hydroxyl with
trivalent iron (Fe**OHFe3*) in the octahedral position. The peak characterising the strain
variations of Al (AIOHAI) is usually found in the region at 912-914 1/cm. However, the
peak is shifted and represented by (AIOHFe®*) at 880 1/cm, probably due to microinclu-
sions of goethite. In the high frequency region of the octahedral position, peaks 3547 and
3414 corresponding to Fe**OHFe3* and OH.

4.2. Investigation of Glauconite Application in Laboratory Conditions

The germination energy (e.g., Avéna sativa oat was used) with glauconite rock and
glauconite concentrate was 94.7%-96.0% (Figure 8A), which is higher than in the control cell
without fertiliser (92.7%). The peak of this figure was obtained with an unenriched sample.

The germination rate of the plants in the test cells ranged from 94.9% to 96% (Figure 8B),
exceeding the control germination level (94.1%). The highest percentage of germination
was achieved with the glauconite concentrate.

Average plant height varied between 12.5 and 12.7 cm when the test fertilisers were
used (Figure 8C), compared with the control value of 11.9 cm. This represents an increase in
plant growth of 5.6 and 6.7% when using glauconite rock and glauconite concentrate, respectively.

There was also an increase in plant dry weight (yield) in all treatments, compared to
the control. The dry weight of the plants ranged from 0.21 to 0.22 g (Figure 8D), while the
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control dry weight was 0.20 g. As a result, the yield in the cells with glauconite rock and
glauconite concentrate increased by 3.5% and 6.3%, respectively.

The results of a series of laboratory experiments showed that the glauconite concentrate
had the most significant stimulating effect on plant growth and development. At the
same time, a stable positive effect was also demonstrated using an untreated mining
waste sample.
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Figure 8. Histograms of the distribution of the main growth parameters of common oat (Avéna sativa)
using glauconite rock and glauconite concentrate: (A) germination energy, (B) germination, (C) plant
length, and (D) dry weight or yield. The statistical significance of each parameter is shown at p = 0.05.
The dotted lines show the standard deviation of the parameter.

5. Discussion
5.1. Mining Waste Enrichment

The waste resulting from phosphate rock enrichment comprises a variety of minerals,
including glauconite. An electromagnetic separation method was utilised to extract a con-
centrate of glauconite. This enrichment process resulted in a twofold rise of the glauconite
concentration in the final product and consequently in the potassium content (Table 1).

5.2. Morphology and Chemical Composition of Glauconite: Key Factors Determining Usefulness in
the Agricultural Sector

Glauconite is present in the shape of spherical grains (Figure 5). According to SEM-
EDS information, the crystallochemical composition can be expressed as: Kgs5.9.7Cag-02
(A10_0.4Mg0'2_0'3F60'8_1'3)1.0_240(512'9_3.5A10_5_1_O)Olo(OH)anzo. According to the classifica-
tion by G. Odin, glauconite obtained from the waste of the Egorievsk deposit belongs to the
“evolved” varieties [15]. This is attributed to its high potassium content, ranging from 6 to
9%. Furthermore, glauconites from this deposit exhibit the first basal reflection 001 at 10 A
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(Figure 4), which is a distinguishing feature of mature glauconites, as opposed to nascent
glauconites, where the reflection can be found at 14 A[15].

The chemical composition and morphology of glauconite render it an effective fertiliser.
The potassium in glauconite is critical in regulating the plant’s water balance and the
process of photosynthesis [2-5]. The presence of magnesium and iron in glauconite also
aids in increasing the photosynthetic activity of plants [47-50]. In addition, it is essential to
highlight that glauconite serves as both a valuable fertiliser and a crucial component for
enhancing agronomic features of soil, which in turn increases agricultural productivity. It
has the ability to preserve moisture and ensure favourable soil aeration, thereby promoting
the growth of plant roots [11,13]. This holds particular significance in areas with restricted
water resources or during arid climatic conditions. The favourable globular shape and
crumbly nature of the waste facilitates its separation and incorporation into the soil, making
it very practical and convenient for use in agriculture.

