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Sub-Tropical Clayey Soils-Acid Mine
Drainage Interactions: A Glance at Material
Properties
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Abstract—The increasing climate change, growing population
and exhaustion of natural reserves from mining and related operations
have led to severe environmental challenges. It is a known fact that
acid mine drainage (AMD) from mining activities in South Africa,
constitute massive environmental issues in need of drastic solutions.
AMD poses a huge risk which needs prompt mitigating measures for
curbing consequential effects on soil, surface, subsurface and
groundwater resources, which invariably impacts human and
environmental health. However, the present persistent challenges
from AMD paved way for this study to assess the material properties
initiated in the study for three subtropical clayey soils interacted with
AMD towards ascertaining their mineral buffering efficacy for use as
natural containment liners in areas affected by AMD. Series of
prolonged pore volume passage of AMD through the respective soil
system were undertaken and vital tests as prelude to further
investigations and analysis served as a gateway to more intricate
interpretations for succeeding studies. In a nutshell, the general
outcome fell short of the accepted criterion specified for clay liner
construction in South Africa but may considerably be utilized as a
natural material in the construction of composite barriers for acid-
producing wastes.

Keywords—Batch Sorption, Contaminants, Acid Mine Drainage
(AMD), Clayey Soils, Diffusion

1. INTRODUCTION

CID mine drainage (AMD) forms in mining

environments when ore and waste materials, containing
sulphide minerals such as pyrite, are exposed to water and
oxygen. In other words, when some mine tailings from
processed sulphide-rich ores are oxidized, AMD may be
generated. In South Africa, studies on AMD formation,
transport and impacts particularly in the Witwatersrand have
been performed by the Council for Geoscience, on behalf of
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the Department of Mineral Resources [1]. The disturbance of
ore bodies and the transport of large volumes of pyritic
material to the surface create conditions highly conducive to
the generation of AMD, both owing to the exposure of ore in
the underground environment and due to the transport of
blasted and/or crushed waste rock and tailings to the surface.
In order for pyrite to oxidize, both oxygen and water must be
present. Water serves not only as a reactant, but also as a
reaction medium and a product transport solvent [2].

The rate of AMD generation in an environment where
sulphidic material is exposed to oxygen and water, will be
determined by a number of factors. The reactions will proceed
rapidly in warm humid environments, while other
environmental factors, such as the specific sulphide
mineralogy and grain size, and the presence or absence of acid
neutralizing minerals, such as carbonates will also influence
the rate of AMD production and its eventual environmental
impact. The major source of groundwater contamination by
mine tailings have been suggested to be AMD [3]. The
environmental impact of AMD as reviewed by [4] include;
metal toxicity, sedimentation processes and high acidity,
which usually have the potential to cause interrelated negative
impacts on terrestrial and aquatic life. Since AMD has
potential negative impacts on the environment, efforts are
made to either prevent or control its generation and migration.
As such, several measures and technologies are available as
recorded by [5-9] for mitigating the environmental effects of
AMD. These include co-disposal of waste rock and mine
tailings and the construction of wetlands, base liners or water
covers.

Soil covers and liners may also be used as hydraulic barriers
for containing AMD leakage at mine sites. When used for this
purpose, it is usually pertinent to determine whether the soil
liner can buffer contaminants or is compatible with AMD.
Consequently, several studies have been conducted on the
compatibility of some soils from temperate regions with AMD
[10-15]. However, as earlier pointed out, there is need to
investigate the interaction of AMD with tropical/subtropical
soils as there is insufficient data and knowledge in this area of
AMD-soil compatibility interest whose gap requires bridging.
South Africa’s mining history has created vast economic
benefits and still plays an important role in safeguarding the
country’s stance in the global market. Despite such benefits,
mining sector operations as elsewhere in the world, have
resulted in serious environmental consequences, notably in
respect of poor environmental and water management and, in
the case of the gold mines of the Witwatersrand, AMD. Pyrite
(FeS,), sphalerite (ZnS), galena (PbS), arsenopyrite (FeAsS)
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and occasionally chalcopyrite (CuFeS,) are associated with
gold mineralization in operating gold mines in South Africa
[16-19].

