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Abstract: Surface paste tailings’ disposal has emerged recently as an optimal and efficient method to
favor tailings’ self-containment after being deposited into dams. This disposal method can improve
the reuse of water and reduce the generation of acid mine drainage (AMD) and the release of leachates
(e.g., acid and heavy metals). However, the implications of chemical factors or mixed-water chemistry
in the stability of paste tailings over time are not clear. In this work, we evaluated the release of sulfate
from tailing samples and the role of sulfate as a critical factor in the tailings’ strength, consistency,
and stability. Our results showed that the release of acid runoff with high sulfate load from the
tailings is negligible. Leaching tests were performed for 180 days and did not show a significant
release of sulfate, heavy metals, or acid waters. However, the presence of sulfate salts derived from
the binders used in the pretreatment of the paste tailings shows an impact on the tailings’ consistency.
Undrained triaxial monotonic compression tests revealed low effective cohesion forces in the tailings
samples. In addition, it was observed that, in tailings slurries prepared with varying concentrations of
sulfate (0, 500, and 1000 mg/L), the slump test value dropped ∆−55% when the sulfate concentration
increased from 0 to 1000 mg/L. These results support the idea that the presence of sulfate within the
tailings could be relevant for the paste consistency after storage. This knowledge will contribute to a
better understanding of the critical chemical factors that affect the stability of paste tailings over time.

Keywords: sulfate; paste tailings; cohesive strength; tailings consistency; slump tests

1. Introduction

Tailings are mineral wastes of low economic value that result from the extraction and
enrichment processes of certain/specific elements in mining. The management of large
volumes of tailings derived from mining operations has long-term economic, social, and
environmental impacts [1]. For this reason, the proper disposal of these wastes is a great
challenge for the mining industry around the world. However, this is a complex task
because tailings have chemically reactive components, such as sulfide minerals, coagulants,
and/or flocculants, that can alter the physical and mechanical properties of the tailings
as well as their physical/chemical stability over time, which may trigger the release of
dangerous flows and serious environmental problems.

Traditionally, tailings are placed in storage dams to contain the waste. However, there
is a severe risk of spillage in unconsolidated solid materials [2]. The sliding or displacement
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of material from the dam can release polluting elements, such as heavy metals, severely
impacting the environment, especially natural water sources. During the last years, the
use of more consolidated tailings based on low viscosity fluids has been explored [3,4].
These tailings are known as paste tailings and behave like a non-Newtonian fluid that
promotes a consolidation process, improves the stability of the tailings pile, allows greater
water recycling within the mining operation, and reduces groundwater infiltration [5,6].
Paste tailings are a mixture of solids and water, with low water drainage that remains as a
compact mass with low deformation after its disposal [7,8]. This configuration eliminates
or reduces the need for a retaining wall, which is characteristic of conventional tailings
since the same tailing has self-containment due to its own agglomeration [9,10]. There is
not a standard paste-tailing configuration, because its formation depends on the solids
percentage and the type of minerals present in each mining operation. While the behavior
of paste tailings in the pipeline concerning its rheology, geometry, and associated physical
parameters have been studied extensively [11–16], tailings chemical factors that may
influence the final configuration and the long-term behavior of the tailings have received
less attention. Similarly, it has not yet been fully understood how their polluting potential
changes under this new configuration.

Paste tailings are obtained with thickened tailings or grinding waste filtered to about
80% by weight. The binder and water are added to achieve the expected consistency and
the desired rheological and resistance properties [12]. The mechanical and rheological
properties of thickened tailings depend on the physical and mineralogical properties of
mine tailings [17]. Factors such as cohesive strength, density, and solid percentage are
decisive for the formation of tailings and their disposal in paste fillings [18,19]. On the other
hand, the release of contaminants from the paste tailings will be critical in the long-term
operation of tailings deposits based on the safe disposal process. In this way, the acid
mine drainage (AMD) generation is the most important environmental challenge related to
tailings storage.

AMD occurs when sulfide minerals are exposed to oxygen and water, which gener-
ate runoffs characterized by a low pH and high concentrations of sulfate and dissolved
metal-loids [20–22] The AMD dynamics is a complex process that will depend on the
characteristics of the mineral phases of the deposit and physical, chemical, and biological
factors [20]. Based on this, the paste tailing has an environmental advantage by retaining
moisture and remaining saturated, which reduces the potential for AMD generation [19].
Thus, the sulfide minerals in the paste deposit are not exposed to an oxidizing environment
(in a proper management) and are less likely to produce AMD leachates [23].

Chemical factors can also influence the quality of tailings. Particularly, mixing-water
chemistry can have a significant impact on the tailings’ cohesive properties. The cohesive
forces allow particle agglomeration and promote the formation of the paste. However,
the agglomeration capacity can change over time, affecting the consistency and long-term
stability. Despite the environmental relevance of paste-tailing dams, most research on paste
tailings has been associated with cemented paste backfill (CPB), an engineered mixture
of wet fine-process tailings used in mine structures. For example, in CPB, the sulfate can
cause stability problems in structures caused by the acid-and-sulfate-attack phenomenon,
generating expansive phases that cause physical damage due to material fractures [24–29].
On the contrary, there are few studies focused on the chemical stability of paste tailings
after storage.

