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Chapter

Rheological Perspectives of  
Clay-Based Tailings in the Mining 
Industry
Ricardo I. Jeldres and Matías Jeldres

Abstract

The mining industry faces a significant problem in regions with water  scarcity 
and has had to put in place new strategies to preserve its environmental and eco-
nomic sustainability. An attractive option in recent years has been the direct use 
of seawater, avoiding the construction of reverse osmosis plants to desalinate. But, 
some operational complexities are the subject of discussion and research for engi-
neers; for example, the difficulties by the high presence of complex gangues like 
clays and the location of the plants, far from the coast and at high altitude. The latter 
requires high investments in pumping, the only option in some cases. In this sce-
nario, it is imperative to improve the efficiency of water use and advance to effective 
closures of water circuits. A critical stage is the thickening that allows water to be 
recovered from the tailings, reusing it in upstream operations. However, the perfor-
mance of the tailings management is usually limited by the rheological properties 
of the thickened slurries, which impact on the discharge from the underflow of the 
thickeners, pumping energy costs, disposal on the tailings storage facilities (TSFs). 
This text describes the consequences caused by a saline medium on the rheologi-
cal properties of clay-based tailings, analysing scenarios that allow tackling this 
operation.

Keywords: rheology, clays, seawater, thickening, tailings, water recovery

1. Introduction

On a global scale, mining is a relatively small consumer of water compared to 
the agricultural or forestry industry, however, it can generate a significant social 
and environmental impact, mainly in those companies located in arid regions as 
occurs in numerous operations in Chile, Australia, and South Africa [1, 2]. The 
industry has made great efforts to optimise the use of water where the proper 
tailings management is crucial towards advance to the effective closure of water 
circuits. Essential aspects are the quantity and quality of water recovered in 
thickeners, solid concentration of the thickened slurries, drainage capacity of 
the underflow in the lower cone of thickeners, the energy and water required for 
transport, and the disposal strategies in the tailings storages facilities (TSFs). 
The rheological properties largely determine the performance of all the aspects 
previously mentioned and in many cases, it defines the success that the design of a 
concentrator plant will have [3–5].
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2. Tailings management

The different types of thickening technologies mostly establish the amount of 
water that can be extracted from the tailings, and hence the characteristics of the 
pulps that are transported to the TSFs. In the copper industry, conventional and 
high rate thickeners generate pulps between 50 and 60 wt% that have low yield 
stress (<40 Pa), while high-density and paste thickeners can make pulps over 
65 wt% with yield stresses over 100 Pa [6, 7]. The thickened pulps are subsequently 
transported, usually by pumping to the tailings storage facilities (TSFs) [7].

The design of a tailings circuit should adequately consider the three stages 
involved (see Figure 1).

i. Performance in water recovery in solid-liquid separation stages (thickening 
mainly);

ii. Pumping of thickened tailings, whose costs fluctuate depending on the 
characteristics of both the pulps (rheological properties) and geography of 
the plants. In some instances the thickeners are located at a higher altitude 
than the TSFs, and gravity might assist the pumping. In contrast, on other 
cases the cost per transport may be decisive, especially when the distances 
are too long, the tailings have high density, or there are no gravitational 
advantages;

iii. Disposal methods and dewatering in TSFs, which primarily depend on the 
rheological behaviour of the slurries that consequently are a result of the 
thickening technologies.

Among the most advanced technologies to promote tailings dewatering are paste 
thickeners (Figure 2(a)). These equipment have a much higher lateral height than 
the other types of thickeners, a higher inclination of the discharge cone (30-45%), 
and the product is a tailing with a maximum concentration of solids. The pulps can 

Figure 1. 
Schematic representation of the stages involved in tailings management.
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reach solids concentrations near to 70 wt%, maximising the tailings dewatering, 
and facilitating their disposal in the TSFs (Figure 2(b)). Here comes the impor-
tance of the rheological properties of the slurries, since their pumping could incur 
excessive energy costs.

3. Rheological characterisation

The traditional method to characterise the rheological behaviour of tailings 
is through flow curves that are fitted to viscoplastic models such as Bingham or 
Herschel-Bulkley. Then, the yield stress is derived, which is widely used to describe, 
design, and control tailings processes in pipelines and beds. The accuracy of such 
measurements is controversial, and great care must be taken in some systems where 
precise equilibrium data is challenging to obtain (that is common for mining tail-
ings). Nguyen and Boger [8] adopted the static yield stress vane measurement that 
is simple and has become widely used. Fisher et al. [9] later concluded that while 
the rough surfaces of the cup and bob geometries can be used successfully, infinite 
cup vane geometry alleviates all wall effects and it is a suitable method of determin-
ing yield stress and flow at steady-state behaviour of strongly aggregated particle 
suspensions.

