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Introduction

The present-day gold deposits are mostly com-
posed of small ore bodies with low content of the use-
ful component and are located in hard-to-reach areas.
The cost of the detailed exploration and full-scale
processability research of such deposits, considering
the required time and labor input, may be higher than
the cost of the metal produced. In this regard, it is of
the current concern to find effective technologies of
mineral processing at low capital expenditures.

One of such technologies is the heap-leach cya-
nidation which enjoys increasingly wider application in
the last decade.

In 1887 in Glasgow, John Steward McArthur first

The study addresses efficiency of heap-leach cyanidation as function of pro-
cessing properties of ore. The grain size composition, chemistry and mineralogy rep-
resent the main ore properties. The test ore samples contain up to 76% of aluminum
and silicon oxides. The ore features a few impurities and a moderate amount of sulfide
sulfur (0.6%). Assaying after preliminary gravity separation of gold shows that average
Au content is 1.74 g/t (site 1) and 1.43 g/t (site 2). This research aims to analyze the
processing properties of ore and assess expediency of heap-leach cyanidation of this
ore. The representative samples for the heap leach tests are the primary sulfide ore.
The lab-scale tests of agitation cyanidation of ore samples from different sites were
carried out using bottle agitator. The scope of the analysis also embraced the influ-
ence of the ore size and cyanide concentration on the leaching efficiency. Furthermore,
adsorption of gold from cyanidation solutions was also tested. The cyanidation pro-
ducts were subjected to atomic adsorption spectroscopy (solution) and assaying (cake).

proposed to extract gold from ore using cyanide solu-
tions [1]. Cyanidation process introduced in gold min-
ing enabled a jump in the gold production. The first
application of the heap leach method at a commercial
scale was undertaken by Carlin Gold Mining Company
in 1969 in the north of Nevada. After that, many universities ini-
tiated studies into the technology.

The first research papers covered by global citation data-
bases appeared in 1974 [2] and mostly addressed gold and silver
hydrometallurgy [3].

The advancement in science and technology spurred a
breakthrough in this trend. Heap leaching is in acute demand in
the modern geotechnology [4]. For another thing, heap leaching
needs to be environmentally safe. The impact of heap-leach cya-
nidation on the wildlife has been studied [5]. The scientific cen-
ters in Great Britain [6], Mexico [7], China [8] and in other coun-
tries are engaged in development of alternative technologies for
extraction of valuable components, including gold [9], from ore.

The ample research into the process of raw material prepara-
tion for heap leaching discuss application of HPGR technology to
enhance leaching efficiency [10-11].

Much attention is paid today to the computer technologies
and advanced software [12]. Both are applicable in prediction
of metal recovery in heap leaching. Nonetheless, the modeling
results sometimes disagree with the experimental data, which
eventually may affect profitability of production.

Despite a variety of studies dealing with heap leaching, the
basic industrial trend is the classic hydrometallurgy using cyanide
solutions to extract valuable components [13-16].

This study aims to analyze processing properties of ore and
to assess practicability of heap-leach cyanidation and agitation
leaching. The heap leach testing included representative sam-
ples of primary sulfide ore taken in two different sites of one and
the same deposit.

Research

The chemical composition of the test ore samples was deter-
mined from the silica content analysis of ore (Fig. 1). The content
of noble metals was found from assaying.
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The test ore composition represents aluminum and silicon
oxides up to 76%. The moderate content of sulfide sulfur (0.6%)
means that this is the lean sulfide ore. The total content of MnO,
P,0O;, TiO,, Cd, Cu, Pb, Zn, Ba, Ni, Co, V,04, Cr,0; is less than
1%. The semiquantitative spectral analysis reveals no traces of
such elements as Nb, Ta, Pt, Au, Te, Tl, Gd, Sb, As, Ce, Cd, U,
Th, Hg and In.

The assaying shows a nonuniform distribution of gold in the
test ore. The average gold content of the samples is 1.68 g/t
(Eastern site) and 1.34% (Western site). The content of silver is
less than 2 g/t.

The size grading and gold distribution per size grades are
determined from the screen analysis of each site ore crushed to
the size of —15, =10 and -5 mm. The results of the analysis are
depicted in Fig. 1, where blocks 1 and 2 stand for the Eastern
and Western sites, respectively.

