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Abstract
Research objective is to address an up to date task of developing the technology of associated gold
recovery from complex ore.
Object of research is the gold-bearing copper-pyrite ore. Gold was recovered in laboratory conditions
with the use of gravity methods of mineral separation.
Research tools. Rational modes of machinery operation have been determined through mathematical
planning of experiments including the obtained results processing by mathematical and statistical
methods.
Methods of research. Gold was recovered in the grinding-classification circuit based on a series-
installed short-cone hydrocyclone, a jigging machine and a shaking table.
Research results. The developed jig mode differs from the existing ones by the closed-circuit of jig
machine chambers: from the feed of the second (in the direction of the light fraction travel) jig chamber,
the light fraction (tailings) and undersize product — fraction with the increased content of accessory
minerals (rough concentrate) are separated. The rough concentrate in the second chamber is directed
to the first chamber of the machine, where the finished jig concentrate is obtained in the form of an
undersize product. The light fraction moves from the first chamber to the second and is removed from
the machine through the tail board. When fine-tuning the heavy fraction of jigging on a shaking table, it
is recommended to mix 1/2 part of the initial feed of the tables with the rough concentrate isolated from
the other 1/2 of the original feed. The new jigging mode and the scheme of concentration on the tables
provide an increase in the gold content in the initial feed of the apparatus, which is the reason for a
decrease in gold losses with the tails of the gravity circuit.
Research relevance. Gold recovery increment by 4.77% was obtained due to the use of all three
recommended scientific and technical measures, namely sands concentration in a short head cone
crusher on a jig, switching the jig chambers to a closed circuit, and jet motion of concentrates on
shaking tables.
Scope of the results. The results should be applied when concentrating ore containing free (amalgamable)
gold, as well as gold-bearing pyrite.
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Introduction. This research addresses the task of developing the technology of
associated gold recovery. The issue is highly relevant for mining enterprises processing
complex copper ore [1]. Return on equity for associated valuable noble metals
production turns out to be rather high since 80—90% of all costs are connected with
core products manufacture and are outweighed by its gross value [2—4].

Gold recovery into copper concentrates in the course of copper-zinc gold-bearing
ore processing in the Urals doesn’t exceed 10-20% under the weight content of noble
metal varying from 0.2 to 10 g/t [5]. Only for ores in particular fields, for instance
Gaysky and Oktyabrsky, gold recovery makes up 15-45%. Noble metals loss is
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basically (40-90 %) connected with the pyritic concentrate, since in the course of
pyritic Uralian ore processing with the pyritic concentrate, from 10 to 11 t of gold are
lost annually [4, 5]. Gold grain surface passivation in the processes of grinding—
classification and high content of free CaO are other reasons for the loss of gold with
tailings [6—10].

The object of this research are typical refractory copper-pyrite ores of the Urupsky
field (Karachay-Cherkess Republic). In the course of these ores flotation, gold is
extracted as an associated component by gravitational methods of concentration. Gold
in ores is mainly accompanied by pyrite [2, 3, 5]. Therefore, with an increase in the
copper concentrates quality, gold loss with flotation tailings inevitably increases [5, 11, 12].
In some instances, to increase profit by paying for gold in copper concentrate, its quality
during flotation is reduced (for example, down to 15% at JSC Svyatogor). However, the
costs of bare concentrate processing at a copper plant are increased significantly [5, 13, 14].
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Figure 1. Extracting zirconium dioxide, native platinum, and titanium dioxide
depending of their content in placer sand
Pucynok 1. V3BieueHue AMOKCHIA LUPKOHMS, CAMOPOAHOH IUIATHHBI W JHUOKCHIA
THTaHa B 3aBHCHMOCTH OT UX COJIEPIKAHUSA B IIECKaX POCCHIIN

The technological solutions under discussion. As a database for the development
of new modes for mineral separation by density, the dependences between valuable
components extraction and their content in the feedstock have been used. They had
previously been obtained by a number of researchers [15-24] in the course of
concentration by gravity methods (Figure 1) among other things.