Reograms are graphical representations of the response of the shear stress to 
variations in the angular strain rate, considering a material (suspension, in this 
case) between two parallel planes where one is moved, and the other remains 
immobile. The resolution of the Navier-Stokes equations, which describe the move-
ment of the fluid, is simplified to an analytical form, taking care that the inertial 
forces are small compared to the viscous forces. Consequently, the viscometric flow 
is characterised by simple configurations in which the only relevant component of 
the stress tensor is the pure shear. Therefore the inverse problem for the viscosity 
can be solved directly by fitting the experimental measurements of some physical 
magnitude, as the torque M.

For the accurate description of the empirically obtained rheograms, it is neces-
sary to consider the boundary conditions that are used to solve the Navier-Stokes 
equations in their simplified form. This means that particle sedimentation, the 
appearance of secondary flows (e.g. Taylor vortices) and phenomena such as wall 
slip should be avoided.

Figure 2. 
(a) Paste thickener, (b) depositing of a tailing from a paste thickener.
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3.1 Taylor’s vortices

Some low-viscosity slurries may involve a secondary flow driven by the inertia 
of the sample, forming a phenomenon called Taylor vortices (see Figure 3). When 
this happens, it is common for rheograms to observe a false increase in rheological 
properties or even shear thickening (dilatant) behaviours.

The appearance of the vortices is anticipated by the Taylor number (T), which 
in the case of concentric cylinders with internal cylinder rotation is described by 
the Eq. (1):

 
( )2 24

2 11
2

2 1

2

2

1

a aa
T

a a

a

ρ ω
η

 
 

−   ⋅ = ⋅ ⋅ ⋅    
     −     

 (1)

Where:

• 1a  inner radius

• 2a  outer radius

• ρ  liquid density

• ω  rotational speed of the inner cylinder in rad/s

• η  fluid viscosity

3.2 Wall-slip

The obtaining of rheological parameters is based on the Navier-Stokes equation, 
whose expression is given by the Eq. (2):

 ( )1
0r

r r r
θη υ∂ ∂   =  ∂ ∂  

 (2)

Obtaining an analytical solution to the expression requires a series of assump-
tions, for example, that the fluid moves in laminar flow, with streamlines moving in 
a radial direction, around the inner cylinder as shown in Figure 3. In particular, the 
fluid layer located in the contours is assumed to move at the same speed as the walls 

Figure 3. 
Representation of Taylor vortices in a Couette geometry.
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of the inner and outer cups. However, it is common for a wall slip phenomenon to 
occur, which is defined as the difference between the speeds of the wall relative to 
that of the fluid in the wall.

This phenomenon is caused by a thin layer of solution that forms on the walls 
and creates a wrong decrease in rheological properties. Obtaining the right rheo-
logical behaviour needs performing a rheogram correction, based on measurements 
made with geometries of different dimensions and shapes.

A method proposed by Yoshimura and Prud’homme [10], expects only two 
measurements, using geometries with different gaps but with the same ratio 
between the radii of the cup and the internal cylinder. According to this method, 
the slip velocity which corresponds to the stress τ ∗  from two angular velocity can be 

described as:

 ( ) 1 2

1 2

Ù Ù
1 11su

R R

κτ
κ

∗

 
 − =

+  −  

 (3)

Where:

• ( )su τ ∗ , slip velocity at the cup or bob surface

• κ , cup/bob ratio 0/iR R=

• Ù, angular velocity

Figure 4 shows the typical result of preparing measurements with different Ù  
ranges on each device. Yoshimura and Prud’homme [10] validated the proposed 
method with 1.9 wt% clay suspensions, measuring on different Couette devices. 
Figure 4 also shows the experimental measurements and the corrected rheo-
gram value.

