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Rehabilitation of Contaminated Gold Tailings Dam Footprints i

EXECUTIVE SUMMARY

1 INTRODUCTION AND BACKGROUND

The mining industry is involved in a major initiative to reclaim defunct tailings
facilities containing recoverable quantities of gold. Once the tailings material has been
removed, the land has a certain potential for land development. The extent of
contamination contained in the unsaturated and saturated zone beneath these deposits
formed the topic of an investigation completed in 1998 (Rdsner et al, 1998; WRC
Report K5/797/0/1). During the course of the study, the pollution sources (tailings
dams), the barrier zones (vadose zones) and the receiving groundwater systems were
investigated at several sites in order to assess the migration pathways of various
elements and compounds. It was concluded from this investigation that the soils
underneath reclaimed tailings dams are in general contaminated with pollutants that
typically originate from acid mine drainage (AMD) seeping from tailings dams. This
investigation also showed that some of the metals are highly mobile, particularly in
the surface soil units. Limited groundwater data were available, but it was evident that
groundwater in close proximity to tailings dams was being affected by salt loads.
Groundwater quality improved with increasing distance down gradient from the
pollution source, mainly because of dilution and solid speciation.

The primary aim of this follow-on investigation is to develop a guideline for the
rehabilitation of the footprint of these reclaimed gold mine tailings facilities. In order
to meet this objective, the following five secondary objectives needed to be satisfied:

1. Evaluate and define the existing state of knowledge with regard to reclamation
and rehabilitation methods and their water quality impacts.
2. Site-specific assessments of the potential of contaminants released from gold

mine tailings facilities and soil underlying reclaimed tailings facilities to
pollute the aquatic pathways (surface and groundwater), with regards to heavy
metals, salts and radionuclides.

3. Develop rehabilitation management strategies based on site-specific conditions
to minimise the environmental impact on the aquatic pathway.

4. Provide guidance for future land use after complete reclamation.

5. Provide guidance for site selection criteria for future mine tailings facilities.

The extent and type of contamination in the unsaturated zone determines the type and
extent of rehabilitation that would be required for safe future land use and the
prevention of groundwater contamination. In the case of reclaimed tailings dams, once
contaminants have migrated through the unsaturated zone, into the groundwater zone,
their rate of lateral movement increases by orders of magnitude. The implication of
this is that although there is a dilution effect because of contact with groundwater, the
potential impact on the environment is extended in a spatial and temporal sense.
Furthermore, once the contaminants have entered the groundwater zone, there is very
little that can be done to remediate the aquifer, or contain the movement of these
contaminants. Active groundwater remediation is relatively expensive, and does not
have a high success rate.

The philosophy adopted for this project is therefore that the generic rehabilitation
investigations should focus on processes occurring in the vadose zone with the intent
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Rehabilitation of Contaminated Gold Tailings Dam Footprints ii

of developing strategies as to how these contaminants can be contained in or removed
from the vadose zone. It was envisaged that the final product emerging from the
project would include not only this technical report, but also a preliminary guideline
or guidance detailing steps and processes that need to be considered during the design
of a reclamation programme. It should be noted that the term “guideline” may imply
a certain legal standing or may convey the perception that the regulatory authorities
fully subscribe to the contents of the document. Although consultation with the
regulatory authorities was a key component in the development process, the Project
Steering Committee decided to adopt the term “guidance” instead of “guideline” in
order to avoid confusion.

The issue of radioactivity and these tailings dams have received much emphasis over
the past few years, and the regulatory control instruments are well established. The
inherent risk in diluting available resources to encompass the full spectrum of
radioactivity was that the non-radioactive contamination component might have been
de-emphasized. It was therefore decided to focus the financial resources on the
chemical component, rather than the radioactive component.

During the course of the investigation it became clear that site location is an
overriding factor in the decision as to future land use. The emphasis was therefore
changed from guidance for future land use after rehabilitation to highlighting the
appropriate rehabilitation methods for different land uses.

This document also provides a set of ideas to the interested and affected parties
involved in gold mine tailings rehabilitation, which may assist with the effective
rehabilitation of these reclaimed mine residue deposits.

2 LIMITATIONS OF THIS PROJECT

In a project of this nature, the limitations, exclusions and conditions must be clearly
spelled out. The authors would therefore appreciate the following to be considered in
the context of this report:

1. It was decided early on in the project not to focus on radioactivity. The result
is therefore that the regulatory requirements in terms of the radioactivity
aspects would also need to be satisfied, and that the two aspects would need to
be considered in an integrated manner.

2. There are numerous gold tailings dams in South Africa. The research could
obviously not be carried out on each of these deposits, with the result that the
representativity of the results may be an issue. However, motivations are
supplied for the study site selection criteria, and the validity of the
extrapolation of the research findings are spelled out in the report.

3. The development of the preliminary guideline ideally required a legal
instrument, such as a standard promulgated under a specific Act of Parliament.
The preliminary guideline derived from this work is not enforceable, nor did
the regulatory authorities issue it. However, the preliminary guideline
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Rehabilitation of Contaminated Gold Tailings Dam Footprints iii

establishes a scientific approach to the rehabilitation of these footprints. As
such deviations from this approach should arguably be motivated.

4. It was found that contamination of the unsaturated zone beneath the footprints
of reclaimed gold tailings dams is extensive, however, this statement must be
seen in the context of the potential rehabilitation issues at defunct gold mines.
Financially it is therefore sensible to address rehabilitation and site closure in a
holistic manner and allocate rehabilitation funds on the basis of potential risk
to the environment. The rehabilitation of contaminated footprints may
therefore be a low priority in terms of closure expenditure.

5. In both unsaturated and saturated soils water flow is driven by a potential
gradient and is affected by the geometric properties of the pore channels
through which flow occurs. In a saturated soil the moving force is the gradient
of a positive pressure potential while in an unsaturated soil, suction gradient is
the driving force of water flow. Saturated water movement in soils is well
understood, with the result that flow in the investigated soils was described
using saturated flow methodology. This can be seen as a conservative
approach as saturated hydraulic conductivity is usually higher that unsaturated
hydraulic conductivity.

3 SPECIALIST LITERATURE REVIEWS
Literature reviews were conducted on:

e Risk assessment procedure
e Geohydrological processes in the vadose zone
e Potential remediation strategies related to land surface

The main objective of the literature survey relating to risk assessment procedure was
to determine whether the calculation of current pollution impact based on the ratio of
extractable to total element concentrations, as well as the calculation of potential
future pollution impact from geochemical load indices would yield sufficient
information on which a risk assessment can be based. The survey also addressed the
question of how geochemical modelling may be used to predict the behaviour of
contaminants under changing land use and climatic conditions and how this
information can be included in a geochemical risk assessment.

The literature survey dealing with hydrogeological processes in the vadose zone was
aimed at ensuring that current knowledge relating to these processes was included in
this investigation.

The potential remediation strategies can be divided into treatment technologies or
utilising on-site management. Treatment technologies refer to soil physically
removed and processed in a certain way in an attempt to reduce the concentration of
trace elements or to reduce the extractable concentrations to an acceptable level. On-
site management usually involves either isolating the soils from interacting with the
surrounding environment or it involves the implementation of a strategy that reduces
the bioavailability of the existing contaminants.
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4 METHODOLOGY

The selection of the appropriate sites was a critical step in this investigation. Site
selection criteria were developed, and included aspects such as representativity,
accessibility, safety, security and recently exposed footprint soils. Three sites were
selected, of which two areas overlie the Witwatersrand Supergroup, and the third site
overlies the Karoo Supergroup.

Each of the three study sites was characterised in terms of the following aspects:

o  General site characterisation, comprising the locality and site history, fieldwork
conducted on site, topography and drainage, vegetation and geological conditions
underneath the site.

o  General soil profile and geotechnical characteristics, describing important soil
parameters such as saturated hydraulic conductivity and soil pH.

o  Geohydrological characterisation of the unsaturated zone, giving an indication of
flow characteristics and mechanisms (e.g. preferential flow).

e Geohydrological characterisation of the saturated zone (if data were available),
comprising the aquifer type and geology and aquifer parameters (e.g. hydraulic
conductivities, borehole yield).

e  Contaminant assessment of the subsurface, comprising a hydrogeochemical
characterisation of the unsaturated and saturated zone with respect to the current
contamination situation and the potential future contamination impact.

Detailed fieldwork undertaken on the three sites included trenching, drilling of
boreholes and sampling for geochemical and geotechnical investigations. Prior to
undertaking the fieldwork shallow test pits were excavated to demarcate the site into
areas of similar soils. This zonation was based on the pedological characteristics of
the soils as well as the pH and EC determined on saturated pastes made from the
samples collected from each trench. After zone demarcation, deep trenches were
located and excavated using a track-mounted backactor, allowing soil to a depth of 5
m to be removed. Detailed soil profiling and soil sampling was undertaken in each
trench.

Samples collected during the fieldwork were submitted for the following analyses and
determinations:

Determination of the dry density.

Determination of specific gravity.

Determination of saturated hydraulic conductivity.

Grain size distributions.

Soil water content.

X-ray fluorescence analysis (in order to determine the major and minor elemental
compositions).

X-ray diffraction analysis (in order to determine the dominant minerals).

e EC and pH were determined on saturated pastes made from the samples.
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A number of in situ, large diameter double-ring infiltrometer tests and tension
infiltrometer tests were conducted at selected depths in or in close proximity to the
deep test pits.

Based on the zonation inferred from the shallow trenches, boreholes were located in
order to obtain information on the strata below that which the excavator could reach.
Chippings obtained at 0.5 m intervals were logged and samples obtained for
geochemical analyses. A number of the boreholes were equipped and established as
monitoring boreholes. An electrical conductivity profile was conducted in each
borehole to identify zones in the aquifer with higher relative electrical conductivity.

5 CONCEPTUAL MODELS

The following alternative rehabilitation strategies were considered:

e Base case. The current situation (no intervention) is modelled and the results
are used as a reference for alternative scenarios listed below.

e Removal of the source term. This scenario consists of the removal of a
topsoil layer of approximately 30 to 50 cm.

e Minimization of infiltration. The flow of water into the underlying soils
would be limited by effective covering of the surface. Such covers may vary in
terms of efficiency, and could include the construction of parking lots,
building of factories or urban development. The source of contamination in the
soils in the footprint would not be removed.

e Paddocking. A scenario comprising a system of paddocks used to contain
contaminated storm water.

e In Situ treatment. This scenario consists of an array of in situ rehabilitation
techniques, which all result in the reduction of contaminant concentrations in
the pollution source.

A general steady state flow regime was assumed for the modelling of the various
rehabilitation strategies. With regard to the treatment of chemical species, minerals
such as the carbonates, ferrihydrate, silica and sulphate-bearing minerals were
considered under equilibrium conditions, due to the fact that they are relatively readily
soluble in the natural environment. Furthermore, these minerals have relatively large
reaction rate constants that enhance the rate at which reactions proceed. However,
equilibrium treatment of chemical systems does not allow for the introduction of time
as a variable. In order to introduce time as a variable in chemical reactions, kinetically
based interactions were introduced for the sulphides, feldspars, micas and clay
minerals. By considering the reaction dynamics in a kinetic manner, provision could
now be made for changing environmental and chemical conditions. By implication,
the kinetic treatment of minerals allowed for predictive geochemical modelling of
pollution migration within the framework specified in the above-mentioned
conceptual geochemical models.

Predictive geochemical modelling of the soil underlying mine residue deposits
involves an array of physical and chemical processes. In terms of the physical
processes, the flow of water through the system poses the most complex problems.
The chemical processes that have been addressed include the following:
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Calculation of the species distribution in aqueous solution.

Tracing reaction paths involving fluids and minerals.

Consideration of the sorption of species onto mineral surfaces.

Calculation of the solubility of mineral species in solution (dissolution /
precipitation).

e Projection of the traces of reaction paths.

The study required the use of a detailed conceptual model that provides a general
account of the geochemical processes involved in the migration of pollution
underneath surface mine residue deposits. The model must incorporate geological,
soil (geotechnical) and geohydrological parameters to enable an indication of ground
and soil water flow mechanisms, directions and volumes. The conceptual approach
involved a simple steady-state flow of water through the exposed affected and
contaminated soil. The soil profiles have been sub-divided into three zones, each
displaying characteristic soil properties. Based on field observations, it was assumed
that the soils were mainly unsaturated, suggesting that prevailing atmospheric partial
pressures were applicable for gaseous species.

Important characteristics of the geohydrological conditions of the vadose zone
developed on the Turffontein Subgroup can be summarised as follows:

e Three major soil units are identified, comprising transported units of colluvial
origin occurring at surface, a pebble marker unit, and sandy residual quartzite
underlain at depth by hard rock quartzite.

e Ferruginisation in soil is usually accompanied by an increase in clay content due
to an increase in Fe-oxide precipitation which blocks soil pores.

e Preferential horizontal flow paths occur on the surface of some ferruginous units
where groundwater seepage was observed.

e The colluvium and the residual quartzite are in some instances voided. This open
structured soil structure can accommodate macro-flow.

e The residual quartzite is usually relic jointed. These joints are remnants of the
unweathered nature of the bedrock, which may act as preferential flow pathways.

e The shallow depth to bedrock is favourable for the development of perched water
tables as evident from perched groundwater zones observed on soft rock — hard
rock interfaces. These zones are areas of potential preferential horizontal flow.

e Preferential horizontal micro-pore flow paths may occur in residual quartzite,
which shows relict bedding planes.

e All the soils are inactive and will not swell and shrink due to seasonal changes in
water content.

A generic model of the geohydrological conditions expected in the vadose zone of the

study area was developed based on the field and laboratory characteristics of the soils
as noted above.

6 GEOCHEMICAL MODELLING OF THE BASE CASE

A group of interactive software programs were employed to model the various
scenarios that formed part of this research project. The programs RXN, ACT2, TACT,
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REACT and GTPLOT are collectively known as “The Geochemist’s Workbench®.
A detailed mineralogical assessment of the system to be modelled forms the basis of
any thorough geochemical model. The mineralogical database for the current
investigation included bulk mineral identification, using the powder pellet based X-
ray diffraction technique, as well as detail Debye-Scharrer and Gandolfi camera
diffraction work. A complete set of major and trace element data was generated using
bulk X-ray fluorescence analyses. In addition, paste pH and EC was determined on
samples.

The conceptual modelling approach that was followed in this investigation was a flush
model, which tracks the evolution of a system through which the fluid migrates. At
each step of the reaction progress, an increment of unreacted fluid is added to the
system, displacing the existing pore fluid. This approach is analogous to a mixed-flow
reactor. The individual flush model calculations were configured in such a manner as
to simulate a continuum, which include a combination of local equilibrium and kinetic
models. The advantage of such a conceptual configuration is the fact that the
distribution of chemical species could be predicted in time and space, i.e. along a
groundwater flow path. Important chemical features such as precipitation and
dissolution, as well as surface adsorption reactions are readily simulated within this
conceptual context. Furthermore, the advantage of such continuum models is that they
predict how the positions of reaction fronts migrate through time, if reliable input data
are available about flow rates, the permeability and dispersivity of the medium, and
the reaction rate constants.

The following specific assumptions formed part of the input data for the geochemical

modelling:

e Redox reactions in the natural environment cannot be assumed to approach
thermodynamic equilibrium, thus, redox reactions were calculated in a state of
disequilibrium.

e Activity coefficients: Use was made of a virial technique known as the Harvie-
Méller-Weare method, which is considerably more accurate than the Debye-
Hiickel method when predicting saturation states for concentrated solutions.
Activities were allowed to slide according to reaction progress, with the
exception of CO, and O,. The initial values for latter two components were
initially fixed for calculations in the top layer. Once the seepage emerged from
the top layer, the activities and fugacities were allowed to slide. The reason for
such an assumption was that both oxygen and carbon dioxide was considered to
be initially similar to atmospheric values. However, the deeper soil environment
is considered to be deprived of oxygen. Since the level of deprivation is
unknown, it was decided to have the reaction progress manipulate these
conditions.

e Sorption of species onto mineral surfaces was calculated only when complexation
involved hydrous ferric hydroxides.

e The temperature for all reactions was fixed at 25°C. In the case of exothermic and
endothermic reactions the heat being produced or lost was not taken into
consideration, since it was assumed that the heat being produced would be
dissipated in the flushing fluid flow environment.

e Kinetic reactions: In the continuum flush reaction model, reactants are added to
or removed from the system at arbitrary rates. The rate law that was used for
mineral dissolution and precipitation causes minerals to precipitate when
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supersaturated and dissolve when undersaturated at a rate that is a function of the
rate constant and surface area.

e Catalyzing and inhibiting species: Under low pH conditions, H" was considered
as a catalyst. The precipitation of species was never inhibited.

e Cross-affinity rate laws: The saturation state of secondary mineral species, for
which rate constants were not available from published literature, were calculated
by using the Q/K ratio of another mineral involved in the reaction.

e Nucleation: a simple description of nucleation for kinetic minerals was set in
order to introduce new minerals, which would otherwise not form because of its
surface area being zero.

e Results were calculated using a specific set of controlled input data. These results
were then collected and used as input data to simulate the conditions of the
following chemical node.

e The available reactive surface area for the various minerals that were treated in a
kinetic manner was based on experimental work conducted by various
researchers on the topic.

e Porosity was based on the fluid and mineral volumes specified for a particular
system, taking into account the value ascribed to the inert portion of the system.

