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Abstract

Barite is one of the critically important minerals in several industries, including the fuel and energy, nuclear, and medi-
cal sectors. For decades, its extraction did not require any complex techniques; however, with the depletion of rich
barite-bearing veins around the world, the circumstances have changed. While the demand for barite is growing
widely, it is necessary to optimize and improve the existing methods for benefication of barite and barite-containing
ores, and create new approaches to extracting this mineral, as well as develop technogenic barite deposits accumulated in
large quantities during the previous ore production. Dumps and tailings often demonstrate high barite content, while
new mining technologies make its extraction cost-efficient. Russian and foreign papers of the last 14 years provide
data on the current state of primary and technogenic deposits, areas of barite use and the approaches employed for its
benefication. Considering the expansion of the range of barite applications, the growing need for the mineral in the
oil and gas industry and the difficulties in developing new barite deposits in Russia, the importance of new approaches to
the enrichment of ore tailings in polymetallic deposits is revealed.
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Introduction.

Barite ores include natural mineral formations containing barite in concentrations that would be
sufficient for its cost-efficient and technically feasible extraction. This mineral is found in nature in
various conditions: carbonatite massifs, sea bottom sediments, stratiform and vein deposits, residual
weathering crusts or sedimentary deposits [1, 2]. Barium feldspars, micas and aluminosilicates are
usually developed in metamorphosed rocks, barite-polymetallic and barite-pyrite ores. The chemical
composition of barite has more than two thousand variations. Barite can be found predominantly in the
form of granular, lamellar, radiate and columnar fibrous aggregates. The mineral matrix often contains
Sr, Ca, Mn, Mg, Fe, Pb, Zn, Cu, Ag, Au and Hg [3].

In China and the USA, barite is entered in the list of critical raw products with high signifi-
cance for economic development, which is explained by its multi-purpose usage and unique proper-
ties: high specific gravity and density (4.3-4.7 g/cm®), low hardness, weak chemical reactivity,
whiteness, and ability to absorb ionizing radiation. Barite is actively used in the fuel and energy,
nuclear, and medical industries.

When extracting barite, the final product is presented in lump (coarsely crushed), finely ground
(powdered) and micronized forms or as a concentrate. Ground barite is used as a filler and weighting

977
This is an open access article under the CC BY 4.0 license



agent, lump barite is used as a raw material for the production of barium compounds. Barium concen-
trate is the most significant and expensive. Barite can be divided into two classes based on its granu-
lometric composition. Class A, non-drilling barite has six subclasses (KB-1 through KB-6) and is
used as a filler, barium-containing compound, or radioprotective material. Class B, drilling barite for
drilling fluids is divided into KB-3, KB-5 and KB-6 and is used as a weighting agent. The highest
consumption (60-80 %) accrues to class B barite.

World barite reserves currently amount to 1.5-2 billion tons, among which explored, pre-
estimated and forecast reserves are distinguished. Explored sources account for 740 million tons?,
of which approximately half are proven. Based on an assessment of the length of the exploited
wells, the construction of which is required for the vast majority of barite, the production and con-
sumption of barite is significantly increasing throughout the world?, although declines are some-
times observed in certain regions [4]. By the early 2020s, global barite consumption was 8.2 million
tons per year?.

Barite has been explored in 60 countries all over the world, with up to 60 % of the most sig-
nificant deposits located in Asia. China, India and Morocco are currently the leaders in production;
barite is mainly exported by China, India, Morocco, Turkey, and Kazakhstan, and imported by the
USA, Saudi Arabia, Canada, Kuwait, Norway, Germany, and Italy [5]. Although Russia is among
the top ten countries in both production and consumption of barite, its global share is rather small
covering less than 2 % of barite production in 20221,

In Russia, only class B barite is extracted with the average annual production in the last decade
of 150-210 thousand tons, tending to increase!. General requirements, however, exceed production
and reach more than 300-500 thousand tons [6, 7], despite the fact that domestic production, at best,
allows one to talk about the threshold of import dependence [5]. Class A barite is currently entirely
imported [8], with almost half of all imports coming from Kazakhstan, followed by China and Tur-
key [5]. Russian barite is exported mainly to Belarus, and import to Russia is ten times higher than
export [4]. By 2030, barite requirements in Russia may increase significantly by 2-4 times [4, 9].
The reserves of all known deposits may be exhausted: at the beginning of the 2020s they were esti-
mated, according to various sources, at 12-22 million tons (of which more than 1.1 million tons are
suitable for the extraction of class A barite [10]), then by 2030, with growing consumption, only a
little over 2 million tons will remain [9]. By different estimates, the time for depletion of reserves
varies from one year to 14 years. Therefore, it is reasonable to point out an acute shortage of this
raw material, which makes important not only and not so much the exploration and discovery of
new deposits as development of new promising methods for its extraction.

In recent decades, the general depletion of barite resources that do not require expensive and
complex extraction [11], as well as a large number of dumps and tailings formed during the mining
and processing of minerals, have led to the need to create new and improve previous approaches to
barite extraction, including repeated processing of technogenic deposits. An analysis of the scien-
tific literature shows a growing interest in modifying mineral extraction technologies by researchers
and experts involved in the extraction and processing of barite. Consideration of tailings and dumps
of mining and processing plants as promising sources of barite in the coming decades is consistent
with the global trends in the extraction of minerals necessary for humans from technogenic deposits.

At the same time, the lack of papers summarizing Russian and international experience of re-
cent years in the production of barite should be noted. Therefore, such a review becomes of particu-
lar importance, especially due to the constant expansion of barite applications and the high demand

1McRae M.E. Barite. Mineral Commodity Summaries 2023. U.S. Geological Survey, 2023, p. 38-39. URL:
https://pubs.usgs.gov/ periodicals/mcs2023/mcs2023.pdf (accessed 19.04.2024).

2 Schulz K.J., DeYoung J.H. Jr., Seal R.R. Il, Bradley D.C. Critical mineral resources of the United States — Economic and
environmental geology and prospects for future supply. Reston: U.S. Geological Survey, 2017. Professional Paper 1802, p. 797.
DOI: 10.3133/pp1802. URL.: https://pubs.usgs.qov/pp/1802/pp1802_entirebook.pdf (accessed 19.04.2024).

