minerals

Sustainable
Management of
Mine Wastes

Edited by

Mostafa Benzaazoua and Yassine Taha
Printed Edition of the Special Issue Published in Minerals

=
www.mdpi.com/journal/minerals rM\D\Py






































































































































































































































































































































































































































































































































































































Minerals 2018, 8, 64

Weight (%)

Spectrum 2 | Spectrum 3
667 237
16.4 1379
1.38 n.d
6.08 9.97
344 839
0.76 n.d
nd nd
5215 44.15
13.03 nd

Figure 4. Representative scanning electron microscopy-energy dispersive spectroscopy (SEM-EDS)
under 10 and 100 pm magnification and X-ray diffraction (XRD) patterns within tailings profile
C at a depth of 2.5 m. Abbreviations: Qz—quartz, Cl—clinochlore, M—muscovite, Alb—albite,
n.d—not detected.

3.3. Tailings Paste pH and Eh

Figure 5 depicts paste pH values and patterns within the tailings profiles. The tailings paste
pH values are medium alkaline (i.e., 7.97-8.37). Similar paste pH values were observed in neutral,
low sulfide/high carbonate tailings impoundment in eastern Slovakia [9]. The medium alkaline pH
condition of the tailings could be ascribed to the dominant potential acid-neutralizers or pH buffering
minerals such as alumino-silicate minerals and traces of carbonate (i.e., calcite) present within the
tailings system. Nevertheless, as expected the measured paste Eh values are lower in the tailings
profiles (Eh is equal from —90.8 to —61.9 mV) indicating a more reducing or anoxic geochemical
environment (Table 3).
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Figure 5. Tailings paste pH content within the respective tailings profiles.

3.4. Bulk Chemical Elemental Composition within the Tailings Profiles

Table 3 shows the concentration of major and trace elements within the tailings profiles.
The concentration of potentially toxic chemical species was further compared with the South African
soil quality guidelines for all land uses (2012). However, the bulk chemical element concentration for
major and trace elements varies less in the tailings profiles. The major elements are in the following
order of quantities; Si > Al > Fe > Ca > Mg > K > Na (Table 3). The major element constituents within
the tailings profiles agree very well with the mineralogical composition of the tailings. This shows that
quartz and alumino-silicates are the most abundant minerals within the established tailings profiles
(Table 2). The concentration of silica increases with the quartz content which is the main carrier of Si in
the tailings profiles (Table 2; Figure 6). The presence of other major oxides such as Fe, Mg, Ca, K, and
Na correspond obviously to the moderate presence of epidote, chlorite, muscovite, calcite, and hematite
as the main elemental constituent, and identified in the XRD spectra analysis (Table 2; Figure 6).

Table 3. Total concentration for major and trace elements within tailings profile B.

Paste pH 8.14 8.37 8.18 7.97 8.24
Eh (mV) -713 —83.9 —73.3 —61.9 —77.2
Depth (m) 0-1 1-2 2-3 3-4 45
Colour Dark gray Light/dark gray Light/dark gray Light/dark gray Dark-reddish brown
wt %
SiO, 58.1176 58.1431 58.2518 58.4938 58.5819
TiO, 0.798 0.9266 0.9151 0.9105 0.9079
AL O3 14.1711 13.9807 13.9559 13.9314 13.564
Fe;O3 10.5766 11.3313 11.2364 11.0953 11.7616
MnO 0.0502 0.0524 0.0544 0.0537 0.0556
MgO 2.6372 2.4388 2.5485 2.6219 2.66
CaO 7.3781 7.6648 7.5943 7.3809 7.2605
Na,O 0.3797 0.324 0.3671 0.361 0.4474
K,O 1.0167 0.8587 0.8272 0.8588 0.8066
LOI 3.93 323 2.96 3.08 2.8908
TOTAL 99.5507 99.509 99.1803 99.2741 99.4133
South African Soil
ppm 0-1m 1-2m 23m  3-4m 4-5m Quality Guidelines [28]
Cu 1063 862 602 816 515 16
Ni 36 16 20 35 14 91
Pb - - - - - 20
Zn 25 13 15 24 10 240
Zr 151 223 187 256 123 -
Sr 236 192 197 252 133 -
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Figure 6. Relative concentration trends or patterns for selected potentially toxic elements with
tailings depth.

However, the relative abundance of potentially toxic chemical species is in the following order
of quantity; Cu > Sr > Zr > Ni > Zn. Copper has the highest concentration, reaching 1063 ppm at the
upper zone of the tailings profile (Table 3; Figure 6). The elevated concentration of copper (Cu) could be
attributed to chalcopyrite, chalcocite, and bornite which are considered as primary minerals from which
copper (Cu) was recovered during past copper mining activities in Musina [21]. However, the elevated
concentration of copper (Cu) decreases moderately with depth, reaching 515 ppm where the tailings
are already mixed with the underlying soil or soil-interface (Figure 6). Nevertheless, when compared
with the Canadian soil quality guidelines for the protection of the environment and industrial land
use, copper (Cu) exceeds the guideline values by a large magnitude (Table 3). Elevated concentrations
of copper (Cu) were also reported within the neutral, low-sulfide /high carbonate tailings at eastern
Slovakia, and Chambishi site within the Zambian copperbelt, respectively [9,11].

When tailings are in contact with infiltrating rainwater, the elevated concentration of potentially
toxic chemical species such as copper (Cu) in the tailings may leach to the adjacent surface and
groundwater systems, thereby disturbing aquatic life, and further impacting the health of humans
depending on groundwater sources for survival. Nevertheless, moderate concentration of Zr, along
with traces of Ni and Zn were also noticeable within the tailings profiles, although these concentrations
did not exceed the South African soil quality guidelines for all land uses (Table 3).

3.5. Pore-Water Chemistry, Solubility, and Mobility Patterns for Potentially Toxic Chemical Species with
Tailings Depth

Water soluble elements within the tailings are considered as more useful indicators of their
potential hazards to the surrounding environment than total concentrations of the elements, as water
soluble elements are implicitly mobile and bioavailable [9]. The potential transfer of potentially toxic
chemical species from tailings to the aqueous phase was evaluated using the standardized leaching
test EN 12457-2 [24]. Romero et al. [7] successfully used a similar approach on abandoned Pb and
Zn flotation tailings at “El Fraile” impoundments in Taxco, central-southern Mexico. The obtained
leachates concentration of the potentially toxic chemical species and sulfates were used to evaluate
the geochemical processes controlling the relative solubility and mobility of potentially toxic chemical
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species within the established tailings profiles, and further assess the potential transfer of potentially
toxic chemical species from tailings to the aqueous phase. Moreover, the obtained leachates
concentration of potentially toxic chemical species was compared with the limit guideline values
for drinking water quality prescribed by the World Health Organization [25].

The physicochemical parameters, relative percentage leach, or mobility of the potentially toxic
chemical species, saturation index of mineral phases, and percentages of main species within
pore-water solution calculated by MINTEQAZ2 are shown in Tables 4-6 respectively. The results
give a simulation of the chemical constituents that are likely to be present in the generated plume
after a rainfall event when the tailings interact with rainfall with the potential risk to surface and
groundwater contamination. The tailings leachates have a medium alkaline pH condition (8.36-8.41).
The tailings leachate pH is uniform and constant with tailings depth, and corresponds very well
with the tailings paste pH (7.97-8.37) (Figure 5). The medium alkaline tailings leachates pH could be
ascribed to the neutralization potentials of the dominant alumino-silicate minerals, traces of carbonates
as calcite, and the absence of sulfide minerals (Table 2) as indicated in the XRD spectra analysis.
Electrical conductivity increased with increasing tailings depth ranging from 156.5 to 364 uS/cm.
On the other hand, the total dissolved solids (TDS) is uniform and constant throughout the tailings
depth, averaging 18.8 mg/L. The order of relative abundance of average dissolved concentration of
water soluble elements is as follows: Al >Fe > Cu>Mn > Zn > Ni > Pb (Table 5). This observed pattern
does not agree with the order of their total solid-phase concentration (Al > Fe > Cu > Ni > Zn) (Table 3).
The dissolved concentrations of Al and Fe are high at the upper and shallow depth of the tailings
profiles peaking at ~235.85 and 143.52 ug/L respectively (Table 5; Figure 7). However, the dissolved
concentration of Al and Fe decreases with tailings depth, reaching ~157.86 and 100.8 ng/L respectively
at the point where the tailings are in contact with the underlying soil. This could indicate that Al and
Fe show similar trends or patterns of solubility and mobility within the tailings profiles which tend to
decrease with increasing tailings depth. The precipitation and dissolution of alumino-silicates bearing
Al and Fe such as epidote and muscovite under medium alkaline pH condition are the main solubility
and mobility control for Fe and Al species in the tailings leachates. In comparison with WHO standards
for drinking water quality [25], only Al concentration is above the permissible limit (<100 pug/L) in the
tailings leachates (Table 5). The dissolved concentration of potentially toxic chemical species is very low
in the aqueous phase of the tailings, and follows the order: Cu (20.21-47.9 ug/L) > Zn (0.88-1.8 nug/L)
> Ni (0.54-0.72 ug/L) > Pb (0.27-0.34 ug/L) (Table 5). The dissolved concentration of Cu follows a
similar trend or pattern as Al and Fe which is high at the upper and shallow depths of the tailings
profiles peaking at approximately ~25.65 j1g/L. Cu decreases with increasing tailings depth reaching
a concentration maxima (~20.21 ug/L) at the tailings-soil interface (Figure 7). The low water-soluble
concentration of dissolved potentially toxic chemical species in the aqueous phase of the tailings
could be attributed to: (a) the medium alkaline pH condition of the tailings leachates (8.36-8.46);
(b) adsorption and co-precipitation on secondary resistance minerals such as hematite identified
during mineralogical analysis; hematite is a very stable mineral, resistant to weathering or any change
in the redox condition, and has been reported to retain a large quantity of potentially toxic chemical
species [7,11]; and (c) the absence of soluble sulfide minerals hosting these potentially toxic chemical
species within the tailings systems. Dold [29] documented that the solubility of many potentially
toxic chemical species increases with decreasing or acidic pH, and more dissolved potentially toxic
chemical species become more soluble, mobile, and bioavailable to the adjacent receiving surface and
groundwater systems.
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Figure 7. Representative tailings leachate concentration of selected metals as a function of depth within
tailings profile B.