Sensitivity analyses were performed on a number of parameters for the base case
scenario. These results clearly indicate that the most important parameter that controls
the response of a system to external variables is the modal mineralogical composition
of such a system. Parameters such as the flow rate are significant, but do not displace
the position of the concentration profiles in such a manner as to infer changes in
management strategies. The available reactive surfaces of the various minerals are
significant in the sense that the response of a particular mineral is enhanced in terms
of reaction time as well as intensity of the response. Variations in the shape of the
concentration profile because of changes in the available reactive surface area
invariably have a significant influence on the associated management strategies. A
similar effect is brought about by the decision whether the reaction should make use
of equilibrium or kinetic treatment mechanisms of a specific mineral or suite of
minerals in chemical reactions. Both of the latter parameters, i.e. available reaction
surface area and equilibrium versus kinetic reaction mechanisms, are very sensitive in
terms of the detailed variation of the reaction profiles. It is therefore critically
important in terms of making the geochemical model as realistic as possible, to attach
realistic values to these parameters.

The modelling results for the base case can be generalised as follows:

e The pH of the effluent will initially be acidic, but will reach neutral or near-
neutral values within a period of 5-20 years;

e The major cation concentrations will remain at elevated levels for more than
50 years.

e A continuous flow of salt (SO,%) persists for a period of at least 50 years.
There are fluctuations in the production rate of salt, but the load remains at
elevated levels over the 50 year period modelled.

The modal distribution of minerals in the soils is the most significant parameter that
controls the quality of seepage emanating from the soils. The water quality is
primarily dependant on the type of water — rock interactions that are taking place, as
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well as the scale on which these reactions are taking place. Other parameters may
displace the profiles by shortening, expanding or smoothing the curve, but the
fundamental shape of the curve remains.

The most significant fact emanating from the predictive geochemical modelling of
seepage leaching from soils under tailings dam footprints is the understanding that the
composition of the seepage is dominated by the mineralogical composition of the
soils. The profiles clearly indicate when a specific mineral has ended its role in
controlling the pH, or any of the other internal thermodynamic parameters.
Furthermore, the time required for the seepage to return to near-neutral conditions is
usually less than 35 years. However, the disconcerting observation is the high
concentrations of especially sulphate in the seepage. In many instances the sulphate
load remained at elevated levels, indicating that the actual cumulative salt loads are
high. Apart from the sulphate molecule, no other ionic species seem to pose a serious
threat to the environment. In a few instances the sulphate concentration decreases,
after which there is a second marked increase. Such seemingly erratic behavioural
patterns are directly related to the dissolution and precipitation of mineral species. The
only mineral phases that precipitate from solution are the sulphate group of minerals,
in particular alunite, gypsum and anhydrite.

7 REHABILITATION SCENARIOS

The various rehabilitation scenarios were considered by comparing the predicted
concentrations of contaminants in the respective effluents. The quality of effluent was
predicted by employing geochemical modelling techniques, similar to those used for
the base case scenario. Each of the case study sites was modelled in terms of the
different rehabilitation options. Although the hypothetical scenarios contain a degree
of simplification, the overall characteristics are contained in the simulations. In
general, the following conclusions could be drawn from the predictive geochemical
modelling exercises for the various management options:

e Minimization of infiltration: The inhibition of infiltrating fluids would bring
about an increased precipitation of secondary minerals due to the increased
concentration of chemical species per volume water. Furthermore, the pH values
would decrease significantly and would take quite a while to recover compared to
the other scenarios. The sulphate concentration in the effluent would however
remain relatively low, but would have difficulty returning to background levels
due to the low flow rates. Although the concentration may be relatively low, the
cumulative load for the duration of the modelling period will be similar to the
other management scenarios. Relative low concentrations of sulphate emanating
from the soils should therefore not be confused with a low salt load being
produced.

e Paddocking: The term paddocking refers to the containment of precipitation and
operational fluids within the confined space of the residue deposit, thereby
creating a scenario where maximum infiltration of fluids into the polluted area are
being allowed. The behaviour of the sulphate concentration profile show that the
peak concentration is reached soon after the start, when values of an order of
magnitude greater than those predicted for the minimum infiltration scenario are
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experienced. The precipitation of secondary mineral phases last for a very short
period and the pH levels do not reach acidic values similar to the previously
mentioned scenario. The question is however whether it is preferable to leach the
pollutant out of the confinements of the system, or whether the chemical species
should remain near the concentrated source, i.e. at the footprint of the residue
deposit. Rehabilitation should be adjusted accordingly.

e Source term removal: This scenario entails the removal of the source of
pollutants. The effect of such action is clearly demonstrated in the pH profile,
which recovers to near neutral conditions within a much shorter period compared
to the other rehabilitation options. The sulphate profile appears to be similar in
shape, compared to the minimum infiltration profile. The similarity is probably
because of the signature of the soil profile being reflected in the concentration
profiles, rather that the actual effluent emanating from the residue deposit.

In conclusion, the various modelled scenarios form mainly two opposing alternatives,
i.e. those that result in the pollutant remaining within the confines of the residue
deposit area, and those in which the pollutants are transported to the deeper aquifer,
away from the source. The preferred management option would depend on a decision
whether containment or dilution and migration of pollutants would be the desired
option. Alternative management strategies, such as in situ treatment would require
similar criteria in order to decide on its feasibility as a rehabilitation option.

8 RISK ASSESSMENT

The most effective method of addressing the problems that are associated with
reclaimed mine residue deposits would be to follow a path of evaluating the various
risks that are associated with the area and to address these risks in order of
significance. In terms of contaminated land, risk to the environment can be regarded
in terms of the following components:

e Source: contaminated substance with the potential to cause harm;

e Pathway: a route by which a receptor could be exposed to, or affected by the
contaminated substances;

e Receptor: a particular entity that is being adversely affected by the contaminated
substance.

In the context of this document the pollution source would be represented by the
remaining tailings material as well as the top 30 to 50 cm of soil which contains the
bulk of contaminants that have been leached from the overlying material. The vadose
zone through which the water migrates and in which additional pollutants are being
scavenged during water — rock interactions, would represent the pathway component.
The receptor would be represented by the deeper aquifer in which the contaminants
are being collected. The lateral distribution of pollution plumes takes place in the
groundwater environment, and is a function of geohydrological flow conditions.

In view of the above, the process of risk assessment could be defined as an evaluation
of the probability of harm, and in context of contaminated land, is concerned with the
gathering and interpreting of information on the characteristics of sources, pathways
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and receptors at a specific site and understanding the uncertainties inherent to the
ensuing risk assessment. The requirements of the risk assessment set the scope of a
site investigation and, together, these activities form the scientific part of the
contaminated land investigation. In practice, this involves characterization of the
environmental chemistry of the contaminants, relevant properties of the soils
encountered and the site characteristics that influence contaminant fate and transport.

The methodology that was followed during this investigation for contaminated land
risk assessment was quantitative in its approach. During the technical phase of the
project an extensive analytical database was compiled which allowed for rigorous data
manipulation. This brought about an understanding of the processes involved as well
as the sensitive parameters that dictates the behaviour of the system. A qualitative
assessment of risk is sufficient to identify the key issues at a contaminated site,
providing it includes the full range of contaminants encountered, takes account of the
direct and indirect exposure pathways and considers relevant receptors. Where the
source — pathway — receptor linkage is established, the qualitative approach can
usefully provide an initial ranking of risks as a function of site-specific factors.

The chemical, physical, and geographic characteristics of the various pathways are
described in detail in the report. In terms of the risk assessment of these various
domains, the definitions of the components can be extended as follows:

e Source - the risk associated with the source of contamination is mainly dependent
on the mineralogical composition of the material. The importance of mineralogy
and the understanding thereof cannot be overestimated, since it is the core of
environmental impact problems.

e Pathway - the impact of the pathway is dependent on the nature of the fluid flow
through these pathways. For example, a steady state matrix flow would yield
dramatically different results in terms of available reaction time for water — rock
interaction compared to vertical fracture flow along the cracks that have
developed in clayey soils.

e Receptor — the characteristics of the receptor is the largest unknown in this
particular risk assessment process. However, the quantification of environmental
impact parameters did not form part of the current investigation.

Risk assessment associated with geochemical modelling traditionally centres around
the treatment of various parameters that form an important part of the iterative
calculation process. For the purpose of this investigation, it was decided to develop a
risk profile that would be unique for the system that is being modelled. Such a profile
would provide the reader with knowledge regarding the aspects that should be
considered and which are significant risk factors in terms of reclaimed mine residue
deposits.

e The most important cause for concern in reclaimed residue deposits is incomplete
clean-up operations. Any remaining material, in particular sulphide minerals,
poses an environmental hazard. Acid mine drainage, which stems from the
oxidation of sulphide minerals, is still regarded as the most damaging
environmental problem associated with mining. The significance of high modal
proportions of sulphide material in the remaining residue material is corroborated
by the sensitivity analyses. The chances of encountering unreacted sulphidic
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material in the centre of residue deposits are good, since oxygen does not enter
tailings facilities readily. The latter statement is confirmed by the variation in
redox conditions measured across the footprint of a residue deposit, as well as the
lack of changing conditions along a vertical profile through the tailings facility.

e The underlying geology on which the residue deposit is situated dictates the
extent of pollution migration. Two aspects that are both directly related to the
geology are the textural nature of the soil and the grain size distribution. The soils
that are derived from carbonaceous dolomitic material would be distinctly
different compared to the soils that are derived from siliciclastic rocks. However,
the soils in the Witwatersrand area do not show a large degree of variation due to
their aeolian origin.

e An important factor that should be considered in a risk assessment is soil texture,
which influences the flow of contaminants into the deeper aquifer and plays an
important role in the remediation of contaminated areas.

e A second parameter is the significance of grain size distribution in terms of
pollution migration. Apart from the fact that grain size distribution has an
influence on the flow of water through the matrix, it also dictates the available
surface reaction area together with parameters that facilitate chemical
interactions.

e The intensity of flow through the system is an important parameter that dictates
the extent of pollution migration. The conditions that dictate flow, apart from the
inherent characteristics of the soils and rocks, are climate as well as the type of
rehabilitation option that was selected.

In general, these factors are the most significant considerations in a risk assessment of
a particular site. It is important to notice that the common denominator in these risk
factors is the dependence of the system on the modal mineralogy. Ideally a detailed
mineralogical account should thus be kept from inception until that reclaimed residue
deposit has been rehabilitated.

Table 8.1 provides a summary of the risk assessment of the various rehabilitation
options. It should be stressed that this summary represents a qualitative assessment at
a conceptual level. Site-specific variation in physical characteristics could have a
marked influence on the resultant risk assigned to individual aspects.
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Table 8.1 Summary of risk assessment for the various rehabilitation options
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 GENERAL

In general, the outcome of this investigation recommends a change in the technical
approach to evaluating and remediating contaminated land. The introduction of a risk
assessment approach, a phased and chemically orientated approach to site
investigation, and the selection of remediating strategies from a number of
technologies are all intrinsic components in the rehabilitation of these areas. From a
technical viewpoint, the complexity of evaluating the degree and extent of
contamination became evident during the current investigation, demonstrating that a
simplistic approach is inadequate. The approach presented in this document addresses
the key processes that are active underneath mine residue deposits and takes account
of the availability and pathways of key contaminants. The link has also been made
between the soil and water environments so that contaminated land assessment and
remediation should succeed in addressing all potential impacts in one overall risk-
based approach. Awareness of the rapidly developing technological base is required,
whether in investigation, risk assessment or remediation.

Identifying the most appropriate method for rehabilitation of a given site is a difficult
process and requires consideration of a number of factors. These include process
applicability, effectiveness and costs, process development status and availability and
operational requirements. Additional factors to be considered are process limitations,

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange




Rehabilitation of Contaminated Gold Tailings Dam Footprints Xiv

monitoring needs, potential environmental impact, health and safety needs and post-
management requirements. The amount of information that is required for an effective
appraisal of available options is considerable and may, in many situations, not be
available. It is pertinent to note that the details of a site investigation needed to
determine that a site is contaminated and requires rehabilitation is generally not
sufficient to identify what rehabilitation option would be most effective.

During the rehabilitation process, adequate quality control measures are needed to
ensure that the methodology conforms to specification or that treatment targets have
been achieved. By implication, this requires environmental monitoring while
rehabilitation is in progress. In addition, upon completion of the rehabilitation,
additional monitoring and management activities may be necessary, in particular, if
contamination remains in any form on the site.

In terms of recommendations to address future challenges, the following aspects
should be considered:

e A risk assessment approach in dealing with contaminated land seems to have been
accepted as the preferred route. However, the future aim should be to quantify the
associated risks in a numerical manner.

e Considerable scope exists for research into the behaviour of pollutants in terms of
their availability, mobility and impact upon specific targets, as well as the
development of existing and new rehabilitation techniques.

e Public participation should become an integral part of rehabilitation strategies in
terms of funding.

e Legislative issues regarding identification of the polluter, the pollution that may
be caused, and agreement on adequate treatment options for individual sites.

9.2 TECHNICAL ASPECTS

The following conclusions may be drawn in terms of technical aspects relating to this
project:

e Geochemical modelling provides semi-quantitative information that enables an
informed decision to be made in terms of the strategic planning involving the
appropriate rehabilitation method.

e The accuracy of the geochemical modelling depends on the quality of the
calibration of the geochemical modelling routine, as well as the quality of the
input data.

e The appropriate rehabilitation option is site specific and depends on an array of
parameters including:

Soil conditions (i.e. infiltration rate, permeability & porosity).

Mineralogy of the top layer of soil.

Whether the tailings material has been removed completely or partially.

Climatic conditions.

The availability of transport for the removal of contaminated soil.

The proximity of waste disposal site.
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e The crucial decision in the rehabilitation of mine residue deposits is whether it is
more desirable to remove the contaminants from site e.g. by flushing of the system
or whether it is preferred to contain the pollutants on site by minimizing the
infiltration into the contaminated site. The extreme scenarios refer to the
paddocking versus minimizing infiltration by paving situations. These are site-
specific decisions.

e The most crucial parameter involves a thorough understanding of the unsaturated
flow conditions in the vicinity of the residue deposit. Such a geohydrological
study should initially be combined with a semi-quantitative geochemical transport
modelling exercise in order to address the chemical behaviour of the pollutants.
An understanding of the sequence of mineral precipitation and knowledge of the
nature of the minerals that would precipitate is of value to the ultimate decision
and design of a rehabilitation option. It should be stated unequivocally that
geochemical modelling complements geohydrological modelling — it is not good
enough to understand where the effluent is flowing, but one also needs to
understand the changing chemical behaviour of the effluent along the flow path.

e The examples or case studies listed as part of this exercise are representative of
the most common scenarios. However, the results should not be extrapolated and
generalized, as the combination of characteristic parameters for each site defines a
unique scenario that deserves a unique rehabilitation approach.

9.3 RECOMMENDATIONS

Radionuclides were not specifically focused on during this investigation. Mining
industry assessments of the radiological impact of gold mining have already shown
that uranium and radium-226 (and, for fish consumption, lead-210) are the only
radionuclides likely to have any significant environmental/health impact via water
pathways (Pers. Comm. Dr. D Wymer, Chamber of Mines). Given their long
radiological half-lives, the relevant uranium and lead isotopes can be treated as heavy
metals with known toxicities for the purposes of assessing their potential
environmental/health impacts. Further work on the mobility and transport pathways of
uranium and lead-210 in the footprint environment, as with any other heavy metals,
would most likely need to be site-specific. Radium-226 might however need further
consideration. Because of its low mobility, it is likely to remain on site where it may
potentially give rise to increased radon exposure in homes built on the site.

The generic case studies on the Witwatersrand Supergroup and Karoo Supergroup has
shown that there is adequate reason to believe that the underlying geology plays a
major role in the behaviour of contaminants in the vadose zone. It has also been
demonstrated that sites overlying the same geological environment may show
significant differences, mainly as a function of the soil forms that occur on these sites.
Further generic research based on the underlying geology may therefore not yield
additional information, due to the site specificity demonstrated here. It is therefore
recommended that any additional work should be on a site-specific basis, for the
specific purpose of identifying the most appropriate rehabilitation option for the
individual sites. The basic methodology as outlined in the companion document to
this report (Guidance for the rehabilitation of contaminated footprints underlying
reclaimed gold tailings dams) should be used in this regard.
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1 INTRODUCTION
1.1 STATEMENT OF PROBLEM

Gold tailings dams have become a feature of the landscape in the central parts of
South Africa. The typical contaminants released from these facilities may lead to an
increase in acidity, salt and the heavy metal content of sediments and ground and
surface water bodies.

The mining industry is currently involved in a major initiative to reclaim tailings
facilities that have been created in the past. This initiative is driven by the fact that
ore processing was inefficient at the time, resulting in some of the older tailings
deposits having an economically recoverable gold content. Economically viable
tailings dams are reclaimed, the tailings are processed and then disposed at new
tailings facilities. Once the tailings material has been removed, the land has a certain
potential for development.