8 Minerals Yearbook 2024. Vol. 1, Metals and Minerals. U.S. Geological Survey, 2024. URL:
https://www.usgs.gov/centers/national-minerals-information-center/minerals-yearbook-metals-and-minerals (accessed 15.07.2024).
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for this mineral in the fuel and energy industry. The purpose of the paper is to analyze modern ap-
proaches to barite extraction, including those from dumps and ore processing tailings, in Russia and
abroad. We also present the results of scientometric analysis of various technologies; outline trends in
technological development in the coming years; consider modern areas of barite use, and describe the
current state of Russian deposits. The review material can be useful both to young experts in the metal-
lurgical and processing industries, as well as to researchers developing barite extraction techniques.

Range of barite application. Class A barite is actively used in various industries where its dif-
ferent properties are exploited.

Barite as a filler is useful in the following industries due to its chemical inertness and low
reactivity:

« paper, where paste-like barite white pigments based on blanc fix (chemically precipitated
barium sulfate — high-grade barite, of 96-98 % whiteness) is used for bleaching glossy and matte
paper, including photographic paper;

* rubber and plastic, where barite serves as a white mineral filler, for example, to manufacture
linoleum or rubber;

« paint and varnish, where barite is in use for production of fire- and acid-resistant paints. To
produce enamels, lithopone is also used — a pigment based on a mixture of barium sulfate and zinc
sulfide, which is cheap and environmentally friendly;

* ceramic, where lithopone is used in enamel production;

* construction, where barite is part of barite-concrete mixtures and special cements, completely
or partially replacing quartz sand. Such mixtures are used both in the construction of load-
bearing/protective structures and as finishing materials. Barite reduces the impact of aggressive
environments, for example, in the foundations of heavy structures such as pipelines (including sub-
water), road surfaces with high requirements for their quality (for example, at airports where dura-
ble and flexible top layer is required). Despite the susceptibility to shrinkage deformations and poor
resistance to the cyclic influence of temperatures, a careful selection of mixtures containing barite
allows to achieve the strength properties of standard concrete compositions [12];

« automobile, where barite is added to the materials for brake pads, sparking plugs or soundin-
sulating composites of engines [13].

Barite as a barium-containing compound is the most expensive and demanding material in
terms of quality, used primarily in the chemical industry for the following applications:

+ medical, where chemical compounds of barium are used in the production of drugs, vitamins,
hormones or blood coagulants;

« agricultural, where the toxic properties of barium salts (barium sulfate, barium carbonate,
barium chloride, barium peroxide) from lump barite and barium concentrate are actively employed
to prepare insecticides and exercise rodent control;

* glass, where barite is used for glass etching, in the production of electric vacuum and light
bulb glass. Transparent variations of barite (optical barite) are used in the production of optical in-
struments including lenses and prisms;

« textile and leather, where barite is used as part of special impregnations — finishing agents;

* electrical engineering, where barite is used to prepare fire- and acid-resistant putties, as well
as batteries;

* metallurgy;

* pyrotechnics.

Barite as a radio-, X-ray protective and environmentally friendly material is used in the fol-
lowing industries:

* nuclear, in the construction of nuclear reactors and waste storage facilities (final repositories),
where mixtures and solutions that protect against y- and neutron radiation are required [12, 14, 15].
In connection with the intensive advancement of the nuclear industry, the use of barite in the de-
velopment of promising radio-protective construction materials is of increasing interest. Of note,
barite is superior to many of those materials in terms of efficiency and low cost of production;
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» medical, in the construction of special premises (tomography rooms, X-ray rooms), where
special dry magnesium-barite mixtures are used, ensuring radiation safety with low-thickness fini-
shing concrete or cement layer [16]. In addition to barite-based plaster, elastic self-adhesive mate-
rials are also used for radiation protection, successfully replacing lead sheets, known for their toxicity,
and barite plaster [17]. Furthermore, barite is used as a radiopaque medium when examining the
gastrointestinal tract for tumors.

Class B barite is produced by flotation (the most common in Russia) and gravity separation
methods. It is used as a water-insoluble weighting agent for drilling and grouting fluids when
drilling wells due to such properties as inertness, high density and low hardness (low abrasiveness
and noneffect on the readings of electrical methods in comparison with ferrous weighting agents).
Barite for drilling fluids accounts for 60 to 80 % of the total consumption of the mineral. This
type of barite has been in active use since the late 1950s and is considered the most profitable [9].
In Russia, it is used extensively by such high-profile companies as Gazpromneft and Surgutnefte-
gaz, and is represented in two industries, fuel and energy (oil and gas production) and geological
exploration. In deep and ultra-deep drilling of oil and gas wells with abnormally high formation
pressures, drilling fluids weighted with barite prevent solution aeration, collapses of the well
walls and the influx of formation waters into the well by maintaining sufficient hydrostatic pres-
sure of the liquid column [18-20]. The disadvantages of barite drilling fluids are associated pri-
marily with the clogging ability of the barite filler when opening reservoirs with low filtration
characteristics [21], as well as their sedimentation instability, which increases the likelihood of
sticking of drilling tools [22].

It is important to note both the expanding scope of application of class A barite in various sec-
tors of the national economy, and the increasing use of class B barite.

Geological types of barite deposits. Barite deposits can be divided into monomineral (9 %),
where barite is the main and only useful element, and complex (91 %), where it is mined as a by-
product. Based on mineral associations, barite and barite-containing types are distinguished. Barite
type, where barite is the main ore-forming mineral, includes essentially barite, quartz-barite, calcite-
barite and sand-clay-barite associations. The barite-containing type consists of barite-sulfide, barite-
fluorite and barite-iron associations. By texture, barite ores can be divided into soft (coarse-grained
and easily milled), and dense (fine-crystalline and difficult-to-mill).

The genesis of deposits has a strong influence on optimal geological exploration in terms of
cost-reduction and the class of barite to be mined: with a content of over 80 %, class A barite is
produced, with 80 % — class B barite. According to genesis, barite deposits are most often divided
into the following types:

 Hydrothermal, the most abundant, when ore bodies are formed under the conditions of a hy-
drothermal process from medium- and low-temperature solutions. Additionally, they may contain
other minerals and noble metals. Hydrothermal deposits may also include hydrothermal-
metasomatic ones, formed either by the replacement of chemically active host rocks, or by recrys-
tallization of ore, when the barite content in the ore increases [3].