Table 4. Extractabilities of potentially toxic chemical species expressed as the percentage leach of the
total solid phase concentration within tailings profile B.

Relative Mobility or % Leach of Chemical Species

Sample Name

Cu Co Ni Cd Zn Pb
PB (0-2 m) 0.006 n.m 0.081 n.m 0.005 n.m
PB (2-4 m) 0.003 n.m 0.003 n.m 0.015 n.m
PB (4-5 m) 0.005 nm 0.006 n.m 0.027 nm

n.m—not measured due to low detection limit of the solid phase.

However, a better indication for the mobility of potentially toxic chemical species can be obtained
by the estimation of percentages leached of their total concentration within the tailings (Table 4).
Based on the calculated mobility percentages, the potentially toxic chemical species show the lowest
mobility within the aqueous phase (Ni 0.081%, Cu 0.006%, and Zn 0.05%). This observed pattern
confirms the low concentration of dissolved potentially toxic chemical species in the tailings leachates
and pore-water solution. This indicates that the potential transfer load of potentially toxic chemical
species from tailings to the adjacent receiving surface and groundwater systems is very low.

Table 6 corroborates the low dissolved concentration, and low solubility and mobility of the
potentially toxic chemical species in the tailings leachates as calculated by MINTEQA2. The tailings
leachates are oversaturated with cuprite (SI = 1.403-5.488), and below saturation regarding
oxyhydroxide minerals (Table 6). This shows that the formation of secondary cuprite (Cuy0) is
the other important factor controlling the solubility and mobility for Cu ions in the tailings profiles.
The prevailing species of Cu are free Cu?* ion (100%) and sulfate complexes CuSO3~ (98.79%) in
the tailings profiles suggesting that the number of sulfate containing compounds such as sulfuric
acid used during past copper mining activities to enhance ore separation is the other solubility
and mobility controlling phase for Cu in the tailings leachates. However, the prevailing species
for other potentially toxic chemical species are free Co%* (~96.85%), Ni%* (~97.99%), and CdZ*
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(~298.84%) (Table 6) indicating the absence of soluble sulfide complexes which are the main carrier
for these potentially toxic chemical species. This observed pattern further verified the low dissolved
concentrations and low solubility and mobility for Co, Ni, and Cd in the tailings profiles. Nonetheless,
the dissolved concentration of sulfate in the tailings leachates is high compared to other anions,
and increases abruptly with tailings depth within the tailings profiles peaking at an average of
87.76 ug/L at the point of contact between the tailings and underlying soil (Table 5; Figure 7). The high
dissolved concentration of sulfates could be ascribed to the sulfate complexes calculated by MINTEQA2
which are connected to the sulfuric acid used to enhance ore separation during beneficiation and
mineral processing of the mined copper ore.

Table 5. Physicochemical parameters of tailings pore-water for tailings profile B.

Bulk Chemical Composition Units PB (0-2 m) PB (2-4 m) PB (4-5 m) WHO [25]
pPHm20 - 8.46 + 0.098 8.36 + 0.021 8.41 +0.04 -
EC uS/cm 156.5 + 16.82 312 £7.07 364 +1.44 -
TDS mg/L 18.8 £ 0.07 18.75 £ 0.06 18.85 £ 0.06 -
Al ug/L 176.23 + 59.67 129.37 + 25 157.86 + 0.26 <100
Fe ug/L 143.51 + 95.58 71.65 £ 2.99 100.83 +1.47  <1000-3000
Ti ug/L 1.18 £0.15 0.78 +0.14 0.87 +0.12 -
\% ug/L 1.18 £ 0.04 0.63 £ 0.08 1.02 £0.03 -
Cr ug/L 0.90 + 0.26 0.60 + 0.04 1.13 £ 0.04 <50
Mn ug/L 17.68 +2.40 37.10 + 8.07 16.63 £ 1.80 <500
Co pg/L 0.09 + 0.02 0.08 & 0.01 0.09 +0.01 <500
Ni ug/L 0.54 +0.01 0.72 £+ 0.08 0.62 +0.02 <70
Cu ug/L 479 +4.27 2143 +1.74 20.21 £ 0.01 <2000
Zn ug/L 0.88 +0.21 1.54 +£1.02 1.8 £0.52 <5000
As ug/L 0.31 £0.22 0.22 +£0.01 0.29 +0.12 <10
Se ug/L 1741 +£1.23 2093 +1.51 10.81 +2.88 -
Sr ug/L 57.54 + 1.96 123.88 £+ 10.1 106.33 + 4.22 -
Mo ug/L 414+29 59.44 + 298 66.11 + 1.22 -
Cd ug/L 0.02 +0.01 0.01 0.02 +0.01 <10
Ba ug/L 13.1 £ 1.86 19.02 +£1.98 16.17 £ 0.88 -
Hg ug/L 0.28 + 0.08 0.15 + 0.07 0.10 £ 0.02 <6
Pb ug/L 0.27 +0.08 0.28 £+ 0.09 0.34 +0.01 <5-10
Ca mg/L 2671 £ 0.7 55.515 + 3.92 30.75 £ 2.07 <150
K mg/L 9.09 + 1.35 911+ 19 8.45 +1.92 -
Mg mg/L 4.88 + 0.04 12.67 £1.77 8.01 +0.41 <70
Na mg/L 2.08 £0.13 44+02 488 +0.11 <200
S mg/L 15.71 £ 0.03 55.94 +2.24 25.56 + 1.98 -
50427 ppm 13.02 £ 3.16 47.74 £ 0.93 87.76 + 4.463 <500
Cl- ppm 2.106 + 0.35 16.93 + 0.83 24.38 + 0.44 <300

Table 6. Saturation index of mineral phases (SI) and percentages of main species calculated by
MINTEQAZ2 within the tailings pore water.

Saturation Index Profile B Profile C
Cd (OH); (s) —7.074 —3.06
CoO (s) —6.092 —5.605
Cr (OH), (s) —533 —5.022
Cuprite 5.488 1.403
Fe(OH), (am) 278 —2.453
Ni (OH), (s) —4611 —4.06
Quartz —2.925 —2.909
Zn(OH), (am) —4171 —3535
Main Species (%) Profile B Profile C
Cd - -
Cd? 98.845 97.869
CdOH* 1.145 2.013
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Table 6. Cont.

Saturation Index Profile B Profile C
Co - -
Co%* 96.854 94.082
CoOH* 2.817 4861
Co (OH); (aq) 0.328 1.007
Cr - -
Crt 0.084 0.047
CrOH* 99.916 99.953
Cu - -
Cu* 100 1.21
CuSO;~ N/A 98.79
Fe - -
Fe?* 94.508 90.637
FeOH* 5.485 9.343
Ni - -
NiZ* 97.992 96.181
NiOH* 1.798 3.135
Ni (OH); (aq) 0.21 0.65

4. Summary and Conclusions

An assessment on the mobility patterns and attenuation dynamics of potentially toxic chemical
species within copper tailings profiles has been carried out. The tailings were characterized by high
bulk density and low air-filled porosity, along with low moisture content at the upper and shallow
depths of the tailings profiles. Simultaneously, the solid phase content of potentially toxic chemical
species (Cu 602-1063 ppm > Ni 20-36 ppm > Zn 15-25 ppm) was high at the upper and shallow
depths of the tailings profiles, and decreased with increasing tailings depth. The physical properties
of the tailings have been significant in the retention and mobility attenuation of the potentially
toxic chemical species within the studied tailings profiles. The concentration of Cu exceeded the
South African soil quality guidelines for all land uses, consequently this could present a potential
risk for the adjacent aquatic systems during leaching, mainly when the tailings become in contact
with infiltrating rain-water, and furthermore the land could become unsuitable for agricultural
purposes. The relative abundance of the identified mineral peaks followed the order of quantity:
quartz > epidote > chlorite > muscovite > plagioclase > calcite > hematite. The neutralization of the
dominant alumino-silicate minerals, traces of carbonates as calcite, and the absence of sulfide minerals
in the tailings resulted in medium alkaline pH leachates (7.97-8.37) at all depths, EC (364-156.5 uS/cm),
TDS (18.8 mg/L), and the low concentrations of dissolved Cu (20.21-47.9 ug/L), Zn (0.88-1.80 ng/L),
Pb (0.27-0.34 pg/L) in the tailings profiles leachates, indicating that the transport load of potentially
toxic chemical species from tailings to aqueous phase is very low. This implies that the solubility and
mobility of potentially toxic chemical species is very low within the aqueous phase as corroborated
by their relative percentage leach (Ni 0.081%, Cu 0.006%, and Zn 0.05%). MINTEQA2 speciation
calculation showed that many of the potentially toxic chemical species occur as free ions in the
tailings leachates, indicating the absence of soluble complexes or ligands such as sulfides or organic
matter which are known to be the main solubility and mobility control for Co, Ni, Zn, and Cd in
the tailings. However, the dissolved concentration of sulfates was high (5042~ 15.71-55.94 mg/L)
in the tailings leachates, and increased with increasing tailings depth, and this could lead to high
salt content in the adjacent surface and groundwater systems. The increase in sulfates content
in the tailings leachates is attributed to the possible application of sulfuric acid to enhance ore
separation during past copper mining activities in Musina. The water-soluble concentrations of
base metals followed the order: Al > Fe >Mn > Ca > K > Na within the tailings profiles, which was
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consistent with the relative abundance of alumino-silicate minerals. Al and Fe were the metal species
with the highest water-soluble concentrations (129-175 pg/L and 71.6-143.5 ug/L, respectively).
This indicates the presence of soluble alumino-silicates and absence of sulfidic minerals in the
tailings profiles. Mineralogical analysis identified hematite peak as the secondary mineral, although
MINTEQAZ2 speciation calculation showed that the tailings leachates were below saturation regarding
oxyhydroxides and were oversaturated with cuprite (Cu,O). The precipitation of secondary hematite
and cuprite under medium alkaline pH condition plays an important known ability to trap and
attenuate the mobility of potentially toxic chemical species (Cu, Zn, and Pb) through adsorption on the
surface area. Therefore, neutralization, dissolution, and precipitation of the dominant mineralogical
constituents as a function of the tailings pH were identified to be the geochemical controls for the
solubility and mobility of potentially toxic chemical species, and their potential transfer from tailings
to the aqueous phase.
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Abstract: This study investigates the effectiveness of alkaline and cementitious additives in the in situ
stabilization of localized acid-generating tailings from a closed gold mine in Abitibi-Témiscamingue,
Québec (Eagle/Telbel mine site). Five field cells (including one control) were constructed and equipped
with mechanisms for collecting vertical water infiltration and surface runoff. The five cells included:
(C1) Control cell; (C2) 5 wt % limestone amendment; (C3) 10 wt % limestone amendment; (C4) 5 wt %
half ordinary Portland cement and half fly ash amendment; and (C5) 5 wt % ordinary Portland cement
amendment. The control cell showed an acidic behavior (pH < 4.5) with variable concentrations of Fe,
Al, Zn, and Cu. The amendments were used to neutralize the acidic leachates and decrease dissolved
metal concentrations. Leachates from surface runoff samples of amended cells were less loaded with
metals compared to samples of vertical infiltration. All amendment formulations increased the pH
of the leachates from approximately 4 to circumneutral values. Furthermore, metal and metalloid
concentrations were greatly limited, except for Cr and As for the carbonate-based amendments.
Metal(-oid) stabilization was successfully achieved using the different amendment formulations,
with the exception of C2, which still released As.