It was found in the first phase of this investigation that the footprints of these
reclaimed facilities still contain contaminants. No guidelines or standards exist in
terms of the rehabilitation of such footprints. To date the majority of research that has
been conducted on tailings facilities has focussed on the potential of an in situ facility
to act as a source term, contributing contaminants to the surrounding environment.
However, little attention has been paid to the potential that the remaining footprints of
reclaimed tailings dams have to act as a secondary source term.

Due to the fact that no guidelines exist for the rehabilitation of the footprints below
reclaimed tailings facilities, these footprints have been rehabilitated using the
principle of BATNEEC (Best Available Technology Not Entailing Excessive Cost).
However, the lack of a national standard, by implication, results in the nature of
rehabilitation varying from site to site.

In order to address these shortcomings, the Water Research Commission funded this
investigation, with its main objective being to develop a preliminary guideline that
can be used for the rehabilitation of the footprints below reclaimed tailings facilities.
The intention is that this serves as a preliminary indication of the types of
rehabilitation options available, and the impacts that may be associated with these
rehabilitation options.

1.2 PROJECT PHILOSOPHY

The extent and type of pollution in the unsaturated zone determines the type and
extent of rehabilitation that would be required for safe future land use and the
prevention of groundwater contamination. Pollution of land from tailings dams poses
a threat to human health and the environment, including the surface and groundwater
resources. Furthermore, the quality of the vadose zone or soil quality, in particular, is
emerging as an issue of importance to the use and management of land, water, and air.
Soils must be maintained in a state that is suitable for a variety of land uses and that
minimises the pollution of water and air.
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In the case of reclaimed tailings dams, once contaminants have migrated through the
unsaturated zone, into the groundwater zone, their rate of lateral movement increases
by orders of magnitude. The implication of this is that although there is a dilution
effect because of contact with groundwater, the potential impact on the environment is
extended in a spatial and temporal sense. Furthermore, once the contaminants have
entered the groundwater zone, there is very little that can be done to remediate the
aquifer, or contain the movement of these contaminants. Active groundwater
remediation is relatively expensive, and does not have a high success rate.

The philosophy adopted for this project is therefore that the generic rehabilitation
investigations will focus on processes occurring in the vadose zone with the intent of
developing strategies as to how these contaminants can be contained in or removed
from the vadose zone.

1.3 RESEARCH OBJECTIVES AND REPORT STRUCTURE

The primary aim of the project was defined as the development of a guideline for the
rehabilitation of reclaimed gold mine tailings facilities with special reference to the
National Water Act (Act 36 of 1998).

In order to meet this objective, the following five secondary objectives needed to be
satisfied:

l. Evaluate and define the existing state of knowledge with regard to reclamation
and rehabilitation methods and their water quality impacts.
2. Site-specific assessments of the potential of contaminants released from gold

mine tailings facilities and soil underlying reclaimed tailings facilities to
pollute the aquatic pathways (surface and groundwater), with regards to heavy
metals, salts and radionuclides.

3. Develop rehabilitation management strategies based on site-specific conditions
to minimise the environmental impact on the aquatic pathway.

4. Provide guidance for future land use after complete reclamation.

5. Provide guidance for site selection criteria for future mine tailings facilities.

It was envisaged that the final product emerging from the project would include not
only this technical report, but also a preliminary guideline detailing steps and
processes that need to be considered during the design of a reclamation programme.

During the course of this project, in consultation with the Technical Steering
Committee, some modifications to the original secondary objectives became essential.
These modifications comprise the following:

1. The terminology related to the final deliverable from this project could be
misleading. The term “guideline” may imply a certain legal standing or may
convey the perception that the regulatory authorities fully subscribe to the
contents of the document. Although consultation with the regulatory
authorities was a key component in the development process, the Project
Steering Committee decided to adopt the term “guidance” instead of
“guideline” in order to avoid confusion.

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange



Rehabilitation of Contaminated Gold Tailings Dam Footprints 3

2. The issue of radioactivity and these tailings dams have received much
emphasis over the past few years, and the regulatory control instruments are,
in the opinion of the project team, well established. The inherent risk in
diluting available resources to encompass the full spectrum of radioactivity
was that the non-radioactive contamination component might have been de-
emphasized. The Technical Steering Committee therefore decided to focus the
financial resources on this component, rather than the radioactive component.

3. During the course of the investigation it became clear that site location is an
overriding factor in the decision as to future land use. The emphasis was
therefore changed from guidance for future land use after rehabilitation to
highlighting the appropriate rehabilitation methods for different land uses.

4. Although not explicitly identified in the terms of reference for this project, the
Technical Steering Committee decided to focus mainly on processes in the
vadose zone. It was felt that the saturated zone processes are relatively well
understood, and that there are important site-specific variations in the
groundwater conditions and receptors that would have been outside the scope
of this project to consider. The main focus was therefore on the prevention or
minimisation of long-term migration from the vadose zone into the saturated
zone.

The report is structured as follows. A literature study was conducted during the initial
part of the project, and the results are summarised in Chapter 2, which also includes a
summary of the precursor to this project. The methods used during the detailed site-
specific investigations are discussed in Chapter 3, which also contains reference to the
site selection criteria applied in terms of the identification of suitable sites. In Chapter
4 the data collected during the site investigations are discussed briefly, followed by
the conceptual geochemical and hydrogeological models of processes in the vadose
zone in Chapter 5. In order to determine the impact of various strategies on the
groundwater regime, a predictive, quantitative assessment of the impacts on water
quality was undertaken on the base case (current situation) at the three sites (Chapter
6). These predictive geochemical models were then applied to the various
rehabilitation strategies, and the results are discussed in Chapter 7. A basic risk
assessment is described in Chapter 8, followed by the conclusions and
recommendations emanating from this research project.

1.4 LIMITATIONS OF THIS PROJECT

In a project of this nature, the limitations, exclusions and conditions must be clearly
spelled out. The authors would therefore appreciate the following to be considered in
the context of this report:

1. The issue of the radioactivity potentially being an inherent property of these
reclaimed footprints was considered very carefully. The main pathways and
receptors for radionuclides will be similar to those for non-radioactive
elements. The fact that radionuclides decay over time is irrelevant because the
half-lives of the radionuclides of interest are much longer than the timescale
considered in the study. The only pathway where there will be a difference is
that associated with radon-226 remaining in the soil at the reclaimed site,
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potentially giving rise to increased radon inhalation if homes were to be built
on the site.

2. There are numerous gold tailings dams in South Africa. The research could
obviously not be carried out on each of these deposits, with the result that the
representativity of the results may be an issue. However, motivations are
supplied for the study site selection criteria, and the validity of the
extrapolation of the research findings are spelled out in the appropriate
sections of this report.

3. The development of the preliminary guideline ideally required a legal
instrument, such as a standard promulgated under a specific Act of Parliament.
The only regulatory requirements potentially relevant to this investigation are
vague, non-specific requirements such as that contained in Section 21(g) of the
National Water Act (Act 36 of 1998). The preliminary guideline attached to
this report is therefore not enforceable, nor did the regulatory authorities issue
it. The preliminary guideline or guidance document therefore does not have
legal status. However, the preliminary guideline establishes a scientific
approach to the rehabilitation of these footprints. As such deviations from this
approach should arguably be motivated in a similar manner. It can therefore
serve as a common baseline to both industry and the regulators.

4. It was found that contamination of the unsaturated zone beneath the footprints
of reclaimed gold tailings dams is extensive, however, this statement must be
seen in context. Relatively speaking the contamination of the unsaturated zone
may be minimal compared to the contamination history of the life of the
tailings facility. Furthermore, when seen against the scenario of a defunct
gold mine, it may be that the potential problems from other areas within the
mine boundary may completely overshadow the implications of the
contaminated footprint. From an economic viewpoint it would therefore make
sense to address rehabilitation and site closure in a holistic manner and
allocate rehabilitation funds on the basis of potential risk to the environment.
The rehabilitation of contaminated footprints may therefore be a low priority
in terms of closure expenditure.

5. For the purpose of this study water movement in the soils of the investigated
areas were described as saturated flow instead of unsaturated flow. Most of the
processes involving soil-water interactions in the field however occur when
the soil is unsaturated. In both unsaturated and saturated soils water flow is
driven by a potential gradient and is affected by the geometric properties of the
pore channels through which flow occurs. In a saturated soil the moving force
is the gradient of a positive pressure potential while in an unsaturated soil,
suction gradient (sub-atmospheric pressure) is the driving force of water flow.
Theoretical flow equations derived from the simple Darcy unsaturated flow
equation is however exceedingly complex because the movement of water at
any point results in a change of water content at that point which in turn causes
a change in hydraulic conductivity as well as suction at that point. Saturated
water movements in soils are however well understood and simpler to apply.
For this reason, the water flow in the investigated soils was described using
saturated flow methodology. This can be seen as a conservative approach as
saturated hydraulic conductivity is usually higher that unsaturated hydraulic
conductivity, resulting in over estimations of flow rates (i.e. worst case
scenario approach).
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2 PHASE 1 FINDINGS AND LITERATURE REVIEW
21 SUMMARY OF THE PHASE 1 REPORT
Report reference:

Rosner, T., R.H. Boer, R. Reyneke, P. Aucamp And J. Vermaak (1998): A
Preliminary Assessment of Pollution Contained in the Unsaturated and Saturated
Zone Beneath Reclaimed Gold-Mine Residue Deposits, WRC Report K5/797/0/1.

2.1.1 Background and objectives

The main objective of this project was to establish to what extent the unsaturated zone
in areas where tailings dams have been removed, has been contaminated with heavy
metals and thus negatively impacts onto the groundwater system and potential land
development. The project proposal defined the following four main objectives:

e To identify the nature and extent of contamination from unsaturated and saturated
zones underneath reclaimed mine tailings facilities in order to infer their potential
to pollute the near surface environment, ground and surface water, and to define
the need to develop appropriate rehabilitation measures for the reclaimed land.

e To evaluate and define the existing state of knowledge with regard to the long-
term environmental effects of tailings dams.

e To assess the potential of residual contaminants in the soils underlying tailings
dams to exhibit negative environmental effects.

e To define the type and scope of further studies in respect of prediction, impact
assessment and rehabilitation measures for pollution originating from active and
reclaimed tailings dams.

2.1.2 Methodology

A comprehensive literature survey was conducted, a geographic information system
(GIS) was established and eleven case study sites selected to conduct further
investigations in order to assess the current and future status of contamination
contained in the vadose zone. Field and laboratory testing was conducted at seven
sites. During the course of the study, the pollution source (tailings dam), the barrier
zone (vadose zone) and the receiving groundwater system were investigated in order
to assess the migration pathways of various elements and compounds such as heavy
metals.

The trace element geochemistry of the soil samples retrieved from the investigated
sites was compared with trace element concentrations from topsoil samples that are
not affected by mining activities. The current contamination impact was assessed by
comparing extractable element specific ratios to the total concentration contained in
the solid phase (mobility, bioavailability). The future contamination impact was
assessed by implementing a geochemical load index, which classifies various
pollution levels into six classes (I-VI). The application of this index is conservative,
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reflecting the maximum future pollution impact (worst-case scenario), assuming that
the total concentration of contaminants contained in the solid phase of the unsaturated
zone can be remobilised and therefore becomes bio-available.

2.1.3 Impact on unsaturated zone

Gold mine tailings contain significant concentrations of potentially hazardous trace
elements such as As, Cr, Cu, Ni, Pb, U and Zn. Leaching tests conducted on the
tailings samples revealed elevated extractable concentrations of elements such as Co,
Cr, Cu, Ni, S, U and Zn. It is important to note that all samples were collected within
the oxidised zone of the tailings dam. It is assumed that most of the contaminants
have already migrated into deeper zones of the impoundment or left the impoundment
via seepage or surface run-off.

Therefore, the soil underneath reclaimed tailings dams has been contaminated with
pollutants, which typically originate from acid mine drainage (AMD) seeping from
tailings dams. An empirical positive correlation exists between soil pH and
contaminated profile depth. Acidic conditions (pH 3-4) were encountered in samples
collected in surface soil units, indicating leaching and remobilisation of trace elements
bound to the easily soluble and exchangeable fractions. In contrast, the slight acidic
to neutral pH conditions found at the bottom of the test pits (maximum depth 2.40 m)
can be explained by the presence of buffering minerals such as carbonates and/or a
fluctuating groundwater table causing dilution effects (mixing of acidic soil water
with pH-neutral groundwater).

This investigation also showed that heavy metals such as Co, Ni and Zn are highly
mobile, particularly in the surface soil units, and are therefore bio-available. High
bio-availability may result in a limitation of soil functioning and could complicate
rehabilitation efforts particularly regarding revegetation. In contrast, the mobility of
Cr, Cu, Fe, Pb and U is relatively low, indicating that the bulk of these trace elements
are contained in fairly resistant minerals in the residual fraction. Significant trace
element remobilization takes place at pH values < 4.5, occurring mainly in the surface
soil layers.

2.1.4 Geochemical load index

The implementation of the geochemical load index allowed the characterisation of the
investigated sites according to their future contamination status (worst-case scenario).
The index was applied to the seven representative case study sites. One case study
site where the past activities on the site included a uranium plant was classified as
excessively polluted (highest pollution class VI) with regard to U, whereas three case
study sites were highly polluted (pollution class IV) with respect to heavy metals such
as Co, Pb, U and V. The three remaining case study sites were moderately to highly
polluted (pollution classes II-IIT) with respect to trace elements such as As, Co, Cr,
Cu, Fe, Mn, Ni, Pb, Th, U and V.
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2.1.5 Geotechnical Investigations

Geotechnical investigations showed a low to very low predicted saturated
permeability (values ranging from 107- 10" m/s) for the soils in the investigation
area. Significant concentrations of contaminants at greater depths (max 2.5 m) cannot
be explained by percolation of seepage and/or rainfall through the porous media and
require alternative flow mechanisms that bypass the soil matrix (preferential flow).
Soil conditions indicating preferential flow were observed in some test pits, but any
attempt at identifying prevailing flow conditions would have been premature, owing
to the lack of suitable in-situ infiltration test data.

2.1.6 Impact on the saturated zone

Limited groundwater data were available, but it was evident that groundwater in close
proximity to tailings dams was being affected by salt loads. Unaffected groundwater
in the study area was usually of the Ca-Mg-HCOs; type because of dissolution
reactions with the dolomitic rock of the aquifer. Groundwater quality in close
proximity to the residue deposit occasionally showed elevated concentrations of trace
elements, such as As, Cd, Co, Fe, Mn, Ni and CN, which exceeded drinking water
standards. Groundwater quality improved with increasing distance down gradient
from the pollution source, mainly because of dilution and solid speciation.

The application of numerical groundwater models showed that tailings dams continue
to release seepage containing high salinity for an extended period after termination of
mining operations. Predictions were given for approximately 50 years. Seepage and
salt generation in tailings dams can only be mitigated by reducing the oxygen flux
into the residue deposit (cover systems). These models also confirmed that
deterioration in groundwater quality occurs only in the immediate vicinity of the
residue deposit. Predicted groundwater quality improved with increasing distance
down gradient of the residue deposit due to dilution and solid speciation effects.
Seepage emanating from mine residue deposits such as tailings dams negatively
affected water quality in nearby surface water systems.

2.1.7 Conclusions and Recommendations

Considerable volumes of mine residue such as tailings have been generated as a result
of intensive gold-mining activities in South Africa. Most of the tailings dams are
situated south of Johannesburg within the highly populated Gauteng Province. Up to
1998, 70 tailings dams have been reclaimed throughout the East Rand area in order to
extract the gold, still present in economically viable concentrations. Once the tailings
material has been completely reclaimed, the land has a certain potential for
development. However, it is important to realise that the reclaimed tailings material
leaves a contaminated footprint.

Gold mine tailings are prone to the generation of AMD, which is recognised as a
world-wide problem. The cost figure for South Africa to rehabilitate existing tailings
dams and to mitigate damages in the unsaturated and saturated zone is currently
unknown. This study has shown that at least 5.5 million tonnes of material would

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange



Rehabilitation of Contaminated Gold Tailings Dam Footprints 8

have to be treated in South Africa, if only the polluted topsoil (< 300 mm) underneath
the reclaimed sites was considered.

Additional rehabilitation measures such as cover systems for present mine-residue
deposits, recultivation of reclaimed land or groundwater remediation, were not taken
into account for this cost scenario. It is unlikely that these rehabilitation costs could
be afforded either by the South African government or by the mining industry. Thus,
rehabilitation (including treatment of soils and groundwater) of large-scale polluted
sites could be considered unviable, and should only be applied at highly contaminated
or high-risk sites or areas. It is important to realise that the understanding of the
short- and long-term behaviour of contaminants in the subsurface zone affected by
such mining operations should form an integral part of a risk assessment.

Eleven selected reclaimed tailings dam sites (gold-mining) situated in the Gauteng
Province and North-West Province of South Africa were investigated in this study.
All reclaimed sites were analysed in terms of their current pollution status, and
conservative predictions were attempted to assess the future pollution impact. In
addition, the pollution source term was geochemically and mineralogically
characterised. Field and laboratory tests were conducted on samples taken within the
unsaturated zone and from a shallow groundwater table. Additional groundwater data
of the investigated sites were obtained from mining companies, various government
departments and associated institutions. Rating and index systems were applied to
assess the level of contamination contained in the unsaturated zone underneath
reclaimed gold-mine tailings dams.

