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Abstract. There are the results of a study of the factors determining the formation and changes in the filtration properties
of a heap leaching stack formed from pelletized poor sandy-clay ores. An analysis of methods of investigation of fil-
tration properties of ore material for different stages of heap leaching plots functioning is carried out. Influence of
segregation process during stack dumping on formation of zones with very different permeability parameters of ore has
been established by experimental and filtration works. The construction and application of a numerical model of filtra-
tion processes in pelletized ores based on laboratory experiments is shown. By means of solution percolation simulation
at different irrigation intensities the justification of optimal stack parameters is provided in terms of the geomechanical
stability and prevention of solution level rise above the drainage layer.

Keywords: heap leaching; pelletized ore; percolation; filtration; filtration coefficient; numerical modelling; model

Acknowledgment. The research was carried out with the help of grant N FSRW-2020-0014 for the state assignment in
the field of scientific activities for the year 2021.

Received: 06.05.2022 Accepted: 17.11.2022 Online: 27.02.2023 Published: 27.02.2023

Introduction. The concept of sustainable development of mining enterprises involves the deve-
lopment of technologies aimed at low-waste development of solid mineral deposits [1, 2] and the
maximumextraction of metals from poor off-balance ores [3-5], taking into account the required en-
vironmental standards [6, 7]. In practice, various technologies have been tested for extracting noble
metals from ores [8-10], including heap leaching (HL), which is a promising and relatively cheap
technology for processing poor and off-balance ores containing gold, silver and other useful compo-
nents [11]. The effective extraction of useful components in this technology depends on the condi-
tions of solution percolation through the ore stack [12, 13]. These conditions are defined by the par-
ticle size distribution and material composition of the material in the stack [14, 15]. Heap leaching
does not depend as much on temperature as bioleaching of ores [16-18].

The initial granulometric composition of poor sandy-clay ores makes the leaching process very
slow and unprofitable [14]. For example, the low percolation rate of solutions does not allow to carry
out leaching during the period of positive temperatures in the Far North conditions, which requires
continuation of works at negative temperatures at the expense of extra costs on solutions heating and
pile insulation. In case of conservation of the ore stack for the winter period, it is necessary to take
into account the influence of cycles of freezing and thawing of the material on the composition and
geotechnological properties of raw materials [19].
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The sandy-clay poor ores with a low filtration coefficient are pelletized by adding cement. This
produces pellets that must provide the necessary percolation of solutions through the stack and with-
stand the pressure of the overlying ore masses. However, the filtration properties of a heap leaching
pad are affected by many factors from the formation stage of the stack to the end of operation.

Filtration processes, in addition to influencing the leaching process itself, also determine the
stability of the heap as a slope structure [20]. When irrigated, solutions, similar to water in pit walls
or dumps, are responsible for the stress state, physico-chemical interaction and the nature of defor-
mation development over time [21]. Therefore, the knowledge of filtration properties formation in
the heap leaching stack will not only ensure effective extraction of gold from pelletized ores, but also
determine the optimal and safe parameters of heap leaching piles in terms of layer height and their
amount.

Many researchers have considered the application of computational methods and, in particular,
numerical simulation methods for solving filtration problems during irrigation of pelletized ore with
solutions. The works [22-24] present a modeling method of filtration through pelletized ores based
on the theory of incompletely water-saturated media. A number of works [25-27] are devoted to the
problems of filtration during operation of heap leaching piles, where the issues of applying the volu-
metric element method, stability of the pile during its irrigation, as well as solutions of filtration
problems with regard to negative ambient air temperatures are considered. However, in spite of
a sufficiently good theoretical development of the issue under consideration, the existing studies pay
little attention to the validation of the adopted filtration models and their parameters according to
large-scale laboratory studies or field investigations.

The aim of the study is to characterise and analyse the factors, which determine the formation
and change of filtration properties in a pelletized sandy-clay ore massif during heap leaching
of gold.