« Sedimentary, stratiform sedimentary, stratiform volcanic-sedimentary, hydrothermal-
sedimentary, are second most-widespread; but have the greatest industrial importance. Some re-
searchers consider stratiform sedimentary and stratiform volcanogenic-sedimentary types as inde-
pendent [5]. Historically, they are formed through sedimentation of ocean water components mixed
with metal-bearing thermal waters of volcanic areas [3].

» Weathering, formed due to the destruction of barite-containing rocks and ores. Occurs me-
chanically or under the influence of chemical processes in weathering crusts, when the mechanical
and mineralogical composition changes, the mass of rocks with barite is carried away by near-
surface waters, and barite aggregates and grains are released from the minerals of the host rocks. As
a result, up to 70 % of barite grade to a free state, i.e., the barite concentration increases significantly
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in comparison with the original rock [10, 23]. At the same time, the properties of barite are preserved
during weathering processes. Such deposits are usually discovered incidentally, all Russian barite de-
posits of this type were discovered simultaneously during other geological explorations [10].

Geological and technological types of ores. According to geological and technological types,
deposits are divided into the following:

* vein type, hydrothermal in genesis, they serve as the only raw material for the production of
class A barite, since they demonstrate higher barium sulfate contents compared to other types. The
width of ore veins, as a rule, is several meters; length is from tens to hundreds of meters; thickness
is tens of centimeters. The downside of high quality vein barite is the difficulty of obtaining it due
to the variable morphology of ore bodies. A significant part of deposits of this type is small. Barite
from vein-type deposits is the only source for industries with high quality requirements;

« stratiform type, or strata, in siliceous-shale complexes, sedimentary in genesis, used for the
production of class B barite. They extend up to two kilometers, with 3 to 15 m thickness. These de-
posits are the most widespread in the world and are cost-effective with relatively easy mining due to
simple morphology of ore bodies;

« residual and alluvial (eluvial, deluvial and karst) type, formed akin to weathering; are con-
sidered as an alternative to vein-type deposits and can be used to extract class A barite. Despite the
lower barite content in comparison with vein-type deposits, residual and alluvial deposits are cost-
effective and easily extracted due to the simple morphology of ore bodies, surface bedding and the
material composition of ores [7, 23]. These properties enable open mining and simple enrichment
methods at relatively low costs.

In Russia, deposit development began in the 18th century [24]. Currently, more than 90 % of
significant barite deposits are located in the south of Western Siberia (Khakassia, Tuva, Buryatia,
the Altai Territory, the Kemerovo region) and in the Urals (the Chelyabinsk region, the Orenburg
region, Komi, Bashkiria and the Yamal-Nenets Autonomous Okrug). In most of them it is possible
to extract barite for drilling fluids. Class A barite is not mined, although deposits suitable for its ex-
traction have been discovered in the Altai Mountains [8, 19] and Bashkiria [7, 23].

At the beginning of the 2020s, there were up to 20 deposits in Russia containing about 22 mil-
lion tons of the mineral: 5 million tons of them were barite deposits (47 % of reserves) and 15 mil-
lion tons were complex deposits (53 %). In most complex deposits, the quality of the ore is assessed
as low or the size of the deposit is considered insignificant [4]. Seven deposits are of industrial im-
portance: two barite-sulfide (1-2) and five barite-only deposits (3-7). Production is carried out at
only two of them (6-7) in the Republic of Khakassia (where there are also other barite deposits of
all three geological and industrial types [19]):

1. Quartzite Sopka (Salair, the Kemerovo region), mining had been carried out since the 1930s,
in recent years by Salair Chemical Plant, and was discontinued in 2014. The length of ore bodies is
650-700 m, thickness is 35-130 m. This deposit is suitable for further development, and reserves are
estimated at 5.3 million tons [5, 25].

2. Pervomaiskoe (Salair, the Kemerovo region), at the stage of preparation for opening. The
length of the ore bodies is 16-180 m, thickness is 7-25 m, reserves — 300 thousand tons.

3. Khoilinskoe (Komi), production was carried out in 1998-2009 by Khoilinskii Mining and
Processing Plant. The length of ore bodies is from 400 m to 1.5 km, thickness is 3.5-6.4 m. Re-
serves are estimated at 6.8 million tons, of which 2.1 million tons are ready for industrial develop-
ment, while resources — 9.2 million tons [4, 26, 27].

4. Voishorskoe (the Yamal-Nenets Autonomous Okrug), at the stage of preparation for opening
(AO Kaorporatsiya razvitiya). The length of the ore bodies is 50-320 m, thickness is 0.2-6.8 m. Re-
serves are estimated at 144-382 thousand tons, resources — 800 thousand tons [28, 29].

5. Medvedevskoe (the Chelyabinsk region) was discovered in the 19th century, but no mining
was carried out. It is the largest Russian deposit of the weathering type. The length is 3.2 km; thick-
ness is 0.2-16 m. Reserves are estimated at 6.6 million tons.
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6. Tolcheinskoe (Khakassia), mining has been carried out since 1995 by AO Barit, barite
concentrate is produced at OOO Bogradskii Mining and Processing Plant. The deposit consists of
the Main ore body of a lens-shaped shape and a northern deposit, 1 km length, 4.6-10 m thick-
ness. Over the years of operation, 2,975 thousand tons of ore containing 1,243 thousand tons of
barite have been mined, and the remaining reserves of 1.2 million tons should be enough for an-
other 3-8 years [5, 19].

7. Kuten-Bulukskoe (Khakassia) has been developed since 2020 by OOO Khimtekh — Geologya.
It produces 85 thousand tons of ore per year, containing 49 thousand tons of barite. The deposit
consists of 11 accumulations with a length of 2 km and a thickness of 3.6 m. Forecast resources are
estimated at 3.6 million tons, which should be enough for 11 years [5].

