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On the utilization of mica waste: the pore-fluid chemistry 48 

of mica soils and its implication for erosion susceptibility 49 

 50 

Abstract 51 

Soil is a vital resource which is limited in availability and must be adequately managed for 52 

sustainable development. Despite the importance of soil and its limited availability, a huge 53 

amount of soil is classified as waste. As one of the world’s largest soil waste generators, the 54 

mining industry must transition to a circular economy model to meet sustainability 55 

requirements. As a readily available, large-volume waste material (about 10 million tonnes 56 

each year), waste mica has been considered for re-use as an alternative soil potassium source 57 

for plants, as landscaping material etc. One of the problems with mica waste is its susceptibility 58 

to erosion. To use mica as an agricultural or landscaping material, it is therefore important to 59 

understand the erodibility of mica and how its erodibility can be reduced. This study presents 60 

an experimental campaign to characterize mica erosion susceptibility. Mica particle-to-particle 61 

interaction forces and their effect on the macroscopic material behaviour were systematically 62 

investigated by changing pore fluid pH and ionic concentration. Sedimentation and liquid limit 63 

tests were first carried out to inform a conceptual model of the mica fabric. Triplets of 12 mica 64 

samples, compacted at different water contents and with different pore chemistry, were tested 65 

for erosion susceptibility using a Jet Erosion Test (JET) apparatus. The particle configuration 66 

of mica samples consistently varied with the pore water chemistry, regardless of whether the 67 

samples being tested were suspension sediments or compacted samples.  For mica samples 68 

formed with neutral water at low ionic concentration, the particles are in a dispersed 69 

configuration. This implies a poor mechanical behaviour and high erosion susceptibility, as 70 

particles are eroded one by one. For porewater samples formed with an increased ionic strength 71 
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or within the acidic pH range, particles tend to cluster together and organize in a non-dispersed 72 

configuration. This results in an improved mechanical behaviour and less erosion 73 

susceptibility, as group of particles must be eroded as opposed to individual ones. Similarly, 74 

the Jet erosion test results reinforced these observations showing that mica erodibility varies 75 

with porewater chemistry. Considering that mica erodibility varies with pore fluid chemistry 76 

and mica waste derived from mining operations are often slightly acidic, this paper paves the 77 

way for tailored assessments of individual mica waste materials to determine the 78 

appropriateness of their use. 79 

 80 

Key words: Muscovite-Mica, erosion, sedimentation, pore-fluid-chemistry, Jet erosion test, 81 

circular economy 82 

 83 

1 Introduction 84 

Soil is a vital resource which connects essential spheres such as food security, biodiversity, 85 

climate change and public health, as well as other social, economic, and environmental aspects 86 

of life. It is however limited in quality and availability and needs to be responsibly managed to 87 

meet the sustainable development goal (Keesstra et al., 2016; H. Wang & Zhang, 2021). 88 

Despite the importance of soil and its limited availability, huge amounts of soil are classified 89 

as waste. It is estimated that approximately 15 Gt/yr of waste soil is generated by the mining 90 

industry globally (Lottermoser 2010). As one of the world’s largest waste generators, the 91 

mining industry must transition to a circular economy model to improve its sustainability.  92 

Within the mining industry, the management of mica waste has generated significant attention 93 

due to the large volume generated. Mica waste originates from mining of relatively valuable 94 

materials such as gold, copper, uranium and platinum (Nosrati et al., 2009), from mining of 95 
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coarse material such as granite (Hojamberdiev et al., 2011) from the mining of other 96 

phyllosilicates such as China clay (Zografou et al., 2014) and from the mining of mica itself  97 

(Basak, 2019). For instance, China clay extraction and processing involves the production of a 98 

very large quantity of mica waste, typically for every tonne of china clay, one tonne of residual 99 

mica is produced. About 10 million tonnes of mica waste is generated in a year and over 600 100 

million tonnes of total industry stockpile is estimated to be available  (Palumbo-Roe et al., 101 

2014). Mica waste is usually deposited in large lagoons and abandoned in clay pits. It contains 102 

between 10% and 75% mica and currently has seen very limited re-use; within flux for ceramic 103 

glazes and as a mild abrasive (Basak, 2019; Hojamberdiev et al., 2011; Zografou et al., 2014). 104 

As a readily available, large-volume material, waste mica has been considered for use as 105 

backfill material and a landscaping material (Dudeney et al., 2013; Karlsson et al., 2017). Mica 106 

has also been considered for re-use as a component of construction materials, such as bricks or 107 

cement (Cresswell and Sims 2007) and in the agricultural industry as a source of important soil 108 

nutrients such as potassium which plays an important role in several physiological processes 109 

in plant nutrition (Meena et al., 2015; Singh et al., 2010). 110 

A major problem with mica waste is that the material is susceptible to erosion as highlighted 111 

by Sinha et al. (2017). One of the key questions to be addressed in order to access the suitability 112 

of mica as an agricultural or backfill material is how erodible the mica is and how its 113 

susceptibility to erosion can be reduced. This issue is addressed by this paper. 114 

Mica is a brittle rock, comprised of clay minerals, with a layered or platy texture. The charge 115 

on mica particles is well documented to be pH dependent (van Olphin 1977, Nishimura et al., 116 