The characteristic conditions of Kuranakh gold ore cluster in Yakutia in Russia [28, 29] have
been taken as an object for studying filtration properties and filtration modes in the heap leaching
stack. The choice of the site is conditioned by intensive implementation of heap leaching in this ter-
ritory and great potential for application of this technology for many years ahead, which is caused by
several factors, among which the main ones are:

* low gold grade of 1.36 g/t, with large proven reserves in the area — 530 t;

« large volume of low-grade waste and tailings accumulated over 55 years of mining in the re-
gion, which could potentially be considered as promising anthropogenic raw materials;

« sandy-clay composition of ores with inclusions of coarse clastic material, formed as a result of
hypergenic processes;

« possibility of achieving a high percentage (86.7-92.9 %) of gold recovery through direct cya-
nidation;

« short period of the year without sub-zero temperatures — less than 4.5 months, usually only in
the summer months due to the harsh continental climate.

The Kuranakh gold mineralisation type was formed in weathering crusts by primary epithermal
gold-sulphide-karst ores. The ores of the deposits are sandy-clay masses of quartz-limonite-hy-
drosludite-montmorillonite composition with the inclusion of coarse- grained clastic material. Due to
its genesis in the territory of the Kuranakh cluster, gold is unevenly distributed in the contours of ore-
bearing deposits, with high-grade areas alternating with poorly-graded ores [30, 31].

Experimental tests of gold heap leaching process from sandy-clay Kuranakh ores started in
1974-1975 by Irgiredmet Institute. As a result, it was found that the efficiency of the process, apart
from gold content, depends on the scale of heap leaching unit, content of clay minerals, stack height,
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100 ore stack ing method and a number of other fac-
tors. The main role is played by the content of
clay fraction, which prevents the filtration of
solutions, as well as trapping already dissolved
gold [32-34].
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As a part of the investigation, the samples of fresh pelletized ores were obtained from the heap
leaching pilot area prior to stack ing, as well as material from the areas already removed from
irrigation. The material was irrigated for 30 to 50 days. The results of determining the particle size
distribution of the samples taken by dry sieving are shown as integral curves (Fig.1).

The differences in particle size distribution can be explained by the fact that after stack ing and
irrigation, some of the pellets are broken up and the rock fragments are crushed by the solutions
and the mechanical pressure of the overlying ores. The difference in particle size distribution means
that the irrigation process also changes the filtration properties in the ore mass. At the same time,
the breakdown of pellets leads to a return of the material to a state close to before the pelletizing,
which also deteriorates the filtration parameters of the stack. Together with the effect of composi-
tional segregation during stack formation, this can lead to the formation of lenses like sandy clay
soils within the stack, which will reduce the efficiency of the gold recovery process. Figure 2 shows
the evidence of the heterogeneous structure of the stack: the images of the uncovered slope surface
at the test site (Fig.2, a), the core from the borehole (Fig.2, b) drilled through the de-irrigated stack,
and the slope composed almost entirely of coarse-grained clastic material (Fig.2, c).

Fig.2. Segregation of ore material in the stack at the pilot site
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In terms of particle size distribution in accordance with GOST 25100-2020 “Soils. Classifica-
tion”, the presented materials by analogy with natural soils can be classified as: the material with
drawn from irrigation to coarse-grainedcobble soils; freshly pelletized ore to coarse-grained silt soils.
For these soils the value of the filtration coefficient can vary within a wide range. For example, in the
hydrogeologist's handbook edited by V.M.Maximov, the average values of filtration coefficient for
permeable pebbles and gravel with fine sand and clay are given in the range of 1-10 m/day. Approxi-
mately the filtration coefficient of such materials can also be estimated according to P 56- 90/VNIIG
“Recommendations on design of backflow filters for hydraulic structures” under the schedule of ex-
perimental values of filtration coefficients of sand-gravel-pebble and crushed stone soils.

If the particle diameter of 17 % by mass in the soil is taken as 0.1 mm, then the filtration
coefficient will be: with loose structure 0.003-0.02 cm/s or 2.6-17.3 m/day; with dense structure
0.0005-0.003 cm/s or 0.4-2.6 m/day.

Thus, based on the granulometric composition, the studied materials can be characterized by the
filtration coefficient in the range from 0.4 to 17.3 m/day, which requires further specification by
laboratory and field studies of filtration properties of the pelletized ore.

Methods. The filtration characteristics of the pelletized ore were investigated in the laboratory
on samples, on bench-scale equipment simulating a part of the massif on the heap leach pad, and in
the field. This comprehensive approach allowed us to determine correlations between the different
methods of studying the filtration characteristics of ores.