As recorded by [9] mining activities and processing from
these sulphidic ores have led to several tonnes of mine waste
that oxidize and lead to the widespread generation of AMD in
and around areas where such operations occur in South Africa.
AMD is known to occur in a number of areas in South Africa,
mostly in the Witwatersrand Gold Fields, the country’s
various Coal Fields and the O’Kiep Copper District. Thus,
potable sources of water in mining areas, some of which are
densely populated, are severely at risk due to AMD
contamination. The key factors which differentiate the
developing problem in South Africa from international
scenarios is the degree of interconnection of large voids, the
sheer scale of the Witwatersrand operations and the fact that
many of the problem areas are located in or close to major
urban centres. Most mining centres are also covered by the
natural habitats of some rare and endangered species.
Bioaccumulation of metals from AMD adversely affects flora
and fauna in South Africa and this has led to the loss of food
sources and elimination of some sensitive species [20-23].

The surface flow or decant of mine water is also of concern
to the environment as the water, in accordance with well-
known and researched chemical and geochemical reactions
between the mine rock strata, wastes and oxygen, readily
becomes acidic, characterized by elevated concentrations of
salts, heavy metals and radionuclides. The immediate concern
is the threat posed by decanting mine water in the
Witwatersrand area, which poses potentially severe
environmental and safety impacts on the receiving water
environment and associated surface areas [8], [24]. In this
light, mitigating the effects of AMD contamination of the
South African mine environment is imperative. Currently,
with the sulphidic ore exploitation in South Africa, mine
tailings dams and acid water containment ponds are being
constructed for the storage of mine waste being generated
from mining operations, and assessment of the suitability of
local construction materials is therefore essential. In an earlier
stage of this study, the chemical and geotechnical properties,
and the mineralogical composition of three sampled soils,
prior and subsequent to AMD percolation were determined
and the results were presented.

However, the study herein takes a glance at the material
properties in terms of the sorption, mineralogy and advection
of AMD migration through three compacted clayey soils
sampled around the City of Johannesburg (CoJ), South Africa,
where waste disposal activities occur. To assess the impact of
these contaminant migration processes on the buffering
efficacy and performance of the respective soils as lining
materials, a bespoke device was used to permeate the soils
with AMD at low flow rates typical of field conditions. The
outcomes formed part of a larger study to characterize a
number of solute transfer processes as AMD was interacted
with the respective sampled subtropical soils examined for
their buffering efficacy towards potential use as natural
earthen lining materials (locally available clayey mineral
liners) for the containment of mine waste and associated
contaminants.
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Il. RELATED BACKGROUND

The contaminant mass transport mechanisms in natural and
compacted clayey soils have been extensively studied by
several authors from past to recent times [25-31]. Compacted
clays usually have low permeability and as such, groundwater
flow through them is usually slow. Consequently, the mass of
solute transport by flowing contaminating solutions
(advection) is likely minute, whereas it is usually significant in
solute transport due to concentration gradients (diffusion).
Hence, sorption, diffusion and hydraulic conductivity tests are
commonly performed to determine retardation factors,
effective diffusion coefficients and hydraulic conductivities
respectively. Therefore, the study found the relevance to
briefly review the principles involved in the transport
mechanisms towards ascertaining the buffering efficacy of the
concerned soils.

