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RESOURCE-REPRODUCING

AND RESOURCE-SAVING METAL PRODUCTION
WITH A FULL CYCLE OF DEVELOPMENT

OF PRIMARY AND SECONDARY GEORESOURCES

Introduction

The prosperous existence of civilization since the
origin of man has been ensured as a superstructure on a
base, the main supporting structure of which is natural
mineral wealth and its use. Time is confidently dictating
a continuous increase in the demand for metals due to
the growing population, improvement of the quality of life
at prosperity level of the developed countries, and the
creation of new types of equipment quickly becoming in
violent demand [1].

Nature, as it turned out, has limited capacities to
meet the growing needs because the metal resources
are objectively depleting in the subsoil. The proven and
undiscovered resources, and their possible volumes
determined by the general prerequisites of ore formation
[2], are unfit for keeping up with the needs of the Earth’s
economy in the historical time interval.

Reserves are being depleted because:

—traditional deposits in the continental earth’s crust
objectively to a depth of 5 km are becoming less and less,

Ore deposits, taken in the traditional interpretation of the concept as “natural or man-made accumula-
tions of metallic minerals in the Earth’s crust or on the Earth’s surface, development of which is economical”,
are formed during the time length commensurate with the geological time of formation of complexes of miner-
als and rocks.

In the practice of subsoil use, ore deposits are developed 5—10 thousand times faster than they can
be recreated in the subsoil, so the world civilization faces the main task of solving the problems of providing
mankind with metal resources for their safe, economically efficient and technologically feasible extraction on
the historical time scale.

This problem is complicated by the need to simultaneously address the environmental consequences
of human impact on nature. The complications of implementing practical measures depend on two objective
factors:

—the impending complete depletion of metal reserves in the continental earth’s crust to a depth of
anthropogenic-and-technological capability H,;. = 5 km within 30— 1500 years depending on the type of metal;

—the demand for metals which continuously increase in geometric progression in relation to the growth
of the population.

The authors propose new trends of development of material basis to megt the necessaries by creation of
reproduction of reserves using deposits of new type to be mined with application of new geotechnologies and
mineralogical sciences, and with a full closed cycle of multiple use of metals.
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and there will come a moment in 30—150 years, depending
on the type of metal, when there will be none at all [3];

—mining losses unavoidable due to the design features of the applied
technologies, geomechanical conditions artificially created by human inter-
vention in the subsurface, lead to a decrease in reserves against those
determined by geological exploration work by 5-40% and more, which are
left in various kinds of pillars;

—from 2-3% to 35-40% and more of the mined metals after the
beneficiation process go unextracted to the tailings, i.e. in addition to losses
the capital costs of exploration and operation increase during both mining
and beneficiation;

—a significant negative role is played by metal losses and economic
damage from storing waste rock dumps and off-balance reserves on the
surface;

—the applied technologies of mineral mining and processing cumula-
tively influence the economic results in such a way that the concepts of
“cutoff grade”, “minimum commercial grade”, “economic and uneconomic
reserves” are forced to be introduced into the characteristic of reserves
in the subsail. They artificially differentiate reserves which are economically
profitable to recover with the common or new technology.

This measure adds the planned technological losses with additional vol-
umes of metal accumulations, which are left in the subsoil almost forever,
since the declared requirements for subsequent extraction of uneconomic
reserves are often impossible to meet due to the lack of safe access to the
mining area.

—the dilution of the host ore body by barren rock contributes to the
artificial depletion of the excavated metal reserves. It becomes an indispens-
able part of the mining with drilling and blasting operations, and its volume
reaches 5—100% and mare.

Causal factors due to depletion of metal reserves in the next
30-150 years in the continental earth’s crust to a depth of 5 km (we call
it the depth of anthropogenic and technical capabilities of Hyye) have deter-
mined our goals and objectives. They can be divided into the main generalized
directions, the implementation of which is potent and effective, ecologically
and economically efficient, safe and technologically feasible:

—Development of a new type of fields formed on the basis of natural
geochemical patterns and left beyond the scope of economic mining because
of the uncertainty of their properties;

—Creation and practical use of new physicotechnical and physicochemi-
cal, including mixed-type, geotechnologies and methods of mineralogy, which
can make it possible to economically use the deposits of a new type, to
ensure full development of primary gearesources at the reduced volume of
georesources ranked as secondary in the mining cycle;

—Development of each particular field with a full cycle of the subsoil use;

—Involvement of productive accumulations of metals of anthropogenic
migration, formed as a result of the same laws of ore formation on the basis
of clarks, accompanied by differentiation, migration, dispersion and concen-
tration, which are effective in natural geological processes;
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—The full development of mineral resources based on the principles
of resource recovery and resource conservation, first expressed and sub-
stantiated by Acad. RAS K. N. Trubetskoy, by creating a circular economy
of metal production. The implementation of such production allows the cost-
effective recycling of secondary georesources generated by the use of pro-
duced metal.