High concentration of the valuable component in the feedstock required for its
complete extraction can be achieved through the use of rough concentrate dressed from
a part of the feedstock in circulation [25-27].

In this research, gold from the mill discharge was recovered on a duplex diaphragm
jig machine with jigging concentrate cleaning on a shaking table.

To increase gold recovery, the material was jigged when jig machine chambers were
operated in a closed circuit. In this mode, the light fraction of the material transfers
from the first chamber to the second and exits the machine through the tail board.
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The undersize product of the second (in the direction of the light fraction travel) jig
chamber is directed into the first chamber combining it with the original feedstock.
A jig concentrate is obtained from the resulting mixture in the form of an undersize
product of the first chamber.

When cleaning the jig concentrate, a heavy fraction is separated from its half
(1st concentration jet) on shaking tables and combined with another half of the jig
concentrate. A commercial gold-bearing gravity concentrate is separated from
the resulting blend (2nd concentration jet).

Results and discussion. In the first series of experiments, in the grinding—
classification circuit, gold was recovered according to the factory scheme, i.e. using a
short head cone crusher, the sands of which were cleaned up on a shaking table.

Table 1. Mode and technological indicators of concentration on tables
Ta0auna 1. PeskuM M TeXHOJI0THYeCKHE OKA3aTe/ M PO Ecca KOHIEHTPAIMY HA CTOJIAX

Process scheme

jigging (chambers are

Indicator jigging with .
concentration on the . op erat?% in a closed
table circuit) with concentration

on tables (jet scheme)

Deck table operation mode:

stroke frequency 7, min™' 324 339
stroke length /, mm 6 6
wate3r consumption for flushing 25 25
q, m’/t

Concnetrate of the table:
yield, % 0.22 0.37
Au content, g/t 35.93 37.26
Au recovery, % 5.27 9.19
response function 5.15 9.00
concentration grade 3.47 3.58

In the experiment, a short head cone crusher designed by the Central Research
Institute of Geological Prospecting for Base and Precious Metals (TsNIGRI) was used
with a diameter of 35 mm and a 90° tapering angle of the conical part. Power was
supplied by a sand centrifugal pump with a pulp pressure at the inlet of 0.051 MPa
through a branch pipe with a 6 mm feed diameter. To separate the sands, a sand nozzle
with a 2 mm diameter and an 8 mm diameter of underflow were installed. The specific
load on the sand hole was maintained at 1.43 t / (cm? - h), the size of the nominal grain
in the underflow was 40 pum.

As a result, a heavy fraction containing 34.77 g/t Au was separated on the table,
the recovery of which was 5.12%.

Low productivity of shaking tables allows only part of the sands of short head cone
crushers to be involved in processing, which reduces the commercial yield. To reduce
the amount of sands of short head cone crushers directed for concentration on the tables,
a jig machine was used.

Under laboratory conditions, the sands of a short head cone crusher were concentrated
on the MOD-0.2 jig machine. The rational mode of jigging was determined by the
experiment planning method with four factors variation at two levels. The cones stroke
of X, ranged within / = 3—7 mm, the vibration frequency of the X, cones ranged within
n = 200-240 min!, the flow rate of X, undersize water ranged within g = 4-6 m3/t,
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Figure 2. The recommended quality-quantity scheme of associated gold recovery in the grinding—
classification circuit when concentrating copper-pyrite ore; built based on the experimental results
according to the continuous process principle
PucyHok 2. PexomeHIyemasi KaueCTBEHHO-KOJNMYECTBEHHAs CXeMa IOMYTHOTO H3BICYCHHS
30J0Ta B LMKIIE UMETbYeHUe—KAACCUPuKayus TPU OOOTAICHUN MEIHO-KOTYENAHHBIX DY,
COCTaBJICHHAs 110 Pe3yJIbTaTaM OIIbITa, MPOBEJICHHOTO 110 TIPUHIKITY HEMIPEPBIBHOTO Mpoliecca
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the height of the artificial bed in the second chamber of the X, machine ranged within
h = 23-37 mm under a constant height of the artificial bed in the first chamber of the
machine of 74 mm. To create an artificial bed, 5-7 mm steel shot was poured into
the removable stencil cells and the stencils were installed in the jig chambers on
a screen with 3 x 3 mm cells.