1992; Mitchell and Soga, 2005; Gratchev and Towhata, 2013; Liu et al., 2018) and affects their 117 

erodibility (Man and Graham, 2010; Momeni et al., 2020). Similarly, the use of mica waste for 118 

example, as an alternative source of potassium may require the addition of organic matter to 119 

promote the K mobilization to soil solution and its absorption by the plant (Bakken et al., 1997; 120 
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Basak, 2019; Basak et al., 2017; A. Wang et al., 2015). This process gives rise to the production 121 

of organic acids (Biswas & Basak, 2014), which reduces the pH of the medium. Hence, to 122 

characterise the erodibility of mica waste it is important to consider a wide range of soil 123 

porewater chemistries. 124 

This paper presents an experimental campaign to characterize mica erosion susceptibility for a 125 

range of porewater chemistries. Triplets of 12 mica samples, compacted at different water 126 

contents and with different pore chemistries, are tested for erosion susceptibility using a Jet 127 

Erosion Test (JET) apparatus and erodibility is found to vary with porewater pH. Results from 128 

sedimentation tests and liquid limit tests are used to inform development a conceptual model 129 

of particle-to-particle interactions. This model is able to explain the observed variations in the 130 

erosion resistance of mica under varying pore-water chemical conditions.  131 

1.1 Mica 132 

Mica may occur as muscovite, lepidolite, phlogopite, biotite, and lepidomelane mineral form 133 

(Hoseini et al., 2016). Muscovite mica is used in this study due to its ubiquitous nature. Mica 134 

is a phyllosilicate mineral, which may range in size from sand to silt and clay size platy 135 

particles, but it occurs mostly as a silt sized waste material in mine settings. It has the 136 

fundamental formula KAl2(AlSi3O10)(OH)2 and is a 2:1 clay mineral (Figure 1). The crystal 137 

structure is the one of active clays, it comprises a stack of unit layers of an Al–O–Al octahedral 138 

(O) layer sandwiched between two Si–O–Al tetrahedral (T) layers. Substitutions of lattice Si4+ 139 

by Al3+ in the tetrahedral layer and Fe3+ or Mg2+ and Ca2+ for Al3+ in the octahedral layer which 140 

invariably occur, result in a permanent net negative charge on the basal clay mineral (Figure 141 

1). The charge deficiency is compensated by interlayer cations such as K+ and Na+ adsorbed 142 

between the T-O-T sheets, fitting closely into the hexagonal holes of the Si–O–Al sheet. The 143 

interlayer cations (e.g. K+) strengthen the bonding between basal planes of TOT sheets, which 144 
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are normally held by attractive van der Waals forces, through the attractive electrostatic 145 

interactions (Nosrati et al., 2009). 146 

 147 

 148 

Figure 1: Muscovite mica structure 149 

2 Materials and Methods 150 

Muscovite mica silt purchased from LKAB minerals LTD, UK was used for this study. Laser 151 

diffraction analysis (Figure 2) showed the muscovite silt to have an equivalent average grain 152 

size of about 30 µm. The muscovite specific gravity is 2.8 (given by LKAB). 153 
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Figure 2: Particle size distribution of muscovite mica 155 
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To characterize the muscovite chemical composition, Micro-X-ray fluorescence (XRF) was 156 

performed at Bruker AXS, Germany using M4 Turnado Micro-XRF Spectrometer. The XRF 157 

analysis (Table 1) showed that the muscovite silt contains predominantly Al2O3 (32% wt.), 158 

SiO2 (43% wt.), K2O (13% wt.) Fe2O3 (8% wt.) and trace amounts of Na2O and other 159 

compounds. 160 

Table 1. Chemical composition of the muscovite silt used in this study 161 

Element  
Atomic 

Number 
Compound  

Normalised 

Stoichiometric 

Composition 

(wt.%)  

Mg  12 MgO  0.557 

Al  13 Al2O3  32.706 

Si  14 SiO2  43.612 

K  19 K2O  13.01 

Ti  22 TiO2  1.103 

Mn  25 MnO  0.018 

Fe  26 Fe2O3  8.399 

Co  27   0.022 

Ni  28 NiO  0.002 

Zn  30 ZnO  0.007 

Ga  31   0.011 

Rb  37   0.06 

Sr  38 SrO  0.003 

Y  39 Y2O3  0 

Zr  40   0.051 

Nb  41   0.015 

Ba  56 BaO  0.082 

Rh  45   0 

 162 

2.1 Specimen Preparation 163 

Each sample of mica underwent a standard preparation procedure comprised of a washing stage 164 

and a pH correction stage. 165 
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Washing stage: As shown by the XRF analysis (Table 1), the muscovite is dominantly 166 

composed of potassium ion. The muscovite was rendered mono-ionic by using KCl. A 167 

procedure similar to the one outlined by van Olphen (1977), and Palomino and Santamarina, 168 

(2005) was adopted. The muscovite was mixed with a 2 mol/L KCl solution at -3 mL of solution 169 

per gram of Muscovite. The suspension was left for 48 h, during which the clay particles were 170 

allowed to settle. Subsequently, its supernatant was siphoned and replaced with 1mol/L KCl. 171 