The circular economy technology can ensure stretch-out of mineral
wealth with regard to the increasing metal demand and the time of deprecia-
tion of metal products at reduced burden of the subsoil.

Research methods

The research methods aimed at creating an evidence base for solving
the target problems, which optimize the logical connection and sufficiency
of the interacting generalizing directions, should proceed from the scientific
and statistical analysis of the topic of our work.

Depletion of metal reserves in traditional deposits is an indisputable
fact confirmed by statistics, which is primarily substantiated by scientific
research of prominent scientists of our time. Reference of Acad. V. I.
Smirnov on the duration of deposit formation from 15—17 thousand years
to 1200 million years and statistical material given in the publication [3]
says: “In the historical period after 20702150 mankind will be left without
metal reserves from traditional deposits in the continental earth crust to a
depth of & km.”

We, in our turn, used the clarks according to Acad. A. P. Vinogradov and
the minimum industrial concentrations of chemical elements, adopted Acad.
L. N. Ovchinnikav in 1988, calculated amount of such reserves in 30% of
the area of the continental crust to a depth of 5 km [4]. The data obtained
clearly demonstrate the possibility of providing the needs of mankind in at
least a millennium period of time for the metals demanded by mankind. Such
is the first direction of the applied method of researches based on actual
materials [5].

The supporting calculations were performed in the following sequence:

—the volume of the continental earth’s crust, possible for the use as an
object of geological exploration and mining, was calculated as 0.722-109 km3.
It is obtained from the ratio of the depth of anthropogenic-technical possibili-
ties Nyc = 5 km to the depth of distribution of the continental part of the
earth’s crust 33 km, and the ratio of 0.15 (15), the area of the continental
crust to the total surface area of the Earth 0.2909;

—the mass of the continental earth crust with volume weight of rocks
2.7-109 t/km3 is equal to 1.95-109 billion tons and the volume of the globular
layer between the Earth surface and the lower surface of the earth crust
16.3838:-10° km3,

The calculations confirm that, using the distribution pattern of metals,
which is determined by the degree of prevalence (clark) of each of them in
the Earth’s crust, it is possible to design new directions for the development
of the mining and metallurgical industry.

The calculation of the quantity of a chemical element in accordance
with its clark and its comparison with proven reserves in recalculation
through the minimum industrial content will show, what quantity of met-
als is in the bowels in accordance with the clark, its difference from the
proven reserves. To what limit should be sought to reduce the minimum
commercial grade — this follows from our result on the calculation of
reserves depending on clarks (Fig. 1). It is possible to solve, functionally
it will depend on the availability of the required amount of metals for a
specified historical period of time, based on this requirement of the mini-
mum industrial content. In turn, the minimum industrial content, which, in
accordance with its purpose in providing the necessary amount of metals
to society at any period of human history, must be manageable, will directly
depend on the geotechnologies and mineralogy used. Requirements for
their content and design must necessarily combine safety, environmental
friendliness, completeness of excavation from the subsurface and extrac-
tion into a marketable product (concentrate or metal) and, of course, final
econaomic efficiency (Fig. 2).
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Fig. 1. Reproduction of primary of georesources versus application of new
geotechnologies and mineralogy

X, — minimal commercial content when applying new geotechnologies and
mineralogy, % or g/t; X, — minimal commercial content when applying project-
specified geotechnologies and mineralogy, % or g/t; K — clark of a chemical element
(metal), % or g/t; — reproduced primary georesources using previously unknown
geochemical properties
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Fig. 2. Efficiency of reproduction of primary georesources from geochemical
halos and host rocks of traditional ore deposits

1 — schedule of application of project technology; 2 — graph of new technology
application; X; — minimal commercial content at application of project technology,
% or g/t; X, — minimal commercial content at application of new technology, % or gft;
K — clark of a chemical element (metal), %

The application of physicochemical geotechnologies makes it possible to
include all metal resources without limitation and from traditional deposits
(uneconomic reserves and metals in host rocks) in mineral production.

The development of technological solutions for mineral mining will make
it possible to separate primary and secondary georesources in a controlled
mode, and to create resource-reproducing and resource-saving production.