In summary, the study showed that pollution occurs in the subsurface underlying
former gold-mine tailings. However, based on the findings of the study, it is
premature to quantify this impact and to incorporate it into a risk assessment
approach. This investigation therefore provided a first step towards a risk assessment
and served as a hazard assessment. It is important to understand that slight changes in
the pH or Eh conditions of the soil, e.g. by land use or climate, may cause
remobilisation of large amounts of contaminants. The contaminants are characterised
by a geochemical behaviour that is time-delayed and non-linear. Additional field and
laboratory testing would be obligatory for the in-depth understanding of the long-term
dynamic aspects of these contaminant processes, which pose a threat to the vulnerable
groundwater resources (i.e. dolomite aquifers) and land development.

The main findings of this investigation regarding reclaimed gold-mine residue
deposits and existing deposits affecting the unsaturated and saturated zones (short-
and long-term effects) are summarised below:

e Groundwater quality beneath and in close vicinity to the investigated tailings dams
was dominated by the Ca-Mg-SO,4 type, indicating acidic seepage, although
dolomitic rocks underlay all sites with relevant groundwater data. In addition,
high TDS (up to 8 000 mg/l) values occurred mainly because of high salt loads
(SO4” and CI) in the groundwater system. In most of the samples, groundwater
pH values were neutral due to the acid neutralisation capacity of the dolomitic
rock aquifer. There was a tendency for groundwater quality to improve further
down-gradient of the tailings dams because of dilution effects and precipitation
reactions caused by the high acid neutralisation capacity of the dolomitic aquifer.
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These observations have been confirmed with the application of numerical
groundwater models. However, groundwater quality in close proximity to the
sites was often characterised by elevated trace elements such as As, Cd, Co, Fe,
Mn and Ni and total CN concentrations, exceeding drinking water standards in
some boreholes.

e Elevated trace element concentrations in the soils affected by AMD and the high
mobility of phytotoxic elements such as Co and Ni complicate rehabilitation and
recultivation attempts. The most commonly applied remediation method involves
the addition of lime. However, where more than one trace element is involved in
the rehabilitation (common situation), changing the soil pH may reduce the
mobility of some elements whilst remobilising others such as Mo (under alkaline
conditions).

e Preliminary tests indicated that the extractable trace element concentration of the
selected reclaimed site showed greater exceedance ratios in the unsaturated zone
and, furthermore, showed a variable spatial contaminant distribution. For
example, uranium exceeded the threshold value (0.04 mg/l) by three orders of
magnitude at the site that previously included a uranium plant. Cobalt, Ni and Zn
exceeded their threshold concentrations of 0.5, 1 and 10 mg/l respectively.
Chromium and Pb also exceed threshold values. Extractable As concentrations,
and occasionally Pb and Cr, did not exceed the lower analytical detection limits.

e The mobility of trace elements is dependent on a number of parameters, including
pH. All the trace elements examined are most mobile when the soil pH < 4.5, and
least mobile when a soil pH > 6. Cobalt, Ni and Zn were the most mobile trace
elements for the selected reclaimed site. Chromium, Cu, Fe, Pb and U were less
mobile compared to the above elements, indicating that a significant portion of the
latter trace elements was contained in the residual fraction of the solid phase.

e The application of the geochemical load index for the assessment of the future
pollution potential (worst-case scenario) for seven sites classified three sites as
moderately to highly polluted (pollution class III), three sites as highly polluted
(pollution class IV) and the site that previously included the uranium plant as
excessively polluted (pollution class VI). For comparison, pollution class VI
reflects a 100-fold exceedance above the background value.

e Soil conditions indicating preferential flow (bypass of the soil matrix) were
observed in some test pit profiles. However, the identification of dominant
contaminant migration processes would be premature owing to the lack of in-situ
infiltration tests.

e The extractable concentrations of Co, Cr, Cu, Ni and Zn found in gold-mine
tailings samples exceeded threshold concentrations. This confirms that gold-mine
tailings are a source of trace element pollution. In addition, tailings dams continue
to release significant salt loads contained in seepage for an extended period after
termination of mining operations. Seepage emanating from tailings dams also has
a negative effect on water quality in nearby surface water systems, which
subsequently impacts adversely on water users in those areas. High sulphate
concentrations are contained in the leachate. = Consequently, incomplete
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reclamation of tailings would result in tailings material remaining on the surface.
Such material provides an additional reservoir for acid generating processes and
contaminant release.

e International guidelines such as the soil quality standards of the Netherlands
(Holland List) are not directly applicable to South African conditions. The
predominantly humid climate conditions in Europe do not correspond with South
African conditions in the areas where the bulk of mining activities take place.
Major difficulties that occur when different studies are compared could be avoided
using standardised approaches to analytical testing, such as extraction tests and the
establishment of background or baseline values.

2.2 INFORMATION GAPS HIGHLIGHTED BY REPORT

The following recommendations applicable to the current project emanated from this
research project and are summarised in terms of the following categories:

2.2.1 Investigate gold mine tailings dams

e Field and laboratory testing on samples from various depths of the
unsaturated zone beneath the deposit.

e Characterisation of the flow-conditions within the vadose zone beneath a
deposit.

e Geochemical modelling to predict seepage quality under different
scenarios (no rehabilitation, cover systems, vegetation, climate effects).

2.2.2 Preliminary guideline

e Develop rehabilitation guidelines for land affected by seepage emanating
from gold-mine tailings dams by using a risk assessment procedure. This
would enable the identification of certain levels of land development, after
tailings reclamation took place.

2.3 SPECIALIST LITERATURE REVIEWS
2.3.1 Risk Assessment Procedure

The main objective of this literature survey (attached as Appendix 1) was to determine
whether the calculation of current pollution impact based on the ratio of extractable to
total element concentrations, as well as the calculation of potential future pollution
impact from geochemical load indices would yield sufficient information on which a
risk assessment can be based. The survey also motivate how geochemical modelling
may be used to predict the behaviour of contaminants under changing land use and
climatic conditions and how this information can be included in a geochemical risk
assessment.
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Monitoring of characteristics such as soil quality parameters is an activity where the
negative effect has to appear before a problem is addressed. This approach therefore
generally measures what has already happened. Indices are static, instantaneously
measured manifestations of soil quality. Using indices, trends in soil quality are
thereby estimated by looking backward to the previous conditions. This retrospective
approach allows estimation of the impact of previous management practices on the
current soil characteristics, but does not indicate future soil conditions that may arise
from the cumulative effects of those management practices over time. Monitoring
and indices are respected as retrospective tools, however they do not assist in
understanding the future scenario with regards to soil quality. A more dynamic,
forward-looking tool is required to project the impact of current practices on future
soil quality.

Dynamic tools, such as simulation modelling, may be useful in evaluating the impact
of dynamic processes on soil quality indices. Such models simulate a more realistic
interaction of the processes that influence soil conditions. These might be the effects
of cultivation, compaction and organic matter incorporation on soil hydraulic
properties and the resulting consequences for water and chemical movement within
the root zone and to groundwater. It also includes the effects of soil management on
erosion and the effects of precipitation on infiltration and redistribution. Modelling
can introduce the variations in climate that might be expected. Through the feedback
between climate, soil water flow and process-based modelling, simulation modelling
may estimate the effects of the dynamic soil processes on the relevant soil quality
indices for a variety of scenarios.

Widely used, comprehensive, process-based physical models have been developed
that use existing knowledge to integrate dynamic processes and provide management
or regulatory guidance. These models provide an indication of the system response
that suggests the pattern of future behaviour, within the limitations of the present
knowledge of soil processes. The leaching potential can be predicted for different
soils, different chemicals and different climates. The processes determining retention,
mobility and attenuation of chemicals can be integrated and estimated and can be used
as an expression of soil ability to act simultaneously as a medium for plant growth and
environmental protection. There is however, a need for studies related to validation,
calibration, precision and accuracy, using field data.

Substantial progress has been made in understanding of transport of non-sorbing and
weakly sorbing chemicals in soils and aquifers but there is a need for the validation of
such approaches in the case of heavy metals. Although some exploratory
geochemical modelling efforts of heavy metal transport have been presented, any
type of quantitative comparison of model predictions with actual field data is lacking.

Use of predictive simulation models is necessary to assess environmental
consequences of different management practices. Elements such as Zn and Cd are
relatively stable and immobile. Their contents will not appreciably change in space
and time over a period of some years. Conditions are much more complicated when
dealing with unstable chemicals dissolved in water, which move in heterogeneous
patterns through the soil under conditions that vary strongly in time because of
variable weather conditions. Thus, environmental threshold values should be based
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on analyses focusing on variabilities in time and space, and not only on
ecotoxicological and legal arguments.

The reliability of soil data in relation to risk assessment needs to be specified and
error propagation in models should be part of all future analyses. Many soil data
needed for modelling environmental processes cannot directly be measured, but can
be estimated with pedotransfer functions. Such estimates are often less accurate than
measurements and the effects of using such less accurate data should be expressed in
modelling results. Major implications of the variability in space and time on
environmental characterisation of soils and water in terms of threshold values of
important environmental indicators are becoming increasingly evident.

The potential future pollution impact as well as environmental threshold values should
be based on field analyses focusing on variabilities in space and time, and not only on
ecotoxicological and legal arguments. Soil quality indices should be calculated as they
enable the quantification of the current state of pollution. Predictive modelling of soil
pollution should only be considered once the current state of pollution has been
quantified using an appropriate soil quality index. It is generally accepted that a risk-
based approach can assist with decision-making and is a useful management tool. It is
particularly useful in that it helps to set priorities on a comparative basis and can assist
in allocating expenditure and resources.

The generation of a numerical input to the risk analysis, through dynamic physical
and chemical modelling, will assist in quantifying the risk. The advantage of the use
of a risk-based approach is the way in which the methodology guides the thought
processes in a very logical manner, forcing consideration of alternatives and providing
a means to evaluate these alternatives rationally. Figure 2.1 shows the logical
development of a risk-based approach for soil pollution rehabilitation and the
integration into a best practice guideline. The basis of such a guideline should always
be the fact that soil quality indexes provide a history of the soil conditions whereas
dynamic physical and chemical modelling provides an insight into future impacts.
Sensitivity analysis provides a mechanism to identify the more significant parameters.

The variability of soil quality in space and time should be accommodated in the
guideline by defining the probability of exceedance beforehand. This is only possible
through dynamic physical and chemical modelling of soils, using soil quality indexes
as input data. Soil quality indexes data are useful in the assessment of the pollution
history of the contaminated soil. The guideline could define certain procedures for
soil quality evaluation based on the acceptable risk. GIS provide a means of
translating the effect of defining threshold values into spatial patterns with which
stakeholders are able to associate.

Currently the transport of pollutants in groundwater is modelled using a fixed source
term. Kinetic geochemical modelling enables the quantification of seepage quality
emanating from tailings facilities and shows the variation in seepage quality over
time. The capability of accurate quantification of a variation in source term
concentrations and loads over time is currently not being utilised in modelling of the
pollutant transport in groundwater systems. It is of prime importance to optimise the
capability of modelling the source term in a kinetic manner and to use this
information as a dynamic input parameter in geohydrological transport modelling.
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Such an approach differs dramatically from the current approach, which treats the
source as a static parameter.
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Figure 2.1  Schematic outline of the essential procedures to be included as part
of a guideline on the rehabilitation of contaminated mine tailings
footprints.

2.3.2 Geohydrological Processes

This literature survey is attached as Appendix 2. The principal transport mechanism
for contaminants from the unsaturated zone in soil is water. During this hydraulically
induced migration, chemical interactions between the soluble contaminants and solid
phases of the soils occur, resulting in the dilution, immobilisation or transformation of
the contaminants as they move through the vadose zone into the saturated zone. Much
of the vadose zone is unsaturated and contains air in the soil pores. This complicates
the movement of water as the permeability of the vadose zone varies according to the
degree of saturation. Therefore, the physical characteristics of this zone are important
in understanding the nature of water, and by implication, contaminant movement
through the zone.
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In order to understand the nature of the physical processes occurring in the zone, it is
useful to distinguish between sub-zones with their own unique physical
characteristics. These subzones are the capillary fringe that directly overlies the
saturated zone, the capillary zone and the discontinuous zone at the surface.

According to Ward (1975), the factors that control the water content of the vadose
zone can be expressed in the simple soil water balance for the vadose zone,
considering only vertical movement of water:

AM=f+c-d-e zAv [2.3.2a]

Where AM is the rate of change of soil water content, f is the rate of infiltration into
the upper surface of the soil, C is the rate of water addition by capillary rise from the
saturated zone, d is the rate of drainage to the saturated zone, e is the rate of
evapotranspiration from the soil-vegetation surface, and Av is the rate of addition or
loss of water vapour.

Various forces in the soil (as described by Equation 2.3.2a) determine the movement
of water. These forces in turn are governed by the energy or the potential of the water
in the vadose zone. Soil water potential relates the total potential energy of the soil
water to that of water in a standard reference state at atmospheric pressure (Ward,
1975). Yong et al., (1992) defines soil water potential as a measure of the energy
with which the soil water (with the various ions and solutes) in soil pores is held to
the soil particle. The potential decrease as water content increases so that water is
held more strongly by dry soils than wet soils.

Hillel (1982) states that soil water is subject to a number of force fields, which causes
the potential of soil water to differ from that of pure, free water. The forces that
interact with soil water result from the attraction of the soil matrix for soil water
(matrix potential), the presence of solutes, the action of external gas pressure and the
action of gravitation. Accordingly the total potential of soil water can be thought of
as the sum of the separate contributions of the factors stated above, with the matrix
potential being the most important component (Ward, 1975).

According to Ward, (1975) water moves in the unsaturated soil zone under the
combined influence of gravity and suction, from a point of high total potential to a
point of lower total potential. The total potential (A in cm water) comprises the
matrix potential or suction (A in cm water) and the gravitational potential (-z being
positive downward):

P=y-z [2.3.2b]

Well aggregated soils and soils with large cracks present macropores where
preferential flow pathways occur (Yaron et al. 1996). Such macropores result in a
large fraction of flow occurring via interaggregate porosity (or non-capillary
porosity), while the soil solution inside the aggregates are less mobile. Transfer
between these two zones occurs by diffusion. Preferential flow may also occur not
only as the result of preferred pathways but also due to fluid instabilities created by
density or viscosity differences between the resident and invading fluids.
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Ward (1975) lists soil structure, structural stability and biotic factors as the main
components that are causing non-capillary porosity. The average porosity of a clayey
soil is low but large spaces permitting high flow rates for long periods may exist as a
result of flocculation. Thus, the degree of aggregation of a soil determines the non-
capillary porosity of a soil. The stability of the aggregates on the other hand
determines the degree to which pore sizes will change as a function of varying
moisture content, when for example clay-peds may disintegrate when wetted.
Another example is active clays that swell, resulting in decreased pores sizes, and
shrink, resulting in increased pore sizes, causing the soil to be the least permeable
when wet. Biotic factors, such as earthworms or other borrowing insects or animals
or the decay of plant roots also increase non-capillary porosity in soils.

2.3.3 Potential Remediation Strategies Related to Land Surface

This literature survey is attached as Appendix 3. A primary objective for the
satisfactory rehabilitation of contaminated land affected by mine tailings is to
establish a permanent self-sustaining vegetation cover (Sutton and Dick, 1984), since
it may reduce the amount of leachate. The establishment of vegetation on land
contaminated with gold tailings is hindered by the low availability of plant nutrients,
moisture, and the low pH caused by acid mine drainage and a lack of buffer minerals.
Incomplete reclamation often results in tailings material remaining in the surface of
the soil with the remaining material providing an additional reservoir for acid mine
drainage generation.

The acid and soluble amounts will decrease with time due to weathering and leaching.
However, the soil might remain too acid for plant growth. Therefore, most of the
areas covered by reclaimed tailings dams may remain without a vegetation cover for
an extended period. Amelioration could be achieved by the application of ameliorants
such as organic material, fertiliser and lime. Once the area shows vegetation growing
on the surface the initial regeneration of the area towards future land development has
began. In addition a vegetation cover improves the aesthetics of the area. The land
use capability, location and objectives of the owner will determine the ultimate use of
the area.

Generally, two approaches can be used when remediating soils contaminated with the
products of oxidation of sulphide minerals. This is achieved either through treatment
technologies or by utilising on-site management. Treatment technologies refer to soil
physically removed and processed in a certain way in an attempt to reduce the
concentration of trace elements or to reduce the extractable concentrations to an
acceptable level. On-site management usually involves either isolating the soils from
interacting with the surrounding environment or it involves the implementation of a
strategy that reduces the bioavailability of the existing contaminants.