After 24 hours the supernatant was siphoned again and replaced with a fresh 1mol/L KCl and 172 

left to equalize for 96 hours. Thereafter, the excess salt was removed through 10 washing cycles 173 

with deionized water. The muscovite was then oven dried and ground into powder using a 174 

mortar and pestle and was eventually passed through a 425-micron sieve. 175 

pH correction stage: when the muscovite is mixed with distilled water, the mixture result in a 176 

pH of ~8. Muscovite has the capacity to buffer the pH of acidic solutions. To have mica slurries 177 

or suspensions at a different pH, the pH needs to be corrected in the muscovite-water mixture, 178 

to neutralize the buffering effect of the mica. Depending on the target pH, the muscovite 179 

batches were corrected by adding drops of diluted HCl acid or KOH base to respectively 180 

increase or decrease the pH of the mixture. In the case of bases, a KOH solution was preferred 181 

to a NaOH solution to preserve the nature of the cations (K+) dispersed in the mica mixture. In 182 

both cases (acidic or alkaline batch), the mixture was left to equilibrate for at least 24 hours 183 

and in case, the pH was corrected again. 184 

For the sedimentation tests, samples at 4 different pH (e.g., 3, 5, 7, 9) were respectively 185 

prepared at 4 different KCl concentrations: 0 mol/L, 0.003 mol/L, 0.1 mol/L and 1.8 mol/L. A 186 

2.54 cm diameter acrylic cylinder filled with the pore fluid and the Muscovite at a water content 187 

of ~1800 and total suspension volume of 78ml was used. The suspension was mixed and left 188 

to equilibrate overnight, after which it was remixed.  189 
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For liquid limit tests, samples at two different pH (5 and 8) were tested. The pH 8 sample was 190 

prepared using demineralized water and hence did not require any pH adjustment since the 191 

muscovite mixed with demineralized water gave a pH of about 8. The sample at pH 5 was 192 

instead prepared as described above. 193 

For the JET erosion test, two sets of samples, at pH 5 and pH 8, were prepared with different 194 

initial water contents (e.g., 0.2, 0.3 and 04) and statically compacted at 90 kPa in a cylindrical 195 

mould of 10cm in diameter by 10 cm in height. As compacted samples are partially saturated, 196 

adjusting the pH at low water content would result in improper mixing and heterogeneous areas 197 

within the sample. A different procedure than the one described above was implemented to 198 

reach the target pH for each sample. A slurry of mica (w=1.5) was initially prepared at either 199 

pH 5 or 8 following the same methodology described in the above paragraph pH correction 200 

stage. The pH-corrected slurry was then oven dried (24 hours at 105 °C) and then ground with 201 

a pestle and mortar. In this way, the dry clay was already in equilibrium, when exposed to water 202 

of the same pH, and the buffering effect of mica was neutralized. Therefore, the dry mica was 203 

mixed with a given amount of water at the target pH and then statically compacted. After 204 

compaction, each sample was subsequently kept in a sealed nylon bag for 48 hours to 205 

homogenize. Each sample was prepared in triplicate, resulting in a total of 18 samples. 206 

2.2  Experimental procedure 207 

 208 
2.2.1 Sedimentation test  209 

For the sedimentation tests, the following procedure was followed. First, the soil suspension 210 

with the target pH and electrolyte concentration was gently poured into the acrylic cylinder, 211 

and then it was covered, repeatedly inverted for 2 minutes, placed on a level surface and the 212 

time recorder simultaneously started. During the sedimentation test, the clear water-clay 213 

suspension interface was recorded (ruler accuracy of 1mm), when visible, otherwise the 214 
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sediment height was recorded instead. The height was recorded, starting from 2 seconds, and 215 

subsequently samples doubled the time, until there was no significantly measurable difference 216 

between three subsequent measurements. At the end of the test, the supernatant fluid was 217 

siphoned off, and the pH measured. As both the final volume of the sediment and the dry mass 218 

of the sample were recorded, the final void ratio of each sediment could be calculated. 219 

2.2.2 Liquid Limit test  220 

The liquid limit test was conducted with a penetrometer in accordance with BS Code (1990). 221 

However, as described in the previous section, the samples were prepared with different pore 222 

fluid chemistries (pH 8 and pH 5, no electrolyte added). Penetration measurements were 223 

obtained for five moisture contents and the moisture content corresponding to 20mm 224 

penetration was recorded as the liquid limit.  225 

2.2.3 Jet Erosion Test  226 

A schematic of the JET erosion apparatus used is shown in Figure 3. The custom-made JET 227 

erosion apparatus (Beber et al., 2019) was recently created in the Geomechanics laboratories 228 

at the University of Strathclyde and was designed according to Hanson & Cook, (2004) to 229 

investigate the erodibility and strength of compacted muscovite at varying porewater pH (pH 230 

5 and pH 8) and moisture content (0.20, 0.30 and 0.40). The jet erosion test was performed 231 

using the following parameters: an initial nozzle height from the sample surface, JE, of 80 mm 232 

and a nozzle diameter (d0) of 6.4mm. 233 
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  234 

Figure 3: Schematic of jet erosion apparatus at the University of Strathclyde (modified from Hanson & Simon, (2001)). 235 

In Figure 4 the workflow of the erosion test experimental procedure is reported. 236 

 237 

Figure 4:  workflow showing the procedure for the conduct of the JET erosion test 238 

Stage 1: Sample insertion 239 

The prepared cylindrical soil sample (labelled as soil sample mould in Figure 4) is tightly 240 

secured at the base of the tank onto a protruding ring. 241 
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Stage 2: Wetting  242 

Water is piped into the tank through the water inlet positioned at the bottom (Figure 3) until 243 

the sample is submerged (~ 1 minute). 244 

Stage3: Head building 245 

The water head inside the “jet tube” (Figure 3) is increasingly raised, until a constant hydraulic 246 

had of 130 mm is reached. 247 

Stage4: Jet Erosion 248 

Once the target water head was reached, the jet tube was opened via a deflector and the jet test 249 

started. The jet was kept on for 5 minutes at a constant hydraulic head, after which, the jet tube 250 

was closed again. 251 

Stage 5: Drainage 252 

Once the jet tube was closed, the cell was drained (~2 minutes) from the outlet valve positioned 253 

at the bottom of the cell (Figure 3), in order to allow removal of the sample. 254 