The specific productivity of the jig machine for the feedstock was 14.7 t/ (h - m?) in
the experiments.

The Hancock criterion was used as a response function, %,

=t Ye 00
100-a,,

where g,  is the gold recovery into concentrate, %, under the concentrate yield y_, %,
and the gold content in the base ore a,_, %.

Experiments were duplicated and randomized by arbitrary choice of the
experimentation order. Gold content in the concentrates was determined by the assay
test. The equality of empirical variances was determined by the Cochran’s Q-test.
The experimental results were approximated by a linear regression equation:

Y =9.416+1.162X, +1.223X, + 1.031X, +1.101X,. (1)

The Fisher’s criterion test has shown that regression equation (1) adequately
describes the experimental data with 95% reliability. The best result of short head cone
crusher sand jigging was obtained under cones stroke of 8 mm and their vibration
frequency of 250 min~!, the undersize water flow rate of 6.2 m3/t, and the artificial bed
height of 39 mm.

After determining the rational mode of jigging, jig heavy fraction grinding and
cleaning on the shaking table were added into the gold recovery scheme. It follows
from the results of the experiment carried out under conditions simulating a closed
circuit, that with the jig machine, metal recovery grows from 5.12 to 5.97% under the
gravity concentrate yield of 0.237% and Au content of 37.77 g/t.

When switching to jigging with closed-circuit chambers, the experimental results
were approximated by a linear regression equation, adequate to the experimental data
with the 95% reliability of the estimate:

Y =10.291+2.032X, +1.586.X, —1.367.X, +0.737.X,. )

The adequacy of the plane approximation and the application of the first-order
regression equation (2) was confirmed by checking the deviations from the arithmetic-
mean of the experiments of the response function values at the central point. By the
steepest ascent method, a rational mode of jigging with closed-circuit chambers was
found. The selected response function takes on a maximum value under the jig cones
stroke of 8 mm and their oscillation frequency of 244 min~!, and 3.95 m3/t of water
application under the jig machine gratings under the artificial bed height of 36 mm.
When jig chambers were operated in a closed circuit and rational mode, an experiment
was carried out according to the principle of a continuous process.

It was found that when switching to the closed circuit mode, the optimization
parameter value grows from 14.45 to 15.98, which corresponds to an increment of gold
extraction into the jig concentrate by 1.77% without sacrificing its quality.

Further improvement of gold extraction by the gravity method was associated with
shaking tables efficiency growth.
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Work optimization of the SKO-0.5 shaking table at the first stage of the research
consisted in determining the rational operation mode by the method of mathematical
planning of experiments. When cleaning the jig concentrate on the table, the frequency
(X, = 260-340 min') and length (X, = 8-16 mm) of the table deck stroke, and water
consumption for material flushing (X; = 1.1-2.7 m?/t) were selected as independent
variables.

The experimental results were evaluated according to the Hancock criterion.
As a result of mathematical processing of the experimental data array, a regression
equation has been obtained that connects the selected response function and the
parameters of the shaking table operating mode:

Y =2.585+0.296.X, — 0.667.X, +0.399.X,. 3)

The significance of the coefficients in regression equation (3) was estimated by the
Student's criterion. The Fisher’s criterion test showed that regression equation (3)
adequately describes the experimental data with a statistical reliability of 95%.

When switching the tables’ operation to the jet scheme, the experimental data were
approximated by a regression equation that is adequate to the experimental data with a
significance level of 0.05:

Y =5.837+1.059X, -1.610X, +0.712.X,. 4)

A comparison of regression equations (3) and (4) revealed that regardless of the
concentration scheme on the tables, a high frequency and a short stroke length of
the deck helps to achieve the maximum value of the response function; flush water
consumption in both instances should be high.

