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Abstract: Mercury is a highly toxic pollutant that can negatively affect human health and the

environment; informal mining is one of the main sources of anthropogenic mercury release due

to the separation or concentration by amalgamation that is still used to recover gold directly from

ore. In the Nambija mining district, there is still informal mining based on practically no technical

knowledge, which uses amalgamation as a processing technique for gold recovery. The production

tasks that directly affect the handling of mercury during the in situ grinding-amalgamation process

are monitored here. Experimental grinding tests were initially carried out in a “chancha” bar mill

for a range of ore sizes and as a function of time; then, experimental tests were performed at the

macro-level on grinding cycles in Chilean mills. Considering the characteristics of the ore mineral

and the operation of the Chilean mills, it was determined that it is possible to reduce the Hg input

to mill by up to 20% (at source). Experimental grinding—amalgamation tests were carried out at

different times along with a grain size analysis of the ore; the recovery establishes the grinding time

and the fraction in which the gold is extracted in a greater proportion, which affects the control of the

check for amalgamation times. The mercury dosage used by the miners in the amalgamation process should be

. reduced, considering trials where there is better gold recovery and with the purpose of also reducing

Citation: GonZéleZ_VéSquez’_ R mercury losses; eventually, it is possible to jointly achieve an increase in gold recovery.
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world [1], where it is considered as important an economic sector as large-scale mining [2].

Received: 26 July 2023 It is estimated that more than 10 million people, including women and children, are directly
Revised: 23 October 2023 involved in this activity. In addition, it produces about 10%-15% of the world’s total gold
Accepted: 23 October 2023 (Au) [3,4], making it one of the most important sources of metallic minerals on the planet [5].
Published: 31 October 2023 Studies have shown that this activity is economically important for rural communities and

reducing poverty [6]. The informal mining practice of amalgamation, as determined by
Ecuadorian legislation [7,8], is the predominant method of extracting Au [9]. Amalgamation

is one of the oldest processes used in gold recovery [10]. Mercury is a nonessential and toxic
element that occurs in nature in three forms: inorganic compounds, organic compounds,
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recovery, but also an increase in the use of Hg in mineral processing, mainly in informal
mining activities [17]. This is of concern in Ecuador, where, despite the use of Hg having
been banned since 2015, it continues to be released into the environment via the process
of gold extraction in artisanal mining, harming human health and ecosystems [18,19]. In
certain mining operations, some progress has been made on the ground as Hg, which was
previously extracted in the open air, can now be recovered using simple and economical
retorts [7]. Retorts are devices that capture Hg vapor before it is emitted to the atmosphere
during amalgamation and decomposition [20]. Although this process is of great help to
recover Hg, losses during amalgamation and in tailings in more than 70 artisanal mining
countries amount to 2000 t/a of Hg [21,22].

However, the negative effects of informal mining are not always attributable to poor
technical practices, but sometimes to the socioeconomic circumstances of the miners [23].
Therefore, a very important aspect that even large-scale mining companies take into consid-
eration is the degree of mineral liberation. Mineral liberation is one of the most important
objectives of the grinding process [24]. Inefficient grinding can result in poor gold liberation.
When mercury is added to the grinding circuit, mercury is pulverized (floured), losing its
capacity to amalgamate free particles of gold. Most artisanal miners do not take this into
consideration and add mercury into ball mills for whole-ore amalgamation, making this
the most significant source of mercury pollution globally.

The Nambija mining district is, together with Portovelo and Ponce Enriquez, one of
the three areas where subway gold mining is centered [25]. Most of the Au is extracted by
the amalgamation method [26]. Currently, several Au deposits continue to be exploited by
informal mining operations [27].

The method primarily used for gold extraction in the mining area of Nambija is amal-
gamation. The equipment generally used are: (1) bar mills (amalgamation), or “chanchas”,
that work in an open circuit and can process up to 55 kg of ore per grinding-amalgamation
cycle (usually 2 h depending on the ore fed); and (2) Chilean mills or “trapiche” that work
in an open circuit. The processing starts with the crushing of the ore up to & 2 cm, then this
is fed to the Chilean mills manually. At the beginning of the milling, 454 g (1 Ib) of Hg is
added, and it is fed 454 g of Hg/day until the completion of the milling cycle, which is
generally 8 days. In some cases, the choices of mills, grinding times, and Hg feeding are
made arbitrarily and/or depending on the miller’s experience.