Commonly, concentrated tailings show a non-Newtonian behaviour where 
they have an elastic limit. The yield stress, τy, is the critical shear stress that must 
be overcome before irreversible deformation and flow can occur. The yield stress 
is an engineering reality, although the rheology community debates hard about its 

Figure 4. 
Angular velocity (Ω) vs. bob stress for a 1.9 wt% clay suspension measured on different Couette devices. 
Also shown is the angular velocity corrected for wall slip (Ωf) vs. bob stress (adapted from Yoshimura and 
Prud’homme [10]).
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real existence [11, 12]. The truth is that its estimation is a routine practice to define 
control strategies for the management of mine tailings [13–15].

Yield stress depends on chemical interactions between particles, size distribu-
tion, and pulp density. This last aspect is critical in the search to maximise water 
recovery; however, the relationship between density and yield stress follows an 
exponential law where small changes in the percentage of solids lead to a significant 
rise in the value of yield stress. A schematic representation of the implications 
of thickening technology on the density and rheological behaviour of the pulps 
is shown in Figure 5. For example, when the underflow is thickened to too high con-
centration, the energy cost per pumping can reach prohibitive values, and operators 
may be required to dilute the thickened tailings, which means sacrificing water that 
could have been recirculated to upstream operations.

In the last time, some studies have integrated additional parameters in the 
discussion, especially analysing the viscoelastic behaviour of the pulps. Although to 
date there are no publications that directly use of viscoelastic parameters for the 
design of tailings circuits, their knowledge has allowed obtaining more information 
on the strength of the particle networks that make up the mineral slurries [16–18]. 
The behaviour of the sample is described through a viscous component, represented 
by the storage modulus (G′), and an elastic part, represented by the loss modulus 
(G″) [19]. The viscoelastic modulus can be obtained using dynamic oscillatory 
rheology methods, which are carried out by subjecting the sample to an oscillatory 
deformation ( ) ( )0 sint tγ γ ω= , obtaining the resulting stress as a function of time 

( ) ( ) ( ) ( ) ( )( )0 sin cost G t G tτ γ ω ω ω ω+ ″′= . G′ is a measure of the material’s stored 
energy and is therefore related to molecular events of an elastic nature, while G″ 
indicates the energy dissipated as heat, associated with viscous molecular events.

Lin et al. [18] analysed the structural changes of kaolinite particle junctions 
concerning the pH and concentration of solids in the pulp. Using small-amplitude 
oscillatory shear (SAOS) tests, the authors concluded that the gelation by attractive 
interactions in low-mass fractions changes to gelation by face-to-face interactions 
by increasing the particle mass fraction. Gelation by face-to-face interactions is 
stabilised by the repulsive electrostatic force between the faces of the disk-shaped 
particles. Based on a DLVO theory that is based on attractive forces between 

Figure 5. 
Relationship between the type of thickener and properties of the underflows (solid concentration and yield 
stress).
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particles, a modified model has been developed based on the repulsive electrostatic 
force between the faces of the platelets.

4. Rheological behaviour in saline environments

The current tailings dewatering challenges within the mining industry are 
the upstream use of low-quality water (like seawater) in processing and complex 
gangues like clays [20–22]. In the first case, the behaviour of the pulps in a highly 
saline environment must be faced, which is complex from a scientific point of view, 
since salinity significantly alters the interactions between the particle’s surfaces, 
bringing important consequences in the rheological properties. They are strongly 
related to salinity and the type of salt [23]. For example, Reyes et al. [24] studied the 
rheological behaviour of magnetite tailings without flocculation, using mixtures 
of freshwater with seawater in different proportions. The authors were able to 
explain their findings in terms of electrostatic interactions, since they related the 
value of yield stress with the magnitude of the zeta potential, following the recom-
mendation proposed two decades ago by Johnson et al. [25]. However, it should be 
noted that in complex saline systems, like seawater, there are many ions of different 
nature interacting simultaneously. In this case, the divalent cation speciation and 
the maker/breaker type may have an important role. For example, the formation 
of solid magnesium complexes at high pH (pH < 10.5) can cause the rheological 
properties of a quartz suspension to be reduced [26].

Jeldres et al. [27] analysed the viscoelastic behaviour of quartz suspensions 
prepared in monovalent brines. As seen in Figure 6(a), there is a direct relation-
ship between the size of the cations and the yield stress. The authors explained that 
silica has a more significant trend to agglomerate in the presence of larger ions like 
K+, forming stronger particle networks compared to smaller salts like Na+ and Li+. 
According to fundamental studies, the surface of the silica would present a breaker-
like behaviour [28], having a higher affinity with species of the same nature as is 
observed in Figure 6(b), where the amount of adsorbed cation increases for larger 
sizes, following the order Li+ < Na+ < Cs+. In the case of clays, the surface would 
have a higher affinity for water molecules, exhibiting a maker-like behaviour [29].