I1l. MATERIAL PROPERTIES

The study revealed that the AMD used had a low pH of 2.8.
Additionally, sulphate, iron and calcium concentrations were
found to be high with values of 5150 mg/L, 635 mg/L and 318
mg/L respectively. The AMD was also potent with
contaminant species capable of harmfully affecting
groundwater, surface water and soils (i.e., adversely impacting
environmental and human health). The contaminants present
include; magnesium and aluminium with values of 285 mg/L
and 135 mg/L respectively, while heavy metals (i.e., nickel -
180 mg/L, zinc -160 mg/L, manganese -65.0 mg/L and cobalt
-7.0 mg/L) were also present. The chloride, nitrate and silica
present were found to also have high concentration values of
200 mg/L, 185 mg/L and 140 mg/L respectively. The
mechanical and index soil tests revealed that the respective
sampled subtropical clayey soils designated Soil A, H and K
had substantial fine fractions above 50% passing the No. 200
sieve with high measured specific gravities of solids in the
range of 2.62-2.79 suggesting the existence of metal oxides.
The Table | summarizes selected mechanical properties of the
respective soils. Additionally, [32] classification scheme for
soil activity (A) was used to further classify the soils
accordingly. Soil A is a normal clay (0.75<A<1.25), Soil H is
an inactive clay (A<0.75) whereas Soil K is an active clay
(A>1.25).

The volumetric shrinkages of 30.7, 10.5, 3.4% were
obtained for Soils A, H and K respectively. Soil A had a
relatively high volumetric shrinkage as against Soil H with
moderate volumetric shrinkage and Soil K considered having
a low volumetric shrinkage. From the total oxide composition
of the soils, silica and sesquioxides of iron and aluminium
were the dominant oxides in all the soils which accounted for
about 81%. The glycol retention value, specific surface and
the CEC of Soils A and H were relatively low while those of
Soil K were high as presented in Table I. This is reasonably
due to the prevalence of kaolinite in Soils A and H, and the
presence of smectite, and the relatively higher total organic
matter content in Soil K. Detailed results of the mineralogical
studies conducted on the respective soils have been presented
in previous studies. However for the purpose of this study,
Table Il summarizes the mineralogical compositions of the
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soils. The soils were found to be generally rich in quartz and
contained non-clay minerals rich in iron and aluminium.

TABLE |
Selected mechanical index properties of the soils initiated in the study
Properties ASTM Soil A Soil H Soil K
Design.
Natural Water D 2216 20 32 27
Content (%)
Water Content D 2216 4.7 13 14
(Air-dry soil) (%)
Optimum Water D 698 16.2 154 15.7
Content (%)
Liquid Limit (LL) D 4318 47 61 55
Plastic Limit (PL) D 4318 25 36 31
Plasticity Index D 4318 22 25 24
(PN
Shrinkage Limit D 4318 13 16 15
(SL)
Volumetric D 4318 30.7 10.5 3.4
Shrinkage, Vs (%)
@w=0WC + 2%
Specific Gravity D 854 2.77 2.79 2.62
Dry Unit Weight D 698 15.15 16.37 17.33
(KN/m®)
Wet Unit Weight D 698 17.7 18.9 20.1
(kN/m®)
Void Ratio - 0.79 0.67 0.48
Porosity - 0.44 0.40 0.32
Particle size D 422
distribution
% Clay - 59 62 65
% Silt - 29 25 33
Activity, A [32] 0.79 0.57 1.58
uscs” D 2487 CL/lean MH/elastic ~ CH/fat
clay silt clay
pH in water (soil: - 5.2 6.8
water; 1:1) [33] 49
pH in 0.01M CaCl, - 48 6.4
(soil: solution; 1:2) [33] 45
Total Organic 1.2 1.8
Matter (%) [34] 11
Carbonates (%) [35] 35 29 4.7
Glycol Retention 28.7 87.4
(mg/g of clay) [36] 253
Cation Exchange 44 36.7
Complex CEC, X 5.2
(meg/100 g)
Specific surface [36] 70.7 105.9 268.5
(m?lg)
Major Oxides (%) ﬁ-ray
uorescence
SiO; - 65.5 58.4 61.3
AlO; - 16.8 22.6 14.3
Fezog - 4.1 9.3 7.7
TiO, - 0.7 1.7 15
K0 - 0.9 0.15 0.29
MgO - 0.4 0.24 0.75
CaO - 0.08 0.13 2.25
Silica: Sesquioxide [37] 31 1.86 2.87
Ratio NL? L? NL?
Loss On Ignition Clinked 85 12.5 13.2
LOI (%) @1000°C )
“Unified Soil Classification System; ~United States Department of

Agriculture; *IN ammonium acetate (NH,CH;COO) extract; "IN barium

acetate extract; “L- Lateritic; NL- Non-Lateritic
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Nonetheless, the soils possessed relatively low amounts of
feldspar while kaolinite was found to be the only clay mineral
existent in all three soils. More so, interlayered or mixed layer
vermiculite was present in Soils A and H whereas, the other
clay minerals present in Soil K were smectite and iron
chlorite.