The objective of this article is the reduction of Hg use and the consequent reduction
of Hg losses in the amalgamation process as a mitigation measure to limit its use and
consumption; it is clear that the ideal is to not use mercury at all, but while this happens, it
should be used responsibly. However, it should be taken into consideration how inefficient
and polluting the amalgamation process is and the senselessness of amalgamating all the
ore in an open circuit, as well as the low mineral recovery (Au) even if grinding times are
adjusted. In conclusion, more efficient and environmentally friendly alternatives for gold
recovery should be sought and implemented.

The results of this research are viable and can have a positive impact on the reduction
of mercury release in the mining area, so they could be replicated in other settlements
where this type of mining is carried out.

2. Materials and Methods
2.1. Study Area

The Nambija mining district is located in the southeastern region of Ecuador, 25 km
from the city of Zamora, in the parish of San Carlos de las Minas on the western flank
of the Nanguipa mountain range (Figure 1). It comprises the northern and southern
condominiums of a 69-hectare mining concession legally granted by the Ecuadorian state.
The terrain is rugged, with altitudes varying between 1500 and 2100 m above sea level.
The climate is typical of the inter-Andean region, with temperatures ranging between 18
and 24 °C and annual rainfall between 200 and 300 mm. The main economic activity in
Nambija is mining [28]. However, informal mining activities, a lack of technical guidance in
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operations [27], and the rudimentary processes used for Au extraction [29] have resulted in
large amounts of waste and tailings throughout the surrounding sector. Mining wastewater
laden with a high content of heavy metals and the emission of mercury into the environment
have altered the quality and physicochemical properties of the soil and water.

Nambija is geologically constituted by marine sedimentary formations of the Mesozoic
age intruded by the Zamora batholith; it is considered a Skarn-type deposit. The gold-
bearing mineral contains almost exclusively native gold with granulometries ranging
between 60 and 120 mesh; it is mineralogically associated with quartz, is quite pure, and
can reach a grade of 94%.
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Figure 1. Location of the study area and location of the sampling sites in the mining district of Nambija.

2.2. Sampling and Data Analysis

Ten sampling points were established in the study area to collect ore (Figure 1). The
ore sample consisted of 10 subsamples of approximately 45 kg each.

The objective of the sampling was to achieve homogeneity of the ore processed in the
mining area. For the tests, sampling was carried out at 8 mining fronts and in 2 old rock
dumps (ore with lower grades) that were being worked by the miners in the area at the time.
A total of 450 kg of samples were collected. The subsamples collected at the mining faces,
which were used to obtain the representative sample, were taken from the accumulated
crushed mineral stock from the hoppers (stockpile). Likewise, the subsamples collected in
the dumps were crushed until a fraction of & £ 1 cm was obtained. The sampling method
used was Chip Sampling, which is commonly used for ore-grade control in productive
mines [30]. The representative sample was disaggregated, homogenized, and quartered
before analysis, resulting in eight samples of 55 kg each (S#1, S#2, S#3, S#4, S#5, S#6, S#7,
and S#8). The samples were analyzed at the Chemical Metallurgical Laboratory JV Metals,
located in El Pache, Portovelo, Ecuador. The method used to determine the head grade
(feet) of the mineral sample was the Fire Assay [31]. This method consists of melting the
sample with reagents and fluxes to detect metals such as gold and silver. It is one of the
most widely used techniques in Au prospecting worldwide [32-34].
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2.3. Determination of the Adequate Grinding Mesh Size