There are other promising deposits in Russia. Large forecast barite resources are located in the
Far Eastern Federal District (the Magadan region, the Primorsk and Khabarovsk territories), the de-
posits of which can become an important raw material base for providing weighting material to
drilling enterprises, taking into account the prospects for the development of the oil and gas industry
in the Far East [9, 26]. Barite ores of the Murmansk region are considered an important source of
barite for the development of Arctic hydrocarbon deposits (Sallanlatva) with ore reserves of 13 mil-
lion tons of barite and resources of 160 million tons [20, 28]. Among the submarine hydrotherms,
economically significant massive barite mineralization (Barite Hills) was discovered in the 1980s in
the Deryugina depression of the Sea of Okhotsk near the northern tip of Sakhalin Island [30, 31].
Since the 1970s, barite concentrations have been known in the Sea of Japan [32]. Barite was also
found in the deposits of the Middle and Southern Urals at the Safyanovskoe deposit [33]; in the Perm
region, where barite is of minor significance and is included in celestine intergrowths [34]; in Tuva at
the Karasug ore field [1]; and in Buryatia at the Khalyutinskoe and Gunduiskoe fields [1, 4].

Despite the abundance of barite deposits in Russia, its production is difficult for many regions,
for example, due to harsh mining and geological conditions (in the North Caucasus), lack of pro-
duction infrastructure (in Yakutia or the Krasnoyarsk Territory), insufficient geological descriptions
of mineral deposits (in the Arctic zone of Russia), etc. [5, 28]. Thus, with the general depletion of
highly profitable barite deposits both in Russia and abroad, accompanied with growing production
needs for barite of both classes, it becomes increasingly more difficult and expensive to obtain high-
quality barite concentrates. Therefore, processing technogenic deposits becomes important for the
following reasons:

» many technogenic deposits are rich with barite content (15-30 %), which significantly ex-
pands the resource base of this mineral;

* barite-containing wastes do not require extraction from the subsoil and grinding, which sig-
nificantly reduces the cost of obtaining a barite product;

« the important task of eliminating or reducing the area of tailings dumps, which negatively affect
the environment and create risks for public health, is being solved, since barite-containing techno-
genic wastes are a source of soil, air and water pollution with heavy metals and barite dust [35, 36];

+ in Russia, secondary development of tailings dumps in the short term appears to be extremely
important in terms of import substitution and increasing the volume of domestic barite concentrate.

Extracting barite from tailings is becoming essential for increasing the ore mining efficiency
and reducing the anthropogenic load on the environment. In Russia, promising objects of interest
are, for example, dumps in Ursk, the Kemerovo region. The waste storage facility was formed in the
1930s after extracting gold by cyanidation from the oxidation zone of the Novo-Urskoe pyrite de-
posit, discovered in 1932 as part of the Urskoe ore field and comprised of the Novo-Urskoe,
Beloklyuchevskoe, Samoilovskoe deposits, and several ore occurrences. Polymetallic deposits of
the Ur group are confined to a complex of metamorphic formations, the primary composition of
which is difficult to determine precisely [37]. Within the deposit, 11 ore bodies containing industrial
ores were identified and explored [38]. Numerous researchers studied and described their structure,
morphology, material composition, sequence of mineral formation, and mining history [39, 40]. In
accordance with the soil survey report of the state geological map, the mining dumps of the Novo-
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Urskoye deposit are technogenic deposits of barite [41], the total reserves of technogenic raw mate-
rials are 700 thousand tons with a barite content of 15-30 wt.%. The predicted production volume of
barite concentrate for the entire period of development of the tailing is about 180 thousand tons, the
annual production level of barite concentrate is 20 thousand tons [42, 43].

The stored wastes from the enrichment of barite-polymetallic ores from the Salair ore field are
also promising for the development [44]. Particularly, the barite content in the stored wastes of the
Talmovskie sands tailings is estimated at 9 %, its horizons are represented by medium and small
grains of 100-300 um, as well as fine grains forming interlayers and cemented aggregates [45].
Technogenic barite deposits of interest also include the Zarechenskoe deposit in the Altai Territory
[24]; the processing plants of the Kyzyl-Tashtyg deposit in the Republic of Tyva; the dumps of sub-
standard barite ores from the Khoylinskii Mining and Processing Plant in the Komi Republic;
technogenic wastes from the enrichment of the Uchalinskii mining and processing plant in the
Chelyabinsk region [46], etc.

Much attention is paid to ore processing storage facilities in other countries that also observe
depletion of natural deposits as well as high energy costs for barite extraction and the negative im-
pact of tailings on the environment [47, 48].

Materials and methods.

Current approaches to obtaining barite are described, including those often used in the develop-
ment of tailings ponds.

The review used the publications of Russian and foreign experts for 2010-2024, indexed in the
following databases:

* VINITI abstract services: databases “Geography”, “Geology”, “Geophysics”, “Mining”,
“Chemistry” and “Environmental Protection” (http://www.viniti.ru/products/abstract-journal);

* Scientific Electronic Library bibliographic database (https://www.elibrary.ru);

» American Chemical Society SciFinder-n database (https://scifinder-n.cas.org/);

* Scopus bibliographic database by Elsevier (https://www.scopus.com);

* Derwent Innovations Index patent database by Clarivate
(https://clarivate.libguides.com/webofscienceplatform/dii).

Additionally, the reference lists of the papers selected for the review were analyzed. In total,
more than 180 scientific articles and reviews were studied. The papers most relevant to the analyzed
topic were included in this review.

Technologies for benefication of barite and barite-containing ores. Barite recovery methods
depend on the type of deposit and, accordingly, its initial share in the ore. The processing of barite
ores is the least costly, but such ores are steadily decreasing in the world. On the contrary, barite-
polymetallic and technogenic deposits require more complex methods due to the low share of barite
extraction into concentrate. The high cleavage of barite with other components has led to an abun-
dance of various methods for the extraction, concentration and purification of barite and their per-
manent improvement based of the latest knowledge and technologies. The choice of one or other
approach largely depends on the mineralogical composition and structure of the ore of polymetallic
and technogenic deposits, the size of barite inclusions, the established requirements for the quality
of the final product, etc.