In the first stage of the study, the filtration characteristics of the pelletized ores were determined
inlaboratory conditions. The ore was pre-compacted in compression devices to values of vertical
stresses corresponding to the weight of the overlying ore mass. The test was carried out to loads of
0.6 MPa corresponding to a stack height of 40 m. Patterns of changes in filtration characteristics of
pelletized ore were obtained for two types of particle size distribution depending on the stack height:
the first type of pelletized ore was represented by a particle size class up to —20 mm, the second by
a particle size class up to —125 mm.

In the second stage of the study, the screening of pelletized ores was carried out with a charac-
teristic distribution in the stack of grain size composition. The screenings were pre-stack ed in a pre-
pared stand with dimensions of 450x450x1000 mm with a height of 1000 mm. In the first experiment,
saturation of the pelletized ore at natural moisture was carried out with a solution and the saturation
process was studied, while in the second experiment, the filtration process through the pelletized ore
in a fully water-saturated state was studied.

The flow of a fluid through a porous medium of varying degrees of water saturation is usually
considered through Richard's equations. Generally, this equation can be written in terms of two un-
known variables of the degree of water saturation (relative humidity) S and head h:

S =Vk(h)Vh + k()
ERRA A =
where k — filtration coefficient.

For filtration calculations, the Van Genuchten — Mualem model, which is most widely used in
practice, is adopted to describe the process of fluid filtration through porous bodies in fully water-
saturated or partially water-saturated states. The adopted model allows to consider the change of fil-
tration characteristics of a porous medium depending on the degree of its water saturation.

The filtration characteristics of porous medium are controlled through a characteristic relation-
ship between the degree of water saturation (moisture content) of the soil and the negative pore pres-
sure, which characterizes the ability of the soil to store liquid in the porous space at different pore
pressure values.
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The Van Genuchten — Mualem filtration model [35, 36] relates water saturation degree to head:

SCY) = Sres + (Sear— S [1 + (2, 1)

where pw — negative pore pressure; yw — liquid density in the pore space; Sres — residual value of degree

of water saturation of porous medium by solution in the pore space; Ssat — value of total water satura-

tion of the porous space by the solution; ga, gn, gc — parameters of Van Genuchten — Mualem equation.
The relative index of the filtration coefficient is determined by the following formula

g, 1\ 2

_8n
ket (S) = max | (5,)" 1_[1_(Seﬁ)gnl] w04l

S— Sres
Seﬁ’: PoE——

b
sat Sres

where Serf — effective degree of water saturation of the porous medium by the solution.
The actual filtration coefficient is determined by the formula

k(S) = ksat krel (8)1

where ksat — filtration coefficient of the porous medium in its fully saturated liquid state.

The adopted model allows taking into account change of filtration coefficient of pelletized ore
depending on degree of its water saturation that will considerably increase reliability of forecast of
filtration processes development in the zone of full and incomplete water saturation. When perfor-
ming filtration calculations, it is assumed that the filtration coefficient is determined by granulometric
composition taking into account the large inclusions. Filtration model parameters of incompletely
saturated medium are determined for particle size distribution from 0.002-0.25 m. Parameters of fil-
tration model are summarized in Table and for pelletized ore are represented as patterns of negative
pore pressure and filtration coefficient change with the degree of water saturation (Fig.3).
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Fig.3. Dependencies of negative pore pressure (a) and filtration coefficient (b) change on water saturation index
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Parameters of the Van Genuchten — Mualem filtration model

Material ksat, m/day | Sres Ssat | Ga, 1/m | gn Oc o]

Pelletized ore 2.35 0139 | 1.0 124 |228|-056| 0.5
Gravel layer 7.0 0.105| 1.0 145 |2.68|-062| 0.5
Sandy layer 35 0.105| 1.0 145 |2.68|-0.62| 0.5

The numerical model was calibrated based on the results of filtration tests obtained on the bench-
top equipment. During creation of the filtration numerical model, the main stages of the experiment,
including initial water saturation of the pelletized ore, as well as subsequent stages of fluid filtration
through the porous space, were taken into account. The numerical model geometrically repeated the
physical model: pellet ore layer thickness 70 cm; drainage layer thickness 30 cm; cross- sectional
dimensions 0.45x0.45. While performing model calibration it was accepted that irrigation intensity
is 300 I/(m?-dai). The calculations show that saturation of pelletized ore occurs in 17 h, which generally
corresponds to the data obtained by physical modeling. After full water saturation, the rate of fluid
filtration through the porous medium is 20 min, which was also observed in the experiment. The
moisture content of pelletized ore reaches 0.32, which corresponds to water saturation of 76 %. Based
on the calculations performed, the filtration characteristics of the pelletized ore were calibrated.

