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Abstract: The recovery of gold by ore leaching is influenced by the size of the particles and the
chemical environment. The effect of particle size on the dissolution of gold is usually studied using
mono-size particles as the gold in solution comes from the ore of a unique leached particle size.
This paper proposes a method to estimate the gold dissolution as a function of particle size using a
bulk ore sample, i.e., with the dissolved gold coming from the various sizes of particles carried by the
ore. The results are consistent with the fact that gold dissolution increases with the decreasing particle
size but results also indicate that gold dissolution of the ore within a size interval is not significantly
affected by the grinding time used for the ore size reduction. Results also show a good dissolution of
the gold contained in the fine-size fractions without oxidation and lead nitrate pre-treatment for an
ore that is known to require such pre-treatment.
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1. Introduction

More than 75% of the gold produced in the world is extracted by the cyanide leaching of gold ores.
The ore is ground to expose the surface of the gold and the ground material is reacted with cyanide in
oxygen-enriched slurry. Under these conditions gold is dissolved and recovered from the pregnant
solution by adsorption on carbon or cementation on zinc powder [1]. The barren solids are disposed in
tailings ponds or returned as paste fill into underground mines.

The effect of ore particle size on gold recovery is usually studied using mono-size particles and
experimental results indicate that gold recovery increases with the increasing fineness of the grind [2,3].
Other studies report similar results from leaching bulk coarse ore samples without referring to the
individual ore size fractions [4]. The first objective of the paper is to evaluate the dissolution of gold
from various particle size intervals using bulk ground ore samples rather than mono-size particles.
The second objective of the paper is to determine whether the gold contained within a given size
interval responds differently if it belongs to a coarsely or a finely ground ore.

2. Objective and Experimental Procedure

The objective of the test work is first discussed, followed by a description of the ore characteristics
and of the experimental procedure.

2.1. Objective of the Test Work

The objective of the test work is to assess if gold dissolution as a function of particle size can be
assessed from a natural ground ore rather than by using single-size ore particles [2,5]. The second
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objective is to determine if gold dissolution from the ore within a given size interval is affected by the
history of the production of that size interval, i.e., for instance, if the gold within a size fraction, say
0.150/0.106 mm in size, dissolves differently when the size fraction belongs to a coarsely or a finely
ground ore. Such independence may facilitate the development of an integrated grinding-leaching
simulator [6].

2.2. Ore Characteristics

The ore sample used for the tests comes from a gold mine located 80 km north of Amos in Québec,
Canada. The ore composition is given in Table 1. The mine extracts a gold-rich vein-type ore body.
The main gangue minerals are silicates and carbonates. Because of the presence of sulfide minerals,
particularly pyrrhotite, the plant uses an aeration and lead nitrate pre-treatment of the ore before
cyanidation in order to achieve gold recovery above 90% [7].

Table 1. Gold ore composition [7].

Elements Minerals

Au 104g/t Quartz, albite, phogopite  58.5%
Ag 105g/t Calcite, chlinochlore 31.1%

Si 26.0% Pyrite 3.2%
Fe 8.0% Pyrrhotite 0.8%
Al 6.0% Chalcopyrite 0.4%
Ca 4.4% Sphalerite 0.1%

2.3. Experimental Procedure

A 100 kg ore sample was collected from the rod mill feed conveyor of the concentrator, crushed
down to <2.0 mm and split into 4.8 kg samples. Four <2 mm samples are individually dry-ground
for 15 min; four other ones are ground for 35 min and four other samples for 65 min as shown in
Figure 1. The ground samples are kept in a freezer to minimize the oxidation of the sulphides. The size
distributions of the ground products are given in Table 2. A coarse grind is used here to have sufficient
material for measuring the gold content of the ore within the conventional sieves used to characterize
the ore size distribution. The plant uses a finer grind of the ore.

100 kg ore sample ———————p»{ Rotary splitter

v v v '

4.8 kg 4.8 kg 4.8 kg 4.8 kg
h
batc batch batch batch Production of 4 batches Production of 4 batches
+ + + of 4.8 kg: Same testing as of 4.8 kg: Same testing as
Grinding Grinding Grinding Grinding for 15 minute grinding for 15 minute grinding
15 minutes 15 minutes 15 minutes 15 minutes but Wlﬂ.‘ 35. minute but ij 65. minute
grinding grinding
Characterization Leaching 6 Leaching Leaching
of the feed hours 12 hours 24 hours
Solution t,- Solution for Solution for
gold assaying gold assaying gold assaying
Characterization Characterization  Characterization
of the solid of the solid of the solid
reject reject reject

Figure 1. Test procedure for the leaching tests.
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Table 2. Size distributions of the ground samples.