Based on the size grading of the Eastern site ore, the maxi-
mum yield is shown by the size -5+2 mm and is 49.69%, the
least yield is the size — 0.045 + 0 (2.1%). Regarding the West-
ern site ore, the maximum yield is also in the size -5+2 mm and
equals 47.12%, and the least yield is in the size -0.2+0.074
(2.18%). So, we can state that at the size of -5 mm, the yield
of sizes capable to affect permeability of a heap leach pile
(smaller than 0.2 mm) is insignificant, less than 7% in case
of the Eastern site ore and is 10.6% in case of the Western
site ore.

It is typical of the test samples that gold concentrates in
the sizes of +0.2 mm. These sizes contain more than 90% of
the whole metal. Accordingly, the leaching efficiency directly
depends on the ore fragmentation size.

The occurrence forms of gold are found from the phase
analysis of ore samples -2 mm in size and at the content of
95% of the size of —0.074 mm. Percentage of free gold in the
Eastern site ore at the size of -2 mm and at the content of 95%
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of the size of —-0.074 mm is 42.76 and 77.05%, and percent-
age of leach-suitable gold is 76.7 and 94.53%, respectively.
The minerals and quartz undissolved in the chlorazotic acid
contain less than 4% of the metal. When the size of particles
is decreased from —2 mm to the size of —-0.074 mm at the con-
tent of 95%, percentage of free gold grows owing to dissocia-
tion of concretions and extra dissociation of gold. Percentage
of free gold in the Western site ore at the size of -2 mm and
at the content of 95% of the size of -0.074 mm is 61.15 and
78.01%, respectively, and the leach-suitable gold percentage
is 74.1 and 92.9%. The minerals and quartz undissolved in the
chlorazotic acid contain less than 7% of the metal. In both sites,
when the size of particles is decreased from —2 mm to the size
of =0.074 mm at the content of 95%, the increment in cyani-
dable gold results from the decrease in the gold content of films
and sulfide associates.

The ore features a few impurities and a moderate amount
of sulfide sulfur, which favors efficient application of heap-leach
cyanidation of gold [17-18].

Agitation leaching of Eastern site ore

The processing property tests of the Eastern site ore
included agitation leaching of particles -2 mm in size and par-
ticle of the size of —=0.074 mm at the content of 95%, in the solu-
tion with cyanide concentration of 0.05%, 0.1% and 0.2%. Fur-
thermore, adsorption of gold from cyanide leaching solution at
coal feed of 10% of the liquid phase volume was tested.

The Eastern site ore may contain coarse gold such that its
dissolution requires longer and more intense leaching. For prov-
ing effect of coarse gold on its extractability, the intense cya-
nidation tests were performed. The intense cyanidation regime
ensures complete dissolving of coarse gold potentially present
in the ore. By comparing the outcomes of the direct and intense
regime leaching, it is possible to describe the influence exerted
by gold coarseness on the leaching duration and on the gold
recoverability.

Initial gold content of ore was determined in each test
using the data of the agitation leaching balance. The leaching
regime was the same in all tests: pulp density—40% of solid; pH
pulp—10.5; cyanidation duration—24 h; particle size of —0.074
mm at the content of 95%. Figure 2a shows the ore cyanidation
curves.

The agitation leaching results show that the Eastern site
ore is suitable for leaching: gold recovery is more than 90% in
case of the particle size of —0.074 mm at the content of 95%;
the cyanide consumption ranges as 0.1-0.45 kg/t (considering
the agent residue), and the lime consumption is around 1 kg/t.

The cyanidation tests at different concentrations of the sol-
vent show that the gold recovery is independent of the cyanide
concentration in the liquid phase of the pulp. The comparison
of the direct leaching results and the data of adsorption of gold
from the cyanide leach solution yields that the Eastern site ore
has no adsorption activity.

The gold recovery in cyanidation of ore -2 mm in size is
72.07%, which is less by 4.63% than percentage of cyanidable
metal from the phase analysis. This discrepancy is explained by
the fact that coarse free gold undissolved in the agitation lea-
ching is removed from the analysis at the stage of the metal-
lurgical processing.