In this study, we explored the AMD dynamics of paste gold tailings and examined
the impact of sulfate content on the consistency of tailings samples. These results may be
relevant to develop adequate management procedures for thickened tailings considering
monitoring and control of key chemical parameters. In addition, these findings of this
study can improve our compression about these systems.
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2. Materials and Methods
2.1. Site Description and Sampling

Tailings samples derived from the Florida mine (Yamana Gold Inc., Santiago, Chile)
were selected for resistance analysis and to evaluate the acid-mine drainage generation
potential (Figure 1). The Florida mine is an underground gold-silver mine located 73 km
south–southwest of Santiago in the locality of Alhue. The mine is located in Santiago’s
central valley, a mountainous area with moderate topography, narrow valleys, and high
hills. Without considering its reserves, the potential resources of the mine are approximately
2.7 Mt at 4.8 g/t Au, 37 g/t Ag, and 1.16% Zn. The primary deposits of Florida Mine
are based on stockwork and vein gold deposits. Specifically, andesitic tuffs and other
volcaniclastic rocks of the upper cretaceous of the exploitation area contain gold and
polymetallic mineralizations hosted by quartz veins and stockwork. The sulfide minerals
in the deposit are dominated by phases of pyrite (FeS2), sphalerite ((Zn, Fe)S) galena (PbS),
and chalcopyrite (CuFeS2), while the main oxides are hematite (Fe2O3) and magnetite
(Fe3O4) (Florida mine information). Additionally, hyperspectral analysis performed with
Hy-logger3 technology reported the presence of carbonate phases, such as calcite (CaCO3)
and dolomite (CaMg(CO3)2) (Florida mine information).

Figure 1. (a) Location of tailing sampling points in Florida Gold–Silver Mine, South of Santiago,
Central Chile. (b) Paste tailings deposit area.
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Paste-tailing samples were collected from the tailings deposit area (Figure 1a,b). The
sampling was carried out in two field campaigns during December 2017 and January 2018.
For the analyses, solid surface samples were selected to evaluate the release of pollutants and
acid-mine drainage generation. Surface samples were chosen for their higher oxygenation
and potential exposure to water (AMD requirements). Specifically, the sampling was carried
out in a straight line with three equidistant sampling points (M1, M2, and M3), crossed
by a perpendicular line with three other sampling points (M4, M5, and M6) (Figure 1a).
This sampling was performed to achieve an adequate evaluation of the tailings, considering
sampling points from north to south and from east to west over the deposit area.

To the sampling, 1 kg of tailing samples was collected from the surface of the paste-
tailing deposit. Sampling considers paste samples from the first 15 cm of the tailings
deposit. Samples were collected by using 1 L High-Density Polyethylene (HDPE) bottles
((Thermo Fisher Scientific, San Jose, CA, USA).). Once the samples were collected, they
were stored and kept in the dark at 4 ◦C until they were processed and analyzed in the
laboratory. On-site water analyses included temperature (PHC301, HACH), electrical
conductivity (EC) (CDC401, HACH), and pH (PHC301, HACH) (Hq40d Multi, HACH,
Loveland, CO, USA).

2.2. Tailings Analysis

The paste tailings have a specific gravity of between 2.70 and 2.81 g/mL. After thickening,
the paste tailings with a solids concentration of 70.2 ± 2.2%, a slump of 26.3 ± 2.5 mm, and
an average yield stress values of 55.5 ± 10.9 Pa are pumped into the tailings dam. After
storage, several conditions (humidity %, solids concentration, etc.) can change, influencing the
consistency of the paste tailings over time. To evaluate this, each tailing sample was subject
to physical and chemical analysis. Before the analysis of the samples, they were decanted
and mixed to ensure homogeneity. Humidity percentage and texture were determined for all
samples. The tailing texture was determined by the hydrometer method [30].

Each paste-tailing sample was analyzed for paste pH (PHC301, Hach, Loveland, CO,
USA) and electrical conductivity (CDC401, Hach, Loveland, CO, USA) (Hq40d Multi, Hach,
Loveland, CO, USA). Moreover, pH and electrical conductivity (EC) measurements were
made with 20 g of wet tailings (40 ◦C, sieved < 2 mm), using adapted protocols from ISO
10390:1994 (E) (pH) and ISO 11265:1994 (EC). The pH was measured in the original solution
paste with a liquid/solid ratio (L/S) between 1.80 and 1.86 (adapted protocol from ISO
10390:1994 (E)), and the electrical conductivity was measured in a saturated paste extract
(EC) from the original paste suspension (adapted protocol from ISO 11265:1994). Sulfate
was analyzed by spectrophotometry in the saturated water (paste) after centrifugation of
50 g of tailing sample at 6000 rpm.

The tailing samples were also used for compositional analysis in solid phases. Tailing
samples were dried at 60 ◦C for two days, and then they were sieved (≤2 mm) for homoge-
nization. Tailings samples were digested according to EPA 3050B digestion method [31].
For each digestion procedure, 1 g of dried sediment was transferred into a digestion vessel.
The digestion vessel was covered with a watch glass and was heated to 95 ◦C ± 5 ◦C
and refluxed for 15 min. The digestate was filtered at 0.22 µm and collected in a 100 mL
volumetric flask. The filter and the residue were placed back in the vessel and another 5 mL
of HCl 37% was added and refluxed for 5 min until the filter was dissolved. The digestate
was newly filtered at 0.22 µm and collected in the same 100 mL volumetric flask. When the
filtrate cooled, it was diluted to volume. Heavy metals, cations, and sulfur concentrations
in the digestion and saturated waters were determined calorimetrically by spectrometry
(Spectrophotometer DR/2010, Hach, Loveland, CO, USA) and by Inductively Coupled
Plasma Optical Emission Spectrometry (ICP–OES) (PerkinElmer Optima 7300 DV ICP–OES,
Shelton, CT, USA).
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2.3. Scanning Electron Microscopy

The surface of dry tailings samples (40 ◦C, sieved < 2 mm) were characterized through
Scanning Electron Microscopy with Energy Dispersive Spectroscopy (SEM–EDS). Tailing
samples were fixed with 2% glutaraldehyde solution in a sodium cacodylate buffer (0.2 M,
pH 7.2, at 4 ◦C) and coated with carbon in a desktop sputterer (Desk V; Denton Vacuum,
Moorestown, NJ, USA). The observation was performed in a scanning electron microscope
(JSM-IT300LV; JEOL Ltd., Tokyo, Japan) equipped with an Oxford EDX AZtec detector
(Oxford Instruments, High Wycombe, UK). For SEM–EDS analysis, each sample was
analyzed at 4 points, and the detection results were averaged.