Treatment technology makes use of the specific differences between the properties of
contaminants and soil particles. Soil contamination characteristics at which
remediation may be directed include volatility of the contaminants, solubility in water,
adsorption and remobilization characteristics, size, density, shape of contaminated
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particles, biodegradability and geochemical instability. The following parameters are
important for the application of a clean-up technique:

e Soil type (properties of the inorganic and organic soil phases).

e Type and concentration levels of contaminants.

e Physical state of the contaminants (e.g. particulate pollutant, adsorbed,
absorbed, liquid films around soil particles, contaminant as a liquid or solid
phase in soil pores).

e Migration mechanisms of contaminants and the time interval between
contamination and cleanup. Particularly in the case of in-situ treatment, it is
important to know if mechanical processes disturbed the contaminated site or
not.

Clean up possibilities depend on the type and concentration of contaminants, which
can vary significantly in the soil. Contamination caused by seepage leaving gold mine
tailings and entering the subsurface mainly consist of:

Acidity

Inorganic salts (SO4, Na, Cl)

Trace elements (i.e. heavy metals)
Cyanides (free and complex cyanides)

According to Rulkens et al. (1995) soils contaminated with heavy metals are in
general the most resistant to rehabilitation, because metals cannot be removed from
the system with the possible exception of volatile elements such as As and Hg.
However, the volatilisation of As and Hg contaminants will only succeed at extremely
high temperatures. Heavy metals are usually found in soils accompanied by other
types of contamination (i.e. organic compounds). The occurrence of organic
substances can make the removal of metals from the soil substantially more
complicated.

Five main principles are applied for the cleanup or decontamination of affected soils.

e Removal of contaminants by molecular separation (e.g. treatment by
extraction and treatment by desorption or remobilization).

e Removal of particulate contaminants by phase separation (i.e. classification
with hydrocyclones, froth flotation and jig techniques).

e Removal of contaminants by chemical / thermal processes.

e Removal of contaminants by biodegradation (e.g. land farming and biological
slurry reactors, not applicable to heavy metals).

e Removal of contaminants by biological adsorption or biological mobilisation.

Mining areas in South Africa are large, with the result that rehabilitation costs are
likely to be high. It can be concluded that treatment technologies are confined to
situations where relatively small volumes of soil to be treated.

In situ methods for the rehabilitation of contaminated land by gold mine tailings are
methods that lower contaminant mobility thereby reducing bioavailability. These

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange



Rehabilitation of Contaminated Gold Tailings Dam Footprints 17

methods include the following aspects which are relevant concerning acid mine
drainage and water quality impacts.

e Altering soil pH
e Increase sorption capacity
e Precipitation of trace elements as an insoluble phase

Increasing the soil pH by adding lime to stabilise the pH between 5.3 and 6.5 is the
most common approach applied in the rehabilitation of the soil on contaminated gold
tailings footprint areas. Most elements precipitate as hydroxides at a pH >6 and
furthermore pH is a routine measure for a fertility program. However, where more
than one trace element is involved in the rehabilitation, which is the case in all the
footprints, changing the pH of the soil may reduce the mobility of some of the
elements whilst mobilising others such as Mo (Pierzynski et al., 1994).

There is a significant correlation between the buffer capacity of the soil and the anion
and cation exchange capacity of the soil. An increase in the anion and cation
exchange capacity can be achieved through:

e Adding clay minerals with high exchangeable properties induced by surface
point charges as a function of the iso-electrical point.
e Application and incorporation of organic material.

Other methods aim to reduce bioavailability of contaminants:

e Adding significant quantities of Fe and Al salts to increase the adsorption
capacity for oxy-anions and subsequent reduction of their solubility
coefficients.

e Incorporation of uncontaminated material such as coal fly ash, paper mill
wastes, sewage sludge with the contaminated soil in order to dilute the existing
pollution levels in the contaminated soil.
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3 METHODS
3.1 SITE SELECTION
3.1.1 Selection criteria

The selection of the appropriate sites was early on recognised as being a critical step
in this investigation. The following site selection criteria were therefore developed:

e The sites have to be representative of these types of deposits in terms of
underlying geology as far as possible.

e The sites have to be accessible.

e Some reclamation activity should have taken place in the recent past so that
the soil below the footprint is exposed.

e Safety and security of personnel involved in the study should not be
compromised.

3.1.2 Motivation for sites selected

In May 1999, a meeting between the specialists involved in the project was held at
PHD. The Department of Water Affairs and Forestry offered to drill boreholes at test
sites, and this necessitated reconsideration in terms of the prioritisation of the
investigations at selected sites, due to the considerable added value resulting from the
information generated in this fashion.

It was consequently decided to investigate three sites in more detail than anticipated
originally. In order to ensure that the sites are as representative as possible, it was
decided to locate two of the study sites in areas where the underlying geology
comprises the Witwatersrand Supergroup (WWS). It was also decided that the third
site would be located in an area where the Karoo Supergroup underlies the tailings
dam. This site selection philosophy is consistent with the findings of Rdsner et al
(1998) that identified the WWS as the underlying geology on which the majority
(37.5%) of South African tailings dams are situated. The Transvaal Sequence
underlies 26.5 % while the Karoo Supergroup underlies a further 19.5 % of the
tailings dams. Additional considerations were that the sites had to be readily
accessible from Gauteng and operated or owned by ERGO. The Ilatter two
considerations excluded a site overlying the Transvaal Sequence.

Due to the sensitivity of the dolomitic aquifers, which are a valuable water resource, it
was felt that it was necessary to have one of the study sites situated in an area that is
underlain by dolomitic strata. This will allow for the determination of the behaviour
of contaminants in the vadose zone, which in turn will facilitate the determination of
the potential that contaminants have to pollute the underlying aquifer.

In June 1999, members of the project team visited potential sites in order to assess
their suitability for use as case studies. Based on the criteria noted in Section 3.1.1,
sites 4L45, 4124 and 6L18 were selected for detailed geohydrological and
geochemical investigations.
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3.2  SITE DESCRIPTION AND BACKGROUND
3.2.1 Site 4L45

Reclamation is complete at this site, with all tailings having been removed. A system
of paddocks was developed. However, the nature of these paddocks is such that it is
unlikely that water will accumulate in these paddocks and affect the monitoring
equipment. Access is very good, both to the site and within different areas of the site.
There is a community to the east of the site. However, it was not felt that the safety of
project members would be jeopardised while on site, nor would monitoring equipment
be vulnerable to vandalism. The predominant soil at the site was relatively sandy,
although visual observations suggested that there was some clay present. These soils
were preliminarily identified as being of the Clovelly, Hutton form. A layer of
ferricrete was noted below the topsoil. According to the Geological Map of Southern
Africa, the underlying geology of this site is the Witwatersrand Supergroup.

3.2.2 SitedlL24

Reclamation of this site is complete and the site is already in an advanced state of
rehabilitation with the area having been ripped and ploughed, and fertiliser applied.
The site is not easily accessible but it was felt that accessibility would not be a
limiting factor. There is an informal settlement at the far end of the site, which may
expose the monitoring equipment to vandalism. Topsoil was sandy, although there
was definitely clay present. These soils were thought to be of the Clovelly, Hutton
form. According to the Geological Map of Southern Africa, the underlying geology
of this site is the Witwatersrand Supergroup.

3.2.3 Site 6L19

The study area is located to the east of Johannesburg, within the municipal confines of
Springs. The northern boundary of the site is formed by the national route N17 and
the western boundary is formed by reclaimed tailings dam 6L19. The southern and
eastern boundaries are formed by open fields. The site occurs between ~1590 m amsl
and ~ 1580 m amsl. The regional topographic slope of the study area is
approximately 0.5 degrees to the northeast. The most prominent topographical feature
in the area is a rock discard dump occurring to the west of the area. Drainage in and
around the study area occurs as sheetwash in a northeasterly direction, towards the
Klein Blesbok Spruit. A non-perennial pan occurs to the immediate east of the study
area.
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3.3 SAMPLING

Note: All results and analyses are provided in Appendix 4.
3.3.1 Trench Positions, sampling and analysis

33.11 Site 4145

Detailed investigations undertaken on site 4L.45 included the excavation of trenches,
drilling of boreholes and sampling for geochemical and geotechnical investigations.
Prior to undertaking detailed investigations on 4L45, 10 shallow test pits were
excavated to demarcate the site into areas of similar soils (Figure 3.1). This zonation
was based on the pedological characteristics of the soils as well as the pH and EC
determined on saturated pastes made from the samples collected from each trench.

A to E = Soil zones 21 = Deep trenches © 8 = Shallow trencheg

Figure 3.1 Location of shallow test pits and identified soil zones at reclaimed
tailings dam 4L45.

The five characteristic zones identified in Figure 5 are:

A) Yellow brown sandy soils (Avalon)

B) Hardpan ferricrete (Glencoe)

C) Mottled sandy clay (Katspruit)

D) Similar to zone C with a perched water table
E) Active clays (Rensburg)

Following demarcation of the zones, three deep trenches were located to cover the
major soil types. Excavations were undertaken using a track-mounted backactor,
allowing soil to a depth of 5 m to be removed. Detailed soil profiling and soil
sampling was undertaken in each trench.
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A total of nine samples were collected at different positions in the three trenches for
submission to a laboratory for the determination of dry density, specific gravity and
saturated hydraulic conductivity. The trench number and the depth at which the
samples were obtained are listed in Table 3.1.

Table 3.1 Samples obtained from the trenches on which geotechnical
analyses were performed at site 4L.45.

Test Pit # Depth (m)
0.3-0.5
5.0-5.2
0.2-0.4
0.5-0.6
4.0-4.1
0.2-0.3
3.5-3.7

W W[ N[N [N [—|—

The laboratory determined the water content and grain size distribution of each of the
samples. The results are attached in Appendix 4. Five in situ, large diameter double-
ring infiltrometer tests and ten tension infiltrometer tests were conducted at selected
depths in or in close proximity to the deep test pits.

The soil in each deep trench was profiled pedologically as well as geotechnically. A
soil scientist undertook the pedological analysis using the Taxonomical System for
South Africa. A geotechnical specialist logged the trenches using the MCCSO
method (TMH 1, 1990).

All samples obtained from the test pits were subjected to the following analyses:

e Briquettes of the individual samples were pressed and these briquettes were
subjected to X-ray fluorescence analysis in order to determine the major and
minor elemental compositions. The results are attached as Appendix 4.

e Each sample was subjected to X-ray diffraction analysis in order to determine
the dominant mineralogy. The results are attached as Appendix 4.

e EC and pH were determined on saturated pastes made from the samples.

3.3.1.2 Site 4L.24

Fieldwork included the excavation of three test pits on the site to enable soil profiling
and sampling. In-situ permeability testing was conducted by means of LDDR and
constant head infiltration tests. Eleven laboratory saturated permeability
determinations were undertaken. The results of the laboratory and constant head
infiltration tests are comparable, while the LDDR tests gave lower than laboratory-
determined permeabilities (Appendix 4). For the purpose of this investigation, the
laboratory and constant head infiltration test data were used.
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3.3.1.3 Site 6L.19

In August 2000, a tract mounted back actor was used to excavate two test pits in the
study area to enable soil profiling and sampling. In-situ permeability testing was
conducted by means of one in situ large diameter double ring infiltrometer test
(LDDR) and two constant head infiltration tests were performed at selected depths in,
or in close proximity to, the test sites. In addition, a 52 m section of a trench
excavated for the new sewer outfall between Ancor to Selcourt was also investigated.
Nine undisturbed samples were taken from selected depths in the two test pits and the
trench for determination of the saturated hydraulic conductivity.

3.3.2 Borehole Positions
3.3.21 Site 4L45

Based on the zonation inferred from the shallow trenches, ten boreholes were located
in order to obtain information on the strata below that which the excavator could
reach. Chippings obtained at 0.5 m intervals were geotechnically logged and samples
obtained for geochemical analyses. Two of the boreholes were equipped and
established as monitoring boreholes.

3.3.2.2 Site 4L.24

Six boreholes were drilled by DWAF and used to profile the geological environment.
One borehole was equipped to serve as a monitoring well. The geochemical nature of
the groundwater occurring in the monitoring wells was determined by chemical
analyses. These data sets were combined to establish a conceptual geohydrological
model of the unsaturated zone at reclaimed tailings dam 41.24. The static
groundwater level of the area was measured in July 2000 to be 3.72 m and in March
2001 to be at 5.86 m. Slug tests showed the shale aquifer to have a permeability of
0.003 m/day.

An electrical conductivity profile was conducted in each borehole to identify zones in
the aquifer with higher relative electrical conductivity. Such zones can associated with
inflow of groundwater with a higher salt load. Groundwater samples were taken from
these zones with a bailer tied to an appropriate length of rope. Two samples were
taken during each sampling run. One sample was kept on ice (i.e. at about 4°C ) and
analysed for major cations and anions. The remaining sample was acidified with about
5 ml of concentrated HNOs, kept on ice and analysed for trace elements by means of a
semi quantitative ICP-MS scan.

3.3.2.3 Site 6L.19

Five percussion boreholes were drilled on this reclaimed tailings dam by DWAF and
used to profile the geological environment. Based on the borehole logging results the
site is underlain by dolomite with a prominent syenite dyke being present. Two
groundwater monitoring wells were installed in the site (6L19MW1 and 6L19MW?2).

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange



Rehabilitation of Contaminated Gold Tailings Dam Footprints 23

Borehole 6L19MW2 was drilled to 12 m, to monitor the characteristics of the shallow,
perched aquifer. This borehole was however dry during the monitoring events. The
static groundwater level in the deep borehole (6L19MW1) varied between 12.11 and
17.15 m below ground level. A slug test was conducted in the borehole and the
hydraulic conductivity of the aquifer was determined to be 0.11 m/day. The
geochemical nature of the groundwater occurring in the monitoring wells was
determined by chemical analyses. These data sets were combined to establish a
conceptual geohydrological model of the unsaturated zone at reclaimed tailings dam
6L19.

An EC profile was conducted in borehole 6L.19 MW1 and an optimum sampling
depth of 25 m was identified in the borehole. Groundwater samples were taken at this
depth in February and August 2000 for analyses.

3.4 GEOCHEMICAL ANALYSES
The following procedure was used to obtain samples for geochemical analysis:

e Topsoil was sampled at 5 cm intervals. Below this, samples were collected at
10 cm intervals. Once into the competent material (usually at the laterite
layer) samples were taken at 1 m intervals.

o If tailings material was still evident on surface, a separate sample of this was
collected.

e In order to provide for lateral and vertical variation in the mineralogical
composition, samples were taken at opposite ends of the length of the
trenches.

e All samples were stored in paper bags in order to prevent the formation of
condensation, which may affect the soil mineralogy.

e The chippings at 0.5 m intervals from the drilling of the boreholes were
collected and placed in sample bags for geochemical analyses.
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4 DATA EVALUATION

Note: the full dataset is available in Appendix 4.

41  DATA ASSESSMENT

4.1.1 Types of data and variables

Each of the three study sites was characterised in terms of the following aspects:

Q General site characterisation, comprising the locality and site history, fieldwork
conducted on site, topography and drainage, vegetation and geological conditions
underneath the site.

Q General soil profile and geotechnical characteristics, describing important soil
parameters such as saturated hydraulic conductivity and soil pH.

a Geohydrological characterisation of the unsaturated zone, giving an indication
for flow characteristics and mechanisms (e.g. preferential flow).

Q Geohydrological characterisation of the saturated zone (if data were available),
comprising the aquifer type and geology and aquifer parameters (e.g. hydraulic
conductivities, borehole yield).

a Contaminant assessment of the subsurface, comprising a hydrogeochemical
characterisation of the unsaturated and saturated zone with respect to the current
contamination situation and the potential future contamination impact.

Field and laboratory testing was conducted on samples from all three sites.

4.1.2 Objectives

The objectives of the study from a geochemical perspective are to accumulate correct,
representative data in order to perform realistic predictive geochemical simulations.
Furthermore, these simulation results are supported by an array of additional data that
facilitate the optimum interpretation of the modelling results. The results of this study
would be used to evaluate the practical and efficient implementation of a realistic
rehabilitation program or any aspect thereof. The modelling results would, thus,
enable an informed decision to be taken, and would allow for the development of
effective management strategies.

4.1.3 Quality assurance

Precision

Precision was monitored by the use of internal standards that were analysed on a
regular basis. Accumulation of field data is generally not as amenable to scrutiny in

P135.wrc.finalreport.body.7.doc Pulles Howard & De Lange



Rehabilitation of Contaminated Gold Tailings Dam Footprints 25

terms of precision. The various standards use for the laboratory-based analytical
techniques are presented in Appendix 4.

Accuracy

The accuracy of different analytical techniques was measured by the introduction of
unidentified duplicate samples.

414 Format

The format of the data was standardized in order to facilitate easy manipulation. Data
relating to the physical features of the mine residue deposits were captured in a
geographical information system (GIS). The analytical information was captured in a
spreadsheet format.

42  SELECTED DATA

The full dataset is presented in Appendix 4. In this section however some data on one
of the sites (4L45) are presented for illustrative purposes.

4.2.1 Geochemistry

The geochemical data collected during 1999 supported findings from previous studies
on the geochemical composition of the strata underlying the footprints of reclaimed
tailings dams. In the clay-rich soils from pit 1, the decrease in analyte concentration
with depth is more marked than in the sandy soils from pits 2 and 3. In the latter two
pits, there is an accumulation of contaminants at depth. This trend is to be expected
due to the sorption and buffering capacity exhibited by clay minerals. This sorption
capacity retards the downward migration of contaminants while the buffering capacity
neutralises the acids generated during the oxidation of pyrite, which in turn causes
minerals to precipitate from solution, before they migrate to the lower levels in the
strata. However, sandy soils have a lower sorption and buffering potential allowing
the vertical migration of contaminants. This vertical migration is further enhanced by
the higher permeability of these soils, which allow for a more rapid vertical migration.