Keywords: acid mine drainage; alkaline amendments; cementitious amendments; kinetic testing;
Joutel mine

1. Introduction

In Canada, environmental regulations require restoration and stabilization of tailings and effluents
before the final closure of mine sites. The stabilization of acid-generating tailings and contaminants
released from oxidized tailings can be achieved using stabilization/solidification (S/S) techniques.
Such techniques consist of adding amendments, such as alkaline materials, cementitious materials,
and/or industrial sub-products, to mine wastes [1-14]. Mining amendments can be divided into two
categories, depending on the objective of the amendments: (i) Alkaline amendments, which are used
for increasing the neutralization potential of acid-generating tailings [15-17], and (ii) cementitious
amendments, which are used for the impermeabilization/solidification of acidic tailings, but can also
increase the neutralization potential [18-23].

Alkaline amendments were successfully used to control and neutralize acid mine drainage under
laboratory conditions during kinetic tests [1,8,11,24-27]. Limestone is one of the most commonly used
materials in alkaline amendments. The dissolution of alkaline amendments under acidic conditions
increases the alkalinity of leachates and reduces the mobility of contaminants through mechanisms
including: (i) Precipitation of low-solubility iron oxyhydroxides; (ii) co-precipitation in and adsorption
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on oxyhydroxides [11,28-31]; (iii) sulfide surface passivation, which inhibits oxygen diffusion to
and from reactive sulfide cores [32-35]; and (iv) reduction of bacterial activity under circumneutral
conditions [36-38]. Other materials that have successfully been used as alkaline amendments include
red mud bauxite and cement kiln dust [11,12,39,40].

Cementitious amendments are used to solidify hazardous wastes and contaminated soils [7,20,41,42].
Cementitious amendments can reduce the contaminant mobility by the same mechanisms as alkaline
amendments. However, the application of this technique allows for the solidification of reactive grains
and ensures the physical trapping of contaminants (i.e., fixation). Moreover, the cementation of tailings
leads to: (i) Physical encapsulation of mobile contaminants by increasing the cohesive properties of
the mixture and (ii) improvements to the cohesion and the long-term impermeability of the tailings,
which reduce available reactive surface area [4,7,20,22,23,42-45]. Various materials have successfully
been used as cementitious additives for these purposes, although ordinary Portland cement (OPC) is
the most common. In some cases, industrial sub-products, such as fly ash (FA), slag, lime, and cement
kiln dust, have been used to partially replace OPC in cemented paste backfills [1,3,5,44,46-52].

In this study, limestone, fly ash, and ordinary Portland cement were tested at the former
Eagle/Telbel mine site, which is now referred to as Joutel mine. The main objective of this study was
to test the in situ effectiveness of these materials to stabilize acid-generating tailings. To accomplish
this, five experimental cells were constructed and equipped with two types of water collectors, one for
vertical infiltration and one for surface/subsurface runoff. This instrumentation allowed for time-series
measurements of the chemical compositions of drainage waters, as well as calculations of the two main
components of the water balance.

2. Materials and Methods

2.1. Joutel Mine Site

Joutel is a closed gold mine site located at the north of Abitibi-Témiscamingue (Québec, Canada).
Operations at the mine took place between 1974 and 1994. The gold was associated with a sulfidic
deposit that contained mainly pyrite, as well as traces of pyrrhotite, chalcopyrite, sphalerite, and galena.
Gold was extracted using sulfide bulk flotation, followed by cyanidation. Ore treatment produced
finely ground tailings that were deposited over 120 ha in a tailings storage facility (TSF) [53]. The TSF
is divided into two zones: The northern zone, which is older and relatively elevated, and the southern
zone, which is younger [54].

2.2. Amendments Formulation

Both alkaline and cementitious amendments were tested in in situ experimental cells. The alkaline
amendments consisted of limestone. Two formulations were tested based on preliminary laboratory
tests, i.e., 5 wt % and 10 wt % limestone. The amendment was mixed in situ with oxidized tailings
and then deposited in the field cells. The limestone used in this study had a maximum particle size
of 6.25 mm to ensure a mixture of fine and coarse particle sizes that would provide both short- and
long-term reactivity. Calculations of the amount of limestone needed to neutralize the oxidized tailings
were based on the neutralization potential (NP) and acid-generating potential (AP) of the limestone
and the reactive tailings, as expressed in Equation (1):

(NPtailings - (f X APtailings))

%R =100 x
(fx Ty Xi x APi) = (L) X; X NP;)

@

where NPtailings is the neutralization potential of the mine tailings; APailings 1s the acidification potential
of the mine tailings; f is the target NP/AP ratio; X; is the proportion of each amendment material
used (equals 1 if only one amendment is used); AP; is the acidification potential of the amendment
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material; and NP; is the neutralization potential of the amendment material. For the studied tailings,
the calculated ratio was ~8% for an NP/AP ratio of 1.

Cementitious amendments in this study consisted of OPC and FA. The two formulations used
were 1/2 OPC + 1/2 FA 5 wt % and OPC 5 wt % at a dosage relative to the total dry weight of the
tailings. The FA used in this study was taken from the Boralex thermal energy station (Senneterre, QC,
Canada), which generates wood-residue thermal energy. The amendment formulations for the five
cells are indicated in Table 1.

Table 1. Amendment formulations used in the field cells.

Cell Formulation
C1 Reference (oxidized tailings)
Cc2 5 wt % limestone
C3 10 wt % limestone
C4 5wt % (1/2 OPC + 1/2 FA)
C5 5wt % OPC

2.3. Field Cell Construction

Field cells were constructed in an acidic area of the Joutel TSE. The cells, which were shaped
as inverted truncated pyramids, were 4 m wide, 4 m long, and 0.3 m deep. Only oxidized tailings
were used in the cells. The tailings were homogenized in situ using a mechanical loader to avoid,
as much as possible, heterogeneities in the chemical and mineralogical properties of the materials.
Amendments were mixed into the tailings using the bucket of a mechanical loader (Figure S1IE-H).
The cells were then excavated in the TSF and linear low-density polyethylene geomembranes were
installed at the base and on the sides of each cell to control exfiltration [55] (Figure S1A,B,D,F).
Two systems of water collection were installed at each cell. One system collected vertical infiltration,
using 5-cm PVC pipes, and the other collected surface and subsurface runoff, using a combination
of 5-cm PVC pipes and a gutter (Figure S1C). Each collection system was connected to an external
reservoir. The cells using binders were covered with 20 cm of sand as a protection layer (Figure S1I).
The drains for the collection systems were installed at a 2% slope. A schematic representation of
the cells is shown in Figure S2. Each cell was also equipped with an EC5 volumetric water content
(VWC) probe, which obtains water content by measuring the dielectric constant of the media through
capacitance/frequency domain technology. Each probe was calibrated in the laboratory, using the
same material present in the field. Calibration curves are presented in the supplementary materials
(Figure S3). Sampling was not possible during winter; average daily temperatures are presented in the
supplementary materials (Figure S4).

2.4. Physical, Chemical, and Mineralogical Analyses

Grain-size distributions of the studied samples were evaluated using a laser analyzer
(Malvern Mastersizer, Malvern Panalytical, Canada). Bulk chemical compositions of the samples
were determined by ICP-AES (Perkin Elmer Optima 3100 RL, USA), following an HNO3/Br,/HF/HCl
digestion. Major minerals in the initial oxidized tailings were analyzed by X-ray diffraction (XRD,
Bruker Ltd, Canada; Brucker D8 Advance, with a detection limit and precision of approximately 1-5%,
operating with a copper cathode, K« radiation). Results were interpreted using the DIFFRACT.EVA
software (Version 3.1, Bruker, Milton, ON, Canada) and quantified using TOPAS (Version 4.2, Bruker,
Milton, ON, Canada).

Leachates collected from the cells were analyzed for pH, Eh, and electrical conductivity (EC),
using pH/Eh/EC meters, and their chemical compositions were analyzed by ICP-AES, following an
addition of 2% HNOj. Iron—sulfur pH-Eh diagrams were calculated for the control cell and for the four
cells with alkaline and cementitious amendments at 21 °C, using the Geochemist’s workbench (GWB)
database (student edition, Version 12.0.1, Aqueous Solutions LLC, Richmond, VA, USA). Iron and
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sulfur activities were calculated using Visual Minteq (Version 3.1, KTH, Stockholm, Sweden) based on
average Fe and S concentrations. Then, the pH and Eh data from the different cells were projected onto
the Fe-S pH-Eh diagrams.