% <0.037 mm % <0.106 mm % <0.212 mm

Grinding Time (min) D80 (mm) (—400 mesh) (=150 mesh) (—65 mesh)

15 0.850 21 26 40
35 0.318 25 33 51
65 0.106 35 49 76

One sample of the four batches ground for a given time is used to characterize the size distribution
of gold in the feed while the three other samples are leached for three different periods of time,
as illustrated in Figure 1. The solids samples from the fresh feed and leached residues are processed
the same way to obtain the chemical composition and the size distribution of the ore as well as the gold
content of the size intervals. The procedure is shown in Figure 2. Each ore sample is divided using
a conventional splitter to extract a 30 g and a 200 g sample. The 30 g sample is fire-assayed for gold.
The 200 g sample is washed onto the 400 mesh (0.038 mm) screen. The +400 mesh is dry-sieved on a
column using the 14, 28, 48, 100 and 400 mesh sieves. The ore from each size interval is fire-assayed for
gold. The —400 mesh from dry sieving is combined with the washed —400 mesh and the composite
material is sampled and assayed for gold. Finally the —400 mesh is wet-sieved on the 635 mesh
(0.020 mm) screen to produce the 0.037/0.020 mm and <0.020 mm fractions that are also assayed for
gold. The cost of assaying all the ore samples is significant and no repetitive tests are conducted as
only the general trends are examined in this paper.

+0.850mm
Pulverization and gold assays

-0.850/0.425 mm
Pulverization and gold assays

-0.425/0.212 mm

Pulverization and gold assays

-0.212/0.106 mm
Pulverization and gold assays

2008 Wet sieved on| +400 mesh
400 mesh

Ore or leached -400 mesh

Dry sieved

-0.106/0.037 mm

Gold assays
Splitter
-400 mesh

- Splitter Gold assays
-400 mesh -400 mesh
30 g sample for -0.037/0.020 mm
gold assays Wet sieved on [ Gold assays

635 mesh | _-0.020mm ,, assays

Figure 2. Preparation of the solids samples for size distribution and assaying.

One of the four samples ground for 15 min is used to characterize the ground ore while the three
remaining samples are leached for 6, 12 and 24 h. The same procedure is used for the samples ground
for 35 and 65 min (see Figure 1). Leaching is conducted in a covered 6.3 litre reactor equipped with
a water jacket to maintain a constant slurry temperature during leaching. The reactor is shown in
Figure 3. Water losses due to evaporation and sampling of the solution are replaced by additions of
a cyanide solution during a test. The slurry for the leaching is made of 4.7 kg of water and 4.5 kg
of ore (48.9% w solids). The use of 4.5 kg provides sufficient material for assaying gold in the ore
within the coarse size intervals. The agitator is shown in Figure 3. The rotation speed is adjusted to
150 RPM. The reactor is equipped with baffles to produce the turbulent mixing required to ensure
the suspension of the coarsest ore particles; the suspension that can be verified through the Plexiglas
wall of the reactor. The pH is adjusted to 11.7 with lime and the temperature is controlled between
22 and 25 °C. Aeration of the slurry is started and sodium cyanide is added to have 650 ppm total
CN™ in the solution. The cyanide concentration of the solution is regularly measured by titration and
maintained at the target by cyanide additions. Dissolved oxygen is continuously monitored with a
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probe immersed in the slurry and remains constant at 8 ppm during the leaching tests. The dispersion
of air in the reactor charged with water is shown in Figure 3.

Figure 3. Reactor used for the cyanide leaching of the samples.

At the end of the leaching, a sample of the solution is taken prior to stopping the agitator.
The collected solution is filtered and assayed for gold. The solid residues are filtered, re-pulped with
fresh water and filtered again to ensure a complete removal of dissolved gold from the leached ore.
The solids residues are sieved and assayed following the procedure shown in Figure 2.