When extracting barite and obtaining the most valuable barite concentrate the experts are main-
ly guided by GOST 4682-84 “Barite concentrate. Specifications”. In relation to barite for drilling
liquids, many countries follow the regulatory requirements of the American Petroleum Institute
(API1)* ISO 13500:2008 “Petroleum and natural gas industries — Drilling fluid materials — Specifi-
cations and tests”. In Russia, GOST R 56946-2016 “Oil and Gas Industry. Drilling Mud Materials”
applies. Due to the exhaustion of global reserves of easily mined barite, the criteria for its quality
are periodically revised. In particular, lower-density barite-poor raw materials are involved in pro-

4 APl specification 13A. Drilling Fluids Materials. American  Petroleum  Institute, 2020, p.124. URL:
https://global.ihs.com/doc_detail.cfm? document_name=AP1%20SPEC%2013A&item s key=00010450 (accessed 19.04.2024).
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cessing, and preservation of the previous quality of the concentrate is compensated by increased
requirements to its other characteristics, for example, to narrower fractionation of grain size compo-
sition [11], and extraction methods are complicated, improved and optimized.

Any barite production method begins with a washing step. Since barite is often mixed with
clay and sand rocks, the properties of mechanical heterogeneity of components and water permea-
bility of clays are exploited to disintegrate it. At the washing stages of disintegration (grinding to
25-100 mm), screening and classification, barite raw materials are separated from thin classes with
working units of various machines (ball mills, etc.) that grind the rock under the influence of water
and air. In rare cases, washing is sufficient to obtain barite of the desired quality.

Washing is used for coarse-grained ores, and when extracting barite from polymetallic and
technogenic deposits, mechanical, chemical, and thermal benefication is used. Benefication is based
on various barite properties, i.e., its flotation activity, high specific gravity, chemical inertness,
weak magnetic ability, or reaction to heating. The two most common mechanical methods are flota-
tion and gravity enrichment. More specific approaches include electromagnetic and radiometric
separation, chemical bleaching, decripitation, and recovery in hydrocyclones.

Mechanical (physical) methods. Flotation. Flotation has been known since the 1930s,
a detailed overview, stages of development of this approach and the equipment used are de-
scribed in [49]. Often, barite flotation is only one of the stages of flotation benefication of
polymetallic ores when extracting lead, copper, zinc, silver, etc. Therefore, it is used only in
barite-polymetallic deposits, which account for up to a quarter of world barite production. It is
mainly employed in the treatment of fine barite ores that cannot be separated by other methods.
As a result of flotation, it is possible to obtain a high-quality barite concentrate suitable for the
che-mical industry.

The flotation method is based on the difference in the surface properties of the components
present in the ore or its processing tailings. Barite belongs to well-floated minerals and is easily
separated from rocks or tailings. For the purpose, flotation reagents (collectors) can be added to it,
which affect the surface of the barite particles. As a result, barite is trapped by air bubbles and rises
to the surface as foam, while other components remain at the bottom.

An inverse scheme can also be used, when reagents (depressors) suppress the flotation proper-
ties of barite, as a result it precipitates, and other components of the material float [50]. Both proce-
dures can be applied to increase the efficiency of flotation while collectors are added to some com-
ponents of the initial material, and depressors to others.

Generalized process of barite flotation from tailings includes the following stages:

* Crushing of tailings obtained after extraction of barite from ore or after other stages of
benefication, as a result of which a fraction suitable for flotation is created. For example, cone or
jaw crushers are used in the crushing process. At this stage, an important task is to select the opti-
mal size of crushing, since under some conditions a decrease in the size of the material leads to an
increase in the concentration of barite [20], while after reaching a certain threshold, the content of
barite in the crushed material, on the contrary, may decrease.

« Classification, when the resulting fine ore passes through screens that divide the material into
different fractions depending on particle size. Barite is concentrated on the lower screen with small
cells, and after sieving it enters the tray, from where it comes for grinding. The empty rock at the
top of the screen is sent to the dump.

« Additional grinding in various types of mills including rod, ball, jet, drum or centrifugal. The
initial material is ground into a fine fraction to facilitate subsequent processing. Dry and wet
grinding are used.

* Preparation of barite ore pulp when ground tailings are mixed with water. At this stage, the
mode of water treatment and pulp softening, and the establishment of the desired acidity (pH) of the
pulp are important [51].
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« Addition of modifiers, foaming agents and barite collectors to the pulp. Modifiers include
sodium sulfide or cyanide, zinc and copper sulfate, liquid glass (with the addition of sodium polyalu-
minosilicate to reduce the consumption of liquid glass). Collectors preferably represented by flota-
tion reagents, which include the most commonly used oleic acid, citric acid, industrial (sulfate)
soap, liquid glass, tall (mixed with kerosene) or pine oil, asidol, alkyl sulfates, alkyl sulfonates, soda
ash, lime, baritol, ditalan, lauryl phosphate, VVS-2 collectors, VS-4, DNS-VN, S-3, etc.

Dextrin, starch, chromic peak, permanganate, iodates, chloride, barium, sodium hexameta-
phosphate, gellan gum, etc. are used in reverse flotation with suppression of the flotation properties
of barite leading to its precipitation.

In recent years, conceptually new approaches from biotechnology have been introduced.
Microorganisms and their metabolic products are used to enrich ores that are poor in mineral content.
Similar to traditional reagents, different properties of microorganisms (acidity, hydrophobicity, sur-
face charge) are used to enhance foam formation, as collectors or agents for suppressing flotation
properties, as well as modifiers [52, 53]. By microbial adsorption and redox reactions, microor-
ganisms change the physicochemical properties of mineral surfaces, separating valuable minerals
from waste rock.

In the past few years, microorganisms have been increasingly used in the flotation of various
minerals and it often turns out to be a cheaper alternative to traditional reagents. The environmental
friendliness of microorganism enrichment is higher due to a lower level of production waste and
increased efficiency, and with microorganisms resistant to salt, acids and alkalis, prospects are out-
lined for the use of seawater and wastewater in the flotation process, which also makes production
more environmentally friendly [54].

In barite flotation, microbial cells and their metabolites (proteins and polysaccharides) are
used, which impact the mineral changing its surface properties like reagents, as a result of which the
necessary characteristics for bioflotation or barite biodepression are achieved [55]. All these rea-
gents, including biological reagents, are used both separately and in different combinations. Particu-
lar attention is paid to the optimal ratio of density of the collector/depressor sorption forms depending
on the composition of the initial material and the specified parameters of the final product.