After two years, a composite solid sample was collected from each cell. The chemical composition
of these samples was analyzed using ICP-AES. The mineralogy of these samples was investigated using
Quantitative Evaluation of Minerals by Scanning Electron Microscopy (QEMSCAN, FEI, Hillsboro,
OR, USA). QEMSCAN is an automated mineralogy system that produces particle maps through the
collection of rapidly acquired X-rays. The maps and corresponding data quantify modal mineralogy,
texture, grain sizes, mineral liberation, and elemental deportment. In this study, carbonate and sulfide
liberation were evaluated in order to quantify the coating of each phase and, ultimately, to determine
the long-term geochemical behavior of the amended tailings (especially for the limestone amendments).
Polished sections were prepared for each sample and analyzed using particle mineralogy analysis
mode (PMA). Measurement resolutions varied from 2.5 pm to 6 pm, depending on the particle-size
distribution of the sample. The number of analyzed particles was approximately 47391, 78089, 43077,
41851, and 42699 for samples from C1, C2, C3, C4, and C5, respectively.

3. Results

3.1. Chemical, Mineralogical, Static Test, and Physical Characterizations of Solid Samples

Table 2 shows the results of the chemical, mineralogical, and static test, and physical
characterizations of the mine tailings, limestone, OPC, and fly ash. The grain-size distribution (GSD)
of the mine tailings was finer compared to the limestone, OPC, and FA. The Dy, which corresponds
to 90 wt % passing on the cumulative GSD curve, was approximately 30.5 um for the mine tailings
sample, 4500 um for limestone, 46.7 um for the OPC, and 1500 um for the FA. Initial water content was
about 15 wt % for the mine tailings sample, 6.1 wt % for the limestone sample, 0 wt % for the OPC, and
3.5 wt % for the fly ash. Mineralogical analyses showed that the mine tailings were highly oxidized.
They were mainly composed of secondary minerals, such as goethite (22 wt %). Carbonates and
sulfides constituted about 18 and 12 wt % of the tailings, respectively. The limestone sample was mostly
composed of calcite (76 wt %) and dolomite (22 wt %). The fly ash sample contained about 15.5 wt %
calcite, 3.5 wt % siderite, 5.3 wt % quartz, and 75 wt % of various silicate minerals. The reconciliation
of the mineralogical composition of fly ash was based only on wt % of the crystalline phases. However,
fly ash is known to contain amorphous alumina-silicate glass. Consequently, the sum of wt % of
phases was less than 100 wt %. Chemical characterizations showed that the mine tailings sample was
high in Fe (27%), S (4.40%), and Ca (3.7%), confirming the mineralogical composition. The limestone
sample was composed mainly of Ca (34%) and Mg (2.50%). The OPC sample contained mostly Ca
(49%), Al (2.75%), and Fe (2.25%). The fly ash sample contained mainly Ca (7.50%), Al (4.75%), and Fe
(2.25%). Other elements were present as trace concentrations within the four samples and the complete
chemical composition of these samples is presented in Table 2. NP values, which were determined
using the Sobek method as modified by Bouzahzah et al. (2015) [56], were ~183 kg CaCOs/t and 880 kg
CaCOs/t for the tailings and limestone, respectively. The AP of the tailings was ~195 kg CaCOs/t.
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Table 2. Physical, chemical, and static test, and mineralogical characterizations of the mine tailings,
limestone, ordinary Portland cement, and fly ash samples. DL = detection limit.

Characterization Parameter Units MT Limestone orC FA
D10 1.8 50 4.2 82
Physical characteristics D30 Hm 47 250 113 180
D90 30.4 4500 46.7 1500
initial water content wt % 15 6.1 dry 3.52
Al 2.02 0.295 2.75 4.69
Ca 3.72 33.82 49.07 7.58
Mg 0.15 2.350 1.18 1.05
Mn 0.42 0.031 0.06 0.42
Na 1.07 0.125 0.16 1.96
K 0.26 0.245 043 1.85
Fe 27.24 0.483 223 224
Si* 17.76 7.76 14.82
Chemical composition Li % <0.0005  <0.0005 <0.0005 0.002
Pb 0.013 <0.0005 <0.0005 <0.0005
As 0.091 <0.0005 0.005 <0.0005
Cr 0.0024 0.004 0.007 0.006
Cu <0.001 <0.0001 0.007 <0.0001
Zn 0.01 <0.0055 0.05 0.07
S (total) 6.80 0.93 1.74 043
S (sulfates) 0.27 - - -
C 22 - - -
Static tests NP kg CaCOgz/t 183 880 - -
AP kg CaCOgz/t 195 - - -
Quartz 27.84 2.07 5.32
Calcite 7.82 75.76 15.51
Dolomite 0.60 22.17
Muscovite 1.03
Siderite 11.41 3.65
Orthoclase 0.99 8.34
: : i Biotite o 0.23 7.52
Mineralogical composition Albite wt % 1278 Not applicable 2051
Gypsum 145
Goethite 22.29
Pyrite 12.22
Labradorite 0.30 22.88
Chlorite 0.74
Corundum 0.41
Anhydrite 1.83

Si* was analyzed using XRF-whole rock.

3.2. Field Cell Monitoring

3.2.1. Vertical Infiltration

Vertical infiltration leachates from the different cells showed different behaviors with respect to pH
and EC (Figure 1A,B). Leachates from the reference cell were acidic, with pH values between 1.7 and
4.3. However, the leachates from the amended tailings were circumneutral, with pH values between 6.7
and 8.4 for C2,7.1 and 8.1 for C3, 6.6 and 8.6 for C4, and 8.8 and 10.3 for C5 (Figure 1A). All amendment
formulations successfully buffered the acid produced by the oxidized tailings. The acidic leachates react
with the limestone and binders, which dissolve and neutralize acidity [7,11,17,26,31,57-59]. Eh values
showed oxidizing conditions (Eh > 100 mV) in all five cells (Figure 1C). Electrical conductivity values
(Figure 1B), which illustrate the chemical quality of the leachates, showed that leachates from C1
were more loaded in terms of dissolved ions. EC values for C1 ranged between 8 and 33 mS/cm.
In contrast, EC values from C2, C3, C4, and C5 were between 5 and 20 mS/cm, 5 and 12 mS/cm,
1 and 7 mS/cm, and 2 and 5 mS/cm, respectively. The cementitious amendments showed the lowest
EC values compared to the control cell and limestone-amended cells; hardening of tailings, due to
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cementation processes, reduces the available surface area, which reduces the leaching rates of species
from mineral surfaces [4,7,10,20,43,52,60,61].
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Figure 1. Evolution of (A) pH, (B) electrical conductivity, and (C) Eh for leachates from vertical infiltration.

Vertical infiltration leachates from the five cells were analyzed for concentrations of Ca, Mg, Mn,
Al, Fe, S, Zn, Cu, As, and Cr to evaluate carbonate dissolution, sulfide oxidation, and metal(-oid)
release rates (Figure 2). The end of the test was characterized by increased leaching of chemical species,
including Al, S, Cr, and Zn. However, this could potentially be explained by the lower volumes of
water collected at the end of the tests (October). Calcium concentrations differed slightly among the
cells, with average concentrations of about 379 mg/L, 440 mg/L, 431 mg/L, 470 mg/L, and 502 mg/L for
C1, C2, C3, C4, and C5, respectively (Figure 2A). Average Mg concentrations were about 3756 mg/L,
1790 mg/L, 2151 mg/L, 39 mg/L, and 3.5 mg/L for C1, C2, C3, C4, and C5, respectively (Figure 2B).
Average Mn concentrations were about 1421 mg/L, 45 mg/L, 44 mg/L, 1.5 mg/L, and 0.7 mg/L for C1, C2,
C3, C4, and C5, respectively (Figure 2C). The average Al concentration was about 16 mg/L for C1 and
did not exceed 0.45 mg/L for the amended cells (Figure 2D). The same trend was observed for Fe, which
had an average concentration of 1034 mg/L in C1 and <0.2 mg/L for the amended tailings (Figure 2E).
Average S concentrations were about 7523 mg/L, 2838 mg/L, 3289 mg/L, 707 mg/L, and 890 mg/L
for C1, C2, C3, C4, and C5, respectively (Figure 2F). Zinc concentrations were increased in leachates
from C1, with an average concentration of about 17.6 mg/L. Concentrations in the amended tailings
did not exceed 1.4 mg/L (Figure 2G). Copper concentrations were higher for C1, with an average of
0.93 mg/L, while concentrations in the amended tailings were negligible (Figure 2H). Arsenic was
only detected in leachates from C1, C2, and C3, with average concentrations of 0.28 mg/L, 0.29 mg/L,
and 0.20 mg/L, respectively (Figure 2I). Finally, average Cr concentrations were about 0.42 mg/L,
0.028 mg/L, 0.029 mg/L, 0.001 mg/L, and 0.015 for C1, C2, C3, C4, and C5, respectively (Figure 2J).
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Figure 2. Evolution of concentrations of (A) Ca, (B) Mg, (C) Mn, (D) Al, (E) Fe, (F) S, (G) Zn, (H) Cu,
(I) As, and (J) Cr in vertical infiltration waters.

3.2.2. Surface and Subsurface Runoff

Leachates collected from surface and subsurface runoff were analyzed for the same parameters as
the leachates from vertical water infiltration. During the monitoring period, no leachates were collected
from C4. Surface runoff from the control cell was acidic, with pH values less than 4 (Figure 3A),
while the amended cells had pH values less than 6. Thus, the different amendment formulations
successfully neutralized the acidity produced by the oxidized tailings. Average EC values for all cells
were below 3.6 mS/cm (Figure 3B) and Eh values were higher than 100 mV, suggesting oxidizing
conditions (Figure 3C).