3. Analysis of the Results

The raw and mass-balanced data obtained from one test are presented as an example of the
preliminary data-processing stage. The global gold dissolution is firstly assessed and then followed by
the evaluation of the gold dissolution as a function of the particle size.

3.1. Measurements

An example of the measurements obtained following the test procedure is shown in Table 3.
The standard deviations of the measurements are calculated using the equation for the fundamental
error from sampling gold [8] as well as the assaying reproducibility provided by the laboratory.
The measured gold content of the solution and leached solids residues are used to calculate the gold
content of the feed sample from the leaching. While the calculated values should be equal, differences
are observed for the four samples. Indeed, the measured gold content of the ore is 12.38 g/t compared
to calculated values of 12.05, 12.64 and 11.44 g/t for the leached ore. The deviations come from many
sources such as the division into 4.8 kg batches [9], the sampling for the ore for the chemical assays
and the assaying of the solution. The measurement of the gold content in the ore is particularly
sensitive to the fundamental error of sampling heterogeneous materials [9]. Such critical comparison
of measurements is possible because redundant data is collected during a test. Data redundancy is
also created by assaying the bulk ore and the size fractions as shown in Table 3. The measured and
calculated solids composition for a solids sample should be the same while deviations are observed
between each solids sample. Redundancy also exists for the <0.038 mm that is assayed as well as the
0.038/0.020 mm and <0.020 mm size fractions from which it is possible to recalculate the gold content
of the <0.038 mm fraction. However, in this case the measured and calculated values are close because
the sampling of fine particles for gold assaying is less sensitive to sampling errors [9]. The importance
of the measurement errors is also observed for the gold assays in the coarse size intervals. For instance,
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the gold content in the 0.850/0.425 mm size interval is 11.54 g/t in the feed compared to 14.52 g/t after
6 h of leaching, which is physically not possible unless gold could be transferred from other sizes of
intervals. A similar behavior is observed for the same size interval in the 12 and 24 h leaching results.
Such a behaviour can only be observed by collecting redundant data which allows us to highlight the
importance of the measurement errors for the processing of gold ore samples. These problems are not
detectable while testing with mono-size feed samples. The data of Table 3 highlights the difficulty of
obtaining reproducible results while testing metallurgical gold samples.

Table 3. Measurements obtained from the 35 min grinding samples (Meas. = Measurement;
Std = Standard deviation).

Retained % Non Leached 6 h Leach 12 h Leach 24 h Leach
Material Note Augh  Augh  Augh  Augh

Meas. Std Meas. Std Meas. Std Meas. Std Meas. Std
Calculated Feed a - - 12.38 - 1205 160 1264 170 1143 1.60
Solution - - - 0.00 - 3.66 0.35 5.25 0.52 5.42 0.55
Measured Head (solids) - - - 12.38  1.65 8.23 0.85 7.16 0.81 5.77 0.65

Calculated Head (solids) b - - 13.26 - 8.67 - 5.99 - 6.25 -
+0.850 mm - 1.0 0.2 0.41 0.14 0.47 0.16 0.55 0.19 1.29 0.45
0.850/0.425 mm - 8.5 1.2 1154 231 1452 290 5.67 113 1449 290
0.425/0.212 mm - 215 0.6 11.64 175 8.78 1.32 5.80 0.87 5.67 0.85
0.212/0.106 mm - 181 05 1875 1.88 13.16 132 11.02 1.10 1131 1.13
0.106/0.037 mm - 182 05 21.05 168 1427 114 1072 0.86 9.30 0.74
0.037/0.020 mm - 8.6 0.4 1490 0.75 5.92 0.30 4.04 0.20 2.58 0.13
—0.020 mm - 241 12 4.10 0.16 0.58 0.02 0.32 0.01 0.22 0.01
Measured —0.037 mm - - - 6.65 0.33 2.00 0.10 1.10 0.06 0.71 0.04

Calculated —0.037 mm c - - 7.37 - 2.02 - 1.25 - 0.77 -

a: Calculated using the reject assays and the measured gold content of the solution. b: Calculated using the
gold contents of the size intervals. c: Calculated using the 0.037/0.020 mm and —0.020 mm gold assays.