TABLE I
Summarized dominant mineralogical composition of the studied soils
Design. Clay minerals Non-clay minerals
Soil A Kaolinite, Halloysite and Quartz, goethite, hematite,
Illite/Vermiculite Magnesioferrite, gibbsite,
diaspore and potassium
feldspar
Soil H Kaolinite and Hydroxy- Quartz, hematite, goethite,
aluminium interlayered magnesioferrite, cobalt iron
vermiculite oxide, gibbsite, hydroxy apatite
and potassium feldspar
Soil K Kaolinite, Smectite and Fe- Quartz, goethite, hematite

chlorite gibbsite, diaspore, anatase,
ilmenite, lepidocrocite,
dolomite, potassium and

plagioclase feldspars

IV DISCUSSION OF FINDINGS
A. Batch Sorption Studies

The capacity of a soil to adsorb an inorganic solute from an
aqueous solution such as AMD may be subjective of several
factors. These factors include; solution pH, soil: solution ratio,
the moisture content of the adsorbent, method of mixing,
interaction time, and the composition and concentration of
competitive sorbates in the solution [38], [39]. As stated by
[40] when contaminants migrate through porous media, some
of the chemical species in solution possess the latency to
retard or even immobilize other species. As such, it becomes
pertinent to measure the capacity of each contaminant species
to impact seepage or leaching in a competitive environment,
notably those species possessing a high contaminating
potential with consequential human and environmental effects.
Employing the potential contaminating fluid expected in the
field as the permeating solution in batch sorption studies, in
place of single or binary ion solutions, gives a more realistic
simulation as it allows for an assessment of possible
competitive sorption between ionic species for available soil
exchange sites. The sorption parameters distribution
coefficient, Ky, and retardation factor, R, for ionic species of
interest may be determined from batch sorption or column
tests.

Determination of the retardation factor from column testing
is considered to simulate field scenarios better, as the transient
flow that takes place and the porosity and density of
laboratory compacted soils are more representative of real life
field cases. Conversely, using the batch sorption test in the
determination of the retardation factor, soil suspension is used
as there is no contaminant flow. Nevertheless, the batch
sorption test is mostly adopted in studies due to the relatively
short testing durations involved [41], [25], [28], [30], [42].
When Ky has been experimentally determined, R can then be
derived from the relationship presented in (1).
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Where: R = Retardation factor of contaminant species; p =
Density of the soil (g/cm®); n = Porosity of the soil; and Kq =
Distribution coefficient (mL/g). These sorption parameters are
essentially used as input data parameters in contaminant
transport models. The retardation factor is dimensionless and
provides a measure of the capacity of a particular adsorbent to
adsorb solutes and thus, buffer/attenuate them during
contaminant migration. For non-reactive or non-adsorbing
solutes, Kq = 0, hence R = 1, whereas for reactive or adsorbing
solutes, Kq=> 0, hence R > 1.

B. Soil Mineral Investigation

Results from several authors on field studies involving
clayey soil liners have revealed that diffusion may be the
dominant contaminant transport mechanism [43-45].
Similarly, laboratory diffusion testing has become a routine
approach in the assessment of clayey soils as natural barrier
lining materials. The [46] advection-dispersion expression is
the recognized one-dimensional solute transport equation
through a homogeneous, isotropic compacted clayey soil
usually represented by the relationship in (2).

AC _Af¢ AC pEgz Ac AC

x Pz Y m aom w @)
Where: C = Contaminant concentration at depth z; D =
Coefficient of hydrodynamic dispersion (m%s); T = Time of
flow (s); z = Distance in the direction of flow (m); v; =
Seepage or groundwater velocity (m/s), n = Porosity of soil at
depth z; and 4 = Decay constant of contaminant species.