2.4. Leaching Tests: Humidity Cells

The leaching tests were based on the humidity cell protocol developed by Sobek et al. [32]
and adapted by ASTM [33], Lawrence [34], Price [35], and White and Lapakko [36]. Four-
cylinder acrylic cells of an internal diameter of 12 cm and a height of 45 cm were used in the
experiment. All cells were loaded with approximately 1 kg of fine (< 2 mm) dry paste-tailing
sample and subjected to aeration cycles. Weekly aeration cycles were with 3 days of dry air
(controlled by silica gel) and 3 days of humidified air (air supplied at 1–10 L/min, ASTM,
1996) and flushed with 500 mL de ultrapure water on the final (7th) day of the cycle. The
ultrapure water was allowed to get in contact with the tailing sample for approximately 1 h
before being drained into a collection flask (as Price [35]). The experiment was developed
over a period of 24 weeks.

Leachate geochemical parameters were measured in each operation cycle. Leachate pH
and leachate EC were measured immediately after the samples were collected by using a pH
electrode (PHC301, Hach, Loveland, CO, USA) and a conductivity meter (CDC401, Hach,
Loveland, CO, USA) (Hq40d Multi, Hach, Loveland, CO, USA). Filtered and non-acidified
leachate subsamples were used for sulfate analysis. All the leachate samples were stored
in the dark at 4 ◦C until processing and analysis. The leached sulfate concentrations were
measured by using spectrophotometry (DR 3900 Spectrophotometer, Hach, Loveland, CO,
USA). Laboratory temperature was continuously monitored and varied between 20 and 25 ◦C.

2.5. Monotonic Compression Tests

Paste-tailing samples were subjected to undrained triaxial monotonic compression
tests, using a computer-controlled mechanical press having a maximum loading capacity
of 25 kN and a displacement rate of 0.001 mm/min. The data acquisition was carried out in
a GEODATALOG 6000 Series unit (30WF6016, Wykeham Farrance Inc., Slough, England).
The compression test was used to estimate the cohesion of the tailing as a measure of
the resistance of the paste to deformation. For the determination of the cohesion, the
Mohr-Coulomb failure criterion was used Equation (1):

τf = c + σ tan ϕ (1)

where τf is the shear stress acting on the failure plane, c the cohesion, σ the normal stress
acting on the failure plane, and ϕ the internal friction angle.

The monotonic tests were performed in cylindrical columns of 100 mm in height and
50 mm in diameter with a selected paste-tailing sample (M4) from Florida gold mining.
Sample preparation for cylindrical columns was achieved by drying the sample at 60 ◦C
and then adding water to the soil particles to form a paste with a density of 70% solid
particles. Subsequently, the paste was incorporated into a tube of polyvinyl chloride (PVC)
with a diameter lower than the cylindrical columns. This tube has holes to allow the water
to escape and generate uniformity in the paste. The sample was dried for 20 days, and then
the column was carved.

For the analysis, a monotone triaxial equipment with a chamber with vertical defor-
mation, pore pressure, back pressure, and chamber pressure transducers were used. The
deformation transducer has a maximum measurement capacity of 25 mm, and the pressure
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transducers have a limit pressure of 1000 kPa. The test was carried out with a deformation
rate of 1%/h (~15%/min) [37]. The confining pressures (σ3) tested were 18, 36, 40, 72, 80,
and 160 kPa. Pore pressures (pw) were measured during the deformation test. In the tests,
the effective confining pressure was obtained as σ’3 = σ3—pw.

2.6. Slump Tests

Slump tests were used to determine the properties of paste tailings after deposition.
Slump tests have been suggested as a good index test to access the yield stress [38,39]. The
tests were carried out considering the paste density, the water retention, and the modified
slump cone test. The paste density and the percentage of solids were determined by drying
200 g of paste tailings at 60 ◦C. The humidity percentage (water content) in the sample and
the percentage of solids (solid concentration %) were determined from the difference in
mass between the wet sample and the dry sample. With this information, the slump test
was performed. Thus, the amount of sulfate-free water and water with sulfate necessary
to reach a desired consistency of paste were added to the dry mass of tailings replicating
the original solid contents: 88.6% (M1), 87.0% (M2), 85.7% (M3), 90.1% (M4), 83.6% (M5),
and 86.2% (M6). Initially, paste tailings in the thickener reach average solids percentages of
70.2% ± 1.5% before disposal; however, the solid contents increased after disposal, reaching
values between 83.6 and 90.1% for surface paste samples. This can result from water loss in
surface areas (consolidation) or high evaporation rates in the area (desiccation), increasing
solids content.