The characterization of the degree of liberation of the mineral of interest as a function
of particle size is a key variable [35] that helps to determine the adequate grinding size to
obtain higher gold recovery [36]. The amalgamation tests were conducted in a 1.30 m long
octagonal (metal) rod mill with a total capacity of 0.297 m® and a speed of 70 rpm. This mill,
commonly called a “chancha” or amalgamating cylinder because it is used to perform the
amalgamation process, is a device that uses steel bars to reduce the size of the minerals [37].
It works by the impact and friction that occurs between the bars against the particles of
the material to be fractionated. The standard and constant technical parameters during the
tests to ensure the proper operation of the mill were a circulating load of 55 kg of sample, a
grinding load of 120 kg of bars, a pulp solid-to-liquid ratio of 1/1, a mercury addition of 1
Ib (454 g), and a bar of brown sugar. Brown sugar is an additive used to improve amalgam
formation by keeping Hg coalescence, avoiding the formation of fine droplets. Once the
amalgamation process was completed, the amalgam was separated from the pulp by
washing. The adequate particle size was determined through the grinding/amalgamation
process for samples S#1, S#2, S#3, S#4, and S#5. Samples S#1, S#2, S#3, and S#4 were
subjected to 80, 100, 120, and 140 min of grinding, respectively. Subsequently, test 5 was
replicated and subjected to the grinding time where the highest Au recovery of the first 4
tests was obtained (sample S#3), in order to validate the results. Next, 250 g samples were
taken from the tailings after the mineral concentration of each grinding test to perform
dry and wet particle size tests using the Chip Sampling method. This method consists of
taking material from geometrically distributed points in the mineral mass, either linearly
or forming a regular mesh in two dimensions [38]. The particle size curve was performed
using the Gates—-Gaudin-Schuhmann (G-G-S) distribution function, taking into account the
total weight and the retained weight. This function describes the particle size distributions
by comparing the values of the cumulative passing percentage with the mesh opening [39].
The mesh sizes used for the particle size curve were #10 (2000 pm), #18 (1000 pm), #35
(500 pum), #60 (250 um), #120 (125 um), #230 (63 um), #325 (45 wum), and #400 (37 um).
The particle size distribution curve made it possible to visualize the homogeneous or
heterogeneous tendency of the grain sizes (diameters) of the particles. Based on the results
obtained in each test, the ore grade of each test was calculated. Finally, the head grade and
tailings grade were balanced and analyzed. The valid head grade (grade of the ore coming
from the mine and entering the plant) of the ore sample was 7.34 g Au/t.

2.4. Reducing Mercury Inputs

To determine the adequate mercury input, the amount of Hg used by the miners was
taken as an initial reference. Thus, samples S#3 and S#5 (samples with better Au recovery)
were fed with 454 g of mercury (100%), while samples S#6 and S#7 were tested to reduce the
Hg fed and received 340.5 g (75%) and 227 g (50%), respectively. The standard operating
conditions considered in the previous section were kept constant, with a grinding time of
120 min (more efficient) and the mercury input as a variable parameter. Then, the amount
of Au recovered in the process and the Au present in the tailings were determined in order
to establish the efficiency and to reduce the mercury input for the mineral beneficiation of
the mining area. Finally, S#8 was tested with the input that gave the best results to verify
and validate the results obtained.

2.5. Monitoring the Efficiency of the Gold Amalgamation

As a complementary step, and based on results obtained from previous tests on the
amalgamation mill, a macro-level follow-up of the grinding-amalgamation operations
of the MiningAndos S.A. mineral beneficiation plant, located in the Mapasingue sector
within the Condominio Minero Sur de Nambija, was carried out. The plant consists of two
sections, each with two open-circuit Chilean-type wheel mills. Initially, two mills were
built to process the ore from the sector, which was of high grade at the time. However, due
to the change in mining conditions, the rise in the price of gold, and the variation in grade,
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it was decided to double production by building two more mills to compensate and work
lower-grade ores. A Chilean mill consists of a main shaft with arms that move the wheels
in circles to grind the ore. They apply three effects in their operation: friction, pressure,
and shear. Initially, an 8-day grinding cycle was monitored to observe the processes and
phases of amalgam recovery and the methods and techniques used for mercury recovery.
In addition, the feeding of material (ore) to the mills is performed arbitrarily, when the
mills are unloaded and/or relying on the expertise of the miller. Miners typically add
454 g of mercury to each mill at the start of the operation and continue to add 454 g of
Hg/day until the grinding cycle is complete. Subsequently, tests 2, 3, and 4 were conducted,
based on the initial standard procedure and reducing the daily mercury feed in order. The
constant parameters considered in these tests were: ore feed, constant water flow to the
circuit (solid-liquid ratio), initial Hg input, and daily mercury feed. Amalgam and mercury
recovery processes and techniques were identified to optimize and/or reduce losses. The
main procedures identified for the handling and recovery of mercury were concentration
after the grinding—amalgamation process; during the burning of amalgam in retorts; and in
tailings (panning) and sedimentation tanks.