The rational modes of jig concentrate cleaning on shaking tables operating according
to competing patterns of concentrates motion are determined by the steepest ascent
method (Table 1).

It follows from Table 1 that the use of the developed technology of associated gold
extraction in the grinding—classification circuit is 3.92% higher than with the existing
technology; gold content in commercial gravity concentrate is 7.26 g/t higher than at
the existing production. When the tables work according to the jet scheme, the frequency
of their deck stroke should be 5% higher.

Experiments have been carried out according to a scheme that simulates a closed
circuit of associated gold extraction in a grinding—classification circuit by gravity
concentration methods (Figure 2). In accordance with the diagram in Figure 2, sands of
a short head cone crusher are subjected to jigging on a jig machine with chambers
operated in a closed circuit; oversize concentrate and heavy fraction of the first chamber
are cleaned on shaking tables after grinding. The shaking tables are operated in a mode
with feedstock jet motion and rough concentrate.

It follows from the research results that the recommended technology of associated
gold recovery in the grinding—classification circuit in the course of copper-pyrite ores
concentration allows increasing gold recovery by 4.77%, and from 5.12 to 9.89%,
namely by 0.85% by concentrating sands in a short head cone crusher on a jig machine;
by 1.77% by switching the chambers to a closed circuit; by 2.15% by jet motion of
concentrates on the shaking tables.

Conclusion. A technology has been developed for the associated gold extraction in
the grinding—classification circuit in the course of copper-pyrite ore concentration at
the Urupsky field. The developed technology differs from the existing ones (and the
ones adopted at the operating concentration plant) by the mode of sand jigging in
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a short head cone crusher and the scheme of treating heavy jig fraction on shaking
tables. The novelty of the jig mode consists in the jig chambers operation in a closed circuit.
The novelty of heavy fraction treatment scheme consists in mixing a half of the tables
feedstock with rough concentrate separated from the other half of the feedstock.
The new jig mode and the scheme with the shaking tables increase gold content in the
feedstock, which is the reason for reduced gold loss with the gravity circuit tailings.

In the laboratory conditions, the new jig mode and scheme with the shaking tables
have been tested on a sample of ore from the Urupsky field. The research was carried
out using the methods of mathematical planning of experiments. The effectiveness of
the developed technology has been proven by experiment. Moreover, gold recovery
increment by 4.77% was obtained due to the use of all three recommended scientific
and technical measures, namely sands concentration in a short head cone crusher on a
jig, switching the jig chambers to a closed circuit, and jet motion of concentrates on
shaking tables.
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Pa3pa6orka TeXHOJOruM NONMYTHOI0 U3BJIE€YEHHS 30J10TA
NIpU 000rallieHuH MeJHO-KOJT4YeJaHHbIX Pyl

Epnokumos C. U.!, Tepacumenxo T. E.!
I CeBepo-KaBKa3ckuil TOpHO-METaJUTypPrHYCCKH HHCTHTYT (TOCYHAPCTBEHHBIH TEXHOIOTHYECKHII
yHHuBepcuTeT), Bnagukaskas, Poccus.