The determination of the slump provides information about the consistency of the
material for transport and its potential for self-deposition and cohesion. The slump is the
fall or reduction of the height of a material when it is released from a cone-shaped slip
mould. The standard slump tests are useful to determine the consistency of the tailings
paste due to its simplicity. Slump tests were performed by using an acrylic (adapted
material) conical mold of 150 mm high, 25 mm of top radius, and 50 mm of base radius,
following the procedure described by Clayton et al. [38]. The slump height was defined
as the difference between the initial and the final height (Hi–Hf) of the paste sample after
the conical mold was removed. The slump height was measured after a settling time of
10 min. For the analysis, the original paste tailings samples were dried at 60 ◦C, and,
subsequently, new uniform paste tailings were prepared by using distilled water with
varying concentrations of sulfate (0, 500, and 1000 mg/L) to evaluate the impact of sulfate
on the slump height and in the cohesive strength. The paste was prepared with the same
percentage of solids as the original sample to evaluate the changes in the slump height
associated with different sulfate content and not due to variations in the water content of
the samples.

2.7. Quality Assurance/Quality Control (QA/QC)

Quality assurance/quality control (QA/QC) procedures were performed for all ana-
lyzes and experiments to obtain reliable and accurate results. All the instruments used in
this study were calibrated before using certified reference standards or analytical grade
synthetic standards and following instrument guidelines. In addition, the chemicals used
in this work were analytical grade, and all the solutions used in this study were carried out
with Milli-Q water. Likewise, all laboratory and field materials were neatly cleaned and
rinsed with Milli-Q water.

Analytical measurements (e.g., pH and EC) in the field and laboratory were verified
by performing replicate analyzes (duplicate). Sample blanks were included during each
analytical run. Furthermore, the accuracy and precision of the measurements of metals,
anions, and cations were checked and compared against synthetic standard samples of
known concentration. QC of each piece of equipment used in this study was accomplished
by the periodic monitoring of the results. The monotone triaxial equipment was checked
continuously to ensure the accuracy of the results (monotonic tests).
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2.8. Statistical Analysis

All statistical data of the slump test were analyzed by using statistical tools associated
with GraphPad Prism 8.0.1 (GraphPad Software, La Jolla, CA, USA). Differences in slump test
value between the added sulfate concentrations were analyzed by comparing the means and
using the non-parametric two-tailed Kruskal–Wallis test, followed by Dunn’s test for multiple
comparisons. The critical level for rejection of the null hypothesis was p < 0.05.

3. Results and Discussion
3.1. General Properties of Tailings

The properties of the tailings samples are shown in Table 1. The pH values (paste pH)
at sites M1, M2, M3, M4, M5, and M6 fluctuates between 7.8 and 9.1, which indicates the
dominance of alkaline values. The M6 sample has the most alkaline pH (pH 9.1), which is op-
posite to mining operations with a high pyrite content, where acidic pHs are dominant [40,41].
These data suggest that the tailing samples have a low acid-generation capacity or that their
neutralizing potential is high. However, the use of basic chemical reagents during the thick-
ening and flocculation processes can influence the resulting pH of paste tailings, generating
neutral-alkaline wastes. In addition, in paste tailings dams, an important volume of the
solution remains in the tailings, influencing the resulting pH after disposal.

Table 1. General properties of surface tailings collected from Yamana Gold mine and control site.

Tailing
Sample

pH EC
(mS cm−1)

Humidity
(%)

Texture

Clay (%) Silt (%) Sand (%)

M1 7.9 ± 0.1 2.0 ± 0.2 11.6 ± 0.3 19.0 ± 0.0 53.3 ± 1.2 27.7 ± 1.2
M2 8.8 ± 0.1 1.5 ± 0.2 13.1 ± 0.1 18.3 ± 1.2 55.0 ± 1.0 26.7 ± 0.6
M3 7.8 ± 0.2 1.2 ± 0.1 14.8 ± 0.8 18.0 ± 1.0 54.3 ± 2.1 27.7 ± 1.2
M4 7.8 ± 0.2 11.4 ± 0.8 9.6 ± 0.3 16.3 ± 1.2 52.3 ± 1.5 31.4 ± 2.5
M5 7.8 ± 0.2 1.8 ± 0.2 16.6 ± 0.3 19.0 ± 2.8 59.0 ± 8.5 22.0 ± 11.3
M6 9.1 ± 0.2 1.2 ± 0.1 14.5 ± 0.9 19.0 ± 2.8 59.0 ± 7.1 22.0 ± 9.9

* The data correspond to average values ± their standard deviation (n = 3).

The EC paste values at these sites were significantly high. The highest EC value was
obtained for the M4 sample (~11.4 ms/cm), while an average EC value of 1.2 mS/cm was
obtained for the M3 sample. The importance of these high conductivity values is that
high concentrations of ions, such as sulfate, can negatively impact nearby ecosystems by
contaminating surface water and groundwater resources, limiting their availability for
different purposes. It has been reported that conductivity values greater than 4 dS/cm
are associated with seed germination inhibition and the reduction of plants’ growth rates,
which adversely affects crops yield [42]. In addition, Ji et al. [43] found that electrostatic
repulsion among the negatively charged solid particles can be reduced through the increase
in tailings’ salinity and the negatively charged polymer flocculants that promote the
polymer bridging interactions. Therefore, an explanation for the high EC of paste tailings
is that, during mining operations, the chemical reagents binder favors the flocculation and
enhances the settling of mineral tailings. Likewise, after the tailings deposition, hazardous
wastes that can release elements such as Cu, Cr, Cd, Pb, Sb, Ni, Zn, and As can affect the
surrounding environment and cause environmental degradation, as it has been observed
in gold-mine tailings [44]. In addition, the high salt load (sulfate) could also be detrimental
to the tailings’ physical stability by promoting internal post-deposition fractures, which
has been proved to be a concrete structure degradation mechanism [45,46]. Nevertheless,
this has not been thoroughly studied for paste tailings.