The resulting parameters of the pelletized ore filtration model are adopted for parametric studies
of solution saturation of the porous ore space.

Discussion of results. The laboratory studies to determine the filtration characteristics of the
stack rocks (Fig.4, a) obtained at different size classes of pelletized ore have provided patterns of
change in filtration characteristics with depth. The dependencies for the two ore grades are of the
same nature. As can be seen from the presented patterns, filtration coefficient decreases as ore density
increases and its porosity decreases, which is characteristic of porous media. It should be noted that
the absolute values of the filtration coefficient are significantly different. Thus, the initial value of
filtration coefficient of pelletized ore with the size class —20 is 3.1 m/day, while with the size class
125 the value of filtration coefficient is 50 m/day. That is, the studied ore size class has a significant
impact on the filtration coefficient value and to a lesser extent affects the character of its change under
the load.

a Filtration Coef'ﬁcieﬂtY m/day b Filtration Coefﬁcient, m/day
0 20 40 60 0.01 0.1 1 10 100 1000
0 0
° [ ]
= 4 e
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= 12 ]
i
L
15
16 ®
]
[ ]
20 20
Size class —20 ® Well 1 Well 2
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Fig.4. Regularities of changes in filtration characteristics as a function of its degree of compaction
and selection of granulometric composition, obtained inlaboratory conditions (a), and the results of determining changes
in filtration coefficients by well depth according to field test data (b)
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Fig.5. Self-compaction of ore material under irrigation

The study of the filtration characteristics of the stack rocks on the bench equipment (Fig.5)
showed that the first stage of the laboratory experiment simulated the water saturation phase of
700 mm high ore material without compaction. The time for partial water saturation of the material
was 18 h at an irrigation rate of 2.5/3.5 I/h, i.e. during this period water passed to the drainage layer.
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The ore material was further irrigated with the set intensity in order to complete water saturation.
In the process of water saturation, the ore material settled by 5 c¢cm, which amounts to 7 %.
At the second stage of the experiment, additional irrigation was carried out on ore, which was already
completely water saturated (65 cm). Under water supply with an intensity of 12 I/h the ore started to
give up water after 10 min, and after 43 min from the beginning of irrigation reached an intensity of
12 I/h. Thus, the filtration coefficient of the material was 2 m/day. It was noticed that water solutions
wash out the channels in the body of ore material and water mainly escapes through washouts. The
pellet cannot withstand the flowing watering and collapses, so the channels in the body of the ore
material are composed of primary rocks. At the third stage of the experiment, the water- saturated ore
material was completely flooded with water for 1 h (with 66.5 | supplied and 64 | out). This experi-
ment simulated the rise of solutions above the drainage layer. During the experiment, significant de-
struction of ore pellets was observed when they were flooded.

The field test data have shown (see Fig.4, b) that the filtration coefficient varies over a wide
range (depending on the location of the test area) but that the filtration coefficient rarely falls below
2 m/day. Generally, the filtration coefficient varies between 2 and 10 m/day. In some local areas, the
filtration coefficient value falls well below 2 m/day, but it is difficult to relate this drop in filtration
characteristics to the general compaction of the stack rock, it is possibly related to the peculiarities of
the heap leaching stack formation. Interestingly, the depth of the pelletized ores has little effect on
the average filtration characteristics of these ores.

In order to assess the influence of filtration characteristics of the medium on the formation of an
area of incompletely water-saturated rocks, a number of calculations were carried out where the value
of the filtration coefficient varied in the range from 2 to 20 m/day. In the calculations, the minimum
values of the filtration coefficient were taken without considering its change in plan at each depth
interval investigated based on the results of the test-filtration works.