An integrated solution of interdependent tasks designed to create
resource-reproducing and resource-saving development of natural subsoil
and manmade formations of ore deposits of a new type will consist of a
combination of the following subjects and trends:

—subsoil objects consisting of areas of primary and secondary halos on
the forms of migration and deposition of chemical elements in lateral (sub-
horizontal) zoning, in the zoning of near-ore change of rocks in hydrothermal
systems, in the latitudinal geochemical zone on the earth’s surface and in the
vertical zoning associated with changes in chemical composition and proper-
ties in the subvertical direction;
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—separate consideration and use of the concepts of manmade geo-
chemical anomalies, induced dispersion halos, manmade barriers, as well as
the model of induced migration associated with manmade landscapes and
urban geochemistry;

—a set of technological schemes of open-pit and underground mining,
in particular, the hybrid open—underground method with its option of dividing
the underground part of the deposit into additional layers [B];

—hottom-up underground mineral mining with the advanced accessing
of mineral resources along the whole design depth and stage-wise, with
regard to the created underground layers, slice stoping and ore accessing
via transport declines driven in ore only;

—creation of new mixed-type physicotechnical and physicochemical
geotechnologies and mineralogy to be applied jointly toward development of
mineral resources in the form of the integrated mining and processing;

—organization of full-cycle mineral mining [7-111.

The method of research combining the use of geochemical laws and the
development of geotechnologies and mineralogy should be particularly effec-
tive in conjunction with the circular economy, multi-use technologies and
organizational solutions, with respect to the economic and environmental
limits of return of metals to the initial state (Figs. 3 and 4).

When researching geotechnologies, we will also need methods of chemi-
cal interactions, in particular, for leaching, selection and deposition of non-
ferrous and precious metals, which we have already partially used [7].

Results and discussion

1. The basis for the implementation of the idea of the project is the
principle of solving the inverse problem of using as a new type of deposits
existing, but unidentified properties as the essence of the formation of sub-
soil development objects of geochemical regularities.

Academician Ovchinnikov L. N. deduced the formula of the law, indicating
that the possibility of transition of metals from dispersion to concentration
is unlimited. It has allowed the author and after it all world geological com-
munity with sufficient reliability to estimate potential stocks of metals in an
earth crust.

To such geochemical regularities, having a direct relation to creation of
accumulations of chemical elements in the increased concentration, it is nec-
essary to refer geochemical barriers. Their main feature is an abrupt change
in the conditions and concentration of elements, when reduction in the space
occupied by the geochemical environment leads to transition of quantity to
quality, to transformation of a situation into a barrier (and vice versa).

When classifying geochemical barriers there are two main types - natu-
ral and man-made. Technogenic barriers formed as a result of large-scale
human impact on the environment, nowadays are comparable with the pro-
cesses of nature itself, because, as A. E. Fersman said, “... Man remakes
the world geochemically”.

They obey the same laws of nature as the processes made in nature
without human intervention [5]. Thus, the possibilities of using the results of
technogenesis as a source of metal production are also obvious and confirm
D. I. Mendeleev’s conclusion that “in chemistry there is no waste, but there
is “unused raw material”.

2. The tasks of resource-producing and resource-saving development
of the subsail, including the use of deposits of new type and technogenesis
objects as a source of metals, can be implemented only with the use of
physical-technical and physical-chemical combined geotechnologies:

1) Further development of open-underground physico-technical geo-
technology with system division of the underground extended part of the ore
body (s) into tiers [7].

2) Creation in practical execution of a method of upward (“bottom-up”)
development of mining works with predominant extraction of ore by horizan-
tal layers with laying in ascending order. Thus division of an underground part
on tiers and cascades between tiers keep the application and strengthen the
importance [7].

3) Creation of physicochemical geatechnology with underground leach-
ing of chemical elements and/or chemical compounds of metals with supply of
leaching solution from the surface and/or from mining ore and/or rock work-
ings. The technological scheme of the leaching part was created and tested
in cooperation with the department of enrichment of the Ural State Mining
University “Tiles LLC" (Yekaterinburg, Russia) headed by Y. P. Morozov,
Corresponding Member of the RANS.

In Kazakhstan, a team of scientists from Kazakhstan and the Russian
Federation is building a research laboratory and pilot plant, which will begin
operations in October 2023. From then on, research will be organized on
underground leaching of non-ferrous and precious metals from some depos-
its in Kazakhstan.

The proposed physical-technical and physical-chemical geotechnologies
will provide an increase - the “useful” raw material base of metals - by the
amount of metals returned from losses.