Tailings samples were classified as silty loam (Table 1). On the other hand, humidity
percent for all samples (after storage) were found between 9.6% and 16.6%, which indicates
that the solids concentration increased in relation to the paste tailings prior to storage in
the tailing dam.
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3.2. Chemical Analysis of Tailings

The chemical composition of paste tailings samples is shown in Table 2. The results
showed that total concentrations of S, Al, Mn, Fe, Zn, and Pb are quite high. The content of
Fe and Mn were higher at site M4, M5, and M6. The S content was higher in samples M4
and M6. Moreover, tailings samples from sites M4 and M6 contained the highest total Zn
and Pb concentrations. Average values of Zn and Pb were 9385 ppm (Zn) and 5841 ppm
(Pb) at the M4 site and 8218 ppm (Zn) and 4610 ppm (Pb) at the M6 site. In the same way,
other toxic metals (loids) such as arsenic (As) and cadmium (Cd) were found but in lower
concentrations in all tailings samples.

Table 2. Chemical composition of tailings samples.

Tailing Sample

M1 M2 M3 M4 M5 M6

Major and minor elements (% wt)

Fe 2.9 2.9 2.9 3.7 3.9 3.7
Al 1.3 1.3 1.4 1.4 1.4 1.6
Mn 1.8 2.0 2.1 3.3 2.9 2.2
Ca 2.5 2.5 2.5 3.0 3.7 3.1
S 1.6 1.6 1.5 1.9 1.1 1.8

Trace elements (ppm)

Zn 6440 6227 6439 9385 3441 8218
Pb 3309 3194 3132 5841 2172 4610
Cu 399 471 379 532 372 595
As ND ND ND ND 33 51
Cd ND ND 27 85 ND 44
Ag ND ND ND ND ND ND

* The data correspond to average values (n = 3). ** ND: not detectable.

A potential advantage of paste tailings can be the reduction of leachates generation,
which occurs due to the paste’s capability to retain moisture [47]. However, this will depend
on the proper management of the tailings dams and several other factors, including the
characteristics of the paste formed, climatic conditions, and the dam maintenance. However,
the mobilization of heavy metals and other polluting elements could be influenced by a
reduction in the physical stability of the tailings as a result of chemical elements present
in the pore water that may attack the tailings paste internally. It has been observed that
internal fractures can cause higher rates of evaporation in slurry tailings by reducing the
water load and favoring the generation of leaching [48]. High evaporation rates can trigger
a desaturation of the tailing paste, which can promote the entry of oxygen. If the tailings
are highly sulfidic, the oxygen can promote the generation of AMD and the mobilization
of heavy metals and sulfate and contaminate surface water and groundwater resources.
Dold and Fondbote [49] observed that under high evaporation conditions, the tailings’
surface could be enriched in metals via capillary transport, leading to the formation of
highly soluble secondary minerals. For this reason, to evaluate the impact of these tailings,
it is necessary to consider their behavior over time and the mobilization of the elements
that can be potentially released.

The morphology and elemental composition of a representative tailing sample (M2)
were determined by using Scanning Electron Microscopy (SEM) coupled to Energy Dis-
persive Spectrometry (EDS). Electron microscopy images showed mineralization with
different sizes and irregular shapes in samples (Figure 2a). SEM images show a heteroge-
neous microstructure indicative of the variable degree of compaction. It is observed that
some particles react with each other forming agglomerates or flaky shape layers, while
others are seen as isolated particles. Despite this, it can be seen that the particles and
agglomerates are small, between 2 um and 5 um in size. This can strongly influence the
generation of AMD because tailings compaction can limit the oxygen diffusion into the
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tailing and, therefore, the potential oxidation of metal sulfides and acid runoff generation.
EDX microanalysis revealed the presence of O, Si, Fe, Al, Zn, and S signals on the surface
of paste tailings (Figure 2b). Dold and Fontboté [49] indicate that in tailings with low grain
sizes located in climates with high evaporation rates, the flow of water due to capillarity
forces can produce metal enrichments on the surface of the tailings. Thus, metals released
by AMD processes can be transferred to the top of the tailings. Although these conditions
are in the tailings dam of the Florida Mine, the surface analyzes by EDX do not show an
evident enrichment of metals (Figure 2b). Even so, the element signals in the EDX spectrum
are correlated with chemical analyzes for major and minor elements in tailings samples
(Table 1). The main elements found in the surface of the samples were O, Si, Al, and Fe.
Other elements such as As, Au, and Ag were not identified. Enkhzaya et al. [50] found
similar compositions in tailing samples collected on a small-scale gold-mining area in the
Tov and Selenge province, Mongolia. Specifically, they found tailings samples enriched in
Si, O, and Al. Thus, compositional analyzes of paste tailings samples support the idea that
the long-term stability of these deposits should be considered because changes in tailing’s
stability can lead to the release of potentially toxic elements and compounds.

Figure 2. (a) Scanning electron micrographs of paste-tailing samples, carbon was used as a surface
coating (arrows show the different sizes of tailings particles). (b) Energy-dispersive X-ray spectrum
of paste-tailing samples. Intensity of Al, Si, Fe, S, and Zn emission lines are shown in the Energy
Dispersive X-Ray Spectroscopy (EDX) spectrum. The images and EDX spectrum were obtained from
a representative sample of the M2 site. Scale bar indicates 2 µm.
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3.3. Leachates Generation Rates

To determine the geochemical behavior of tailings samples over time, humidity cells
were operated for 182 days. All of the tailings samples had similar geochemical composi-
tions; however, to study AMD kinetics, the selection criteria were based on the total sulfur
content. Thus, the samples with the highest sulfur content (M2, M4, and M6 with 1.6, 1.9,
and 1.8 % wt S, respectively) were selected for leaching tests. Additionally, these samples
also had higher heavy metal content.