The characteristics of the incompletely water-saturated model were taken from large-scale
laboratory studies. For the actual particle size distribution of the pelletized ore, patterns of change in
the degree of water saturation of the stack rocks depending on the intensity of solution pouring were
obtained. The boundary value of water saturation degree was taken as 0.8. At values above 0.8, as
shown in laboratory tests, the mechanical characteristics of the rocks begin to decline sharply due to
solution saturation, this water saturation of the ores is assumed to be extreme.
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Fig.6. The regularities of changes in the degree of water saturation of HL stack depending on the filtration coefficient (a)
and irrigation intensity (b) of HL stack at a given value of irrigation intensity (0.2, 0.3, 0.4, 0.5 m?/day)
and ore filtration coefficient (1, 2, 5, 10, 15, 20 m/day);
the dashed line (limiting value) — the maximum value of water saturation of HL stack rocks
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On the basis of the performed calculations for the accepted filtration parameters of pelletized
ores the regularities of change of a maximum degree of water saturation of rocks of a stack from
a factor of filtration (Fig.6, a) and intensity of irrigation (Fig.6, b) have been received. The results
show that as the filtration coefficient increases, the degree of water saturation of the stack rocks
decreases, which allows to increase the intensity of irrigation of the stack surface with solutions.
Thus, at filtration factor of 5 m/day the irrigation intensity can be increased up to 0.5 m®h
(500 | of solution per 1 m?), at 4 m/day — up to 0.4 m*/day, at 2 m/day irrigation intensity should not
exceed 0.3 m®/day. According to the results of calculations the limiting values of intensity of irri-
gation of rocks at which inside the stack the water-bearing horizon will not form, and mechanical
characteristics of rocks of a stack change in admissible limits are received. The limit value of water
saturation of the stack rocks can lead to a sharp change in its mechanical characteristics.

The consideration of possible variation of filtration characteristics depending on actual particle

size distribution of pelletized ore has shown that the value of limiting values of irrigation intensity
varies within 20 %. It can be noted that the actual distribution pattern of filtration characteristics of
HL stack rocks is more favourable in relation to the data obtained on the basis of laboratory studies,
which allows to potentially increase the intensity of solution irrigation of rocks.

The proposed method of forecasting filtration processes in the heap leaching stack, based on
determining filtration indices of the environment according to large-scale laboratory studies on bench
equipment and their variability along the stack depth based on field tests, allows to qualitatively in-
crease the reliability of the results of filtration rate calculations, determination of allowable irrigation
intensity and possibility of aquifer formation inside the stack body. Subsequent studies will focus on
a more detailed study of the segregation of pelletized ores within the heap leaching pile body and the
impact of the deviations of filtration characteristics, recorded by field test data, from the average
value on the indicators under investigation.

Conclusion. The paper presents the results of laboratory, field and indirect (based on particle
size distribution) methods for determining filtration characteristics of ores. An analysis of methods
for determining filtration parameters of pelleted sandy-clay ores at the experimental heap leaching
site in the Kuranakh gold mining cluster is performed. It has been established that the design parame-
ters characterising the filtration capacity of the ore stack can be guided by the particle size distribution
composition of the pelletized ores.

The methods for laboratory determination of the filtration coefficient imply a state of complete
water saturation of the material, which should not occur during operation in heap leaching plots.
In this regard, it is necessary to perform simulation of the ore irrigation process on stands, which will
also allow to select the optimal irrigation intensity.

The most reliable information about the filtration coefficient value can be obtained by per-
forming pilot filtration works at the pilot stack dumping area. The difference in the design and
actual filtration values is due to the segregation of the composition during the formation of the
ore stack.

The process of material segregation leads to the formation of a heterogeneous structure of the
ore stack with zones of sharply different granulometric composition, which directly affects the ani-
sotropy of the massif in terms of the filtration coefficient. This results in the formation of areas com-
posed of the finest fractions, which are subjected to solution soaking and form, during compaction,
zones with the filtration coefficient characteristic of clayey soils. These poorly permeable areas affect
the movement of solutions in the stack and can affect the reduction of gold recovery.

Numerical modelling of filtration processes in the ore stack allows to take into account filtration
heterogeneity of the massif and to determine the most effective parameters of heap leach operating
modes.
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