« Flotation which includes the mixing of material in various flotation chambers (for example, in
a flotation column), when air or other gas is continuously supplied to the pulp, creating foam. Hy-
drophobic barite particles due to physically sorbed collector molecules adhere to foam bubbles and
rise to the surface. Thus, barite is separated from the rest of the rocks and tailings. Often sulfide ma-
terials (for example, sphalerite or galena) undergo flotation, after which barite is simultaneously
extracted from the tailings of sulfide flotation. Therefore, this step may involve several additional
stripping steps after the main flotation and is completed by the control flotation.

The material can be preheated by microwave radiation, which increases the specific surface
area of barite [56], to improve flotation properties. Ultrasound can also be used at this stage, which
showed the following results in experiments:

— improved foaming, which enhances the selectivity effect (although the efficiency of flotation
production of barite with and without ultrasound was significantly less pronounced in comparison
with the other types of ores) [57];

—increased oil agglomeration of barite with an increased wetting angle, thus improved hydro-
phobicity of barite surface [58].

It is important to select the optimal ultrasound power.

« Cleaning, i.e., separation of concentrate from flotation reagents, for example, on a vibrating
screen, its washing with appropriate solutions.

* Drying and calcination of barite is the final stage of flotation to improve the quality of barite
concentrate and achieve the necessary characteristics.
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The technologies, the set of flotation reagents and the number of flotation steps may vary de-
pending on the characteristics of the starting material, technical requirements and other conditions.

The disadvantages of flotation are primarily due to the use of the flotation reagents, which of-
ten are expensive, toxic (since many of them do not decompose [55]), and are also difficult to re-
move from the barite product obtained during flotation. The level of water-soluble salts and other
fine fractions in the final product often exceeds acceptable values [20]. Although the removal of
foreign impurities and reagent residues is inherent in the flotation scheme, in practice it turns out to
be difficult and costly [59]. Residual flotation agents impair the wetting of barite in the mud and
cause its foaming. In turn, increased air saturation (aeration) of the solution reduces the weighting
capacity, increases viscosity and worsens washing of wells. Flotation benefication of barite is not
always effective in the presence of components with similar flotation properties in the initial mate-
rial: calcite, dolomite, quartz, and limestone.

Despite these disadvantages, the flotation method has a long history and a significant techno-
logical groundwork, the design of its technological scheme is being improved, first in the labora-
tory and then in the industry [48, 58]. New collectors and depressors are constantly being sought
to improve flotation efficiency [60-62]. Much attention is paid to the search for affordable, highly
efficient and selective reagents with low toxicity achieved by minimizing their use [48, 51, 63].
Therefore, in barite-polymetallic deposits, flotation remains one of the most common methods for
extracting barite.

The flotation method continues to be actively employed in various countries in the develop-
ment of both primary and technogenic deposits. In the last decade, the flotation mining method at
technogenic deposits has been used, for example, at tailings dams in India for separation from
quartz [59], at barite-polymetallic mines in Kazakhstan [64]; based on the results of laboratory studies
its use at tailing dumps in Algeria are considered [65].

Gravity separation. The method of gravity separation, or gravitational benefication, for sepa-
rating mineral complexes relies on the differences in contrast properties, in particular, the difference
in density between barite and other minerals. The method is used for medium-grained ores, allowing
to concentrate small fractions at a relatively low cost. As barite has high density, 1.5 times higher
than the density of associated minerals, it can be separated by gravity when heavy barite particles
move to the lower part of the device, while light minerals remain on the surface.

The main stages of gravity separation of barite include as follows:

* Crushing.

» Classification.

« Gravity separation based on differences in material densities. On gravitational equipment, the
ore is subjected to gravitational forces separating barite from less dense components. The lifting
power of water jet force large and heavy barite grains to accumulate in the tail of a table.

+ Cleaning, which is an important step in washing the resulting concentrate, for example, from
clay particles that impair rheological properties. The purpose of this step is to achieve the specified
purity and quality of the concentrate.

* Drying, during which excess moisture is removed from the enriched barite.

Similar to the flotation method, it is important to optimally select the crushing time during
gravity separation, as well as tune the gravity equipment adjusting vibration intensity (pulsation fre-
quency) and amplitude, set the rate of stratification and transportation of particles, determine the
required water flow rate, compressed air pressure, drum angle, etc. [20]. The concentration of barite
content in the resulting product, as well as the scope of losses that escape to the tailings, largely de-
pends on these criteria.

The disadvantages of gravity separation of barite include the difficulty of tuning the equip-
ment and especially periodic reconfiguration for material with different initial content of barite,
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which often requires a complete shutdown. In addition, the final product may contain minerals
with similar density, particularly, siderite, magnetite and sulfides, which prove difficult to sepa-
rate by this method.

At the same time, gravity separation is devoid of the disadvantages of flotation. The barite
weighting agent obtained through gravity separation does not have residual flotation reagents, wa-
ter-soluble salts, and demonstrate an optimal particle size distribution; it is less consumed in the
composition of drilling muds and provides higher density. It is also cheaper. The method is widely
known in Russia [20] and abroad.

Hydrocyclones are technological cylindrical devices with a conical base, in which, under the
influence of a rotating flow of liquids and centrifugal force, materials with different sizes and densi-
ties are separated. With regard to barite, the method undergoes experimental testing both at the level
of microbarite [66] and separating barite from other components of tailings [67], as well as at ex-
tracting barite from spent drilling muds [68]. The barite recovery process with hydrocyclones typi-
cally involves the following steps:

* crushing;

« classification, where materials pass through hydrocyclones driven by piston pumps and are
deposited centrifugally on the walls of the device;

« washing, where larger particles sent for repeated crushing and processing are removed, while
small particles containing barite are collected in separate compartments;

« separating barite from water or other materials, for example, by filtration or centrifugation.