3. Results and Discussion
3.1. Adequate Grinding Mesh

The grinding size reduction ratio is determined empirically, evaluating at what size a
higher percentage of gold recovery is obtained [40]. The results obtained in the particle size

tests determine the adequate grinding mesh based on the calculated standard deviations
(see Table 1).

Table 1. Results of the particle size distribution tests.

Test Grinding Time (min) d80 (um)
S#1 80 465
S#2 100 240
S#3 120 180
S#4 140 120
S#5 120 180

Tables S1-54 (see the Supplementary Materials) show the results of the grain size
analysis with grinding times of 80, 100, 120, and 140 min for samples S#1, S#2, S#3, and S#4,
respectively. The particle size distribution curves resulting from the four tests (80, 100, 120,
and 140 min) are defined in a semi-logarithmic log-normal graph, where the x-axis shows
the particle size in um and the y-axis shows the accumulated % of mass retained in each
screen size (%Ac(+)); see Figure 2.

The ore sample with a grinding time of 120 min (S#3) has 83.43% of the mass retained
in 400 mesh (37 um) and 99.90% passing 10 mesh (2000 um). The most adequate gold
liberation to allow mercury trapping in the amalgamation process seems to be around
120 mesh (125 um), whereas the % mass accumulated at this grain size is 62.18%, (Table S3
and Figure 2). The grain size analysis resulting from this test indicates that 80% of the
particles (d80) are below 180 um. With this milling time, a higher proportion of gold is
recovered; as can be seen, the yield in this test was 54.25%.

A simple control test of the amalgamation times and the proportion of mercury used
can also reduce losses, together with an increase in gold recovery [41].

For verification and validation of the results obtained, test #5 was carried out, repro-
ducing the test with the parameters with which the best performance was obtained (test #3),
with the same standard operating conditions. The results of the verification test showed
great similarity to those obtained in test #3.

Once the grinding mesh was defined for the Nambija ore, a metallurgical balance test
was performed to determine the gold recovery for each test.
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Figure 2. Grain size analysis of Nambija ore grinding for 120 min (mineral liberation).

Table 2 shows the results of the tests and the balance of the grinding—amalgamation
operation for each test.

Table 2. Gold recovery by amalgamation as a function of grinding time.

.. . Gold Au Lost with Gold

Test Grln;:hr}g)Tlme Gold R(ec;overed Recovered Tailings Extracted
i 8 (g/t) g/t (%)

S#1 80 0.067 1.22 6.12 16.60
S#2 100 0.153 2.78 4.56 37.90
S#3 120 0.219 3.98 3.36 54.25
S#4 140 0.124 2.25 5.09 30.72
S#5 120 0.221 4.02 3.32 54.74

This determines that there is a mineral particle size that liberates gold in a greater
proportion when the grinding time is 120 min (tests S#3 and S#5); with respect to the
mineral grain size d80 = 180 um, the average yield for tests S#3 and S#5 is 54.49%.

In conclusion, the adequate grain size for improving gold amalgamation is 120 mesh,
which corresponds to an accumulated passing Ac (-) % of 62.12% (average of S#3 and S#5
tests), with a 120-min grinding time (Tables S3 and S5).

3.2. Mercury Dosing in the Rod Mill

It is necessary to determine the ratio of mercury/mineral to be used in an adequate
amalgamation time to achieve the least possible contamination [11]. In relation to mercury
input, a balance was established to estimate losses; this consisted of measuring (weighing)
the amount of mercury introduced in the amalgamation process [42]; two additional tests
were conducted to test reducing the amount of mercury used by the miners (S#6 and S#7).
In tests S#3 and S#5, where 454 g (100%) of Hg was fed, the % Au extracted achieved was
54.74%; in test S#6, where 340.5 g (—25%) of Hg was added, this increased to 56.48%; in
the case of test S#7, in which 227 g (—50%) of Hg was added, the yield dropped to 45.33%.
Undoubtedly, it is possible to achieve better performance and reduce the amount of Hg
added by the miners by up to 25%. To corroborate the results obtained, a verification test
(S#8) was performed using the input of the most successful test (S#6), feeding 340.5 g of
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Hg to the cycle. The results in this test showed a % of Au extracted of 57.47%, which is
consistent with that obtained in test S#6 (see Table 3).