Leachates from surface and subsurface runoff showed a different chemical quality compared to
leachates from vertical infiltration. In general, the runoff leachates showed lower concentrations for
most cations. Average Ca concentrations were about 357 mg/L, 403 mg/L, 444 mg/L, and 344 mg/L for
C1,C2, C3, and C5, respectively (Figure 4A). Average Mg concentrations were about 66 mg/L, 153 mg/L,
79 mg/L, and 27 mg/L for C1, C2, C3, and C5, respectively (Figure 4B). Average Mn concentrations were
about 27 mg/L for C1 and <13 mg/L for the amended tailings (Figure 4C). Average Al concentrations
were <0.8 mg/L for all cells (Figure 4D). Iron was leached in relatively high concentrations from C1,
with an average concentration of about 37 mg/L, but did not exceed 2 mg/L from the amended tailings
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(Figure 4E). Average S concentrations were about 500 mg/L for all cells (Figure 4F). Zn, Cu, As, and Cr

were detected in low concentrations (Figure 4G-J).
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3.3. Water Content Evolution

The results of water content monitoring for the five cells are illustrated in Figure 5. Water contents
showed the same seasonal variation for all five cells. Water contents decreased during winter and
increased during summer. Cell C5 (with 5% cement) showed the lowest VWC value at the end of the
monitoring period. Cell C4 showed the highest VWC values over the two-year monitoring period.
During the monitoring period, average VWCs were about 0.23, 0.40, 0.24, 0.43, and 0.26% for C1, C2,
C3, C4, and C5, respectively. Additionally, the hydrogeological behavior of the cells observed in the
field during sampling was very different. After a rain event, a water pool was observed within the
cementitious cells. In addition, the volume of water collected in the barrel was always the smallest
within C5 and C4, compared to that collected in the other cells.

@ Reference MC2 AC3 #C4 OCS

water content (-)

Time (day)
Figure 5. Evolution of volumetric water content (VWC) within the five field cells.

3.4. Field Cell Dismantlement

Samples taken from the field cells following the end of the monitoring period showed relatively
similar mineralogical and chemical compositions (Table 3 and Figure 6A). The chemical compositions
of the solid samples after the experiments were slightly variable among the cells. Al concentrations
varied between 1.5 and 2.2 wt %, Fe concentrations were between 20 and 29 wt %, and S concentrations
ranged between 4 and 7.5 wt % (other elements are presented in Table 3). The chemical differences
among the samples are likely due to their different compositions (Table 1) and the initial differences
due to the high volume of tailings used to fill the different cells.

Figure 6A shows a summary of the mineralogical compositions of the samples after two years of
leaching tests. Sulfides consisted primarily of pyrite. Carbonates were mainly present as siderite, with
moderate concentrations of calcite. Secondary minerals mainly included Fe oxides, gypsum, and Fe
sulfates. The rest of the mineralogical composition comprised various silicates and other oxides.

Pyrite varied between 5 and 9 wt % and carbonate contents varied between 19 and 42 wt %. Calcite
was detected in high concentrations in samples from the C3, which initially contained 10% limestone.
Iron oxides were detected in high concentrations in samples from C1. This could be explained by
precipitation of secondary Fe phases, due to the high Fe concentrations within the reference cell,
especially as compared to the other cells (Figure 2A). Iron oxides were present in the form of coatings
on the surface of carbonates, sulfides, and silicates. Gypsum contents varied between 0.5 and 6 wt %.
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The mineralogical composition of the studied samples shows Ca occurring primarily in gypsum
in the sample from C1 and in carbonates in samples from the amended cells (Figure 6B). More than
70 wt % of Fe occurred in siderite and Fe oxides in all samples (Figure 6C) and about 10 wt % of Fe
occurred in pyrite. Sulfur was primarily associated with pyrite and gypsum (Figure 6D).

Sulfides and carbonates showed different degrees of liberation and associations (Figure 7).
Mineral liberation analyses indicate the exposed areas of mineral. Pyrite was approximately 24, 13,
14, 28, and 18 wt % liberated in samples from C1, C2, C3, C4, and C5, respectively (Figure 7A).
Pyrite liberation analyses for C4 and C5 only took into account pyrite locking by mineral phases and not
pyrite locking by the cementation of the tailings. Therefore, the pyrite liberation within cementitious
amendment was overestimated in this case. The majority of the pyrite consisted of binary associations
with Ca-Mg carbonates and Fe oxides (Figure 8). Ca-Mg carbonates were about 0.62, 37, 51, 27, and
13 wt %, liberated in samples from C1, C2, C3, C4, and C5, respectively (Figure 7B). The majority of
Ca-Mg carbonates consisted of binary associations with Fe oxides/siderite; they were about 24, 48, 44,
57, and 68 wt % for samples from C1, C2, C3, C4, and C5, respectively.
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OLiberated B Mg-Ca Carbonate M Fe Oxide/Siderite OLiberated W Fe Oxide/Siderite m Pyrite
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Figure 7. Degree of liberation for (A) carbonates and (B) sulfides.

Mass % mineral in sample
Mass % mineral in sample
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Fe Oxide — ——» 4
3
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Oxide rim

Side
- Oxide rim
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Figure 8. SEM images showing (A) siderite coated by Fe oxides, (B) pyrite coated by siderite and Fe
oxides, and (C) and (D) silicates coated by Fe oxides and siderite.

4. Discussion

The oxidized tailings showed acidic pH values (<4) and, together with other monitoring data,
the pH measurements suggest that surface area and contact time considerably influence final water
quality. Overall, leachates from vertical infiltration samples were more acidic and more loaded in
chemical species than those from runoff samples. This makes sense as the contact time between water
and tailings is greater during infiltration than during surface and subsurface runoff. Vertical water
infiltration rates depend upon the physical and hydrogeological properties of the tailings [62-66].
However, surface runoff rates are greatly controlled by the morphological properties of the TSF (e.g.,
slope gradient, slope length) and the precipitation intensity [67-69].

The geochemical behavior of amended tailings showed that alkaline and cementitious amendments
are both promising techniques that could be used for stabilizing and neutralizing acid-generating
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tailings. The leachates from the amended cells were characterized by circumneutral pH values
and were less charged with chemical species than the control cell, except in the case of Ca, which
was released more from cell C5 (5 wt % OPC) (Summary of chemical analysis is presented in
Table S1). In fact, the dissolution of carbonates and OPC produces alkalinity and buffers the pH of
leachates [11,15,31,38,57-59,70-79]. The pH was established early, due to high dissolution rates of
limestone and cement in the acidic media. The dissolution of carbonates (calcite) is explained by
Equations (2) and (3):

CaCOs5) + 2H<+aq) — HyCOjpq) + Ca®* )
- 2
CaCO3(s) + H?«;q) - HCOS(aq) + Ca®" 3)

Ca leaching was higher within C5, which contained OPC as a binder. In fact, the dissolution
of tricalcium silicate (C3S), which is contained in OPC, is explained with the following reaction
(Equation (4)):

2Ca3SiOs + 6H,O — 6Ca*" + 80H™ + 2H,Si03~ (4)

Otherwise, Ca was released by gypsum and by carbonate dissolution in the control cell.

Other chemical species (As, Fe, Al, Li, Pb, Cr, Li, and Zn) were immobilized within the amended
cells. The mechanisms responsible for the attenuation of these metal(-oid)s include: Precipitation,
co-precipitation, and sorption related to the formation of secondary Fe oxyhydroxides at circumneutral
pH values [2,11,24]. The Fe-S Eh—-pH diagram illustrated in Figure 9 shows that Fe should precipitate
as Fe oxides under the conditions observed in this study. However, for the cementitious amendments
(C4 and C5), in addition to the precipitation of secondary Fe phases, two other mechanisms could
be responsible for the attenuation of chemical species: (i) Physical trapping and (ii) reduction of
water/tailings contact surface, due to hardening of the tailings by binders (FA and OPC). The application
of cementitious additives enhances the mechanical resistance of tailings and increases their long-term
impermeability [20,44,60,61]. As shown in Figure 10, all amendments used in this study were capable of
decreasing the mobility of the analyzed metal(-oid)s, compared to the reference cell (with the exception
of As and Cr in the vertical infiltration and runoff leachates from C2, respectively). A reduction factor
was calculated for each analyte using Equation (5):

RE = 100><(1—&) )
Co
where RF is the reduction factor, C, is the concentration of analyte in the amended cell, and C is the
concentration of the analyte in the reference cell.

The amendments reduced the S release from the C2, C3, C4, and C5 with respect to the control.
However, more S was released from C2 and C3 than from C4 and C5. This could potentially be
explained by the hardening of the tailings—cement mixture. Limestone amendments reduce the
leaching of chemical species only by chemical process (e.g., precipitation of secondary phases);
however, cementitious amendments reduce the leaching of chemical species by both chemical and
physical processes (e.g., reducing the surface contact).

Iron was almost completely immobilized within the different amendment formulations, with
RF values between 80 and 100%. Aluminium concentrations were reduced by more than 90%, with
a maximum RF of 100% for C3, C4, and C5. Fe oxides precipitated in all cells, as illustrated in the
mineralogical composition presented in Figure 6A. However, in C1, there were higher iron oxide
concentrations. This could be explained by the pH-Eh conditions. The pH in the reference cell was
acidic, which means high reactivity of sulfides would be expected under these conditions. Zinc mobility
was greatly reduced for infiltrating waters, however surface and subsurface runoff waters showed RF
values between 23 and 67%. Arsenic concentrations were completely reduced for the cementitious
formulations with an RF of 100%, except for the formulation C3 (10% limestone) where it still released.
Lead was successfully immobilized within RF values greater than 77% in all cases. The cells with
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cement showed the highest effectiveness regarding the As immobilization, due to: Hardening of
tailings, which reduces the reactive surface, when the As is trapped within stable C-S-H phases [80].
The cementitious amendments offer more mechanisms to reduce the As leaching compared to alkaline
amendments. Nickel showed RF values greater than 53%. Finally, Cr was successfully stabilized by
amendments C3, C4, and C5, while C2 showed appreciable concentrations in surface and subsurface
runoff samples. The overall order of effectiveness of the different amendments was C5 = C4 > C3
> C2. Therefore, the cementitious amendments appear to show a greater capacity to immobilize
chemical species with respect to the tested alkaline amendments. The incorporation of fly ash to
partially substitute the cement could reduce the costs related to the use of cementitious amendments.
Considering both economic factors and overall effectiveness, the formulation with fly ash could be
considered the best option. Furthermore, the cementitious amendments include the physical trapping
of contaminants such as arsenic [44,47]. Indeed, the evolution of the VWC presented in Figure 5 shows
that cell C5 had the lowest water content at the end of the test. This suggests that the infiltration speed
is lower due to the hardening of the tailings.