These general principles are illustrated graphically in Figure 4.1, 4.2, 4.3 and 4.4
(these figures represent a sample of the available data, and have been selected to show
these principles). Detailed geochemical and mineralogical data are presented in
Appendix 4.
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Figure 4.1

An example of change in elemental composition in soil profile with
depth in the deep test pits.
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Figure 4.4

4.2.2 Geotechnical analysis

Change in sulphur concentration with depth in the different pits.

Using a combination of site specific geological, geotechnical and geohydrological
data, detailed descriptions for the unsaturated zone in the investigation area were
constructed. The detailed data from the analyses as well as the borehole and test pits
logs are presented in Appendix 4, and the descriptions are detailed in the section on

conceptual models.
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5 CONCEPTUAL MODELS OF PROCESSES IN THE
VADOSE ZONE

5.1 CONCEPTUAL GEOCHEMICAL MODEL

The zone above the water table is referred to as the vadose zone, unsaturated zone or
zone of aeration. Capillary water rises into the sediment pores overlying the water
table because of capillary forces. The capillary zone may be reasonably thick, up to 10
meters in clayey sediments. Atmospheric oxygen is omnipresent in the vadose zone,
causing oxidizing conditions to prevail. Thus, adsorption or capillary forces hold
water in the vadose zone, except when nett infiltration is occurring. Furthermore, it is
important to consider that the time required to clean or leach contaminants from the
vadose zone is directly related to the residence time of the water in the zone of
aeration.

The following alternative rehabilitation strategies were considered:

e BASE CASE: The current situation is modelled and the results are being used as
a reference for alternative scenarios listed below.

¢ REMOVAL OF THE SOURCE TERM. The model considers the removal of a
topsoil layer of approximately 30 to 50 cm, which contains, as a rule, the most
contaminated material. The latter material would be removed from site and either
be treated or being disposed off in a controlled waste disposal site or on an
alternative tailings residue deposit.

e MINIMIZATION OF INFILTRATION. The flow of water into the underlying
soils would be limited by effective covering of the surface. Such covers may vary
in terms of the degree of minimization of flow, and could include the construction
of parking lots, building of factories or urban development. The source of
contamination in the soils in the footprint would not be removed, but the effective
flow through the contaminated soils would be restricted, resulting in the
containment of contaminants.

e PADDOCKING. A system of paddocks would increase infiltration into the
underlying soils and would therefore result in the enhanced migration and
dispersion of pollutants into the deeper aquifer environment, as well as the lateral
displacement of contaminants through groundwater. The effect of paddocking
would be the effective enhancement of the leaching of contaminants away from
the source.

e [N SITU TREATMENT: an array of in situ rehabilitation techniques are
available, which all result in the reduction of contaminant concentrations in the
pollution source. Thus, the geohydrological properties of the various soil layers
are considered, but the chemical contribution differs compared to the option that
deals with the total removal of the source term. Treatment options include the
addition of chemical substances with remedial effects, such as lime. Biological
treatment options form part of the options in this category. Furthermore,
treatment options such as electrophoresis, although expensive, also forms part of
the available in situ treatment options.

A general steady state flow regime was assumed for the modelling of the various
rehabilitation strategies. With regard to the treatment of chemical species, minerals
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such as the carbonates, ferrihydrate, silica and sulphate-bearing minerals were
considered under equilibrium conditions. The reason for the equilibrium treatment of
the latter group of minerals is mainly the fact that they are relatively readily soluble in
the natural environment. Furthermore, these minerals have relatively large reaction
rate constants that enhance the rate at which reactions proceed.

However, equilibrium treatment of chemical systems does not allow for the
introduction of time as a variable. In order to introduce time as a variable in chemical
reactions, kinetically based interactions were introduced for the sulphides, feldspars,
micas and clay minerals (Figure 5.1). By considering the reaction dynamics in a
kinetic manner, provision could now be made for changing environmental and
chemical conditions. By implication, the kinetic treatment of minerals allowed for
predictive geochemical modelling of pollution migration within the framework
specified in the above-mentioned conceptual geochemical models.

A I
0, @)

0, (aq)

Sulphides Ferrihydrate

Kinetic Treatment I Equilibrium Treatment |

Figure 5.1  Depiction of the geochemical treatment of minerals in soils.

5.1.1 Factors influencing mobility

Predictive geochemical modelling of the soil underlying mine residue deposits
involves an array of physical and chemical processes. In terms of the physical
processes, the flow of water through the system poses the most complex problems.
The chemical processes that have been addressed include the following:

Calculation of the species distribution in aqueous solution.

Tracing reaction paths involving fluids and minerals.

Consideration of the sorption of species onto mineral surfaces.

Calculation of the solubility of mineral species in solution (dissolution /
precipitation).

e Projection of the traces of reaction paths.
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The conceptual approach involved a simple steady-state flow of water through the
exposed affected and contaminated soil. The soil profiles have been sub-divided into
three zones, each displaying characteristic soil properties. Based on field
observations, it was assumed that the soils were mainly unsaturated, suggesting that
prevailing atmospheric partial pressures were applicable for gaseous species.

The dynamic nature of the geochemical processes, such as the weathering of the
mineral constituents, the decomposition of organic matter, dissolution and
precipitation reactions, as well as water movement, is not accounted for when soil
indices are calculated. These indices are static and reflect the current status of the
soil. The potential future pollution impact, which is based on the assumption that the
total concentration of contaminants contained in the solid phase is remobilised and
thereby becoming bio-available also does not account for the dynamic processes.

In order to account for these processes it is necessary to undertake simulation
modelling. These models can provide an indication of the response of a system,
thereby potentially allowing the prediction of future behaviour. This modelling
allows for the calculation of the probabilities of exceedance of a certain concentration
for a specific analyte over time. It is possible, based on such probabilities, to
determine environmentally acceptable concentrations. Sensitivity analyses on a
variety of parameters will also be performed to determine the critical parameters
required for the model.

Once the modelling has been completed and the probabilities of exceedance
established, this information will be utilised to determine environmentally acceptable
risks as well as to determine possible remediation strategies should the risks prove
unacceptable.

Selected samples obtained from study sites will also be subjected to the above-
mentioned analyses with the results incorporated into models to perform a risk
assessment. This will allow for an understanding of the influence of geology, and by
implication the impact of site specificity, on the probability of exceedance.

5.1.2 Potential geochemical interactions/transformations

The composition of water within the vadose zone is a function of many variables,

including the following:

e The composition of the groundwater recharge, which is influenced by the
composition of precipitation, leaching of salts accumulated by evapotranspiration
between infiltration events, organic activity in the soil and weathering of soil
materials. The extent of surface weathering, and thus rock permeability, decreases
rapidly with depth.

e The mineralogical composition of the rocks. Among common rock-forming
minerals halite is the most soluble and gypsum the next most soluble. Carbonate
rocks such as dolomite and calcite are also readily dissolved. Should these
minerals be present in modal proportions of only ~1% in rocks, their dissolution
would define the water chemistry. Silicate and aluminosilicate minerals are
generally less soluble or their dissolution rates are slower than that of the
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carbonates, sulphates or other salts. The silicate, therefore, contribute less
dissolved species to the water compared to the more soluble minerals.

The geohydrological properties of the rocks have a strong influence on the extent of
water / rock reaction. High groundwater flow velocities usually imply groundwater
that is relatively low in dissolved solids because of the short rock contact times and
high water / rock ratios.

5.1.3 Generic conceptual model

The study requires the use of a detailed conceptual model that provides a general
account of the geochemical processes involved in the migration of pollution
underneath surface mine residue deposits. The model must incorporate geological,
soil (geotechnical) and geohydrological parameters to enable an indication of ground
and soil water flow mechanisms, directions and volumes. The following data were
used to generate the geochemical model of the shallow and deeper zones underlying a
reclaimed tailings dam (Site 4145 is used as the example):

e Geology and stratigraphical relationships between the various geological units
identified during percussion drilling.

e Unsaturated zone soil and regolith description carried out in the three deep test
pits.

e In-situ and laboratory determined hydraulic conductivity and geotechnical soil
parameters.

e  Physical aquifer characteristics determined in the two monitoring wells.

e Bulk sample major and trace element analyses, as well as paste pH and EC.

The conceptual geochemical model has been constructed in such a manner that
extrapolation to other case studies under consideration could easily be made. The
model is site specific, but the results could be applied to other similar scenarios. A
schematic presentation of the conceptual model of the shallow portion (< 10 m) of the
unsaturated zone underlying the study area is shown in Figure 5.2. The simplified soil
units (Table 5.1) represent zones of similar geohydrological properties based on field
description and geotechnical test results.
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Figure 5.2  Conceptual geohydrological model of the shallow unsaturated zone of reclaimed tailings dam 4L.45
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Table 5.1 Simplified soil units used to describe the shallow unsaturated zone
in the study area.

Soil unit | Short description Expected K, (Mm/day)

Al Dark yellow brown clayey sand: Colluvium 0,062 (average lab)

A2 Nodul?lr ferricrete in clayey sand; Ferrugenised 0.278 (LDDR)
colluvium
Mottled clayey sand with boulders towards

A3 base; Residual sandstone 0,016 (lab)

A4 Silty sand; Highly weathered sandstone 0,034 (slug test)

D1 Light grey silty / clayey sand; Colluvium 0,063 (average lab)

D2 Hardpan ferricrete < 0,001 (estimated)
Mottled sandy clay with boulders at base;

D3 Residual sandstone 0,044 (lab)

D4 Silty sand; Highly weathered sandstone 0,034 (slug test)

El Dark gray clay; Colluvium 0,00017 (lab)

E2 Mottled dark olive clay; Residual shale 0,000043 (lab)

E3 Mottled yellow brown sandy clay; Highly <0,00001 (estimated)
weathered shale

Ko = Saturated hydraulic conductivity

The shallow unsaturated zone beneath reclaimed tailings dam 4L.45 is dominated by
two different soil / regolith groups. These are the mostly sandy colluvial and residual
soils from zone A, B, C and D, and the clayey soils from zone E. Water flow
processes in these two soil groups differ.

A conceptual geochemical model is presented in Figure 5.3, showing the definition of
nodes. The diagram shows the flow of pollutants through the main nodes, e.g. node 1
and node 2. Furthermore, the diagram depicts the subdivision of the main nodes into
smaller units, thus, accommodating the variation in soil type within the larger nodes.
The variation in flow rates for each of these units is presented in Table 5.1. Detailed
mineralogical, chemical (major and trace element) and geotechnical data exists for
each of these nodes.
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Figure 5.3  Definition of nodes in conceptual geochemical model of the
reclaimed 4L45 tailings dam.

5.2 CONCEPTUAL HYDROGEOLOGICAL MODELS

Based on past experience in the study area, the following are important characteristics
of the geohydrological conditions of the vadose zone developed on the Turffontein
Subgroup:

e Three major soil units are identified:

e Transported units of colluvial origin occurring at surface

e A pebble marker unit composed of gravelly sand underlies the colluvium.
The pebble marker is not strongly developed in all the investigated sites.

e Underlying the pebble marker unit occur sandy residual quartzite, which is
underlain at depth by hard rock quartzite. Ferruginisation is present in some
instances in the lower colluvial or upper residual units.

e Ferruginisation in soil is usually accompanied by an increase in clay content
due to an increase in Fe-oxide precipitation which blocks soil pores. Clay
material washed down from upper soil units can become logged in these
blocked pores, causing a decrease in the hydraulic conductivity of a ferruginous
unit.

e Preferential horizontal flow paths occurs on the surface of some ferruginous
units where groundwater seepage was observed
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e The colluvium and the residual quartzite are in some instances voided. This
open structured soil structure can accommodate macro-flow in some instances.

e The residual quartzite is usually relic jointed. These joints are remnants of the
unweathered nature of the bedrock, which may act as preferential flow
pathways if not blocked by clay washes or Fe-oxide precipitates.

e The shallow depth to bedrock is favourable for the development of perched
water tables as evident from perched groundwater zones observed on soft rock
— hard rock interfaces. These zones are areas of potential preferential
horizontal flow.

e Preferential horizontal micro-pore flow paths may occur in residual quartzite,
which shows relict bedding planes.

e All the soils are inactive and will not swell and shrink due to seasonal changes
in water content.

A generic model of the geohydrological conditions expected in the vadose zone of the
study area was developed based on the field and laboratory characteristics of the soils
discussed above.

The saturated hydraulic conductivity of the soil units of the study area was estimated
by the method of Mathewson, (1980) who compiled a table with which the saturated
hydraulic conductivity of a soil can be predicted based on the Unified Soil
Classification of the material (Table 5.2).

The maximum storage capacity of the vadose zone (or the maximum equivalent depth
of water stored in the vadose zone) can be estimated (after Cullen & Everett, 1995)
according to:

d,= Z(%}(%}% [5.2.1]

where dy, = equivalent depth of water stored in the vadose zone, 0, = percent mass
water content of the soil unit, Py, = the bulk density of the soil (kg.m'3 ), Py = density
of water (kg.m™) while d; = average depth of an individual strata.

Table 5.2 Unified soil Classification Classes and estimated saturated
hydraulic conductivity (cm/s), after Mathewson, (1980).

CLAY SILT SAND GRAVEL
U.S.C.S. CH CL|{MH|ML|SP|[sw|[sSM]| SC | GP|GW]|GM GC
Class
Max K 107 1w f10°10*] 10" 10" 10*|10°] 1 1 10° | 10107
Min K 107 10% | 107 | 107 [ 10° | 10* | 10° | 107 | 107 | 102 | 10°

Notes: CH: Highly plastic clay. CL: Low plastic clay. MH: Highly plastic silt. ML: Low plastic silt. SP: Well
sorted sand. SP: Poorly sorted sand. SM: Silt sand. SC: Clayey sand. GP: Well sorted gravel. GW: Poorly
sorted gravel. GM: Silty gravel. GC: Clayey gravel.

The travel time for water to pass through the unsaturated zone to the saturated zone is
calculated according to equation 5.2.2, after Parsons and Jolley, (1994):
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Tt = where v = ki [5.2.2]

d
v
Tt refers to the travel time, d is the depth to the saturated zone, v is the rate of flow per
unit area, k is the hydraulic conductivity of an individual stratum, while it is the

hydraulic gradient. The hydraulic gradient can be assumed as one in the vadose zone
when vertical flow is investigated.

Assumptions

e The static water level as struck in the fractured sandstone aquifer is at an average
depth of 6 m.

e The average thickness of the colluvial unit is 0.7 m. The unit has a Kg of
between 10 cm/s to 107cm/s (Mathewson, 1980). Due to the generally loose
consistency and voided nature, a K, of 10 cm/s is predicted for the unit.

e  The pebble marker unit has an average thickness of 0.2 m and due to the loose
and voided nature of the in situ soil, a Kg,; of 102 cm/s is predicted for the unit.

e  The residual quartzite has an average thickness of 1.1 m and a Ky, of 107 cm/s is
predicted for the unit as the material is usually dense to very dense in profile and
generally not voided. Relict structure such as joints and bedding are ignored for
this generic model.

e  Highly weathered to slightly weathered soft to hard rock exists between 2 m - 6
m and a Ksat of 10 cm/s is predicted (Kruseman & de Ridder, 1989).

The total travel time of water through the unsaturated zone to the static water table is
therefore, (using equation 5.2.2).

70cm 20cm 110cm 400cm
TZ: = + PPN + T, + =
10%cem/s ), \107cem/s),, \107cm/s), ., \107cm/s ) pmie

=4,12x10%s ~ 13years

A total travel time of 13 years for saturated water flow is therefore predicted from the
soil surface to the saturated zone. It must be realised however that this is a crude
prediction method that is only suitable to provide a first indication of flow rates. The
method does not take into account unsaturated flow conditions, matrix potential
gradients and other factors, which have an impact on water movement in the vadose
zone. The flow through the unsaturated zone could be significantly slower than in a
saturated zone with similar characteristics.

If no preferential flow pathways between to unsaturated and saturated zone exist, the
estimated travel time of 13 years for water to reach the saturated zone must be
regarded as an under estimation. Unsaturated soil permeability is lower than saturated
permeability as the pores in saturated soils represent continuous flow channels, which
enhances flow. In unsaturated soils, suction causes pores to empty of water and
become filled with air, the first pores to empty is the larger, more conductive pores,
which leaves only the smaller pores filled with water, where water flow can take
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place. For water flow to occur, empty pores must be circumvented which leads to
increased travel time of soil moisture.

Contaminants present in the soil solution will be retarded due to natural attenuation
processes, which will make their vertical movement rate slower than that of water.

Detailed conceptual hydrogeological models were developed for the various study
sites, and are discussed below.