The gold recovery variation range of 87.33-95.69% is reflec-
tive of the presence of the coarse metal in the ore and points at
the insufficient duration of leaching. This fact is also proved by
the intense cyanidation tests. The curves in Fig. 2 illustrate the
difference in the required duration of leaching for two similar
samples. In test no. 3, the required leaching duration is 19 h,
while in test no. 6, gold recovery in solution keeps active 24 h
after agitation.
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Fig. 1. Silica content analysis of ore
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Fig. 2. Agitation leaching of ore
a—Eastern site; b—Western site

Agitation leaching of Western site ore

The agitation leaching tests of the Western site ore used the
size grades of -2, —1 and of —-0.074 mm at the content of 95%, the
cyanide concentrations in the solution were 0.05, 0.1 and 0.2%.
Furthermore, adsorption of gold from cyanide leaching solution
at coal feed of 10% of the liquid phase volume was tested.

The Western site ore features a uniform distribution of gold,
and the intense regime leaching is rejected therefore, and the ini-
tial gold content is assumed from the results of the gravity sepa-
ration.

The agitation leaching tests of the Western site ore show that
gold recovery in case of the particle size of -0.074 mm at the con-
tent of 95% is more than 93% at the consumption of cyanide of
0.1 kg/t (considering the residue) and lime of 0.97 kg/t.

At the cyanide concentrations in the range of 0.05-0.2%,
gold recovery is the same. Figure 2b depicts gold recovery in
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cyanidation at the cyanide concentrations of 0.2% and 0.1% in
tests nos. 3 and 6, respectively.

It follows from Fig. 2 that the cyanide concentration only
influences the leaching dynamics while the gold recovery after 24
h of agitation is the same in both tests.

The hydrophysical characteristic of the test samples shows
that the water content of ore lowers with the decreasing size of
the particles. This is explained by the larger surface area in case
of the decreased coarseness of the material and, accordingly, by
much water consumed to moist the particle surface. The maxi-
mal velocity of leach solution permeation in ore decreases with
the decreasing size of the material as many fine particles impede
normal seepage of the solutions through the piles. Aimed to
improve permeability of the piles, pelletizing of ore -5 mm in size
was carried out in a dish-type pelletizer with addition of a binder.
Adjustment of the pelletizing process parameters needs addi-
tional research using a larger ore sample from column leaching.

Ore leaching in columns 1.5 m high

The percolation-based leaching of ore was carried out in lab-
scale columns 1.5 m high with a diameter of 150 mm. The test ore
samples had weights of 40-50 kg. The test ore sizes were -5, —10
and —15 mm (for samples from both sites). The ore samples —10
and —15 mm in size were subjected to two parallel tests.

From practice and based on experimental sprinkling, the opti-
mal sprinkling density is assumed as 200-250 |/(m?2xday). The
test concentrations of cyanide in the sprinkling solution ranged as
0.05-0.1%. Caustic soda was used as an alkali protection at the
concentration of 0.02%.

The Western site ore -5 mm in size was subjected to pelle-
tizing. The additives were Portland cement and lime at the con-
sumptions of 10 kg/t and 2 kg/t, respectively. The pellets were
aged for 3 days. The tests were carried out on 10 lab-scale plants
for heap leaching.

Crushed ore was placed in the columns and sprinkled with the
solutions using the dozing pumps. The pregnant solution was col-
lected at the column bottom and analyzed (gold, cyanide, pH).
The leaching duration was from 50 to 75 days. The metal balance
was estimated in each test from the data of tailings assaying and
from the atomic adsorption spectroscopy of the solutions. Assay-
ing of cyanidation cakes in all 10 tests shows an essential dis-
crepancy between the parallel estimates. The bulk of gold was
extracted, but some metal escaped dissolving yet. This mean that
some gold (especially coarse particles) is insusceptible to heap
leaching, including particles -5 mm in size. The gold content of
the cakes was determined from assaying after preliminary con-
centration of gold by gravity.

Figure 3 illustrates leaching of ore from the Eastern and
Western sites. Figure 4 gives the bar charts of increment in gold
recovery in sprinkling periods of 5 days.