The pH evolution in tailings leaching cells is shown in Figure 3a. The results were
consistent with the paste pH data reported in Table 1. None of the tailings samples exhibited
acidic leaching, indicating that the generation of acidic waters was negligible for surface
tailings samples. Even more, the pH behavior was stable over time in a range of values
between 7 and 9 and for a period of about 36 cycles (weeks). After the initial leach, the pH
remains stable at neutral-alkaline values, consistent with the paste pH data reported in
Table 1. For all cells, the pH values do not show significant changes during the operation,
which rules out late acid generation processes. The reference sample (soil sample) showed
similar behavior, with a pH between 6 and 8. In this case, the low acidification in the
reference sample can be explained by the lower easily oxidizable metal-bound sulfides
content of the total sample.

Figure 3b shows the EC in leachates released from the humidity cells. The initial EC
values in leachates were similar to those observed for the paste EC. For cells M2, M4, and
M6, the EC was high during the first two operating cycles (High EC leachates), reaching
values greater than 5000 uS/cm, and then the EC values of all cells rapidly decreased over
3 cycles, with an average value of less than 400 uS/cm. In fact, from day 28 onwards,
low EC leachates are observed. The EC then recovered over from cycle 3 (21 days) to
cycle 36 (182 days), and it was between 910 and 55.6 uS/cm. The sharp drop in the EC
during the first cycles of operation indicates rapid solubilization of the ions present in
the tailings paste water, which can be decisive in the generation of high salinity runoff.
Although, the high ion load in leachates can also be influenced by the reagents used during
the coagulation–flocculation process.

In relation to the runoff acidity, the neutral–alkaline pH of leachates suggests that
acid generation processes are not significant after the tailings have been deposited. No
acid leachates were observed after the initial cycles, which confirmed that tailings have
a low potential for acid generation mediated by oxidation processes despite the sulfur
content. The oxidation of sulfide minerals favors the release of a runoff with a high sulfate
content and a marked increase in EC during humidity cell operation. Humidity cells
are useful to know how fast acid-producing reactions occur, such as pyrite oxidation,
the most common sulfide mineral [51–53]. Sulfide minerals are stable under reducing
conditions, but in the presence of water and oxygen, these minerals can be oxidized
and release acid water with a high load of sulfate and metal ions [54,55]. Nevertheless,
after acidic release, several minerals such as carbonates, hydroxides, and silicates can
neutralize the protons produced [55]. The absence of acid leachates can result from the high
content of neutralizing minerals in paste-tailing samples. In fact, phases of Calcite (CaCO3)
and Dolomite (CaMg(CO3)2) present in the base minerals of the deposit can promote
continuous neutralization processes. Hence, neutralization reactions could consume the
acids produced and maintain the pH at neutral–alkaline values. In addition, the high
silicon content in tailings samples could explain the release of neutral-alkaline leachates.
However, it cannot be ruled out that chemical reagents may have a significant influence on
the geochemistry of released leachates.
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Figure 3. pH (a) and electrical conductivity (b) evolution over time in the humidity cells tests for
paste-tailing samples.

The time evolution of sulfate is shown in Figure 4. All samples generated leachates
with similar sulfate concentrations after the second cycle. During the first two cycles, cells
M2 and M6 reached maximum sulfate values of 1020 and 330 mg/L, respectively, while
cell M4 reached 2900 mg/L (High sulfate leachates). On cycle 2, the rate of sulfate release
decreases progressively to values below 100 mg/L for all tailing samples However, by
cycle 9 (63 days), the M4 sample showed a slight increase in sulfate release (360 mg/L),
but the same phenomenon was observed for the control cell. Therefore, it may be a
consequence of some alteration in the operation of the cells, which may have favored a
preferential route of elusion within the cells that was not used in the initial cycles and
thus produce a late dissolution process. Despite this, after cycle 3, the rate of sulfate
release was indistinguishable from the control standard cell. It is evident from the data that
aeration in tailings samples does not accelerate sulfate release processes. On the contrary,
it is the solubilization processes that would support the initial release of sulfate. Before
disposal, the paste tailings have high concentrations of sulfate in the thickener, reaching
average values of 3854.5 ± 1757.6 mg/L. Interestingly, these sulfate concentrations were
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similar to the cumulative values of sulfate released by the tailings samples during the
operation of humidity cells. This strongly suggests that the sulfate concentrations released
in the leachates are associated with the mobilization of the sulfate present in the tailings.
Furthermore, acid mine drainage generation processes would have a lower impact, which
is supported by the low acidity of the leachates.

Figure 4. Sulfate evolution over time in the humidity cells tests for paste-tailing samples.

The accelerated oxidation of sulfide minerals (as pyrite (FeS2)) produces sulfate release
as a consequence of the exposure of these minerals to both oxygen and water [55–57].
Despite the presence of air and water when operating the cells, low concentrations of
sulfate were released in the leachates after cycle 3, suggesting that significant oxidation
processes do not occur in tailings samples. The evolution of sulfates in the leachates over
time is well correlated with the pH values of the leachates, supporting the idea that net
acid generation processes were negligible after cycle 3. Indeed, the sulfate concentrations
released in the leachates can be strongly influenced by the sulfate concentrations present in
the paste tailings in the thickener and not by acid generation processes due to oxidation
of sulfide minerals. The main sulfide minerals in the system are pyrite (FeS2), sphalerite
((Zn,Fe)S)), galena (PbS), and chalcopyrite (CuFeS2). Although several studies have shown
that these mineral phases can generate AMD [58–64], the acidity and low concentrations of
sulfate were not considerably high, suggesting that the conditions that allow the generation
of acid runoffs are not favored in this system.