As with other barite processes, tuning is important in hydrocyclones. Thus, elevating
the pressure in a hydrocyclone, optimizing the temperature regime, etc. can increase the
efficiency of the procedure. Hydrocyclone advantages are easy operation and classification
efficiency, including pellet size. Centrifuge enrichment is effective primarily for fine fractions
of high-gravity minerals. With regard to relatively light and cheap barite, hydrocyclones
can only slightly increase its yield. In addition, experts note extremely high-energy costs,
which significantly reduces the economic feasibility of using hydrocyclones in the barite
benefication.

Electromagnetic separation. Electromagnetic separation (magnetic separation, magnetic
benefication) is widely used to enrich barite in the separation of minerals with magnetic susceptibility
in tailings. Since barite does not possess magnetic properties, this method can be effective for its
separation from other minerals from mixed ores, especially with a similar density, when gravity
separation is useless. It is suitable for barite rocks containing quartz, iron impurities, and is effective
for separating barite from hematite and magnetite.

The barite magnetic separation process includes the following steps:

* Crushing.

« Heating to 200-700 °C for ore pretreatment, creating the necessary differences in the conduc-
tivity of the components of the initial material. In some cases, various chemical reagents and pow-
dered substances with a given conductivity are used that are adsorbed by the components of the ma-
terial. In particular, oleic acid and graphite dust adsorbed by barite particles increase the
conductivity of barite and facilitate its separation from quartz.

* Electromagnetic separation, when mixed material, passing through magnetic separators at a
temperature of 93-240 °C, is exposed to magnetic fields. In this case, magnetic minerals are attracted
and separated from non-magnetic particles containing barite. Separation of magnetic and non-
magnetic fractions can take place in several stages.

« Classification, for example, on a sieve, pneumatic or magnetic separator, which may be re-
quired to further separate barite from the remaining minerals.

987
This is an open access article under the CC BY 4.0 license



As with other barite recovery methods, the efficiency of magnetic separation depends on the
type of ore and its composition, the settings of the magnetic separators, for example, magnetic field
strength, and other parameters.

The disadvantages of the method include high electricity consumption, especially at the stage
of preliminary ore processing, which can entail significant economic costs. In addition, some other
minerals, such as hematite or magnetite, can be separated along with barite. In such a case, it may
be necessary to use additional technologies to further separate and obtain pure barite. The method is
used in technogenic fields of Slovakia [69].

Chemical bleaching. This chemical method (also known as flocculation) is based on special
chemical reagents used instead of mechanical opening of raw materials to agglomerate small
barite particles into large globules, which simplifies their separation from the rest of the tailings.
As a result, ground bleached barite is obtained. The technology should be considered as qualita-
tive modification of the barite product rather than benefication. The method includes the follo-
wing steps:

« In the crushing step, the barite ore is crushed to produce particles of the necessary size. This
IS required to increase the contact surface between the reagents and the ore.

* The ground ore is placed in large containers of water with added chemicals such as sulfuric,
hydrochloric or nitric acids (15-20 % by weight of barite powder). Upon that, large aggregates of
barite particles are formed, connected to each other as clumps larger and heavier than empty rock.
Under the influence of gravity, they settle to the bottom of containers and can be separated from
other minerals.

« Stages of multiple (up to 10 times) washing, dehydration and drying of the leached product,
and subsequently the barite concentrate is separated from the remaining moisture and reagents, the
presence of which is not allowed in the final product.

* From the obtained ground bleached barite, it is also possible to obtain an even higher quality
product microbarite. It requires additional grinding in jet mills and acid treatment.

Thermal decripitation. Decripitation is a method of thermal benefication based on the hetero-
geneous thermal properties of the mineral and various consequences of thermal exposure to barite
and empty rock. During decripitation, certain minerals are selectively destroyed under the influence
of heating or the “heating — rapid cooling” cycle: the water contained in the minerals, when heated
to 400-450 °C, leads to their cracking due to pressure. Minerals are destroyed along cleavage
planes, or the links between minerals are significantly weakened. During decripitation, barite cracks
and turns into a powder, while the accompanying minerals remain in their original state. The
scheme is implemented in three stages:

« heating ore in a tube furnace;

« classification on a sieve, where the empty upper rock goes to the dump, and the lower goes to
further processing;

« final sorting of barite on thin sieves.

Thermal decripitation has been known since the 1930s, it is used mainly for fine ores. Large
process losses are frequent due to incomplete separation of thin material. Decripitation is effec-
tive in thermal dehydration of barite raw materials when it is processed into bleached microbarite,
which should be considered modification rather than benefication. In Russia, it is not used in the
industry.

Radiometric separation. The method implies large-scale separation for preliminary benefica-
tion and is based on the ability of minerals to emit, absorb or reflect various radiation [70], mainly
X-ray radiometric separation is used®®. The stages include crushing, screening, and washing of the
class and the radiometric separation.

5 Nuclear physical methods. Instruction N 97-YaF. Barium. Moscow: All-Union Scientific Research Institute of Mineral Raw
Materials, 1970, 19 p. URL.: https://meganorm.ru/Data2/1/4293753/4293753805.pdf (accessed: 19.04.2024).

6 Methodological recommendations for the application of the Classification of deposit reserves and predicted resources of solid
minerals. Barite ores. Moscow, 2007, 38 p. URL: https://www.geokniga.org/books/2465 (accessed: 19.04.2024).
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When considering the technological parameters of radiometric separation, the task of separating
barite from silicate rocks is successfully solved. The ore varies in color from white to yellow and
green to brown with a material size of —-16 + 9 mm. Two-stage benefication is carried out with
Sortex 621 M (a photometric belt-type separator with a vibrating feeder manufactured by Gunson’s
Sortex Ltd.). The intensity of reflected light is measured under free fall of mineral pieces. The sorting
mechanism includes a pneumatic valve. For material with a size of 20 mm, the response frequency
reaches 200-250 Hz, and for smaller material — 400-600 Hz. First, white barite concentrate (BaSO4
content is 95.2 %) is released, then brown barite concentrate (BaSO4 content is 91.1 %).

X-ray radiometric separation (based on measuring the energy of characteristic radiation from
irradiating a substance with X-ray or y-radiation) was used on barite ores of the Sobskoe deposit;
the released BaO concentrate contained 93.1 % of the useful component.

It is possible to use the near-infrared method (determine the difference in the interaction of
electromagnetic radiation in the near infrared range with molecules of the material surface) to sepa-
rate barite and fluorite from calcite and dolomite [71].