Quantitative mineralogical analyses of the five cells showed that carbonates were more liberated
compared to sulfides (Figure 7). Mineral liberation is recognized as a key factor in the reactivity of
mine wastes [81-83]. After two years of monitoring, the reactive fraction of carbonates was higher
than that of the sulfides.

. . B C2-infiltration OC2-surface @ C3-infiltration O C3-surface
m Reference-infiltration O Reference-surface
(A) (B) | A C4-infiltration & CS-infiltration © C5-surface

- 2. -
*- .“ _
— 5 1 5 o2 .
2] m g O ¢ h
= = At .
o
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= E’ Fe-oxvhvdroxides
Fe-oxyhydroxides
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Fe(OH);
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Figure 9. Fe and S pH-Eh diagrams for the leachates from (A) the reference cell and (B) amended tailings.
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Figure 10. Reduction factors for Al, As, Cr, Cu, Fe, Ni, Pb, and Zn for the different amendment
formulations. (A) Vertical infiltration leachates; (B) surface and subsurface runoff leachates.

5. Conclusions

Reducing risks, such as acid generation and contaminant release from mine tailings, is a serious
challenge facing the mining industry and requires the development of cost-effective techniques and
technologies. The application of limestone as an alkaline amendment or ordinary Portland cement
and fly ash as cementitious amendments showed promising results to neutralize the acid produced
and contaminants released from oxidized tailings, based on short-term, in situ tests. Furthermore,
OPC was successfully partially substituted with fly ash, which could reduce the costs associated
with cementitious amendments. In this study, cementitious amendments showed a high effectiveness
compared to alkaline amendments. In fact, metal and metalloid concentrations were reduced more
by both tested cementitious amendments than by the tested limestone amendments, which failed to
attenuate Zn and As releases when applied at 5% and 10%, respectively. However, the applicability of
mining amendments as a reclamation technique must consider two major points: i) The long-term
behavior of amended tailings and for how long the contaminants will be immobilized, and ii) the cost
related to applying the amendment. Economic factors will be greatly affected by the availability of the
amendment materials at a close proximity to the mine site.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/5/314/s1,
Figure S1: Images showing field cells construction and amendments mixing with oxidized tailing, Figure S2:
Schematic representation of the cells constructed in the TSF (image not to scale), Figure S3: Calibration curves
of the volumetric water content probes, Figure S4: Average daily temperature, Table S1: Summary of chemical
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concentrations of the leachates from the different cells (LD means that the concentration was inferior to the
detection limit of ICP-AES).
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Abstract: Cemented paste backfill (CPB) consists of a mixture of fine particles, mainly consisting of
tailings and cement dispersed in water. Therefore, it is necessary to introduce an intensive shearing
force into the paste during mixing in order to maintain an equilibrium between agglomeration and
dispersion. It is influential for the macroscopical fluidity and rheological properties when changes
occur in the microstructure of CPB under shear. However, the research on how mixing affects the
properties of CPB is still in its infancy. This paper puts an insight into the relation between the
mixing intensity and the rheological behavior of the CPB. It can be demonstrated that two threshold
mixing intensities exist in this process. After passing the first or lower threshold, the rheological
parameters (yield stress and viscosity) of the paste decrease. After passing the second threshold,
a continued increase is observed. The changes in rheological properties are connected with physical
and chemical changes in the microstructure of the CPB. The results are discussed in light of the three
concepts “structural breakdown”, “thixotropic breakdown”, and “thixotropic behavior” of rheological
properties of CPB.

Keywords: rheology; microstructure; flow behavior; cemented paste backfill; mixing

1. Introduction

A growing interest is being paid to the rheological behavior of concentrated suspensions [1], such
as cemented paste backfill (CPB), in both theoretical and applied fields. CPB is a mixture of unclassified
tailings, crushed aggregates, powder, water, and chemical admixtures [2,3]. CPB technology is also
considered superior to conventional slurry backfill methods in terms of both the environmental and
economic benefits [4]. These components are generally blended on the surface of a mine and then
transported by gravity or pumped to the underground goaf [5]. In the cemented backfill, mixing is an
essential process for the acquisition and management of the properties of backfilling materials [6]. More
than homogenizing the paste constituents, it plays an important role in characterizing the rheological
properties of fresh CPB [7,8]. As the paste backfilling technology has already been a priority option for
tailings disposal under policies emphasizing environmental conservation, improper mixing is currently
one of the urgent concerns for mining engineers [9,10]. The aim of minimizing the mixing intensity
and mixing time without damaging the quality and productivity is widely pursued [11], even in the
cementitious materials related industries [12]. Hence, a well-designed mixing technique is crucial for
CPB preparation.

As a complex of tailings, cement, and water, CPB is a kind of granular fluid and which, when
in fresh state, could be regarded as a suspension of tailing particles suspended in the slurry [13,14];
however, the slurry is not even heterogeneous due to the existence of abundant cement particles and
hydrates. Therefore, the rheological properties and macroscopic flow behavior of CPB are significantly
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influenced by the internal structure of the paste matrix [15,16]. Consistent with other concentrated
suspensions, CPB also has the rheological properties of yielding, shear thickening, shear thinning,
rheopexy, and thixotropy [17,18]. When under shearing, the intrinsic network structure of CPB
responds to the shear-induced stresses with the interference of interparticle forces, leading to changes
in the rheological behavior [19]. Thus, to understand the influence mechanism of mixing speed on
the properties of CPB is a priority for the improvement of the mixing technique. Under different
mixing intensities, CPB specimens tend to present different rheological properties. The phenomenon
is affected by the interparticle forces, and it could be explained by the Particle Flow Interaction
theory (PFI-theory), which consists of several coupled partial differential equations (PDEs) and is well
explained in previous studies [20]. These equations describe the processes of coagulation, dispersion,
and re-coagulation of the particles (giving a true thixotropic behavior) [21]. The microstructural
changes that lead to thixotropy are called thixotropic breakdown. These concepts were proposed by
Hattori and Izumi [22,23] and by Tattersall and Richie [24,25], respectively.

In the PFl-theory, the thixotropic behavior has a relation to coagulation, dispersion, and
re-coagulation of the particles, where the coagulation refers to the touch between two or more
particles. In order to improve the technological properties of CPB, the particles need to be separated
which poses a challenge to CPB mixing. These particles are forced together by their total potential
energy, as illustrated in Figure 1, where the term Dj is the distance between two solid surfaces of the
particles [26]. The total potential energy interaction V't originates from combined forces of van der
Waals attraction, steric hindrance, and electrostatic repulsion [27]. Under a shear force that is larger
than the Vr, the particles will be separated and the rheological properties of CPB decrease, which is
called thixotropic breakdown [28].

Figure 1. Total potential energy interaction V between particles.

The structural breakdown phenomenon seems to be rarely mentioned compared to the well-known
thixotropy. Since no recovery of torque was observed, structural breakdown was considered to be
different from thixotropic breakdown [29]. As mentioned in the previous paragraph, thixotropic
breakdown is related to behavior generated by the total potential energy that exists between particles,
while the structural breakdown is not [30]. It is attributed to the shrinking electric double layer of
cement particles and/or breaking the connections between the particles formed by the hydration
process [31]. That is, when the cement was added to the mixer and contacted with water, the hydration
product covers the surface of the particles in the form of membrane [32], causing the particles to contact
together. As the CPB is mixed, this connection between the particles is broken and the particles are
separated. If the mixing intensity is high enough, the shrinking electric double layer will also occur
and the chemical environment of CPB will be changed [33]. Currently, it is the complexity of the
intrinsic network structure and the interparticle interactions that make the mixing theory lag behind
its application [34,35].

The paste is generally produced by blending the constituents and then transforming the mixture
from a wet granular state into a granular suspension microstructure. The high-intensity mixing
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technology of CPB (without crushed aggregates) usually includes two steps, as shown in Figure 2 [36],
where the tailings are firstly mixed with binding materials to form a stiff paste that is similar to a
conventional concrete mixing process, and then the high-intensity mixing is applied to make the
paste become soft or fluid. This technology allows the CPB to possess a better performance while the
mechanism of action is still unclear. Therefore, the impact and its mechanism of varying blending
intensities on the rheological properties of fresh CPB were investigated, providing some theoretical
support for further development of the high-intensity mixing technology.

Tailings
slurry

Cements
Mixer
Paddle\ #
[i

Additive

Mixer
Paddle

Underground
=" goaf

Twin-shaft continues mixer High-intensity mixer

Figure 2. The high-intensity mixing technology of cemented paste backfill (CPB).
2. Materials and Methods

2.1. Materials

2.1.1. Tailings

The tailings sampled to prepare CPB were the full process tailings obtained from a copper mine, of
which the specific gravity was 2.69. The chemical characteristics of the tailings were analyzed by X-ray
fluorescence (XRF) (NEX CG, Rigaku International Corp., Tokyo, Japan) and are shown in Table 1.

Table 1. Chemical characteristics of the tailings.

Compound Pb Zn S As Au Ag CaO MgO Al,0O3 SiO;
Content/%  0.035  0.003 0.39 0.057 0.03 1.59 9.16 1.4 6.19 64.69

The particle size distribution is shown in Figure 3 which was tested with a Topsizer 2000 Laser
Particle Characterization System made by OMEC, Ltd., (Zhuhai, China). The measurement covers a
range of 0.02 to 2000 um, with 1% precision. It was observed that the fine particles (<20 um) accounted
for about 29.98 wt % and the tailings could be classified as coarse tailings [37].

2.1.2. Cement

The components of the cement used (obtained by X-ray fluorescence (XRF)) are shown in Table 2,
and the cement belongs to ordinary Portland cement (OPC) CEMI 32.5R type. The main chemical
components of the cement were CaO and MgO, and a small amount of K;O. The Blaine fineness was
402 m?/kg and specific gravity 3.14, according to the cement factory report.

Table 2. Characteristics of the cement.

Items MgO SiO, Na,O K;O  ALO3 SO3 Fe;0O3 CaO
Amount (%) 1.40 20.70 0.18 0.48 4.50 2.60 3.30 65.10
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Figure 3. Particle size distribution of the unclassified tailings.
2.2. Mixture Contents

The CPB samples were produced using deionized water. The proportions are provided in Table 3
where four kinds of CPB of three different solid contents and a constant water-cement (wj/c) ratio of
2.75 were tested in CPB-A, CPB-B, and CPB-C, and a relatively low water-cement (w/c) ratio of 2.25
was tested in CPB-D. The t/c refers to the tailings-to-cement ratio and is based on the mass of tailings
versus the mass of cement. Composition of different CPB samples is given in Table 3.