Stage 6: Laser scan 255 

To allow for accurate determination of the scour depth, a 2D/3D scan control 2700-100/BL 256 

from Micro-Epsilon laser scanner was used. The scanner was mounted on a movable frame 257 

coupled with a software-timed motion controller OWIS PS-II.  The scanner reference 258 

resolution is 15 microns. After scanning the sample surface, the whole procedure from stage 1 259 

was then repeated, until a total elapsed erosion time of 30 minutes was reached. For each 5-260 

minute step, the maximum scour depth and the total eroded volume was recorded. The critical 261 

stress, 𝜏𝜏𝐶𝐶,, was then determined in accordance with Hanson & Cook, (2004). 262 

 263 
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3  Results and Discussion 264 

3.1 Sedimentation test 265 

To investigate the microstructural behaviour of muscovite at low density, muscovite 266 

suspensions with different pore chemistries were tested. Among the different samples two clear 267 

patterns could be distinguished depending on the pore chemistry. 268 

As illustrated in Figure 5, two types of behaviour were observed: one with a clear water- 269 

suspension interface (Figure 5a) and the other with a clear sediment deposition height interface 270 

(Figure 5b). In the samples with clear water – suspension interface, once the sedimentation had 271 

started, the interface descends with time. Simultaneously, a sediment layer accumulates at the 272 

bottom of these samples, but the sediment interface height is not visible enough for 273 

measurement. These samples are said to be non-dispersive and only the visible clear water-274 

suspension interface is measured and reported as shown in figure 6 (the interface decreases 275 

with time). 276 

By contract, for samples with clear sediment deposition height interface (dispersive samples), 277 

their water -suspension interface is not visible enough for measurement. Only the clear 278 

sedimentation deposition height interface was measured and reported. This interface increased 279 

with time as shown in figure 6. In Figure 5a and b, the sediment deposition height interface is 280 

highlighted in blue and the clear water – suspension interface is highlighted in orange. The two 281 

interfaces converge into a single interface at the end of the sedimentation. 282 

5a)  283 
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5b)  284 

Figure 5: Illustration of different sedimentation patterns: a) non-dispersed sedimentation pattern showing two distinct 285 

interfaces, supernatant-suspension interface, and suspension-sedimentation zone interface; b) dispersed sedimentation pattern 286 

showing only the sedimentation zone-suspension interface. 287 

In Figure 6, the data acquired from the sedimentation tests illustrated in Figure 5 (for pH 3, 5, 288 

7 and 9 and KCl concentrations of 0 mol/L, 0.003 mol/L, 0.1 mol/L and 1.8 mol/L) are reported. 289 

Figure 6a shows two muscovite suspension sedimentation curves with no electrolyte 290 

concentration (0 mol/L KCl) at pH 3 and 9. The pH 3 sample showed a non-dispersed 291 

behaviour. The clear water – clay suspension interface was visible (Figure 6a) and decreased 292 

with time from 18cm to 3cm. A steep decline in the interface height is observed between 2 293 

minutes and 15 minutes after the start time. Beyond 15 minutes, the interface height was stable 294 

at about 3 cm and did not change further (the final sedimentation height after 30 minutes is 295 

presented in table 2 below). For the sample at pH 9, a dispersed behaviour was observed; there 296 

was no visible clear water - clay suspension interface. The sediment height interface increased 297 

from zero at the start, to about 2cm after 11 minutes after which it was relatively stable. At the 298 

end of the sedimentation, samples had final void ratios of 4.4 and 2.6, for pHs of 3 and 9 299 

respectively. 300 

Table 2: Final sedimentation height after 30 minutes 301 

Final sedimentation height (cm) 

 pH 9 pH 7 pH 5 pH 3 

1.8Mol/L KCl 2.76 2.99 2.99 3.105 
0.1Mol/L KCl 2.99 2.99 2.99 3.105 
0.003Mol/L KCl 2.07 2.07 3.105 3.22 
0Mol/L KCl 1.84 1.91 3.2 3.22 

 302 
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Figure 6b shows the sedimentation curves of 4 samples with an electrolyte concentration of 303 

0.003 mol/l KCl, but with different pH (3, 5, 7 and 9). The pH 3 and pH 5 samples showed a 304 

non-dispersed behaviour (Figure 6b), with a similar trend to that of pH 3 with no electrolyte 305 

concentration (Figure 6a), while the pH 7 and pH 9 samples showed a dispersed behaviour 306 

(Figure 6b) similar to that of pH 9 with no electrolyte concentration (Figure 6a). Figure 6c 307 

shows the sedimentation curve for all four samples with an electrolyte concentration of 0.1 308 

mol/l KCl and varying pH. In this case, regardless of pH, the behaviour is non-dispersed. 309 

Finally, Figure 6d shows the sedimentation curves for all samples with an electrolyte 310 

concentration of 1.8 mol/l KCl. Again, all samples show a non-dispersed behaviour, regardless 311 

the pH. 312 
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Figure 6: Muscovite sedimentation trend for different pH and ionic concentration at a) 0 mol/l KCl b) 0.003 mol/l KCl c) 0.1 315 

mol/l KCl and d) 1.8 mol/l KCl 316 



 
 