Further, the concentrations of Fe, Mn, Al, Cu, Zn, and Pb were monitored in the
leachates of the humidity cells. Releases of very low concentrations of Cu and Fe were
observed (Figure 5a,b). The concentrations of both Fe and Cu on all tailings samples
were usually below 100 ug/L for paste-tailing samples, indicating that the concentrations
released from these metals were not significant. The release of other metals like Mn, Al, Zn,
and Pb was negligible following their content in solid samples (see Table 2).
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Figure 5. Dissolved iron (a) and dissolved copper (b) release over time in the humidity cells tests for
paste-tailing samples.

Interestingly, the Cu values coincide with the solid phase analysis of tailing samples
(see Table 2), where the Cu concentrations were below 595 ppm. In contrast, solid phase
Fe concentrations reached values of 3.86 wt%, suggesting that a higher concentration of
iron could be released over time. Nevertheless, no significant Fe release was observed in
leachates. In tailings, metal surface enrichment processes can occur by internal capillary
forces that can lead to the mobilization of dissolved metals previously released to the
tailings surface [55,65]. However, this was not observed in any sample, suggesting that
the release of these metals as oxidation products was not significant over time. The
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low concentrations of heavy metals can be explained by the absence of AMD generation
processes, which is supported by the absence of high rates of sulfate release as well as
acid leachates. Even so, it may also be that the release kinetics was slower. The higher
conductivity released in leachates during the first cycles (Figure 3) could be a consequence
of this sample being taken from the secondary enrichment zone of the surface. This
zone may have significant amounts of easily mobilized ions due to the high solubility
of secondary minerals [49,66,67]. Nevertheless, there is no correlation between sulfate
releases and heavy metal releases, indicating that this phenomenon may not be relevant
for these samples.

It is evident that tailings samples eventually do not release acid leachates with a high
metal load. However, high concentrations of sulfate in the pore water of paste tailings
can generate changes in the viscosity of the paste, which may affect the consistency and
self-containment capacity of the paste over time.

3.4. Effective Cohesion of the Paste-Tailing Samples

The determination of shear strength parameters (e.g., effective cohesion, c’, and
effective friction angle,φ’) is critical to assess the physical stability of geotechnical structures
such as foundations, slopes, and retaining walls [68,69]. Moreover, c’ and φ’ are the failure
parameters defined through the envelope curve of maximal deviator stress [70]. However,
there is little information on the impact or/and variation of these parameters in dams’
paste tailings. Here, the Mohr-Coulomb failure criterion was used to model and evaluate
the failure envelope.

The obtained parameters of cohesion, friction angle, effective cohesion, and effective
friction angle are shown in Table 3. To get these parameters, nine undrained triaxial monotonic
compression tests were carried out with different confinement pressures 18 kPa (1 test), 36 kPa
(1 test), 40 kPa (1 test), 72 kPa (4 tests), 80 kPa (1 test), and 160 kPa (1 test). The results from
the analysis were 23◦ and 2.9 kPa for friction angle and cohesion, respectively. At the same
time, the effective cohesion and the effective friction angle were 10◦ and 6.9 kPa, respectively.

Table 3. Strength parameters of paste tailings.

Sample Friction Angle
ϕT (◦)

Cohesion
cT (kPa)

Effective
Friction Angle

ϕ’ (◦)

Effective
Cohesion
c’ (kPa)

A 23 2.9 10 6.9

Studies using large-scale samples of waste rock from conventional tailings have
found that typical values of φ’ range between 34◦ and 45◦, depending on the grain size
distribution, material density, and other factors [71,72]. However, fully saturated paste
typically has negligible φ’ (i.e., φ’ < 5). In the tailings samples from Florida gold mining,
the values were higher, suggesting that these tailings lose their fully saturated state over
time, likely by evaporation. This increases the solids percentage in the paste by decreasing
the water content in surface areas. On the other hand, the value of the effective friction
angle obtained for the tailings samples (10◦) indicates that paste tailings exhibit low shear
strength. Even this would give them lower stability compared to non-cohesive soils such
as sand and gravel (that have φ’ > 30◦ values) [73].

Similarly, our results show that the cohesion and effective cohesion values are lower
than for typical conventional tailings. Zhang et al. [74] found cohesion values between 14.7
and 27.6 kPa and effective cohesion values between 11.64 and 25.07 kPa, considering coarse
tailings, fine tailings, and the layered structure tailings collected from Pingchuan Iron Co.,
Ltd. in Yanyuan County, Sichuan Province, China. Moreover, Rankine and Sivakugan [75]
reported that an increase in solids content resulted in a gain in the effective cohesion in
cemented paste backfill from Cannington Mine, Australia. This supports the idea that the
water content in paste tailings reduces cohesion forces for the tailings samples of Florida
gold mining. Nevertheless, Pierce [76] reported that with high binder content and cure
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time, cohesion forces increases, and the friction angle is reduced. Our analyses indicate that
Florida gold-mining operation generates paste tailings with a high load of agglomerating
agents, explaining the low friction angles found on surface tailing samples. However,
cohesion values do not follow this trend.

3.5. Sulfate Content Effect on the Paste Consistency and Tailings Samples Strength

To prove the impact of sulfate on the consistency of paste tailings, slump tests were
performed with varying concentrations of sulfate (0, 500, and 1000 mg/L) to evaluate
if sulfate concentrations affect this rheological factor. For this new paste, tailings were
prepared by using the original tailing samples (solid phase).