5.2.1 Site 4L45
Shallow (<10m deep) soil and regolith zone

Water flow magnitudes and directions in the shallow (<10 m) portion of the
unsaturated zone is governed by both micro-pore and macro-pore flow paths. In the
upper, more sandy, soils of zones A and D vertical flow occurs under the influence of
gravity, as matrix flow with some macro pore flow occurring through the voided
structure. Where impermeable hardpan ferricrete occurs (zone D), flow changes to
horizontal flow. Where nodular ferricrete occurs (zone A) vertical flow is enhanced
due to the higher saturated permeability of the soils.

Underlying the above occur residual sandstone, which is composed of Fe-cemented
sandstone and weathering products surrounded by a matrix of moist grayish silt sand.
Preferential flow occurs in these sandy zones in favour of the less permeable matrix
zones.

The upper colluvial and residual clays are expansive and fissures form in these soils
due to shrinkage. Water entering these fissures move rapidly downward, adding
water to the system that induce swelling and that in turn close the fissures and cracks.
Slow micro-pore flow occurs, as no other preferential flow paths exist. The
magnitude of flow is larger in the horizontal direction than in the vertical because of
the preference for moisture to migrate along relict soil structures rather than through
bedding planes. Water in the clayey soils may therefore migrate horizontally towards
the surrounding sandy soils and regolith.

Deep (<30m) unsaturated zone

In the deeper unsaturated zone, vertical flow direction is dominated by geological
factors. Residual sandstone is the most permeable and recharge water migrates
downward under the influence of gravity. Where impermeable zones such as shale or
quartzite lenses are encountered flow direction will temporary change to a horizontal
mode.

In the shale zone, flow will be parallel to bedding planes and other discontinuities
rather than through such structures.
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5.2.2 Site4L24
Shallow (< 3m deep) soil and regolith zone

In the sandy upper soil zone constituting zone A, vertical flow occurs as matrix flow
under the influence of gravity with limited macro pore flow occurring through voids.
This zone becomes clayey with depth with a resulting decrease in vertical
permeability. Where zone B, the pebble marker unit occurs, vertical flow is impeded
and it is likely that a perched water table may develop on this zone (fieldwork
indicated that the soils immediately overlying zone B has a high water content). Unit
C consists of gravel and boulders in a clayey matrix, which is has a low permeability
and vertical flow will occur at a slow rate. Water flow will occur as vertical matrix
flow in the sandy residual sandstone of zone D with some macro pore flow occurring
through the relict structure of this unit. In soil zone E (residual shale) lateral flow is
likely to dominate as water flows parallel to relict bedding planes.

Deep (< 5m deep) unsaturated zone

Similar to reclaimed tailings dam 4L45, the vertical flow direction in the deeper
unsaturated zone is dominated by geological factors. Residual sandstone is the most
permeable and recharge water migrates downward under the influence of gravity.
Where less permeable shale occurs, flow will be greater in the lateral direction due to
the preference for water to migrate parallel to relict soil structures rather than through
bedding planes.

5.2.3 Site 6L19
Shallow (< 5 m deep) soil and regolith zone

The karst topography underlying reclaimed tailings dam 6L19 will dominate water
flow directions. Water flow magnitudes and directions in the shallow (<5 m) portion
of the unsaturated zone (which occurs as infill between the karst topography) is
governed by both micro-pore and macro-pore flow paths.

In the upper sandy colluvial portion of the profile flow occurs vertically under the
influence of gravity as matrix flow. The soils usually exhibit a slight to prominent
voided structure, which may act as macro-pore flow channels.

Flow of recharge water is likely to continue vertically downward under the influence
of gravity until less permeable units are encountered. These units impede vertical
hydraulic conductivity and a larger lateral flow component is therefore likely. These
units are however not impermeable and vertical flow will still occur but at lower flow
velocities.  Seasonal perched groundwater tables may develop where the three-
dimensional extent of the less permeable units are favourable (i.e. karst topography).

Deep (< 14m deep) unsaturated zone

In the deep unsaturated zone water flow is also governed by the karst topography.
Depth to bedrock is variable and preferential water flow will occur in vertical
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weathering zones which contains wad. Preferential flow may also occur in jointed
areas surrounding the syenite intrusion as well as in joints and fissures present in the
dolomite bedrock.

Water flow magnitudes and directions in the shallow (< 10 m) portion of the
unsaturated zone is governed by both micro-pore and macro-pore flow paths. In the
upper sandy soils of zones A and D, vertical flow occurs downward under the
influence of gravity as matrix flow, with some macro pore flow occurring through the
voided structure. Where impermeable hardpan ferricrete occurs (zone D), flow
changes to horizontal flow. Where nodular ferricrete occurs (zone A), vertical flow is
enhanced due to the higher saturated permeability of the soils.

Underlying the above occurs residual sandstone, which is composed of Fe - cemented
sandstone weathering products surrounded by a matrix of moist grayish silt sand.
Preferential flow occurs in these sandy zones in favor of the less permeable matrix
zones.

The upper colluvial and residual clays are highly expansive and fissures form in these
soils due to shrinkage. Water entering these fissures moves rapidly downward,
adding moisture to the system, which induces swelling that close the fissures and
cracks. Slow micro-pore flow occurs under these conditions as no other preferential
flow paths exist. The direction of water flow is greater in the horizontal direction than
in the vertical because of the preference for moisture to migrate along relict soil
structures rather than through such structures, e.g. bedding planes. Water in the
clayey soils may therefore leach horizontally towards the surrounding sandy soils and
regolith.

In the deeper unsaturated zone, vertical flow direction is dominated by geological
factors. Residual sandstone is the most permeable and recharge water migrate
downward under the influence of gravity. Where relatively impermeable zones such
as shale or quartzite lenses are encountered vertical flow will temporary change to
horizontal flow. In the shale zone, flow will be parallel to bedding planes and other
discontinuities rather than through such structures.
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6 GEOCHEMICAL MODELLING: BASE CASE
6.1 MODEL CHOSEN AND MOTIVATION

A model is a simplified version of reality that is useful as a tool, thus, a successful
model strikes a balance between realism and practicality. The first and most critical
step in developing a geochemical model is conceptualising the system or process of
interest in a useful manner.

In the simplest class of geochemical models, the equilibrium system exists as a closed
system at a known temperature. Such equilibrium models predict the distribution of
mass among species and minerals, as well as the species activities, the fluids
saturation state with respect to the various minerals, and the fugacities of different
gases that can exist in the chemical system. In this case, the initial equilibrium system
constitutes the entire geochemical model.

More complicated models account for the transport of mass or heat into or out of the
system, so that its composition or temperature, or both, vary over the course of the
calculation. The initial equilibrium state provides the starting point for this class of
reaction path models. From this point, the model traces how mass entering and
leaving the system, or changes in temperature, affects the systems equilibrium state.

Conceptualising a geochemical model is a matter of defining the nature of equilibrium
to be maintained, the initial composition and temperature of the equilibrium system,
and the mass transfer or temperature variation to occur over the course of the reaction
process envisioned. Reaction models, despite their simple conceptual basis, can be
configured in a number of ways to represent a variety of geochemical processes. Each
approach imposes on the system some variant of equilibrium, which differs from the
one another in terms of the manner in which mass transfer is specified. For the
purpose of this investigation the focus was placed on a kinetic reaction modelling
approach.

In kinetic reaction paths the rates at which minerals dissolve into or precipitate from
the equilibrium system are set by kinetic rate laws. In this class of models, reaction
progress is measured in time instead of by the nondimensional variable. According to
the rate law, as would be expected, a mineral dissolves into fluids in which it is
undersaturated and precipitates when supersaturated. The rate of dissolution or
precipitation in the calculation depends on the variables in the rate law, i.e. the rate
constant of the reaction, the surface area of the mineral, the degree to which the
mineral is undersaturated or supersaturated in the fluid, and the activities of any
catalysing and inhibiting species. In order to optimise the description of the system,
kinetic and equilibrium-controlled reactions were combined into a single model. The
theory of kinetic reactions provides a conceptual link between these two types of
reactions. The equilibrium point of a reaction is the point at which dissolution and
precipitation rates balance. For practical purposes, mineral reactions fall into three
groups: those in which the reaction rates may be slow relative to the time period of
interest that the reaction can be ignored altogether; those in which the reaction rates
are fast enough to maintain equilibrium; and the remaining reactions. Only those in
the latter group require a kinetic description.
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A group of interactive software programs were employed to model the various
scenarios that formed part of this research project. The programs RXN, ACT2, TACT,
REACT and GTPLOT are collectively known as “The Geochemist’s Workbench®.
Other software packages are available, which would also have served the purpose of
addressing the main issues. However, these software programs have disadvantages in
terms of e.g. (1) the limited number of mineral phases available in the thermodynamic
data base, i.e. HYDROBIOGEOCHEM, (ii) a lack of ability to treat kinetic reactions,
i.e. PHREEQA 3.1, and (iii) limitations in terms of treating the relevant chemical
processes, such as adsorption, i.e. MINTEKAQ.

Criteria for selection of an appropriate fate and transport model include:

e Type of information required from the model (such as screening versus detailed

evaluation).

The fate and transport pathway to be modelled.

Complexity of available models.

Required input parameters.

Availability of data on input parameter values.

Model output requirements.

Limitations on model use and output.

The user’s and target audiences’ familiarity and comfort with the model.

Important technical considerations in selection of a model package(s) are:

e The algorithm(s) used to model each fate and transport pathway and the
inherent limitations on applicability of each model.

e Degree of documentation, validation and general acceptance of algorithms
incorporated in the package.

e Ability to access and modify data fields for input parameters (i.e. are input
values “hard-wired” from databases of default values or can individual input
parameters be tailored to site-specific conditions).

e How the model results or output from individual fate and transport models
are reported and linked to other model components.

e Familiarity of the user with various risk assessment components (i.e., model
packages are not intended to be expert systems for use by those with little or
no assessment expertise).

6.2 DEFINITION OF THE BASE CASE FOR THE THREE SITES
6.2.1 Sitel

The site is underlain by sandstone, shale, and quartzite of the Jeppestown Subgroup,
which forms part of the Witwatersrand Supergroup. For the purpose of defining a
conceptual geochemical model for this particular site, the soil profile has been divided
into three zones. These zones consist of a yellow brown sandy topsoil which is
underlain by nodular ferricrete. The ferricrete forms a distinct hardpan layer, which
forms the intermediate layer in the conceptual model. The bottom layer consist of
dark gray clayey material that formed as a result of a perched water table.

The perched aquifer occurs at a depth of 1 m, whereas the water table is situated at 30
m. The hydraulic conductivity of the deeper aquifer was measured to be 0.034 m/day.
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The flow mechanism through the upper sandy soil and ferricrete was considered
predominantly downward flow in a homogeneous matrix. However, the horizontal
vector dominated the flow on the contact of these two units. Micro- and macro-pore
flow paths govern flow in the bottom clay layer. From a water quality viewpoint, the
groundwater exhibited a Ca-Mg-Na-SO, type character.

Flow in the underlying sandstone, which consists mainly of iron-cemented weathering
relicts occurring in a silt sand matrix, occurs preferentially along the more permeable
sandy matrix zones. The flow in the shale is predominantly bedding parallel,
suggesting a predominant horizontal flow component.

6.2.2 Site2

Siliciclastic rocks (sandstones, quartzites and shales of the Turffontein Subgroup)
underlie the study site. The soil profile was subdivided into three zones, consisting of
a top silty sand layer becoming clay-rich with depth. Silty clayey sand layer
containing ferricrete nodules underlies the top colluvium layer. The bottom portion of
the profile consists of a sandy clay containing residual decomposed sandstone
fragments. The hydraulic conductivity of the deeper aquifer was measured to be 0.003
m/day. Hydraulic conductivities used for the various soil layers were 0.05 m/day, 0.02
m/day and 0.08 m/day, respectively. The flow mechanisms in the various zones within
the shallow unsaturated aquifer are predominantly in a vertical direction. The upper
soil zone exhibits a prominent voided structure that induces macro-pore flow
channels. The nodular ferricrete inhibit the vertical flow to a certain extent. Whenever
a clay-rich zone is encountered, the hydraulic conductivity decreases to approximately
0.001 m/day. The mineralogical, as well as the chemical species distributions and
variations within the various soil layers were considered and incorporated into the
geochemical database.

6.2.3 Site3

Carbonaceous rocks of the Malmani Subgroup, which forms part of the Transvaal
Supergroup, underlie the site. The lithologies underneath the residue deposit consist
mainly of dolomitic rocks, chert and shale lenses. As was the case with the previous
sites, the soil profile was subdivided into three zones. The top zone consisted
predominantly of layered sandy silt containing abundant fine-grained gypsum
crystals. Underlying the topsoil is an open textured sandy clay layer, which in turn is
underlain by a sandy clay layer containing ferricrete nodules. The open texture of the
top zone indicates a higher relative permeability due to macropore flow in the voided
open texture. The centre layer is not voided and the permeability of this unit is
considered a function of the matrix. Ferruginisation of the bottom layer lead to
clogging of the pores in the soil thus inhibiting flow. The saturated hydraulic
conductivity values that were considered for the geochemical modelling of the base
case scenario were as follows: top zone Ky = 0.03 m/day; intermediate zone Ky, =
0.01 m/day; bottom zone Ky = 0.01 m/day. The flow in the topsoil layer occurs
vertically under the influence of gravity. Flow in the middle layer is most likely
controlled by the matrix. Flow continues downward until the impervious clay-rich
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layers are encountered. At this point, the horizontal flow component begins to exceed
the vertical component.

6.3 MODEL DATA REQUIREMENTS

A detailed mineralogical assessment of the system to be modelled forms the basis of
any thorough geochemical model. The mineralogical database (Appendix 4) for the
current investigation included bulk mineral identification, using the powder pellet
based X-ray diffraction technique, as well as detail Debye-Scharrer and Gandolfi
camera diffraction work. A complete set of major and trace element data was
generated using bulk X-ray fluorescence analyses. In addition, paste pH and EC was
determined on samples. Geotechnical tests conducted included the determination of
dry density, specific gravity and saturated hydraulic conductivity. In situ large
diameter double-ring infiltrometer tests and tension infiltrometer tests were conducted
to assess flow conditions in the field. Furthermore, grain size distribution and water
content of each sample was determined. The trenches from which the samples were
collected were described pedologically according to the Taxonomical System for
South Africa. The above-mentioned data were available in a well-controlled
geological and pedological framework, which allowed for optimum use of the
information. Additional data included leaching data, bioavailability information for
selected samples, as well as general climatic and topographic information.

6.4 LIMITATIONS ASSOCIATED WITH MODELLING

Geochemical models that predict the distribution of species in aqueous fluids do not
always give unique results. To constrain calculations of this type, geochemical
modellers commonly set the activities of certain dissolved species and often assume
equilibrium between the fluid and one or more minerals. In such cases, there may be
distinct geochemical systems that satisty equally well the conditions posed by the
modeller. The modelling software may locate any of the roots to the governing
equations, depending on the point at which iteration begins. Modelling algorithms
may favour discovery of one of the roots, but not necessarily the root that is most
geochemically meaningful or most appropriate to the problem at hand.

6.5 ASSUMPTIONS

Traditionally the reaction between rocks and water migrating through them is most
appropriately conceptualised by using a model configuration based on the assumption
of local equilibrium conditions. In a flow-through reaction path the model isolates
from the system minerals that form over the course of the calculation, preventing
them from reacting further. By using a flow-through model, it is possible to follow the
evolution of a packet of fluid as it migrates through soil or rock. Fresh minerals react
to equilibrium with the fluid at each step in the reaction progress. The minerals
formed by this reaction are kept isolated from the fluid packet, as if the packet has
moved further along the flow path and is no longer able to react with the minerals
produced previously. However, the latter approach introduces significant errors
because of the fact that the concept is intrinsically flawed.
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The conceptual modelling approach that was followed in this investigation was a flush
model, which tracks the evolution of a system through which the fluid migrates. At
each step of the reaction progress, an increment of unreacted fluid is added to the
system, displacing the existing pore fluid. This approach is analogous to a “mixed-
flow reactor” as applied in chemical engineering. The individual flush model
calculations were configured in such a manner as to simulate a continuum, which
include a combination of local equilibrium and kinetic models. The advantage of such
a conceptual configuration is the fact that the distribution of chemical species could be
predicted in time and space, i.e. along a groundwater flow path. Important chemical
features such as precipitation and dissolution, as well as surface adsorption reactions
are readily simulated within this conceptual context. Furthermore, the advantage of
such continuum models is that they predict how the positions of reaction fronts
migrate through time, if reliable input data are available about flow rates, the
permeability and dispersivity of the medium, and the reaction rate constants (Figure
6.1).