The highest gold recovery is reached with the particle size of
-5 mm: 81.99% (Eastern site ore) and 80.99 (Western site ore).
This size ore also features the highest leaching kinetics which is
proved by the curvesin Fig. 2. On the whole, the curves exhibit the
same behavior in all tests, without jumps or drops, which means
the ore possesses no adsorption activity.

The maximum Au concentration in the leaching solutions was
3.63 mg/I (test no. 10) and it drops after 6 days of sprinkling (down
to 1 mg/l and lower). After 49-51 days of leaching, gold concen-
tration is not higher than 0.036-0.073 mg/I in all test solutions.

The cyanide consumption was 0.29-1.07 kg/t, and the caus-
tic soda consumption was 0.9 kg/t. The increased consumption
of cyanide in test no. 1 (1.07 kg/t) is connected with water pre-
sprinkling of the leach pile for the analysis of the hydrophysical
characteristics and with lower pH as a consequence. The dece-
lerated rate of gold recovery (as compared with test no. 2) is also
the after-effect of water pre-sprinkling.
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Fig. 3. History of leaching of ore from Eastern (a) and
Western (b) sites

It follows from Fig. 4 that after 30 days of leaching the incre-
ment in the daily gold recovery is 0.28-0.38% and remains the
same up to the end of the tests. After 36—-37 days of sprinkling
(62 days in test no. 1), leaching was stopped and was resumed
in 2 days at the cyanide concentration of 0.1% in the sprinkling
solution. This approach allows saturation of the ore pile with
oxygen from air, which increases the gold recovery by a few per
cent.

In all tests, the break in the sprinkling process positively
influences Au recovery which increases by 0.64% on the average.

Consumption of NaOH in leaching is not higher than 0.28 kg/t
in most tests. In test no. 10, in ore pelletizing, the batch mixture
was added with CaO at the amount of 2 kg/t, and the estimate of
the caustic soda consumption was complicated because of the
simultaneous presence of lime in the solution. This test also fea-
tures the least consumption of cyanide, i.e. it is expedient to add
lime to ore before leaching.

From the analysis of gold distribution per size grades in leach
cakes, gold mostly concentrates in the coarse sizes of cakes in
case of both test sites. For the Eastern site ore -5 mm in size,
the gold recovery from the size of +2 mm is not higher than 75%,
while the recovery of gold from the size grades less than 2 mm
exceeds 90%.

On the whole, the lab-scale investigations imply that the test
ore is suitable for heap leaching to extract gold. The test ore fea-
tures a nonuniform distribution of gold, which complicates the
test data analysis and the circuit inventory composition, while the
low permeability of the ore conditions preliminary fine milling.
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Conclusions

The agitation leach tests of the Eastern site ore prove the ore
suitability for cyanidation: gold recovery exceeds 90% at the ore
size of —0.074 mm at the content of 95%, and the consumptions
of cyanide and lime are 0.1-0.45 kg/t (with regard to the residue)
and around 1 kg/t, respectively. The gold recovery in cyanidation
of ore -2 mmin size is 72.07%.

Regarding the agitation leach tests of the Western site ore,
gold recovery exceeds 93% at the ore size of —0.074 mm at
the content of 95%, and the consumptions of cyanide and lime
are 0.1 kg/t (with regard to the residue) and around 0.97 kg/t,
respectively.

The ore samples from both sites feature varied results of agi-
tation leaching even in case of the finely milled material, which is
a consequence of the nonuniform distribution of gold in ore and
because of the coarse particles yet left. In the intense cyanida-
tion, the difference of the results vanishes, which also is reflec-
tive of the presence of difficult coarse gold. The nonuniform gold
distribution in ore complicates both the test data analysis and the
metal inventory composition in actual production.

The tests of leaching in the columns 1.5 m high show that the
maximum gold recovery is reached with the ore size of -5 mm and
in leaching for 50 days. The maximum gold recovery from the ore
from the Eastern and Western sites totaled 81.99% and 80.99%,
respectively.

The level of gold recovery from the ore size of -5 mm (81-
82%) is sufficiently high for the practice of heap leaching. In this
respect, the feasibility of the mixed-type processing technology
(with gravity separation or agitation cyanidation of fine ore sizes)
should undergo detailed evaluation as the increment in gold
recovery may be insufficient, while the process circuit complica-
tion may entail higher capital and operating costs.
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