16 
 

3.2 Liquid Limit test 317 

To estimate the mechanical strength of the muscovite under different particle configurations 318 

(dispersed or non-dispersed), the liquid limit of the muscovite was determined at two different 319 

pH. In Figure 7 the two liquid limit tests are reported. Mica prepared at pH 8 (dispersed particle 320 

configuration) had a liquid limit of 60% whereas the mica sample prepared at pH 5 had a liquid 321 

limit of 69%. 322 

It is worth noting that during the determination of the liquid limit for the alkaline sample, it 323 

was not possible to have a level surface, as the samples tended to form a convex surface (Figure 324 

8). Figure 8a, shows the alkaline sample, where a clear bulge is visible, whereas in Figure 8b, 325 

the top surface of the acidic sample is almost perfectly flat (Figure 8b). This phenomenon was 326 

associated with a tendency to swell in the alkaline sample, caused by a higher level of particle 327 

alignment when compared with the acidic sample.  328 

 329 

Figure 7: Liquid Limit of fine muscovite at a) pH 8 and b) pH 5 330 
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a  331 

Figure 8: a) Convex muscovite silt surface (pH 8) in a penetrometer cup b) mica silt mixed with acidified water (pH 5) with 332 

flat surface in a penetrometer cup. 333 

3.3 Jet erosion test 334 

Two different sets of compacted mica samples prepared at differing pH (either pH 5 or 8) were 335 

tested for erosion susceptibility by means of the jet erosion test. Each set of samples was 336 

compacted at a different moisture content (e.g., 0.2, 0.3, and 0.4), and each sample was 337 

reproduced in triplicate, resulting in a total of 9 tests at pH 5 and 9 tests at pH 8. 338 

 339 

 340 

a) pH 5 at 40% water content b) pH 8  at 40% water content 

 

 

5 minutes 

  b)     
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25 minutes 

  
 

30 minutes 

Figure 9: Jet erosion test eroded surfaces. a) pH 5 at 40% water content, b) pH 8 at 40% water content 341 

In Figure 9 the scans of the eroded surface at the end of each jet time interval (5 minutes) are 342 

shown for two samples compacted at a moisture content of 0.40. Figure 9a shows results for 343 

the sample prepared at pH 5 and Figure 9b at pH 8. Each row in Figure 9 contains the scans of 344 

the eroded surfaces, for jet erosion times of 5, 10, 15, 20, 25 and 30 minutes. The colour bars 345 

are blue for the shallowest scour depths, with a progressive increase through green – yellow 346 

and then red as the depth of scour increase (reported in millimetres). 347 

For all the scans, the scour surface has a bell shape, that was centred under the nozzle of the 348 

jet. For both tests, as expected, the volume of scoured material increases, and the scour surface 349 

depth increases, with increasing time. For the same jet erosion time, the pH 5 sample (Figure 350 

9a) has a consistently smaller scour depth than the pH 8 sample (Figure 9b). For example, after 351 
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5 minutes, the pH 5 sample has a maximum scour depth of 9 mm, whereas the pH 8 sample 352 

has a maximum scour depth of 16 mm. 353 

In Figure 10a, 10b and 10 c, the evolution of the maximum scour depth over time is reported 354 

for moisture contents of 0.2, 0.3 and 0.4, respectively. Each point corresponds to the median 355 

value of the triplicates and the error bars represent the range.  356 

a)  357 

b)  358 
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c)  359 

Figure 10: Maximum scour depth. a) samples compacted at 20% moisture content, b) samples compacted at 30% moisture 360 

content and c) samples compacted at 40% moisture content  361 

Samples compacted with alkaline water content are persistently more erodible (higher 362 

maximum scour depth) than samples compacted with acidic water content (Figure 10). Further, 363 

the higher the compaction moisture content the greater the difference in median scour depth 364 

between the acidic and the alkaline samples. For example, after 30 minutes of jet erosion, the 365 

difference in maximum median depth for the samples compacted at 0.20 was 7 mm, for the 366 

samples compacted at 0.30 was 19 mm and for the samples compacted at 0.40 was 42 mm. 367 

The erosion data were elaborated by considering the model presented by Hanson & Cook, 368 

(2004), where the erosion rate 𝜀𝜀 [m/s] (equation 1) is assumed to be proportional to both the 369 

soil’s erodibility coefficient kD [m/s/Pa] and the excess of the applied shear stress 𝜏𝜏 at the 370 

surface at critical shear stress, 𝜏𝜏c [Pa] (Karamigolbaghi et al., 2017). 371 

                                                           𝜀𝜀 = 𝑘𝑘𝐷𝐷(𝜏𝜏 − 𝜏𝜏𝐶𝐶)                                                                         (1) 372 

For each test, the critical shear stress, 𝜏𝜏𝐶𝐶  (equation 2), was calculated according to the theory 373 

exposed by Blaisdell in 1981, originally proposed for the scour depth of the bridge piers 374 
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(Karamigolbaghi et al., 2017). In equation 2, 𝜏𝜏0 is the maximum shear stress of the jet, JE is the 375 

nozzle height from the scour surface and JP is the potential core length where the mean 376 

centerline velocity of the jet remains the same as that exiting from the nozzle (calculated 377 

considering a friction coefficient of 6.3 and an iterative process). According to the presented 378 

theory, the critical shear stress, 𝜏𝜏𝐶𝐶, is meant as the threshold shear stress at which the “first 379 

detachment” occurs, hence when erosion starts. In other words, below that threshold value, no 380 

erosion is occurring. 381 

                                                                                𝜏𝜏𝑐𝑐 = 𝜏𝜏0(𝐽𝐽𝑃𝑃
𝐽𝐽𝐸𝐸

)2                                                                     (2)                                                                                                      382 