Clays are a consistent focus of research because they negatively impact almost 
all processes in the mining sector, including leaching, flotation, pulp transport, 
thickening, etc. [16, 30, 31]. These phyllosilicates can be classified according to their 
swelling (e.g. sodium montmorillonite) and non-swelling (e.g. kaolinite) character. 
This classification is made according to the response of the particles when they 
come into contact with water, being able to preserve their structure or increase their 

Figure 6. 
Effect of the type of salt on (a) yield stress of quartz suspensions; (b) adsorption of the monovalent cation on 
the quartz surface (adapted from Jeldres et al. [27]).
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apparent volume in solution. Kaolinite (Al2Si2O5(OH)4) (Figure 7) is composed of 
an octahedral sheet of aluminium hydroxide and a tetrahedral sheet of silica which 
are joined to form a basic 1:1 repeating unit. This clay has two crystallographically 
different surfaces: the faces that are negatively charged, and the edges, which vary 
their charge (anionic or cationic) depending on the pH that arises from the proton-
ation or deprotonation of the aluminium (Al▬OH) and silanol groups (Si▬OH) in 
the exposed planes with hydroxyl termination. Due to their anisotropic structure 
and charge properties, clay sheets can form different types of interactions: face-to-
face (FF), edge-to-edge (EE) and edge-to-face (EF).

Montmorillonite (Figure 8) is composed of an octahedral alumina sheet and two 
tetrahedral silica sheets that join to form a basic unit of repeating layers in a 2:1 ratio 
[32]. The central layer contains octahedral coordinated Al and Mg in the form of 
oxides and hydroxides and is surrounded by two external layers formed by tetrahe-
dral coordinated silicon oxides. This clay has high chemical stability, a large surface 

Figure 7. 
Representation of the kaolinite structure. The green sheet indicates the tetrahedral layer of silicon (T) and the 
yellow sheet corresponds to the octahedral layer of alumina (O).

Figure 8. 
Representation of the sodium montmorillonite structure. The green sheet indicates the tetrahedral layer of 
silicon (T) and the yellow sheet corresponds to the octahedral layer of alumina (O).
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area and a top ion exchange capacity as a result of its weakly bound octahedral 
sheets. Unlike kaolinite, montmorillonite has a high capacity to swell in the presence 
of freshwater as a result of water molecules entering the middle of the layers [33]. 
In freshwater, the swelling effect of montmorillonite is more significant than in 
saline medium. This is because the cations being in saline water helps to neutralise 
the negative charges of the interlayer layers of the clay, reducing its electrostatic 
repulsion and therefore its separation distance [34–36]. This prevents the entrance 
of water molecules into the clay, notably impacting its swelling [37]. The high level 
of particles’ swelling in freshwater implies an increase in the apparent volume con-
centration, which generates a considerable increase in the rheological properties of 
the slurries [38]. However, this characteristic is strongly influenced by the chemical 
nature of the water and the presence of ions in solution [39].

The chemical differences in the surface cause significant changes in the rheo-
logical properties of the pulps. For this reason, clay suspensions are exposed to 
dramatic changes concerning the pH of the suspension, mainly due to changes in 
electrostatic forces on surfaces. At low pH, there are anionic (faces) and cationic 
(edges) zones that generate attractive strong bonds between the particles, which 
clump together to form a “house of cards” structure. However, increasing the pH 
intensifies a greater electrostatic repulsion, causing the particles to disperse and the 
suspension to be more stable. The rheological consequences regarding pH have been 
widely addressed in the literature. Clays of 1:1 structure such as kaolinite generally 
show a behaviour that is decreasing concerning pH (Figure 9). In contrast, swelling 
clays such as montmorillonite have demonstrated the marked presence of a maxi-
mum at pH around 4 (Figure 10).