Despite the advantages of glauconite for plant growth, it is crucial to consider the
potential risks linked to its application. Being a type of clay mineral, glauconite exhibits
a high capacity for sorption, resulting in the accumulation of various toxic elements in
its composition. The Egorievsk deposit shows that their concentrations remain at low
levels [51-53], which makes it possible to use these rocks as fertilisers. Phosphate meal
produced from phosphate rock at the Egorievsk deposit has been successfully used as
fertiliser. The use of waste from phosphate rock processing as a fertiliser will allow efficient
use of production waste. According to ICP-MS data (Table 2), the content of heavy metals
is below the permissible limit both in the wastes of the Egorievsk deposit and in the
concentrate obtained from the wastes.

5.3. Microinclusions in Glauconite and Their Role for Plants

Apatite and pyrite are often found as part of glauconite globules (Figures 5, 6A and 7).
Pyrite, which is present in glauconite grains, is not harmful to plants and may even be
beneficial. Modern research considers pyrite to be one of the components of fertilisers
because it increases the availability of sulphur in the soil and the easy absorption of other
useful trace elements by plants [54-56]. Apatite, a component of glauconite, can also have a
positive effect. In acidic soils (pH 2-7), apatite can dissolve, partially releasing phosphorus
for plants [57,58]. In addition, the phosphorus released may interact with heavy metals in
the soil or those accumulated by the glauconite. This limits the solubility and bioavailability
of heavy metals to plants [58] and reduces the negative impact of these metals on plants
and the ecosystem as a whole. Glauconite fertilisers with apatite can therefore provide a
valuable means of improving soil fertility while reducing potential environmental damage.

Applying apatite to acidic soils can also increase the alkalinity (raise the pH) of the
soil [59]. This process can be positive if the soil is initially acidic and requires neutralisa-
tion to provide more favourable conditions for plant growth. Agrotests to evaluate the
effectiveness of glauconite fertilisers were conducted on slightly acidic soils and showed
significantly positive results. This confirms the prospect of using glauconite from the
Egorievsk deposit on soils characterised by low pH.

5.4. Agrotests

The investigation of the effects of glauconite waste and glauconite concentrate on
plant growth, in this case on the model crop oat (Avéna sativa), led to the identification
of significant advantages of these fertilisers. Through laboratory experiments, it was
demonstrated that glauconite concentrate had the greatest stimulating effect on plant
growth and development (Figure 8). However, it is important to note that a consistent
positive effect was also observed when utilising untreated samples of mining waste. The
most notable indices are seen in germination energy and germination rate, demonstrating
the potential of the investigated glauconite to promote successful seed germination and
vigorous plant growth from the point of sprouting.
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During the experiment, the researchers analysed acidic soils, and the study’s findings
confirmed the effectiveness of using glauconite fertilisers for these soil types. Given the
composition of the concentrate and the presence of apatite within it, which aids in raising
soil pH levels, it is recommended to consider glauconite fertilisers as a promising solution
to rectify acidic soils and increase their fertility.

The agrotest results suggest that glauconite fertilisers have the potential to raise crop
yields. The increase in plant dry weight and the active formation of seedlings confirm the
effectiveness of using waste from the Egorievsk deposit in the agricultural sector.

6. Conclusions

As a result of the investigation of glauconite-containing rocks from the mining waste
of the phosphorite deposit, the following conclusions were obtained.

(1) Concentrating glauconite among the loose waste contributes to the economically avail-
able enrichment of the mineral concentrate by means of electromagnetic separation
with the fraction of the useful component being 86%.

(2) Morphological and structural-chemical features of the glauconite allow it to be re-
ferred to as a mature, rather discrete variety. The proportion of ion exchangeable
potassium up to 9% and the favourable globular shape of the grains indicate the
potential use of glauconite from mining waste as a mineral fertiliser.

(38) The presence of apatite and pyrite inclusions in glauconite significantly increases the
value of the fertiliser. Pyrite makes sulphur available to plants, while apatite releases
phosphorus in acidic soils and reduces the risk of heavy metal contamination. These
factors make this fertiliser more effective and environmentally safe.

(4) Glauconite rocks and glauconite concentrate demonstrated a positive effect on plant
growth and development in laboratory experiments. The yield of common oats (Avena
sativa) increased by 3.5% and 6.3% when glauconite-containing rocks and glauconite
concentrate from the mining waste of the phosphorite deposit were used, respectively.

(5) Egorievsk waste fertiliser can be most beneficial when used on acidic soils and in
regions with limited moisture.

Waste from phosphate rock processing at the Egorievsk deposit is a valuable source of
glauconite for fertiliser production. Its use allows us to make efficient use of production
waste and enrich the raw material base for fertiliser production.
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