 383 

Figure 11. Critical shear stress 384 

In Figure 11 the average value of the critical shear stress, 𝜏𝜏𝐶𝐶, is plotted, as derived from the 385 

triplicate test, for each combination of pH and compaction moisture content. The critical shear 386 

stress of the alkaline samples decreases as the compaction moisture content increases. By 387 

contrast, the critical shear stress of the acidic samples increases as the compaction water content 388 

increases. At low values of the compaction moisture content, both the alkaline and the acidic 389 
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samples have a similar critical shear stress, of about 0.1 Pa. For the alkaline samples, this 390 

rapidly decreases to zero as the compaction moisture content increase. For the acidic samples, 391 

doubling the initial moisture content results in an increase in the critical shear stress of more 392 

than three times (from 0.11 Pa for a moisture content of 0.20 to 0.36 Pa for a moisture content 393 

of 0.40) 394 

3.4 An electrochemical conceptual model for mica 395 

Sedimentation tests show that particle configuration and interaction can be modified by 396 

changing the pore water chemistry. When mixed with distilled water, muscovite has an alkaline 397 

pH with relatively low sedimentation height and no clear water- suspension interface. This is 398 

indicative of a dispersive particle arrangement. On adjusting the pore fluid to acidic conditions 399 

(at low ionic concentrations – less than 0.1mol/l) the particles show a clear water- suspension 400 

interface and the settling time reduces. This is indicative of a non-dispersive fabric (flocculated 401 

or aggregated). In addition, at a high ionic concentration, for all pHs considered non-dispersive 402 

behaviour was the dominant fabric mode.  403 

The dispersive nature of fine muscovite at alkaline pH and low ionic concentration was further 404 

confirmed by the difficulty observed (the convex bulging surface of muscovite slurry in a 405 

penetrometer cup) in the determination of the muscovite liquid limit at low ionic concentration 406 

and high pH. A flat surface of muscovite slurry was only obtained for a moisture content that 407 

was close to the liquid limit when acidic pore fluid was used to prepare the slurry (non-408 

dispersed, aggregated/flocculated fabric).  409 

The aggregation of clay particles in colloidal suspension is generally controlled by the net 410 

balance between the mutual repulsion, due to the negative electrical charge of the surface, and 411 

the surface attraction due to the presence of surface forces such as Van der Waals forces. The 412 

repulsion between two charged surfaces is proportional to the electrical charge (or electric 413 
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potential) at the surface and inversely proportional to the dielectric constant of the medium 414 

between the surfaces.  415 

Mica particles, when in suspension in water, are generally considered to have a negative charge 416 

distributed on their surface. This negative charge generates an electrical repulsion which 417 

depends on the physical properties of the dispersing media. Simultaneously, when a small 418 

distance exists between two facing surfaces, a Van der Waals attraction is instead generated, 419 

by the electron interaction of the two surfaces (Hamaker, 1937; Casimir and Polder, 1948) In 420 

a clay suspension, the interaction force existing between two particles at a given distance is 421 

given by the net energy resulting from the balance between the electrical repulsion and the Van 422 

der Waals attraction. For clays in suspension in water, this is generally assumed to be negative 423 

(repulsive) unless the chemistry of the suspension is altered. The aggregation rate between 424 

negatively charged particles is controlled by the repulsive interaction force and the kinetic 425 

energy resulting from their Brownian motion. If the repulsive barrier existing between two 426 

particles is high enough not to be overcome by the Brownian motion, the two particles will 427 

remain in a dispersed state, and settle individually. On the other hand, if by altering the 428 

chemistry of the suspension, and hence the charge of the particle surface, the negative repulsive 429 

barrier is depleted, the particles in suspension will have enough kinetic energy to overcome 430 

such a barrier, and aggregate/flocculate. These particles will therefore tend to settle as a cluster 431 

of one or more particles. 432 

When dispersed in neutral water, mica tends to increase the pH of the solution toward a pH of 433 

around 8 or 9. It is reasonable to assume that this is the pH of pore water when in equilibrium 434 

with the mica, unless altered. In this condition, the surface of mica particles are highly negative: 435 

z potential about -140 mV (Nishimura et al., 1992). When the pore water of mica is altered in 436 

order to decrease the pH below 5, the zeta potential decreases sharply. At pH 4 the z potential 437 

is about -70 mV (Nishimura et al., 1992). The change in the negative potential at the particle 438 
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surface and edge is directly proportional to the change in repulsion between two facing 439 

particles of mica. This change in the mica particle repulsion results in the observed change to 440 

the mica settling pattern when the pH drops from 9 to 5 (Figure 6a). It seems reasonable and 441 

consistent to assume that mica particles at pH 5 are settling in an aggregate/flocculated mode 442 

(non-dispersed). This hypothesis is strongly corroborated by the observations that: i) at pH 9 443 

the water suspension never becomes clear, implying that smaller particles do not settle, and ii) 444 

the final volume of the sediment for the sample at pH 5 is higher than that at pH 9. 445 