The measured size distributions and gold assays are balanced [10] in order to have data
that verifies gold mass conservation between the ore sample, the size intervals and the solution.
The data reconciliation procedure estimates gold assays in the solids and solution that verify the mass
conservation but also minimize a weighted least squares criterion of the distance between the estimated
and measured values. The inverses of the measurement standard deviations as given in Table 3 are
used as the weighting factors in the data reconciliation criterion. The measured and reconciled data for
the tests conducted on the samples ground for 35 min are presented in Table 4. The main advantage
of using reconciled data for subsequent analysis is related to the fact that the reconciled estimates
are coherent so it is not required to select which measurements should be used to calculate the gold
dissolution. This can be readily verified with the data of Table 4.

The reconciled assays of Table 4 are close to the measured values for most of the head samples,
solution and size intervals. The reconciled gold content of the four feed samples are close, although
different, despite the samples coming from the same 100 kg sample (see Figure 1). These differences
are physically possible considering that the feed and the 6, 12 and 24 h leaching products come from
different batches of a given ore sample and that the division into batches may lead to significant
differences in the gold composition of the tested batches [9]. Some significant deviations are observed
for the 0.425/0.212 mm and —0.037 mm size fractions in the 6 h leaching products but these adjustments
are not significant to question of the quality of the assays. However, the data reconciliation does not
correct the anomalies previously reported for the gold content in the 0.850/0.425 mm size fraction
in the feed sample that is 11.36 g/t but increases to 14.29 g/t after 6 h of leaching. These anomalies
are not observed for the finer size intervals, probably due to the fact that the sampling error is less
important for the fine particles.
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Table 4. Raw and mass-balanced data for the tests using the 35 min grinding samples (Obs. = Measured
value; Rec. = Reconciled value).

Ore Gold Content (g/t)

Material Retained Oh 6h 12h 24 h
Obs. Rec. Obs. Rec. Obs. Rec. Obs. Rec. Obs. Rec
Feed Sample - - - 12.63 - 11.74 - 11.40 - 11.74
Solution - - 0.00 0.00 3.66 3.64 5.25 5.21 5.42 5.37
Residues - - 12.38 12.63 8.23 7.94 7.16 5.96 5.77 6.13
+0.850 mm 1.0 0.9 0.41 0.41 0.47 0.47 0.55 0.55 1.29 1.29
0.850/0.425 mm 8.5 7.6 1154 1136 1452 1429 5.67 5,66 1449 14.13
0.425/0.212mm  21.5 213 1164 1131 878 6.39 5.80 5.77 5.67 5.52
0.212/0.106 mm  18.1 179 1875 1849 1316 1291 11.02 1097 1131 10.92
0.106/0.037 mm  18.2 179 21.05 2095 1427 14.15 1072 10.71 9.30 9.22
0.037/0.020 mm 8.6 8.2 1490 1489 592 5.94 4.04 4.01 2.58 2.50
—0.020 mm 24.1 26.2 4.10 4.09 0.58 0.59 0.32 0.32 0.22 0.22
—0.037 mm - - 6.65 6.66 2.00 1.86 1.10 1.19 0.71 0.76

The reconciled gold contents are used to calculate the gold dissolution presented in the following
discussion. The standard deviations of the gold dissolution are estimated using an error propagation
algorithm [11]. The procedure implies generating fictitious measurements that belong to the probability
distribution of the actual measurements and processing them with the data reconciliation algorithm.
By repeating the generation and data reconciliation procedures it is possible to obtain sufficient data to
calculate the standard deviation of the gold dissolutions calculated from the reconciled assays.

3.2. Global Gold Dissolution

The estimated gold dissolutions are given in Table 5. The gold dissolutions are low compared
to what is observed in the plant (>90%) due to the coarse size distributions used for the tests and the
absence of pre-treatment with air and lead nitrate [7]. However, as indicated earlier, the purpose of the
study is not to optimize gold recovery but to assess if gold dissolution in a size interval varies if the size
interval is produced from a finely ground ore or a coarser one. The main effect of the ore size reduction
is observed for the gold extraction after 6 h of leaching. The low recovery observed following the 24 h
leaching of the ore ground for 35 min is attributed to the higher pH of 12.2 compared to the target of
11.7 due to a control problem at the beginning of one leaching test [10]. The relative standard deviation
for the gold dissolution varies between 10% and 15%. The least reproducible estimates are observed
for the dissolution values close to 50% and this behaviour is also observed for mineral processing
separators [11].