Notions of “losses” and “dilution” will be excluded from geological and
mining lexicon; notions of “cut-off grades” will not be applied in physicochem-
ical geotechnologies and in many variants traditional ore body development
will be performed with host rocks in areas of geochemical halos distribution.

1. A unified combined production process of geatechnology and mineral-
ogy creates the following opportunities to radically improve the technical and
economic results of the development of traditional and new type deposits:

Extraction of the full volume of metals located within the explored ore
body, i.e., extension of the deposit’s operation period by the amount of
return of losses provided for by the traditional technologies of the project;

Exclusion of the concept of “dilution” since there will be no drilling and
blasting (or other mechanical) destruction of the ore body mass;

Reduction of all types of capital and operating costs due to full extrac-
tion of useful components, multiple elimination of drilling and blasting opera-
tions, mining and rock removal and transportation operations, and all tech-
nological enrichment processes.

Virtually complete elimination of hazardous gas emissions, including car-
bon monoxide, into the atmosphere due to a multiple reduction in the cost of
drilling and blasting operations and diesel fuel.

2. Leaching from the ore massif of metals will almost equally cover the
entire volume of hoth balance and off-halance (below the cutoff grade) prod-
uct, which will increase the raw material base of the developed deposit by
the amount of previously unaccounted volumes of metals.

3. The implementation in accordance with the proposed unified tech-
nological classification of the circular economy of the mining and metallurgi-
cal industry in the traditional and new mining boundaries will increase the
reserves of metals already ready for use (without mining and processing)
with multiple returns of metal raw materials to the initial state in the cycle of
machine building several times. The circular economy will make it possible to
eliminate from accounting all the costs of mining and enrichment processing,
on the volume of metals returned into circulation.

4. Production of metals in a controlled mode with the involvement of all
primary and secondary georesources with a full cycle of their development
is a realized creation of civilization resource-producing and resource-saving
subsoil use [12-15].

5. This scientific work, based on the application of geochemical regulari-
ties operating in nature and objective laws of physical and chemical and phys-
ical-technical phenomena and properties of inanimate matter, creates real
opportunities and solves the most important task of continuous expanded
reproduction of non-renewable in the historical time scale resources of met-
als and providing the world civilization with their inexhaustible reserves.

6. The performed work on its novelty and relevance, the use of existing
in nature, but unidentified laws, safety in implementation, global significance,
economic efficiency and solving the most important material problem of
human existence is a scientific discovery.
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Metals in seawater, shelf |, | sediments at consumption, cost-effective| | economic and environmental common metals by changing
placers, and bottom nodules | |a cost-effective level energy storage efficiency compared to metals | | them at the atomic level

Fig. 3. Unified technological classification of complete development of primary and secondary georesources in the new framework of mining and circular
economy of metal use

2. Principles and directions of geotechnical and mineralogical
support of full safe and cost-effective development
of primary and secondary georesources

1. Sources of georesources for metal production

Primar.y georesources —>| Secondary georesources 1. Development of ore deposits of a new type 2
(subsoil, H,e = 5 km) with the use of physicotechnical g %
¢ ¢ 1. Ore formation based and physicochemical hybrid geotechnologies \ - §
— New type on anthropogenic differentiation, (FT and PhCh CGT) mineralogy using previously é S
Traditional fields of deposits > migration, dispersion and unidentified properties and phenomena ] g
concentration of metals as of interaction of natural minerals (environment) 3 S
¢ l a function of clarks with anthropogenic systems relations E E’
Ore deposits formed Ore deposits formed / -
as a result of geological based on the use 2. Ore formation in the cycle 2. Development of ores in the production waste
exploration and use for of previously of the current development in the cycle of current development
their intended purpose unidentified L > of each deposit in the production on the principles of P. 1.
of primary and secondary properties waste (rock, slag, off-balance
geochemical halos and of geochemical dumps and tailings) 3. Development of man-made ores s é
geochemical barriers patterns on the principles of P. 1. \ g %
3. Secondary georesources g S
| formed as a result of initial use 4. Multiple return of secondary gearesources / S ;
formed as a result of the initial use in a closed 3 §
technology cycle and controlled mode & g‘

Fig. 4. Classification of technological principles for full development of primary and secondary georesources in closed natural-technological cycle
and in controlled mode
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The study and analysis of the content of modern publications show that,

despite the various topics of the geochemical regularities considered and
the expressed alarm about the depletion of reserves of traditional deposits,
about the ways of reproduction of the raw material base of metals is not
specifically mentioned [16-20].
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