In addition, research by Zhao et al., (2008) and Yan et al., (2011) using direct colloid 446 

probe force measurement and atomic force microscope measurement respectively suggest 447 

that the basal plane of muscovite mica carry a permanent negative charge while the edge 448 

charge is pH dependent (with positive edge charge at lower pH and negative edge charge 449 

at higher pH range). This further supports additional interaction and flocculation 450 

between particles in the acidic pH range and dispersion in the alkaline pH range. 451 

The energy barrier between particles can be also depleted by increasing the electrolyte 452 

concentration of the suspension. As explained by the well-known the DLVO theory (Guoy 453 

1910, Deraguin and Landau 1941, Verwey and Overbeek 1948), the cations dissolved in water 454 

are shielding the electrical charge of the particle surface and therefore reducing its negative 455 

repulsion. Consequently, when the electrolyte concentration is increased, the particle repulsion 456 

becomes smaller and therefore the probability that two particles will aggregate/flocculate 457 

increases. Figure 6c and d, showed that, at 0.1M and 1.8 M concentration of KCl, the 458 

sedimentation times are all very similar, regardless of the pH and the KCl concentration. It 459 

seems reasonable to assume that at this electrolyte concentration, the shielding effect of the 460 

cations present in the double layer is so high that the charge (or potential) at the surface no 461 

longer matters and the negative repulsion is entirely depleted. Hence, the Van der Waals 462 

attraction dominates. 463 
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Although distinguishing whether mica associates in flocs, or in aggregates made of parallel 464 

particles, is out of the scope of this research work it is worth noting that the sedimentation 465 

curves reported in figure 6 for the non-dispersed samples are the same regardless of the way 466 

the suspension was destabilized (pH or ionic strength). This implies that the association mode 467 

is the same (i.e., either one or the other). Indeed, one might expect that aggregates and flocs 468 

with different sizes and densities would return a different final void ratio for the sediment and 469 

a different settlement velocity. The experimental evidence presented here is somehow in 470 

contrast with the common understanding that, for clay suspension, flocculation is generally 471 

attributed to acidic destabilization at low ionic strength, and aggregation to destabilization 472 

caused by high ionic strength. However, whatever the association process, the experimental 473 

evidence suggests that for the case of non-dispersed sedimentation, particles interaction is 474 

attractive. 475 

The strength of mica samples in a dispersed configuration (pH 9 and low ionic strength) and a 476 

non-dispersed configuration (either pH 5 or high ionic strength) was compared using the liquid 477 

limit test. The non-dispersed samples were stronger, with a higher liquid limit, than the 478 

dispersed ones. These findings are consistent with the experimental results reported by 479 

Pedrotti, (2016) for kaolin clay at different particle configurations, where the liquid limit was 480 

found to increase with the average floc size within the sample. Again, these results suggest that 481 

the unit elements within the acidic mica samples are not single particles, but groups of particles 482 

clustered together. 483 

In the 70s, Moore and Mitchell, (1974) first, and van Olphen (1977) after, showed that the 484 

shear strength of a clay sample is proportional to the net attraction existing between particles. 485 

Moore and Mitchell, (1974) proved it by measuring the undrained shear stress of clay samples 486 

with differing van der Waals interaction, whereas van Olphen (1977) demonstrated it by 487 

measuring the Bingham stress of a suspension with different aggregate patterns. Accordingly, 488 
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the results obtained here for the liquid limit (Figure 7), show that acidic samples, where particle 489 

interaction is attractive in nature, have a higher liquid limit than alkaline ones. 490 

3.5. An electrochemical conceptual model for the erosion of mica 491 

The increase in shear strength for the non-dispersed mica samples is also reflected in the 492 

erosion susceptibility tests. 493 

Shields in 1936 performed a set of experimental tests on coarse soil, which for the following 494 

century has been considered as the benchmark dataset to develop theories and to characterize 495 

soil erosion susceptibility. As the soil tested by Shield was coarse and non-cohesive, the main 496 

assumption adopted in the many theories developed to interpolate his data, is that there is no 497 

electrochemical interaction forces between particles. When soil is eroded, single particles are 498 

detached from the soil mass by drag and lift forces, without creating any shear stress on the 499 

bed (Miedema, 2013). By contrast, a cohesive sediment, is subject to the phenomena where 500 

particles interact with each other. In Figure 12, the function developed by Soulsby and 501 

Whitehouse (1997), to interpolate Shields dataset for coarse material is shown (black solid 502 

line). The same curve has been extrapolated (black dashed line), using his equation in the range 503 

for smaller particle diameters (silt-size), in order to compare it with the experimental dataset 504 

presented in this research. In the same figure, the function derived by Lick et al. (2004) is also 505 

reported for a reference compaction density of ~ 1.5 [g/cm3]. Licket al. (2004) developed this 506 

function (grey solid line in Figure 12) to account for the particle interaction that develops in 507 

finer materials. To allow a fit to the Shields dataset in the range of coarse material, a cohesive 508 

factor, inversely proportional with the particle size is introduced by Lick et al. (2004). Soulsby 509 

and Whitehouse (1997) curves provide a reference behaviour for the erosion mechanisms of 510 

interacting and non-interacting particles i.e., for soils with cohesion and for cohesionless 511 

behavior, respectively. 512 
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 513 

Figure 12: Shields curve  514 

In Figure 12, the two curves are plotted along with the six sets of erosion experimental data 515 

presented in Figure 10. It is interesting to note that at low compaction moisture contents, both 516 

the acidic and alkaline samples have a  τc of about 0.1 Pa, and the two points lie quite close to 517 