The electrostatic attraction between the faces and edges is the primary mecha-
nism that gives strength to the bonds between clay particles. For this reason, the 
presence of salt causes a reduction in electrical charges, resulting in lower viscosity 
and yield stress. Figure 11 shows the impact of adding 0.1 M of electrolytes to the 
suspension. The rheogram curve shifts downwards when salt is present, however, 
the values strongly depends on the type of cation, where divalent cations generate 
a greater impact as they are more efficient in compressing the double electrical 
layer. The effect at alkaline conditions is different. The slurries in freshwater have 
low rheological parameters but the compression of the double-layer may favour the 
particles’ aggregation, forming both hydrogen and cationic bonds. The result is that 
the rheological properties increase in a saline medium like seawater; therefore, the 
management of clay-based tailings may involve higher energy costs. In this sense, it 

Figure 9. 
Relationship between pH and yield stress for crown kaolin slurries at varied solid concentration (adapted from 
Au and Leong [40]).
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is necessary to find strategies to obtain pulps with rheological properties that sim-
plify their transport. Contreras et al. [38] studied the effect of NaCl concentration 
on the rheological properties of synthetic tailings composed of mixtures of quartz 
and clays. Considering that the pulps were prepared at natural pH, it was found that 
salinity lowered the yield stress, as shown in Figure 12.

5. Chemical reagents

The permanent challenge for tailings management is to be able to manipulate their 
rheological properties, according to the plant bases. When seeking to facilitate the dis-
charge of the tailings from the thickeners and to reduce the water and energy consump-
tion involved in their transport by pumping, it is needed to find methods to reduce 
the values of yield stress and viscosity. Li et al. [42] used polycarboxylate copolymers 
synthesised in the treatment of kaolin suspensions. The results revealed the high capac-
ity of the polymers to reduce the viscosity, due to the dispersion of the particles caused 
by steric and electrostatic effects, by increasing the anionic charge of the particles.

Du et al. [43] enlarged the electrostatic repulsion between bentonite particles by 
adding multiple charged phosphate-based reagents. The authors could reduce the 

Figure 10. 
Relationship between pH and yield stress for Na-montmorillonite slurries at varied solid concentration 
(adapted from Au and Leong [40]).

Figure 11. 
Comparison between the effects of monovalent and divalent electrolytes on the flow curves of bentonite 1. 
Suspension: 8% bentonite in 0.1 M electrolyte solution (adapted from Abu-Jdayil [41]).
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yield stress to zero when it was a tetravalent or higher valence (see Figure 13). The  
results were explained by the changes in the electrostatic interactions, where 
the salts with higher valence were more pragmatic in reducing the negative zeta 
potential (Table 1).

However, when interactions occur in a highly saline medium, such as seawater, 
it is challenging to suggest strategies that drive an electrostatic repulsion since the 
high concentration of counter ions reduces the electrical double layer, making elec-
trostatic changes less significant. For this reason, Robles et al. [44] recommended 
that the most efficient reagents are those that cause steric stabilisation of the 

Figure 12. 
Effect of the salinity on the yield stress of clay suspensions: (a) pure kaolin; (b) kaolin/Na-bentonite, 50/50;  
(c) pure Na-bentonite (adapted from Contreras et al. [38]).

Figure 13. 
Effect of phosphate-based additives on the yield stress of bentonite slurries (adapted from Du et al. [43]).
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Figure 14. 
Herschel-Bulkley parameters (yield stress and flow index) of kaolin pulp in seawater at pH 8 with varied 
sodium polyacrylate concentrations (Robles et al. [44]).

particles. The authors studied the influence of sodium polyacrylate of low molecu-
lar weight on the performance and viscoelasticity of kaolin pulps in seawater. It was 
shown that the reagent could reduce the strength of the bonds between the particles 
through steric stabilisation, considerably lowering the yield stress (Figure 14).

It was interesting that this polymer of low molecular weight provides promising 
results in a highly saline medium since the main reports in the literature have given 
its efficiency to the induction of higher anionic charges on the surfaces [45, 46].

6. Outlook

Tailings management in saline environments continues to be a challenging issue 
for plant design and operation, especially when significant clay content appears. 
Numerous factors enter the discussion, such as water quality, mineralogy (the type 
of clay), legal regulations, availability of water resources, etc. The need to improve 
the efficiency of this operation has increased in recent years, which has attracted 
greater scientific interest. Notable improvements have emerged from a technologi-
cal point of view, in which the market offers increasingly robust equipment. That 
allows significant amounts of water to be extracted from the tailings and recycle 
them to upstream operations, with economic, environmental, and social benefits 
considering that many industries compete with neighbouring communities for 
disposing of the water resource. So reducing the water make-up means that more 
water would be available to the population.
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