For this study, the decay of the contaminant species was
considered to be negligible. The reason being that; if seepage
velocity through compacted clayey soil is very low, advection
and mechanical dispersion are negligible modes of
contaminant migration. However, diffusion and sorption
become dominant contaminant transport modes as recorded by
several authors [25], [47], [28], [45]. Hence, for reactive or
adsorbing solutes, the expression in (2) reduces to the Fickian
second law and the transport process relates to molecular
diffusion through the relationship presented in (5).

ac _ p 8% _ pky AC

At Az n At @)
When Eqg. 1 is substituted into Eq. 3, we derive:

ac o A%C _ pyAC

E_D._«.zﬁ—'—(l R].a: (4)
ac _ patc 5
At R Az® ©)

Hydrodynamic dispersion occurs due to the composite effects
of two processes namely, effective diffusion and mechanical
dispersion which according to [48] may be mathematically
expressed as shown in (6).

D=D_+D_ (6)
Where, D, = Effective diffusion coefficient (mzls); and D, =
Coefficient of mechanical dispersion (m%s).

The coefficient of mechanical dispersion, Dy, is a function of
seepage velocity, v, and it is represented by the expression
shown in (7).

D, = av, @)

™m
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Where: o = Dispersivity (m).

The compacted clayey soils were intact and as already
reported in previous studies, the results indicated an increase
of less than one quarter of an order of magnitude over the
baseline hydraulic conductivity of 2.6 x 10™ m/s for the soils
at the end of permeation and as such, were considered fairly
low. The hydraulic gradient during the diffusion test was
negligible, therefore, the flow velocity through the soils during
the diffusion test was also negligible. Consequently,
coefficient of mechanical dispersion would also be negligible
as against effective diffusion coefficient. In light of these
conditions, the effective diffusion coefficient would be
essentially equal to the coefficient of hydrodynamic dispersion
as expressed in (8).

D =D, (8)

C. Advection

Advection is the transport process that involves the

movement of contaminant mass at seepage velocity, through a
porous medium. Advection is usually the most dominant
transport process in porous media when high flow rates are
involved. As expressed by [46] the flux, f, of contaminant
mass moved by advective transport is related to seepage
velocity, v, and contaminant concentration, C, as presented in
(9).
f=nv,C 9)
Where: f = Contaminant flux.
The hydraulic gradient is the driving force for advective flow.
Conventionally, evaluating the advective transport of
contaminant mass through clayey barriers requires hydraulic
conductivity studies. Presently, different permeameter types
are widely available for hydraulic conductivity testing. The
choice of an appropriate permeameter would result in a more
accurate soil hydraulic conductivity value. As such, in
conducting chemical compatibility studies using hydraulic
conductivity testing, it is important to percolate, at a low flow
rate, the compacted soil sample with several pore volumes of
the permeant to ensure interactive saturation of the sample,
and as much as possible reduce potential sidewall leakage.

V  CONCLUSIONS

The study assessed the material properties of three
subtropical clayey soils sampled from respective sites around
the CoJ, South Africa, interacted with AMD towards
determining their mineral buffering efficacy for use as natural
containment liners in areas affected by AMD. Series of
protracted pore volume passage of AMD through the
respective soil system were done and the following
conclusions were reached:

o Key tests leading to further investigations and
analysis created a channel towards interpretations in
succeeding studies.

e The species concentrations obtained from either the
effluents or the solution and sections of soil samples

obtained from dissolution and diffusion tests
suggested that the soils-AMD interaction is a
complex process.
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e The results of the study suggest that interactions
between AMD and the soils plausibly resulted in
dissolution of metals from soil grains.

e Desorption of adsorbed contaminant species at the
exchangeable sites of the soils occurred.

e There was alteration and dissolution of soil minerals.
Therefore, considering the general outcomes of the
study with further interpretations and analysis in
succeeding studies, the three sampled natural
subtropical soils were found to be incompatible with
AMD and as such, may not be used alone as natural
clayey mineral lining materials towards AMD
containment disposal.
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