Soulsby’s curve for cohesionless soils. As the compaction moisture content is increased both 518 

datasets (e.g. acidic and alkaline sample) move away from Soulsby’s curve. As the alkaline 519 

water content at compaction is increased, the critical shear stress reduces, and the data points 520 

end up well below Soulsby’s curve for cohesionless soils. As the number of particles in contact 521 

with alkaline water increases, the more particles are interacting in a dispersive fashion, the 522 

particles are therefore becoming more prone to erosion, hence less force is required to lift them. 523 

As shown in Figure 13a, it is suggested that for dispersed samples, erosion occurs in a particle-524 

by-particle fashion, as generally assumed for a cohesionless coarse material. By contrast, for 525 

the acidic samples, as the number of particles in contact with acidic water increases, the more 526 
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particles are interacting in an attractive fashion, and the associated erosion critical shear stress 527 

moves towards and above Lick’s curve for cohesive soils. Once the particle attraction is 528 

activated, the elementary unit within the soil is no longer a single particle, but a cluster of them 529 

(erosion of non-dispersed particle configuration in Figure 13b). This results in a higher shear 530 

stress at the surface. It is interesting to note that the critical shear stress of a sample of mica 531 

particle, with an average diameter of 30 mm when compacted with acidic water to a moisture 532 

content of 0.40, corresponds to a critical shear stress of a coarse material having a grain size of 533 

about 0.7 mm. 534 

  535 

Figure 13: Conceptual model of mica particle erosion at a) dispersed particle configuration and b) non-dispersed particle 536 

configuration 537 

Although, the test conducted here is a small-scale laboratory test which will require further 538 

refinement, the result suggest that it may be possible to enhance muscovite silt stability through 539 

adequate pore-water acidification. This may be particularly useful in relatively low stress 540 

applications such as the use of mica as an alternative source of potassium (which plays an 541 

important role in several physiological processes in plant nutrition) or as a fill material for 542 

embankment.  543 
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3.6. Environmental considerations about the use of mica for agricultural applications  544 

This work suggests that acidification of pore-water contributes to stabilising the mica-based 545 

material against water-induced erosion. It is worth highlighting that the values of pH required 546 

to achieve stability falls within the range of pH values encountered in agricultural applications. 547 

Crop plants vary in their tolerance to acidity and plant nutrients have different optimal pH 548 

ranges (Goulding, 2016). For example, ericaceous (lime-hating) plants such as rhododendrons, 549 

camellias, heathers, azaleas, blueberries, white potatoes and conifer trees do well in acidic soil 550 

in the range of pH 5 to pH 6. Similarly, normal rain is usually slightly acidic, with a pH of 551 

between 5 and 5.6 (Goulding, 2016) due to the dissolution of carbon dioxide (CO2) and the 552 

dissociation of the resulting carbonic acid (H2CO3). Soil usually attains the same equilibrium 553 

pH as that of the rain to which it is exposed. Hence, natural soil conditions will generally 554 

provide a good environment for mica-enhanced erosion resistance as well as providing a source 555 

of potassium for ericaceous plants. 556 

Considering mica as a source of potassium, there is a need to further evaluate the best possible 557 

environmental conditions for the release of potassium by mica.  However, studies by Biswas 558 

& Basak, (2014); Meena et al. (2015); Singh et al. (2010) showed that potassium can be 559 

released favourably under a wide range of non-stringent environmental conditions, for example 560 

variation in temperature and moisture content did not affect the rate of mobilisation of K. They 561 

demonstrated that the addition of potassium solubilising rhizobacteria to waste mica for k 562 

mobilisation significantly enhanced the release of K ions and resulted in the release of organic 563 

acid, stabilising the pH of the system to a pH of between about 5 and 7. This is consistent with 564 

the desired pH range for enhanced erosion resistance.  565 

4. Conclusion  566 

This paper presents an experimental campaign to characterize mica erosion susceptibility. Mica 567 

particle-to-particle interaction forces and their effect on the macroscopic behaviour were 568 
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systematically investigated by changing the pore fluid pH and ionic concentration. Results from 569 

sedimentation tests and liquid limit tests have informed a conceptual model of the mica fabric 570 

that is able to explain the enhanced erosion resistance under acidic and/or high ionic 571 

concentration pore-water conditions. 572 

It is shown that the particle configuration of mica samples consistently varies with the pore 573 

water chemistry, regardless of whether the samples being tested were suspension sediments or 574 

compacted samples. For mica samples formed with neutral water at low ionic concentration, 575 

the particles are in a dispersed configuration. This implies a poor mechanical behaviour and 576 

high erosion susceptibility, as particles are eroded one by one. When the mica pore chemistry 577 

is altered, however, either by acidification or by an increase in the ionic strength, particles tend 578 

to cluster together and organize in a non-dispersed configuration. This results in an improved 579 

mechanical behaviour and less erosion susceptibility, as group of particles must be eroded as 580 

opposed to individual ones. 581 

Although the water chemistry has been shown to change the particle configuration, the 582 

experimental findings suggest this may only occur when the water chemistry is altered at 583 

sample formation. The water used in the jet for all erosion tests was neutral water, but it did 584 

not result in a change to sample behaviour over time. To confirm the effect of infiltration water 585 

chemistry, further investigation is needed. 586 

Considering that mica waste is derived from mining operations, which are often slightly acidic 587 

due to some metal content (e.g., iron sulphides which result in the leaching of sulphuric acid), 588 

the work presented in this paper paves the way for tailored assessments of individual mica 589 

waste materials to determine the appropriateness of their use.  590 
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