Table 3. Mixture proportions of CPB.

Code Water Cement Tailings Solids Content  Solids Content
w/c (by mass) (wt %) t/c (by mass) (wt %) (vol. %)
CPB-A 2.75 8.12 8.56 77.66 56
CPB-B 2.75 8.64 7.83 76.25 54
CPB-C 2.75 9.17 7.16 74.79 52
CPB-D 2.25 11.17 5.70 74.86 52

2.3. Preparation of Samples

In the experiment, a cement mortar mixer was used for initial mixing, and a high-shearing-type
mixer as shown in Figure 4 was used for secondary mixing, where the velocity was under control of the
pre-set computer programs at a room temperature of 20 °C. The equipment, as illustrated in Figure 4,
includes a glass bottle containing CPB, a mixer, and a control computer. It is not trivial to measure the
shear rates of CPB samples in the mixer, with a rotary propeller approximate value (Equation (1)) [38],
however, an indication of the value of the shear rate applied to the mixture in the mixing vessel at
varying intensity was evaluated, as shown in Table 4.

= e 0
(5 -72)

where 1, is the radius of the rotary propeller (here referred to that of the mixer blade), r;, is the radius of
the container (here referring to the CPB mixer vessel), and w represents the angular velocity of the
blades. It is illustrated in Figure 4 that r, = 60 mm and r, = 55 mm. Similarly, the shear rate of the
high-intensity mixing technology could be calculated according to the geometrical parameters of the
mixer, as shown in Table 4. As the speed of the high-intensity mixing of CPB was generally controlled
between 1000 and 2000 rpm, the mixing speed of the high-shearing-type mixer was not more than
600 rpm in the study according to Table 4.
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1-CPB sample; 2- Glass bottle; 3- Manual controller;
4- Mixer;5- Speed display; 6- Holder; 7- Control computer.

Figure 4. High-shearing-type mixer.

Table 4. Estimated shear rate of the high-shearing-type mixer and high-intensity mixer.

High-Shearing-Type Mixer (rpm)  High-Intensity Mixer (rpm) Estimated Shear Rate (s™)

100 334.78 120.14
200 669.57 240.28
300 1004.35 360.42
400 1339.13 480.56
500 1673.91 600.70
600 2008.70 720.83

A sequence consisting of four steps was designed for the CPB mixing to better simulate the
high-intensity mixing technology, which is illustrated in Figure 5. In Step 2, a relatively low speed
(75 rpm) was set for the initial mixing (using the cement mortar mixer) to highlight the differences in the
rheological behavior of CPBs under different mixing intensities at Step 4 (using the high-shearing-type
mixer), specifically 75, 200, 300, 400, 500, and 600 rpm. After the initial three steps, the paste should
have been sufficiently homogenized, and Step 4 was designed to measure how the high mixing speed
affects the CPB samples.

Step 1. Step 2. Step 3. Step 4.

water + Initial Restin Secondary
cement mixing 15' 9 mixing (various
+ tailings (75rpm /60s) (15s) speeds /120s)

Figure 5. Mixing treatment to prepare CPB. Mixing speeds ranged from 75, 200, 300, 400, 500, and

600 rpm for Step 4.

2.4. Experimental Methods

2.4.1. Inductively Coupled Plasma Mass Spectrometry

The rheological parameters of CPB (especially the viscosity) are closely related to the chemical
environment. In order to test the changes in the chemical environment of CPB under different agitation
conditions, inductively coupled plasma mass spectrometry (ICP) was used to gain insight into the pore
solution chemistry, especially the concentration of calcium, sodium, and potassium ions, since they
are representative of the ion concentration in the pore solution. Previous research has shown that the
concentration changes of these ions are related to the hydration reaction and shrinking electric double
layer, which affects the interaction force between particles.

To obtain the pore solution of CPB, a 0.50 um filter paper and a funnel were used. Prepared CPB-D
sample (100 g) was transferred to the filter paper in the funnel, and 100 g of deionized water was added.
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The pore solution was obtained by vacuum filtration. The pore solution was diluted with 1:1 deionized
water before the ICP test. Two bottles of about 5 mL samples were taken in the obtained pore solution
for the ICP test. The ICP test uses SPECTRO FLAME S (Ocean Optics, Largo, FL, USA). The CPB-D
prepared for each mixing speed was tested twice and the average of the two data was calculated.

2.4.2. Rheology

To monitor the rheological behavior of the CPB samples, an R/S four-paddle rotational rheometer
(Brookfield RST, AMETEK Brookfieldb, Middleborough, MA, USA) was used. During the experiment,
the four-paddle rotor was immersed into the slurry, spinning at a changing shearing rate. This process
was under real-time monitoring and a shearing stress-rate curve was exported by software for further
analysis. The temperature of the water bath equipped on this equipment remained at 20 °C.

The paste was poured into a round glass bottle, 95 mm in diameter and 115 mm in height, to a
level of 90 mm. The bottle was then fastened after putting the mixing rotor (VT-40-20) of the Brookfield
RST into the paste and the flow curve test was performed at a CSR (control shearing rate) mode by
raising the rate from 0 to 120 s™! in increments of 1 57! via a step-up approach. Although the CPB
has thixotropic properties, the recovery time of the microstructure was much longer than the time
required for the breakdown. The time required for the rheological test was very short, and the shear
rate was less than the mixing process, and it can be considered that the microstructure breakdown by
the mixing was not recovered. Therefore, from a general view, the paste of unclassified tailings borders
on a Bingham fluid and thus Equation (2) could be used for data fitting [39]. The slope and intercept
were obtained through the least squares regression. In order to ensure a steady shear stress condition,
the curve in which the shear rate was increased from 20 to 120 s~! was selected for fitting.

T =T+ Ny )

Equation (2) represents the Bingham model: 7 represents the shear stress, Pa; 7o represents the
yield stress, Pa; 1 represents the plastic viscosity, Pa-s; y represents the shear rate, s71.

To verify the reproducibility of the experiment, two tests were conducted for each type of mixture
and the average value was adopted. For example, 12 samples were prepared for CPB-A to be stirred at
6 different speeds in Step 4. A representative set of flow curves is shown to indicate the rheology of
the material.

3. Results and Discussion

3.1. The Chemical Environment Changes of CPB

As stated in the introduction, high mixing intensity causes structural breakdown to dissolve
more hydration products into the pore solution. To verify that this conjecture is correct, ICP was
used to analyze the ion concentrations of the pore solution. Figure 6 shows ion concentrations in
CPB-D prepared with different mixing speeds and the error bars in the graph represent the range of
experimental results.

As shown in Figure 6, when the mixing speeds were between 300 and 400 rpm, the concentrations
of ions tend to be in a trough. However, when the mixing speed exceeds 500 rpm, they show a significant
increase, especially calcium ions. This change in ion concentration was due to the intensifying of the
mixing speed since the cement-based material static curing for 30 min after preparation did not cause a
significant change in ion elution [40]. This increase of the initial dissolution could be caused by the
consecutive repetition of breakdown and restoration of the double electrode layers of particles.

As we know, the rheological properties of CPB are influenced by its microstructure [41]. However,
when CPB is prepared at different mixing speeds, changes are likely to occur to its microstructural
state because the concentrations of ions affect the microstructural rebuilding and breaking. Therefore,
different mixing speeds change the chemical environment of the CPB, affect the aggregation kinetics of
the particles, and may ultimately affect the rheological properties.
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Figure 6. Results of the inductively coupled plasma mass spectrometry (ICP) test for CPB-D.
3.2. Rheological Properties

The experimental rheological curves are illustrated in Figure 7. Besides, from the flow curves,
the Bingham parameters of yield stress and plastic viscosity were calculated using a fitted curve to the
experimental data points. The rheograph in Figure 8 depicts the Bingham parameters as a function of
the mixing speed in the high shear mixer, and the values in the graph represent the average values of
the duplicate tests and the error bars in the graph represent the range of experimental results. In the
sub-plots of Figure 7, each curve corresponds to a mixing speed of six different levels in Step 4 that
was set for specimen preparation. Consistent with expectations, with an increase in the solids content,
the CPB samples tended to possess a higher viscosity and yield stress but poorer flowability (except
CPB-D). A higher solids content means the decrease in the spacing between particles and the increase
in the interaction force, resulting in growing flow resistance in CPB. A synergistic effect of the mixing
speed, solids content, and cement content used appeared to control the rheological behavior of CPB.
It is known that the mixing intensity plays an important role in rheological properties of CPB, as shown
in Figure 8, which, however, was often ignored or barely commented.

The experimental results indicate that the effect on the rheological properties of the paste was not
obvious before the speed reaching 200 rpm, and once exceeding 200 rpm, the viscosity and yield stress
reduced significantly and the flowability was enhanced in some CPB samples. Thus, the paste could be
deemed having been “activated” or dispersed and the paste presented shear-thinning characteristics.
It is true that the CPB in the field where it was prepared by a higher mixing speed, had better fluidity
than in laboratory experiments where it was prepared by hand mixing.