Table 5. Gold dissolutions and calculated standard deviations for the 12 leaching tests
(Std = Standard deviation).

Grinding Feed 6 h Leaching 12 h Leaching 24 h Leaching
Time (min)  “°*® o Dissolved Std % Dissolved Std % Dissolved  Std
15 0.0 26.3 2.7 475 53 50.8 5.5
35 0.0 32.4 3.4 47.7 5.1 47.8 4.8
65 0.0 45.8 5.1 46.8 5.2 64.5 5.1
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3.3. Gold Dissolution as a Function of Particle Size

An estimate of the gold dissolution within size interval i after a leaching time ¢;, is calculated from
the mass-balanced data [10] using;:

o Raui(f)
Ri(t) =1~ Zau (0) 1)

The reconciled gold contents of size interval i in the feed sample and leached ore for a time ¢; are
respectively noted £ 4, (0) and £ 4,,,; (t1.). The dissolution of gold calculated using Equation (1) does
not account for the gold transfer from coarser particle sizes to finer ones by abrasion during leaching.
The calculated size-dependent gold dissolutions are presented in Figure 4 as a function of particle size
for the three considered grinding and leaching times.

100 100
§ 6 hour leaching i
- 80 T i ® 15 min grinding i - 80 [ ]
9 M 35 min grinding é’
2 60 é A 65 min grinding 2 60 Py I
) )
: A
z i =
o 40 T o 40 ——
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()

Figure 4. Gold dissolved as a function of particle size and leaching time: (a) 15 min grinding; (b) 35 min

grinding; (c) 65 min grinding.

Results of Figure 4 show that gold dissolution increases with a decreasing particle size. An average
particle size of 0.015 mm is given to the <0.020 mm (—635 mesh) size fraction. These results are
consistent with results reported by other authors [5] who assessed gold dissolution using mono-size
samples. There is no systematic behaviour in Figure 4 that could provide grounds to consider that the
production history of a size class of particles influences the gold dissolution within this size interval.
In other words, the fact that a size fraction is produced from 15, 35 or 65 min grinding does not seem to
lead to a systematic behaviour in the dissolution of gold from that size fraction. Indeed, the variation
of the gold dissolution from a given particle size is within the experimental error defined by the error
bracket in Figure 4. These brackets are calculated using the error propagation method described above.
The uncertainty on the estimated gold dissolution becomes wider with the increasing particle size as
the measurement of the gold content becomes less reproducible due to sampling error [8]. The fact
that the rate of gold dissolution in a size interval is independent of that size interval is information
that can be helpful for the development of an integrated grinding and gold leaching simulator. Indeed,
since that is within the experimental error, results do not show that the intensity of grinding influences
the recovery of gold from a particle size interval, and one can use a grinding simulator to predict the
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ore size distribution and simulate gold dissolution using a given set of leaching rate parameters for
each size interval.

The good dissolution observed for the fine size intervals (0.037/0.020 and —0.020 mm) contrasts
with the overall gold dissolution. The gold dissolution for these size intervals is above 90% and
this result is obtained despite the absence of the oxidation/lead nitrate pre-treatment recommended
for the studied ore [7]. This observation may be related to the large contact surface associated
with the fine particle size which is favorable to a rapid dissolution of the fine gold, preventing,
for instance, a passivation of the surface of the gold grains. This result may indicate that the effect of
the pre-treatment could be size-dependent which would be worth studying and may suggest the use
of a separated treatment of fine and coarse particles [12].

4. Conclusions

An experimental procedure is proposed to estimate the gold dissolution from ore within different
size intervals using leaching tests carried out with bulk ore rather than mono-size ore samples.
The procedure significantly reduces the experimental test work, but requires assaying of several
samples and leads to results sensitive to sampling errors, particularly in the case of gold ore. The use of
a bulk ore rather than mono-size particles eliminates the uncertainties concerning possible interactions
between particles of different sizes during leaching. Results show that gold dissolution increases
with the decreasing ore particle size, with an important gap between the +0.037 and —0.037 mm size
fractions. Finally, it is not possible, within the experimental error, to conclude that gold dissolution
within a size interval is affected by the fact that ore from the size interval is taken from a finely or
coarsely ground ore sample.
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