Table 3. Mercury (Hg) input and performance.

Grinding Au Gold Lost with Efficienc
Test Time Hg Imput (g)  Recovered Grade Tailings (%) y
(min) (g (g/t (g/t)
S#3 120 454.0 0.219 3.98 3.36 54.25
S#5 120 454.0 0.221 4.02 3.32 54.74
S#6 120 340.5 0.228 4.15 3.19 56.48
S#7 120 227.0 0.183 3.33 4.01 45.33
S#8 120 340.5 0.232 4.22 3.12 57.47

In principle, the results of tests S#6 and S#8 define the mercury (Hg) input that
allows for achieving a better recovery of gold (Au) from the ore; to process the ore in the
mill/amalgamator, 340.5 g of Hg must be fed to each grinding cycle (see Table 2).

3.3. Monitoring and Optimization of the Use of Mercury in the Plant

In relation to the amalgamation grinding process at the beneficiation plant (Miningan-
dos SA), the following parameters were considered: (1) the grinding time required for
processing, (2) the volume of ore processed, and (3) the total mercury fed and recovered at
the end of each operation in the two sections. Initially, the amount of mercury added by
the miners for ore beneficiation in Chilean mills (test 1) was taken as a base; in the same
way, it was tested to replicate three grinding cycles (tests 2, 3, and 4), reducing the mercury
addition by 20%.

Once the grinding-amalgamation cycle is finished, miners remove the amalgam and
excess mercury from the Chilean mills (see Figure 3).

Figure 3. Settlement of the grinding—amalgamation cycle: (a) mineral concentration (mill washing),
(b) traditional amalgam and mercury recovery from tailings.

In order to improve the management of mining activity, and with the objective of
reducing mercury losses while trying to improve gold recovery, actions were implemented.
The strategy was to introduce measures to reduce mercury use without significant changes
in infrastructure and then introduce new equipment to concentrate gold [43]. The following
complementary actions were carried out: (1) A change in the discharge grain size in the
mills, due to the use of an inadequate mesh (#60 mesh); due to the fact that the grain
size with which the best gold recovery is obtained for the ore in the sector is the #120
mesh, a #100 mesh was used to avoid clogging problems. (2) The ore feed to the mill was
regularized every 20 min in order to avoid overgrinding (excess of fine mineral), with
consequent pulverization of the Hg. In the tests, the water flow was kept constant.

The results obtained show that it is possible to reduce the mercury addition to a Chilean
mill by up to 20.00%, which is positive since it allows for reducing mercury consumption
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at the source. Likewise, it is evident that, with the implemented actions, the amount of
mercury recovered at the end of the concentration process increased from 24.20% to 35.63%
(test 2) in Section 1 and from 29.08% (test 1) to 36.48% (test 3) in Section 2 (see Table 4).

Table 4. Mercury recovery from the grinding-amalgamation process.

Section 1
Test Grinding Time Ore Processed Hg Fed Hg Recovered
(h) (Tn) (g (%)
1 157 226 3372.97 24.20
2 160 250 2800.20 35.63
3 154 250 2800.09 35.11
4 157 250 2800.05 33.61
Section 2
1 150 215 3455.38 29.08
2 161 250 2800.15 34.81
3 156 250 2800.07 36.48
4 153 250 2800.13 35.52

Finally, after reducing the mercury addition and consequent loss, the gold extraction
was not affected. This is consistent with what was observed in the bar mill tests. This
means an economic benefit for miners, considering that 1 1b (454 g) of Hg in the mining
area costs around USD 40.

3.3.1. Mercury Distillation in Retort

Mercury distillation using a retort to condense the Hg vapor is widely recommended
to recover mercury from amalgam and thus avoid its dispersion into the environment.
That said, the burning time in the retort used by the miners to evaporate mercury from the
amalgam is 45 min (Test 1).

To improve the process, we tried increasing the retort burn time by 25% (tests 2, 3, and
4); consequently, the tests were followed with a retort burning time of 60 min.

Table 5 shows the results of the percentage of mercury recovered from the amalgam
and the Hg lost and/or not recovered at the end of the distillation process. The variations
in amalgam weights and mercury content are dependent on the amount and type of gold
amalgamated (coarse or fine gold).

Table 5. Mercury recovered from the amalgam.