However, a higher mixing intensity does not always correspond to a better flowability. Contrary to
what is widely believed, it was indicated from the results that for mixing speeds exceeding 300-400 rpm,
the viscosity and yield stress increased and the fluidity deteriorated. Such non-Newtonian flow
behavior of paste is thought to be caused by changes in particle arrangements [42]. Compared with
Newtonian fluids, such as water, the rheological behavior of CPB is complicated under different mixing
speeds as tiny particles are suspended in the liquid. The results, as shown in Figure 8, also show that
the effect of mixing speeds on the rheological properties was more sensitive in cemented paste backfill
with the higher cement proportion (CPB-D) than the lower one (CPB-C).
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Figure 7. Influence of mixing speed on flow curve behaviors depending on different CPBs: (a) CPB-A;
(b) CPB-B; () CPB-C; and (d) CPB-D.
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3.3. Thixotropic Breakdown

As shown in Figure 8, when the mixing speed gradually accelerated from 75 to 200 rpm,
the rheological properties almost remained at the same level without significant changes but showed a
slight downward trend in some samples. Although CPB is commonly recognized as a Bingham fluid,
it could be found that a conversion trend to shear-thinning behavior appeared in some of the CPBs as
soon as the mixing speed reached above a threshold that was connected with the solids content of
the samples. For the CPBs examined in this research, the threshold speed occurred between 200 and
300 rpm for the majority of CPB, as shown in Figure 8.
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According to the PFI-theory, a speed below the threshold is not enough to destroy the cohesion
between particles, thus the rheological properties of the paste will not change significantly. Figure 9a
depicts that a potential energy well was determined by the particle interaction forces (colloidal
interactions for CPB) for each particle (i.e., an equilibrium position of minimum energy exists for each
particle) [43]. The particle will not jump out of the well on condition that the mixing energy AE offered
to the system is less than a certain value, as shown in Figure 9b. Once the shearing ceased, the elastic
solid behavior occurred and the particle returns to its start position. However, when exceeding the
threshold, the mixing energy was enough to disperse the particle flocculation structure (the mixing
energy provided to the system was above the certain value). Therefore, the particle has the ability
to get out of the well, as shown in Figure 9¢, the microstructure of the paste undergoes thixotropic
breakdown, and the rheological properties present shear-thinning behavior, thus the CPB system
exhibits thixotropic behavior.

In the preparation of CPB, the CPB is expected to be made of homogeneous distributed particles
and to have a good fluidity. The corresponding threshold (minimum mixing energy) is called “the first
threshold”. The reversibility of this mechanism has been described by Liu et al. [44]. The attractive
forces and interparticle links between the particles formed again during the rest period, and the
rheology characteristics of CPB will change over time, which, however, takes a longer time compared
to that of the breakdown process [45,46]. The potential energy well tends to be deeper at rest with
time because of the Brownian motion as well as a possible evolution of the colloidal interactions [47];
the particle needs a larger amount of energy AE’ to get out of the well (increase of the shear stress in
Figure 9d) [48].

o o g |*F

(@) ) | ©) @

Figure 9. A simple illustration of the thixotropic behavior of CPB. (a) The particle interaction forces
determine for each particle a potential energy well. (b) The particle does not leave the well. (c) The
particle has the ability to get out of the well. (d) The potential energy well tends to be deeper at rest
with time, the particle needs a larger amount of energy to get out of the well.

Further analyzing the experimental results of different groups (CPB-A, CPB-B, and CPB-C) in
Figure 8, we can also find that the first threshold of mixing speed increases with the solids content.
The increase in the solids content of CPB reduces the distance between the particles, that is to say,
as the total potential between the particles increases, the energy required to separate the particles that
adsorb each other also increases. Therefore, the solids content of CPB should be fully considered when
selecting a cost-effective mixing speed.

The distance between two particles is an important factor affecting the interparticle forces, and the
interparticle forces could affect the microstructure (aggregation or breakdown) of the CPB. When the
particles are separated under the mixing action, the repulsive force of the particles is reduced, and more
ions are adsorbed to the surface of the particles [49]. Therefore, as shown in Figure 6, the concentrations
of ions in the pore solution decreased when the CPB undergoes thixotropic breakdown.

On the other hand, the water-cement (w/c) ratio is also a key factor affecting the rheological
behavior of CPB. The solids content of CPB-D was slightly higher than that of CPB-C. The yield stress
and viscosity of CPB-D were larger than those of CPB-C when the mixing speed was lower than the first
threshold. It was consistent with the relationship between rheological parameters and solids content
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described in Section 3.2. However, we found that the rheological parameters (yield stress and viscosity)
of CPB-D were less than CPB-C when the mixing speed exceeded the first threshold. Therefore, it can
be assumed that the cement has a marked impact on the structural network development, which
results in a more flocculated structure, and enhances the thixotropy of CPB.

3.4. Structural Breakdown

Therefore, it seems that a mixing speed above the first threshold within the range of 300 to 400 rpm
was enough to disperse the CPB particles. There was no longer a significant decrease in viscosity of the
paste with increasing mixing speed until reaching the second threshold of mixing intensity. For mixing
speeds higher than the second threshold, the viscosity began to grow significantly in some CPBs and a
shear-thickening phenomenon occurred.

It has some relation with the cement particles in CPB since a similar phenomenon also occurs
in the high-speed mixing of cement slurry [50]. Since the rheological behavior of cement-based
materials is affected by their changing microstructure [51] due to hydration, changes are more likely to
happen to the microstructural state when the cement-based materials are prepared at varying mixing
speeds [52]. The formation of agglomerates is not only due to hydration but also due to interparticle
forces produced from the colloidal state of the finest cement grains [53]. As the distance between
particles decreases, the thickness of electrical double layers of the particles becomes the key factor
affecting the interparticle forces.

As we know, the thickness of electrical double layers of the particles is influenced by the ionic
concentration [28,54], and the thickness could be represented by the Debye-Hiickel length equation

(Equation (3)) [55]:
1 [egRT
N 2m ®

where 1/x is the thickness of electrical double layers, ¢ is the dielectric constant (relative permittivity)
of the dispersion medium, ¢ is the permittivity of the vacuum, T is the absolute temperature, R is
the gas constant, I is the ionic strength, and F is the Faraday constant. A higher ionic concentration
will result in a decrease of the thickness of electrical double layers, leading to stronger/increased
agglomeration [56]. Additionally, the ionic concentration is known in the ICP test. Figure 10 shows the
relationship between the ionic concentration (K*) and viscosity of CPB-D. When the mixing speed
exceeded 400 rpm, the ionic concentration (K*) in the pore solution increased rapidly, and the changes
of the two curves in the figure were consistent. It indicates that the rheological response of CPB was
consistent with the change of the chemical environment under different mixing speeds.
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Figure 10. Relationship between ionic concentration (K*) and viscosity of CPB-D.
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This result shows that the chemical and physical qualities of the CPB system changed once
the mixing speed differed. High-intensity mixing promoted the aggregation of particles. Figure 11
depicts how high-intensity mixing results in an increasing agglomeration of particles [57]. Under shear,
the breakdown of particles directly leads to increased contact areas [58], and a structure of double
electrode layers forms around the particle-water interface, as shown in Figure 11a. Subsequently,
under the mixing action, the layer shrinks, and numerous ions and early hydration products dissolve
into the water as shown in Figure 11b. According to the literature [59], the collapse of the layer reduces
the electron repulsion between particles and the prevailing attraction is beneficial for aggregation of
cement particles, as shown in Figure 11c. Therefore, it is believed that an increasing mixing speed
during the sample preparation affects chemical reactions of CPB and thus transforms the agglomeration
kinetics in CPB.

Water
K+ Ca? I_. Mixing,action Water Further

+ Ca?t

S0 " N High mixing P destruction

jons |ntensny IO”S to the Iayer

Ruptured flocs Attractlon

Coating of Abrasmn of enhancement
pre-hydrates the hydrates
Increased ionic concentration Increased agglomeration

(@) (b) (c)

Figure 11. Schematic of the mechanism depicting how high-intensity mixing can lead to increased
agglomeration. (a) Electric double layer of particle. (b) Shrinking electric double layer. (c)
Particle aggregation.

Comparing the results of different groups of experiments of rheological properties, as shown
in Figure 8, it can be found that the composition of CPB was an important factor affecting the
shear-thickening phenomenon, and the second threshold of mixing speed increases as the solids
content increases. CPBs of different compositions have different microstructures. When under shearing
(mixing process), the microstructures of CPB respond to the shear-induced stresses with the interference
of interparticle forces, leading to changes in the rheological properties. Thus, the higher sensitivity
to mixing intensity (the mixing speed exceeded the second threshold) found in CPB-D as compared
to CPB-C could be ascribed to the more cement inducing changes within the CPB that modified the
fundamental microstructural response of the CPB systems.

The structural breakdown, which seems to be less recognized and less used, describes the
damaging of certain linkages chemically formed among the particles, and also includes the collapse of
electrical double layers. Although this mechanism looks like “shear-thickening” behavior, it does not
belong to thixotropic behavior, because the structural breakdown is not recoverable. Unfortunately,
this behavior is often confused with thixotropy. To obtain a CPB with a better performance, a structural
breakdown should not occur in the CPB mixing process. Considering the factors such as energy saving
and high productivity, an optimal speed was proposed, and in this study, it was around 300-400 rpm.

4. Conclusions

This study helps us to understand the mechanism of the effect of mixing speed on CPB rheology by
determining two threshold values for the mixing speed corresponding to shear thinning and (pseudo)
shear thickening. The results show that the rheological behavior of pastes was greatly affected by their
shear history. Changes happened in the chemical and physical nature of cemented paste backfill once
the preparation mixing speed altered.
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(1) The results show that the two thresholds were related to the solids content and composition.
For the majority of CPBs under examination in this study, the first threshold occurred between 200 and
300 rpm and the second threshold between 400 and 500 rpm, respectively. When the mixing speed
for CPB preparation was between the two thresholds (the shear rate was between 360 and 600 s‘l),
the paste tends to have lower viscosity and proper fluidity; this phenomenon is often referred to
as thixotropic breakdown, which is a recoverable change. Considering the factors such as energy
saving and high productivity, the authors proposed an optimal speed, and in this study, it was around
300-400 rpm.

(2) Far from general views, when the mixing speed for the sample preparation exceeds the second
threshold, the double layer of cement particles collapses and numerous ions and early hydration
products dissolve into the water, which promotes the agglomeration of particles and increases paste
yield stress and Bingham viscosity. This trend was amplified in cemented paste backfill with increasing
cement content.

(3) In previous studies, some researchers believed that CPB could be characterized by only two
kinds of thixotropic behavior, such as shear-thickening and/or shear-thinning. The results presented
in this paper suggest the observed shear-thickening was rather a pseudo shear-thickening provoked
by irreversible chemical interactions between the particles. Therefore, the three concepts “structural
breakdown”, “thixotropic breakdown”, and “thixotropic behavior” should not be confused, since a
structural breakdown does not belong to thixotropic behavior and is unrecoverable.
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