Peghepam
Lens pabomut — pewienue akmyanvHotl 3a0auu: paspabomxa mexHoI02UYU NONYMHO20 U3BNeHeHUs 3010Md
U3 KOMNJIEKCHBIX PYO.
O6veKmom uccnedo6anus AGIANUCL 3070Mocooepiicayue MeoHo-Konueoannvle pyowl. Hszeneuenue
30710MA U3 HUX OCYUYECMEIATU 6 TADOPAMOPHBIX YCL08UAX C UCNONbI0BAHUEM SPABUMAYUOHHBIX MEMOO08
pasoenenus MUHepaLos.
Hucmpymenmot  uccnedosanun. Payuonanvuvle pedxcumvl pabomvl annapamos OnpeoeneHvl ¢
NPUMEHEHUeM —MAMeMamuiecko20 NIAHUPOBAHUSL  IKCHEPUMEHMO8 ¢ 00pabomKou  NOLYYEHHbIX
De3VIbManmos MamemamuKko-Cmamucmu4eckumMu Memooamu.
Memoouka npoeedenusn ucciedosanuil. lzeneuenue 3010ma ocywecmeniiy 6 YuKie usmenrbyeHue—
KAAcCUDUKayuis ¢ UCNONb308AHUEM NOCIEO0BAMENLHO YCIMAHOBIEHHBIX KOPOMKOKOHYCHO20 2UOPOYUKIIONA,
OMCAOOUHOU MAWUHBL U KOHYEHMPAYUOHHO20 CMONA.
Pesynemamui. Paspabomannvlii pexcum omcaoku OMIuNAemcsi Om U3BECHMHbIX MeM, Mo Kamepbl
OMCAOOYHOU MAUWUHBL PAOOMAIOM 8 3AMKHYMOM YUKAE: U3 UCXOOH020 NPOOYKMA 60 6Mopou (no xody
08UdICEHUs 1e2KOUl PPaKyuu) Kamepe MAwiuHbl blOESIOM L1e2KVI0 QpaKyuto (Xeocmul) U NOOpeulemHulil
NPOOYKM — (PPAKYUr0 ¢ NOBLIUEHHBIM COOEPHCAHUEM MANCENbIX MUHEPANO8 (YEePHOBOU KOHYEHmpan).
YepHoBoll KOHYEeHmMpPAm, 6blOeNeHHbIL 60 BMOPOU Kamepe, HANPABIAION 8 Nepayio Kamepy MauluHbl,
20e Nomyuarom 20moGulil KOHYEeHmpam omcaoku 6 eude noopewemnozo npooykma. Jleekas gparkyus
nepemewjaemcs. U3 nepeoll Kamepvl 60 6MOPYIO U 6bIGOOUMCA U3 MAWUHLL Yepe3 CIUSHOU Nopoe.
IIpu 00600Ke mscenoll Gpakyuu omcaoku HaA KOHYEHMPAYUOHHOM CMOTe PEKOMEHOYEMCs CMeueHue
1/2 yacmu ucxo0H020 NUMAHUsL CMOLOE C YEPHOBLIM KOHYEHMPAMOM, 8bl0eIeHHbIM U3 opyeou 1/2 uacmu
ucx00Ho020 numanus. Hoevle pescum OMCAOKu U cXeMa KOHYEHMpayuu Had Cmonax 0Oecneyusarom
yeenuuenue co0eprHcanusl 3010Mma 8 UCXOOHOM NUMAHUYU ANNApamos, Ymo AGIAEmcsa NPUUUHOU CHUNCEHUS
nomepb 3010Ma ¢ X60CMAMU YUKIA SPAGUMAYULL.
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Axkmyansnocms. 3a  cuem npumeneHus paspaboOmMAHHLIX  HAYUHO-TNEXHUYECKUX —MepONpUsmuil:
obozaujenus neckog KOPOMKOKOHYCHO20 2UOPOYUKIOHA HA OMCAOOYHOU Maulune, nepesooa Kamep
OMCAOOUHOU MAWUHBL HA PAOONY 8 3AMKHYMOM YUKIe U CIMPYLIHO20 08UNCEHUS NPOOYKMO8 0D02alleHUs
npu KOHYEHMpPayuy Ha CMonax, NOIy4er npupocm usenevenus sonoma na 4,77 %.

Oonacmb npumenenusn pe3ynibmamos. Pesynvmamvl pabomvi pekoMeHOYemcs UCHONb308dAMb Npu
obozawenuu pyo, cooepacawux c60000H0e (amanveamupyemoe) 30J10Mmo, a MaK#ce 3010MOoCO0ePHCAUe20
nupuma.

Knrouesvie cnosa: meono-xkonueoannas pyda; 30710moO, nonymHoe u3zejledenue, cpasumayusl.
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