Section 1
Test Amalgam (g) Au Recovered (%) Hg Recovered (%) Hg Lost (%)
1 1342.36 21.57 88.03 11.97
2 1411.02 28.91 89.23 10.77
3 1274.37 27.85 93.98 6.02
4 1357.94 29.34 93.09 6.91
Section 2
1 1257.21 32.05 93.65 6.35
2 1309.5 29.61 97.5 25
3 1475.64 29.59 97.92 2.08
4 1339.24 31.78 97.34 2.66

The results obtained show that there was an increase in the amount of mercury
recovered when the burning time in the retort was increased to 60 min; the percentage of
unrecovered mercury was reduced from 11.97% (test 1) to 6.02% (test 3) in the best case
in Section 1 and from 6.35% (test 1) to 2.08% (test 3) in the best case in Section 2. The
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increase in mercury recovery with retorts during its decomposition has a positive impact
on the environment and, mainly, on the health of the operators and surrounding people. In
addition, the mercury recovered can also be recycled, saving money for miners.

3.3.2. Recovery of Gold from the Amalgamation and Sedimentation Boxes

In addition, the amalgam and mercury present in the stored tailings from the primary
concentration process are recovered in the sluices and the amalgamation tailings in the
sedimentation box; these processes are carried out to recover the gold that escapes from the
amalgamation process and leaves the mill in the tailings.

To recover gold from the tailings collected in the sluices and sedimentation boxes,
miners rework the tailings in a trough (Figure 4) and then concentrate it with pan or batea.
The panning is one of the processes used to obtain the gold—mercury amalgam. It consists
of separating the amalgam from the finer material by making circular movements in a
convex pot-shaped container [44].

The concentrates retained in fiberglass and/or carpets on the sluices are washed off in
a batea to be panned, concentrating the gold even more. This is performed by miners with
a washing frequency of every 3 h for the first two carpets and every 8 h for all the carpets
(test 1).

Test 1 was analyzed as performed by the miners; likewise, in order to improve recovery
and improve this process, the panning time was readjusted to 0.5 h for the first two carpets
and every 6 h for all the carpets, regularizing the panning (test 2), with the objective of
concentrating more tailings. The implemented measure evidenced, as foreseen, an increase
in the volume of accumulated sand with respect to test 1; similarly, it was performed
with other tests (3 and 4) under the same conditions. However, for the recovery we
tested reworking the accumulated tailings in a generic concentrator (a mini centrifugal
concentrator), where the concentrate was panned to obtain the amalgam and mercury.
This was evident from the increase in the recovery of gold and mercury from the panning
tailings in the two sections (see Table 6).

Table 6. Recovery of amalgam and mercury product from sluices and sedimentation tanks, sections 1
and 2.

Section 1

Test Gold Recovery Hg Recovery Gold Recovery Hg Recovery

(Sluice) (g) (Sluice) (%) (Sand Tank) (g)  (Sand Tank) (%)
1 8.76 10.08 3.17 8.74
2 10.28 12.78 4.53 10.2
3 14.51 11.95 5.21 10.59
4 13.96 13.01 5.38 10.75
Section 2
1 6.41 10.46 4.09 8.53
2 8.59 15.75 5.26 9.13
3 9.16 12.83 6.07 8.57
4 11.87 13.22 7.52 12.18

Likewise, regarding the treatment and recovery of gold and mercury from the primary
concentration tailings (each section has a storage tank), we proceeded in a similar way
as with the tailings from the amalgamation tailings. The tailing storage tanks are used
as a last alternative to recover the gold not trapped by the mercury. As in the previous
case, these tailings were processed in the mini centrifugal concentrator, and the concentrate
was panned.

Similarly, the results are consistent with what was observed when processing the
tailings from the panning, since there was an increase in the recovery of gold (already
amalgamated) and mercury when processing the sand from the sedimentation tanks,
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ranging from 8.74% recovered in test 1 to 10.75% in the best case (test 4) in Section 1 and
from 8.53% (test 1) to 12.18% in the best case (test 4) in Section 2. This increase can be
attributed to the use of the centrifugal concentrator that replaces the manual tilling of the
tailings in a chute.