In order to identify the demand for and prevalence of barite extraction approaches, a scien-
tometric analysis was carried out on a full sample of reviewed papers, as well as patents from
the Derwent Innovations Index database (see Figure). Flotation demonstrates the greatest interest
at the global level. At the same time, it is important to note that flotation is applied mainly
to polymetallic ores, where barit extraction is secondary and gives less than a quarter of the world
mineral production. Gravity, electromagnetic separation and chemical bleaching are leading in
barite and technogenic deposits; and patenting of the obtained results is noticeably prevailing
in electromagnetic separation and chemical bleaching compared to research articles. This indi-
cates the maturity of these technologies, when the volume of scientific research, reflected in jour-
nal articles, is declining and is replaced by registrable technological know-how published in
patent documents. To a certain extent, the interest in the hydrocyclone method for barite produc-
tion is increasing, although experts note its applicability mainly to fine fractions of the mineral,
as well as high energy costs. The least interest in the last decade is observed in thermal decripita-
tion and radiometric methods, for which there are no patents, and the number of research papers
is low.

Most of the described methods are complementary and can be used jointly. Combined methods
include magnetic flotation, roasting ore followed by magnetic separation, magnetic separation to-
gether with chemical bleaching, chemical bleaching with decripitation, etc. Also, some methods
can be part of a technological chain of other approaches; it is especially characteristic of chemical
methods that constitute an integral part of many other methods. In addition, in recent years, com-
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Distribution of the prevalence of barite benefication approaches in scientific papers
and patents for 2010-2024. Some publications describe two or more approaches,
so they are included simultaneously in several groups
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plex mathematical models have been increasingly used in each approach, including those based on
neural networks that have become popular. They help determine the content of barite in the initial
material, the degree of possible extraction of the mineral, calculate the optimal conditions in tuning
the equipment [48], calculate the necessary benefication parameters for both barite and the products

obtained with its participation, for example, concrete solutions [72].
The described methods of barite extraction are used to varying degrees in the regions of the

world by companies for the extraction and production of class A and B barite (see Table).

The most productive countries, regions and companies in the barite industry

Country Barite extraction regions Barite Mining and Production Companies
India Andhra Pradesh (Mangampet village) | 20 Microns (https://www.20microns.com);
and Rajasthan Chemi Enterprises (https://www.chemienterprises.in);
Finokoats & Colours (https://finokoats.com);
Gayatri Microns (http://www.gayatrimicrons.com);
Girikandra Trading Company (https://www.girikandra.net);
Golden Micro Chemicals (https://www.goldenmicrochemicals.in);
Satya Laxmi Mud-Chem PVT (http://simpl.com)
Kazakhstan Zhambyl, Karaganda, Mangistau, Dostau Litas (http://baritkz.kz);
Turkestan Regions Global Chemicals Company (https://gcc.kz);
Global Chemicals Industries / Karazhal Operating (http://gcind.kz)
China Gansu, Guangzhou, Dalian Huangiu Minerals (https://hg-minerals.com);
Guizhou, Fujian, Hubei, Hunan, GuiZhou Saboman (https://www.chinabarite.cc);
Shaanxi Provinces, Handan Tianmu Chemicals (https://tianmuchem.guidechem.com);
Guangxi Zhuang Autonomous Region | Majiang JGL Barite Mine (https://yuensons.lookchem.com)
Morocco Draa-Tafilalet, Casablanca-Settat Ado Barite Morocco (http://adomorocco.csglobal.com.tr);
Bastion Industries (https://bastiongroup.net);
Mounir Negoce (http://mounirnegoce.com);
Terra Nova Minerals (https://terra-nova.ma)
Nigeria Adamawa, Benue, Gombe States, Breitz Group (https://breitzgroup.co);
Zamfara, Cross River, Nasarawa, Helicon Group (http://heli-ng.com);
Plateau, Taraba, Ebonai PolyGuard Investment Nigeria (https://polyguardinvestmentng.com)
Pakistan Balochistan (Daddar districts, Pakistan Mineral Development Corporation (https://pmdc.gov.pk);
Las Bela) and Khyber Pakhtunkhwa Pakistan Minerals Company
(Hazara District) (http://www.pakistanmineralscompany.com)
Turkey Konya, Malatya, Sivas, Isparta Barit Maden Turk (https://baritmaden.com);
Baser Mining (https://basermining.com);
Deep Drilling Chemicals (http://www.ddc-ltd.com);
Efe Baryt Mining (https://www.efemaden.com.tr);
Gulmer Madencilik (https://gulmercapricorn.com);
Meta Global Madencilik (https://metaglobalchem.com)
Conclusion.

An analysis of the modern literature on barite ore benefication revealed significant and increas-
ing importance of this mineral for a variety of industries. Despite the repeatedly announced transi-
tion to a green economy, the fuel and energy complex is still the paramount consumer of barite re-
quired for the annual drilling of all new wells. With the depletion of barite-rich deposits, wastes of
mining and processing plants are of fundamental importance for barite production, as these techno-
genic deposits enable extraction of large amounts of barite.

Gravity and electromagnetic separation, as well as chemical bleaching are the most significant
extraction approaches for the barite and technogenic deposits. At the same time, electromagnetic
separation and chemical bleaching in the last decade are in the phase of active patenting of the rele-
vant technologies, exceeding journal papers in the absolute as well as share numbers, which indi-
cates the maturity of these methods.
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In the last decade, both the Russian and international research in the field of barite ore benefi-
cation cover the following interrelated areas:

» Making technologies and barite products increasingly environmentally friendly, which is
achieved through decreased toxicity of current and emerging reagents used in separation of barite
extraction. Conceptually new ways of benefication emerge relying on various microorganisms that
do not harm nature. Due to an extensive variety of microorganisms, their rapid reproduction and a
wide range of applications in benefication, bioflotation is considered as a solid basis for the indus-
trial use of microorganisms in the coming years, as well as an effective solution for creating safe
and environmentally friendly mineral production.

* Increasing the efficiency of methods where mathematical models come to the fore to optimize
all technological processes, including neural networks.

* Reducing the total cost of benefication works, particularly decreasing energy and reagent
consumption.
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