The influence of the sulfate content of the paste on its consistency is shown in Figure 6.
The results show that the slump test value is reduced as the sulfate concentration increases
(Figure 6a). This effect is observed in all samples. Sample M4 shows the highest decrease
in the slump test value, showing a reduction of 66% with a sulfate content of 1000 mg/L.
The decline in the consistency of paste tailings can be a consequence of the high sulfate
concentrations. Figure 6b shows a complete analysis of all the samples, showing that,
with 500 mg/L of sulfate, the average of the slump test values reaches 59.9 ± 0.08% of
the original value (decrease of ~40%), while with 1000 mg/L of sulfate, the average of
the slump test values reaches 45.3 ± 0.09% of the original value (decrease of ~55%). The
analysis shows that the difference between 0 and 1000 mg/L for sulfate content in the paste
tailing is statistically significant (p < 0.001) (Kruskal–Wallis and Dunn test) on the slump
test values, which supports the impact that sulfate could have on the consistency of the
paste tailings. Even so, low slump test values were observed (<100 mm), which may be
a consequence of the high solids content of the original samples. In this area, the climate
is semi-arid with high evaporation rates, which causes water loss on the surface of the
tailings. As a result, this increases the solid content of the surface tailings samples. In
addition, the downwards water flow due to gravity can also produce an increase in the
percentage of solids. This makes the variation of the slump test value low.

It has been shown that the water content and the size distribution of the particles are
important factors for a specific slump consistency. In fact, for a flowable paste, the particles
must be finer than 20 um and with a 15% of solid ratio [77,78]. As shown in Figure 6,
sulfate concentrations in the paste tailings could also impact the final consistency of the
paste. Therefore, attention should be paid to this for the management of these tailings.

The water content (approximately 15–30% wt) in the preparation of paste tailings
is important to ensure the adequate hydration of tailings samples and that the paste is
properly formed [47,79]. In the paste, the charged colloidal electric particles can retain solid
particles and water molecules, favoring their transport. However, the water content can
also affect the consistency of paste tailings when it is in excess. The rheological properties
of the paste (yield stress, viscosity, etc.) have been extensively studied to determine the
palpability of the paste and to optimize the factors that affect the surface disposal of the
paste and the consistency [14]. The mixed-water chemistry used to prepare the tailings
paste has a marked impact on the rheological properties of the tailings and the internal
cohesion forces of the paste tailings. This is a critical issue because one of the reasons by
which paste tailings are employed is to eliminate the need to have a retaining wall, which
is characteristic of conventional tailings dams. In the case of paste tailings, the role of
the retaining wall is taken over by the thickened tailings, which are self-contained due to
their own agglomeration. Nevertheless, a negative change in its consistency over time can
progressively affect its self-contained capacity, generating hazardous events.
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Figure 6. Effect of sulfate content on slump test values for individual (a) and grouped tailing
samples (a,b). In (b), percentages of difference (∆−40% and ∆−55%) were calculated between the
mean of the columns 500 and 1000 mg/L with the mean of slump test value at 0 sulfate concentration.

In paste applications, cohesion, density, and solid content (%) are critical parame-
ters [80]. Indeed, the cohesion of the paste particles could change according to the particle
size distribution, binder quality, particle shape, and chemical resistivity [80]. Thus, changes
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in chemical reactivity could impact the stabilization of the paste tailings after storage. It
has been observed that, in homogeneous and low-permeability paste, only thin layers
are oxidized; however, changes in the internal reactivity of the tailings could change this,
producing increases in the oxidation of sulfur minerals and the generation of AMD [80].
On the other hand, several researchers have shown that fractures or cracks in the surface
of the tailings can produce alterations in permeability, which can favor internal oxida-
tion processes [80–82]. Cracks or fractures in the surface of tailings occur mainly by two
mechanisms; one is the consolidation that occurs due to the expulsion of moisture. The
other is desiccation due to evaporation and cementing. In our case, the presence of sulfate
is not directly associated with oxidation processes in the tailings, since no generation of
acid leached with sulfate release was evident over time (Figure 4). Nevertheless, the paste
tailing has high concentrations of free sulfate (3854.5 ± 1757.6 mg/L in the thickener),
evidenced by the higher release of sulfate in the first cycles of operation of humidity cell.

All of these results allow us to establish an association between the chemical stability
and consistency of the paste tailings with the sulfate content. Indeed, the presence of
sulfate can have an undesirable impact on the paste tailings dams, which can change its
self-containment capacity over time, being detrimental to the chemical stabilization of
the paste tailings by creating a risk of generating polluting filtrations derived from AMD.
The effect of sulfate could also favor the entry of oxygen and water, promoting oxidation
processes of sulfur minerals inside the tailings and increasing the negative effect of sulfate
over time. Thus, being able to control this parameter could be key to ensure the stability
and sustainability of paste tailings dams and prevent the release of polluting filtrations
that can be associated with an enhanced risk of physical stability.

4. Conclusions

The geochemical behavior of paste tailing was evaluated by using humidity cell tests.
The results showed that paste tailings samples do not release acid leachates, because the pH
in the leachates was mainly between 6 and 9. The release of sulfate and dissolved metals (Cu
and Fe) was negligible after the first cycles of operation. Moreover, the release of leachate
with high sulfate and EC during the first cycles of operation suggest that binders and
reagents used in the paste tailing preparation have a high sulfate load. Undrained triaxial
monotonic compression tests revealed that tailings samples have low cohesion strength
(2.9 kPa) and effective cohesion (6.9 kPa), suggesting that the paste tailing consistency
decreases over time due to water-mixed chemistry. In addition, tailings slurries prepared
with water solutions with different sulfate concentrations (0, 500, and 1000 mg/L) showed
that the slump test value decreases with higher sulfate content, thus negatively influencing
the paste consistency.

Altogether, these results indicate that the initial sulfate content in the preparation of
paste tailings is a crucial factor that must be necessarily considered for the optimization
and operation of paste tailings dams.
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