(a) .
Section 1
4000
3500 3372.97
3000 2800.20 2800.09 2800.05

2343.28

2492.25 2457.02

2472.07

Mercury (g)
= N N
U o (O]
o o o
o o o

1 2 3 4
Assays

mmm Hg fed  mssm Hg recovered  mwmm Hg lost in the process

Linear (Hg recovered)

(b) )
Section 2
4000
3455.38
3500
3000 2800.15 2800.07 2800.13

Mercury (g)
= N N
(9] o (9]
o o o
o o o

2628.87

2560.64 2583.82

1000
500
0
1 2 3 4
Assays

s Hg fed mwm Hg recovered i Hg lost in the process Linear (Hg recovered)

Figure 4. Mercury balances for tests 1, 2, 3, and 4: (a) Section 1; (b) Section 2.

The balances made to the grinding, amalgamation, and concentration cycle in tests 2,
3, and 4 determine a significant increase in amalgam and mercury recovered; it is evident
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that mercury losses are reduced with respect to the initial tests in each section, which has a
positive impact on the optimization of concentration and mineral use.

In general, Table 7 summarizes the total percentage of mercury recovered and lost;
mercury losses were reduced from the initial test (test 1) in the two sections.

Table 7. Balance of recovery and mercury losses of the grinding-amalgamation tests.

Section 1
Total Hg Recovered Total Hg Lost in
Test from the Process Heg Rfoc/o)vered the Process Hg Lost %
® ’ ®
1 2343.28 69.47 1029.69 30.53
2 2492.25 89.00 307.95 11.00
3 2457.02 87.75 343.07 12.25
4 2472.07 88.29 327.98 11.71
Section 2
1 2435.62 70.49 1019.76 29.51
2 2560.64 91.45 239.51 8.55
3 2628.87 93.89 171.20 6.11
4 2583.82 92.28 216.31 7.72

In summary, the results obtained indicate that there was a significant increase in the
mercury recovered in the amalgamation process compared to that recovered in test 1 (input
used by the miners), ranging from 87.75% to 89.00% in Section 1 and from 91.45% to 93.89%
in Section 2 (Figure 4). The differences and fluctuations in the results of tests 2, 3, and 4 are
a possible consequence of the operation and/or ore feed of each mill (involving stoppages
for maintenance, which explains why some process more mineral than others).

4. Conclusions

The results of the grain size tests and mineral recovery show that the mineral fraction
that liberates Au in greater proportion occurs when 62.12% of the material passes the
#120 mesh (125 pm), achieved with a grinding time of 120 min in an amalgamating mill
(“chancha”). Regarding the mercury input for the ore processed, it was determined that the
adequate input to feed a mill/amalgamator is 340.5 g, which allows for a 25% reduction of
the Hg usually fed by the miners in each work cycle, with a gold recovery of 57 & 0.5%.
Likewise, considering the characteristics of the ore mineral and the operation of the Chilean
mills, it was determined that it is possible to reduce the Hg input to each mill by up to 20%
(Hg reduction at the source). When applying this reduction, it was observed that neither
the mineral concentration nor the mill performance was affected, and it is possible to apply
simple and viable alternatives that can improve the operating performance, increase gold
recovery up to 4.68%, and reduce Hg losses in the process by up to 20.36% on average.

The control of amalgamation times and proportion of mercury used can also reduce
losses, together with an increase in gold recovery [43], which implies a greater economic
benefit for miners. However, the inefficiency of the process, the senselessness of amalga-
mating all the ore in an open circuit, the low mineral recovery (Au), and the harmfulness
of amalgamation to the surrounding environment and population should be considered;
therefore, more economical and environmentally friendly alternatives for recovery should
be sought and implemented: grinding the ore, concentrating and amalgamating only a
little at a time (concentrate), or selling it to a cyanidation plant.

Undoubtedly, the efficient use of mining resources can reduce and, to some degree,
control the use of mercury in the concentration and gold beneficiation processes. The
proposal indicated in this study is feasible and can have a positive impact on the reduction
of anthropogenic mercury emissions as a mitigation measure within the mining sector of
Nambija so that it can be replicated in other gold deposits where this type of mining is
carried out.



Minerals 2023, 13, 1396 12 of 13

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/min13111396/s1, Table S1: Grain size analysis, grinding time (80 min),
Table S2: Grain size analysis, grinding time (100 min), Table S3: Grain size analysis, grinding time
(120 min); Table S4: Grain size analysis, grinding time (140 min), Table S5: Verification test, grinding
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