The following specific assumptions formed part of the input data for the geochemical

modelling:

e Redox disequilibrium: Redox reactions in the natural environment cannot be
assumed to approach thermodynamic equilibrium, thus, redox reactions were
calculated in a state of disequilibrium.

e Activity coefficients: Use was made of a virial technique known as the Harvie-
Méller-Weare (HMW) method. The HMW is considerably more accurate than the
Debye-Hiickel method when predicting saturation states for concentrated
solutions. Activities were allowed to slide according to reaction progress, with the
exception of CO, and O,. The initial values for latter two components were
initially fixed for calculations in the top layer. Once the seepage emerged from
the top layer, the activities and fugacities were allowed to slide. The reason for
such an assumption was that both oxygen and carbon dioxide was considered to
be initially similar to atmospheric values. However, the deeper soil environment
is considered to be deprived of oxygen. Since the level of deprivation is
unknown, it was decided to have the reaction progress manipulate these
conditions.

e Surface complexation: Sorption of species onto mineral surfaces was calculated
only when complexation involved hydrous ferric hydroxides.

e Temperature: The temperature for all reactions was fixed at 25°C. In the case of
exothermic and endothermic reactions the heat being produced or lost was not
taken into consideration, since it was assumed that the heat being produced would
be dissipated in the flushing fluid flow environment.

e Kinetic reactions: In the continuum flush reaction model, reactants are added to
or removed from the system at arbitrary rates. The rate law that was used for
mineral dissolution and precipitation took the form

A 1-9)
dt V K

where C; is the concentration of component i, ¢ is time, 4s is the mineral’s surface
area, V' is the volume of solution in contact with the mineral, v; is a stoichiometric
factor giving the number of moles of component i per mole of mineral, &+ is the
rate constant (in mol/cm” sec), and Q and K are the mineral’s saturation state and
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equilibrium constant. By this equation, a mineral precipitates when supersaturated
and dissolves when it is undersaturated at a rate that depends on its rate constant
and surface area.

e Catalyzing and inhibiting species: Under low pH conditions, H" was considered
as a catalyst. The precipitation of species was never inhibited.

e Cross-affinity rate laws: The saturation state of secondary mineral species, for
which rate constants were not available from published literature, were calculated
by using the Q/K ratio of another mineral involved in the reaction.

e Nucleation: a simple description of nucleation for kinetic minerals was set in
order to introduce new minerals, which would otherwise not form because of its
surface area being zero.

e Picking up results from a run and feed it into the next iteration: Results were
calculated using a specific set of controlled input data. These results were then
collected and used as input data to simulate the conditions of the following
chemical node.

e Reactive Surface area: the available reactive surface area for the various minerals
that were treated in a kinetic manner were based upon experimental work
conducted by various researchers on the topic. A concerted attempt was made to
use realistic values for the individual minerals.

e Porosity: Porosity was based on the fluid and mineral volumes specified for a
particular system, taking into account the value ascribed to the inert portion of the
system.

Jo1u]

1[INQO

N

Figure 6.1  Configuration of the continuum model for water — rock interaction
in an open system, showing the position of reaction fronts as they
migrate through the system.
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6.6 SENSITIVITY ANALYSES

An appropriate method to limit uncertainty is to ensure that data available for each of
the parameters measured or used as input into the geochemical modelling program are
as accurate as possible. In order to verify the influence of error on the scenario being
modelled, sensitivity analyses were performed on a number of parameters. In the
scenario in the hypothetical base case that was used for the sensitivity analyses, the
system was considered to consist of largely inert material that was ignored in
calculations, pyrite was oxidised to generate acidity, a small quantity of carbonate
minerals were present to react, and clay minerals were the additional acid-consuming
phases. For the simulations an input water quality containing some dissolved
quantities of common macro elements, some alkalinity and a pH of 7.2 was assumed.
The minerals considered were calcite, pyrite and initially illite. The system was
recharged with clean water and over the course of the 50-year modelling period one
renewal volume was added. The theoretical experiment involved a scaling down
factor that applied to all the elemental species involved, as well as the proportion of
fluid. However, the manner in which the modelling was configured involved a total
volume of 10,000 litres of water, which reacted with approximately 0.1 kg of pyrite
during the 50-year period. Thus, the fact that one renewal volume was used enhanced
the experimental control, while other parameters could be manipulated in a
meaningful manner, such as flow rate and mineralogical composition. Reaction rates
were based on those given by Lasaga (1984) and Stromberg and Banwart (1994).
Surface areas for the various minerals ranged from 900 to 1500 cm? in accordance
with laboratory-based experimental work.

In terms of the modal proportion of pyrite present in the material being modelled, the
“high” pyrite content referred to a value of 1.0% pyrite, whereas the “low” pyrite
content referred to a value of 0.25% pyrite. Clearly, such a minute variation in modal
pyrite content has a significant effect on the pH profile, as well as the associated
major and trace element concentrations that are present in the system (Figure 6.2).

The flow rate in any system being modelled with reactive transport has at least two
major implications, namely the time it takes to flush the system (displace the original
fluid out of the system) and the water — rock/soil interaction time. The correct
determination of the flow rates and flow paths is therefore a vital component in
minimizing uncertainties in reactive modelling. However, it is clear from Figure 6.3
that an order of magnitude difference in flow does not have a significant effect on the
concentration profiles. Thus, models claiming to correctly quantify the drainage
chemistry should be able to accurately model concentrations in the heterogeneous
flow of the vadoze zone.

In terms of the available reactive surface area, doubling the total reactive surface area
effectively doubles the reaction rate. The general responses of the system to the
presence of both acid-generating minerals as well as buffering phases are accelerated
(Figure 6.4).

The importance of considering kinetic reaction parameters, rather than a simplistic
equilibrium model, is highlighted in Figures 6.5 and 6.6. Variations in the
concentration profiles of chemical species are not considered to the same level of
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detail in equilibrium scenarios, compared to the kinetic treatment of reactions. Thus,

in order to simulate the system in a realistic manner, it is imperative that reactions

should involve time as a variable, which encourage a kinetic approach.

Variation in Pyrite content

2 Increasing Pyrite content

result in decreased pH values

0 10 20 30 40 50

Years

—e— Elevated Pyrite Content —a— Low Pyrite Content

Figure 6.2

Sensitivity analysis showing the effect of variation in pyrite
content.

Variation in Flow Rate

8 |

6
f Smoothing of pH profile as
4 ]

a result of variation in flow

0 10 20 30 40 50

Years

— Low Flow ——High Flow

Figure 6.3

Sensitivity analysis showing the variation in flow rate.
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Variation in reactive surface area

8
6 4
E_ 4l \ Increase in pH with decreasing
reactive surface area
2 \/
O T T T T
0 10 20 30 40 50
Years
—— Small surface area —— Large surface area
Figure 6.4  Sensitivity analysis showing the variation in reactive surface area.
Difference between Kinetic and Equilibrium
modelling approach
10
8
T 6 — | Equilibrium modelling does not consider(]
e 4 A the effect of mineralogy on the shape of []
2 pH profile in a proper manner. N
0 T T T T
0 10 20 30 40 50
Years
Kinetic conditions Equilibrium conditions
Figure 6.5  Sensitivity analysis depicting the difference between kinetic and

equilibrium simulations in terms of pH.
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Mineral Saturation: Kinetics versus Equilibrium
5
0 ‘ ‘
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E-Alunite ——E-Gypsum ——E-Jarosite-Na

Figure 6.6  Sensitivity analysis depicting the difference between kinetic and
equilibrium simulations in terms of mineral solubilities. The “E”
prefix indicates mineral saturation calculated using equilibrium
conditions.

Sensitivity analyses have been performed on the parameters that appear to make the
most significant impact on the geochemical modelling. These results clearly indicate
that the most important parameter that controls the response of a system to external
variables is the modal mineralogical composition of such a system. Parameters such
as the flow rate are significant, but do not displace the position of the concentration
profiles in such a manner as to infer changes in management strategies. The available
reactive surface of the various minerals are significant in the sense that the response
of a particular mineral is enhanced in terms of reaction time as well as intensity of the
response. Variations in the shape of the concentration profile because of changes in
the available reactive surface area invariably have a significant influence on the
associated management strategies. A similar effect is brought about by the decision
whether the reaction should make use of equilibrium of kinetic treatment mechanisms
of a specific mineral or suite of minerals in chemical reactions. Both of the latter
parameters, i.e. available reaction surface area and equilibrium versus kinetic reaction
mechanisms, are very sensitive in terms of the detailed variation of the reaction
profiles. It is therefore critically important in terms of making the geochemical model
as realistic as possible, to attach realistic values to these parameters. In particular, the
modal mineralogy, flow rate, surface area available for reaction, as well as differences
associated with equilibrium versus kinetic modelling, should be rigorously scrutinized
and verified before being used as input data into the geochemical modelling program.
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6.7 METHODOLOGY

A broad outline of the methodology that was followed as part of the geochemical
assessment of the residue deposits is presented in Figure 6.7. Initially the factors
controlling the distribution of chemical species in the vadoze zone were evaluated and
sorted. These factors were incorporated into a geochemical model, which was
configured into five different rehabilitation scenarios aimed at simulating alternative
management options:

e Base Case: an evaluation of the current situation, which involves no interference
with the system.

e Removal of the Source Term: the top 30 to 50 cm of contaminated soil was
removed and treated or disposed off elsewhere. The contaminated material did
not contribute in any manner to the further pollution of the premises.

e Amelioration of the soil: in situ methods that deal with the treatment of soils on
the site were modelled. An array of treatment methods exists, which include the
broad categories of chemical treatment, biological treatment and physical
treatment.

e Paddocking: the method introduces high flow rate within the contained area
which has a significant effect on the dispersion of the pollution plume.

e Minimization of infiltration: the inhibition of infiltration of water into the soils
would theoretically contain the pollution in an effective manner. Such
minimization of infiltration would be brought about by e.g. paving of a parking
lot, industrial development, etc.

These rehabilitation options were considered to be the most practical scenarios that
justified predictive geochemical modelling. The geochemical modelling was
performed in a probabilistic framework, which was based on a detailed sensitivity
analyses. The sensitivity analyses were aimed at the evaluation of the system in terms
of its response to certain variables. In order to complement the predictive geochemical
work a risk and hazard assessment was performed, the findings of which were
incorporated into the management options program.

From a more practical viewpoint, the various sites were approached by modelling the
three soil horizons separately. The seepage emanating from the top zone was fed into
the middle zone, which in turn was fed into the bottom layer. Thus, the seepage
emanating from the soil strata was the result of accumulating the water — soil
reactions and to calculate the combined effect of the soil zone on the water. This
approach was followed for each profile that was modelled. However, only the results
for the cumulative seepage quality emanating from the bottom zone have been
presented in the report. A 50-year modelling period was chosen on an arbitrary basis,
by considering the level of certainty associated with geochemical modelling
techniques as well as the time required to implement and complete environmental
management strategies.
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|Predictive Geochemical load modelling based on current conditionsi

|Rehabi|itati0n Options |

|:|| Base Case Scenario|

O | Removal of Source term|

|:||Amelioration of soil | > Sensitivity Analyses
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Figure 6.7  Schematic outline of the methodology followed during the
geochemical modelling exercise.

6.8 RESULTS OF THE BASE CASE MODELS
6.8.1 Site 4L45

Predictive geochemical modelling has focussed on site 4L.45. This particular site was
selected mainly because of the large database that exists for this locality. The
behavioural pattern of pH conditions over a 50-year period for site 4145 are depicted
in Figure 6.8, showing the cumulative result of water — soil interaction with all the
zones present (A, B and C). Initially the leachate would be characterized by very
acidic conditions. Within the first five years the pH would be elevated to
approximately 3.5. This value would remain for the next 10 years, after which the pH
conditions would rapidly return to neutral. The system is initially completely under-
saturated Figure 6.9. As soon as the pH recovers from very acidic conditions, i.e. pH
= 2.0 to 2.5, alunite [KAI3(OH)s(SOs),] starts to precipitate. Alunite would be the
only mineral to precipitate from the system for the next 30 years, after which both
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gypsum [CaSO42H,0] and anhydrite [CaSO4] becomes saturated. Alunite, gypsum
and anhydrite are the only mineral phases to become saturated over the first 50-year
period. These three minerals contain no, or very little, heavy metals in their
compositional structure. However, the sulphate salt load contributes in a significant
manner to the total pollution load (Figure 6.10).
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Figure 6.8  pH variation over time at site 4L.45
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Figure 6.9

Mineral solubility profile for selected minerals at site 4L.45
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Figure 6.10 Compositional diagram showing fluid species concentration over
time at site 4L.45

The modelling results for site 4L45 can be summarised as follows:

e The pH of the effluent will initially be acidic, but will reach neutral or near-
neutral values within a period of 20 years.

e The major cation concentrations will remain at elevated levels for more than 50
years. [The current modelling was performed for a period of 50 years. During
this period, there was no decrease in the concentrations of the major cations.]

e A continuous flow of high salt (SO4%) exists for a period of at least 50 years.
There are major fluctuations in the production rate of salt, but the load remains at
elevated levels and will return to previous maximum levels after a 50 year
modelling period.

e Traditional rehabilitation methods should be reconsidered in view of the
understanding that the controlling reactions are dissolution reactions rather than
redox reactions. For example, the reaction whereby potassium feldspar is
transformed to kaolinite is one of the dominant neutralization reactions. The latter
is a typical example of a dissolution reaction. Volumetrically there is an
abundance of feldspar compared to pyrite. The weathering of pyrite is an example
of an oxidation reaction.
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6.8.2 Site 4L29

The predictive geochemical modelling results for site 4L29 indicated that the pH
would initially vary between 2.5 and 4.5. These acid conditions would prevail for the
first 15 years (Figure 6.11). Following the initial period of acidic conditions, the pH
returns to neutral.
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Figure 6.11 pH profile at site 4L29 (0.25 % pyrite).
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Figure 6.12 Mineral solubility profile for Na-rich minerals at site 4L.29 (0.25%
pyrite).
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The calculated mineral solubility diagram (Figure 6.13) indicates that no Na-rich
mineral species would become saturated. Thus, Na-rich minerals would not
precipitate in zone A at this specific locality. However, the water quality will
deteriorate continuously, especially in terms of the sulphate content. Other species,
such as heavy metals, do not pose a problem.
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Figure 6.13 Compositional diagram showing fluid species concentration over
time at site 4L.29 (0.25% pyrite).

The abovementioned results were calculated for a sulphide mineral content of 0.25 %
of the total modal proportions. Should the sulphide mineral content be raised to a
value of 1.0%, the physico-chemical scenario would change drastically. The pH
would remain at acidic values for the initial 50-year period (Figure 6.14). Initial pH
levels are much lower compared to the monitoring data, which suggest that the higher
sulphide content scenario is not applicable to site 6L.19. Because of the decreased pH
values, the solubility of mineral species would also be affected (Figure 6.15 and 6.16).
Smectite (~NaCaKMgFeAlSi4O,o(OH),) would precipitate after 15 years and would
continue to precipitate. Other mineral species, such as albite and sulphate-salts would
become saturated after 25 years (Figure 6.17). Sulphate potentially poses a problem,
should the modal sulphide content increase. Other chemical species, such as Al*" are
raised (Figure 25).
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Figure 6.14 pH profile at site 4L29 (1.0% pyrite).
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Figure 6.15 Mineral solubility profile for Na-rich minerals at site 4L.29 (1.0 %

pyrite).
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Figure 6.16  Mineral solubility profile for Na-rich minerals at site 4L.29 (1.0%
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Figure 6.17 Compositional diagram showing fluid species concentration over

time at site 4L.29 (1.0% pyrite)
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6.8.3 Site6L19

The predictive geochemical modelling results for zone A at this site indicated that the
results are very similar to that of site 4L29. The pH would initially vary between 2
and 5. These acid conditions would prevail for the first 35 years (Figure 6.18).
Following the initial period of acidic conditions, the pH returns to neutral.

pH
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Figure 6.18 pH profile at site 6L19 (0.25 % pyrite).
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Figure 6.19 Mineral solubility profile for Na-rich minerals at site 6L19 (0.25%
pyrite).

The calculated mineral solubility diagram (Figure 6.19) indicates that no Na-rich
mineral species would become saturated. Thus, Na-rich minerals would not
precipitate at this specific locality. However, the water quality will deteriorate
continuously especially in terms of the sulphate content (Figure 6.20), despite an
apparent improvement after 25 years. Other species, such as heavy metals, do not
pose a problem.
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Figure 6.20 Compositional diagram showing fluid species concentration over
time at site 6L.19 (0.25% pyrite).

The above mentioned results were calculated for a sulphide mineral content of 0.25 %
of the total modal proportions. Should the sulphide mineral content be raised to a
value of 1.0%, the physico-chemical scenario would change drastically. The pH
would remain at acidic values for the initial 50 year period. Initial pH levels are much
lower compared to the monitoring data, which suggest that the higher sulphide content
scenario is not applicable to site 6L19. Because of the decreased pH values, the
solubility of mineral species would also be affected. Smectite would precipitate after
15 years and would continue to precipitate. Other mineral species, such as albite and
sulphate-salts would become saturated after 25 years. Sulphate potentially poses a
problem, should the modal sulphide content increase. Other chemical species, such as
AP’" are raised, probably due to vermiculitization.

6.9 DISCUSSION OF THE BASE CASE RESULTS

6.9.1 Uncertainty in geochemical modelling results

Calculation of predictive geochemical modelling results invariably introduces
uncertainty about the accuracy of the results. In order to evaluate sources of error in
the study, a number of questions should be considered. Firstly, the number of
chemical species and minerals contained in the dataset, as well as the number of
analyses in the dataset, should be sufficient. The current study was supported by a set
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of analytical results that are both representative and sufficient in terms of number of
analyses. This is apparent when comparing the number of analyses per volume of soil
in relation to other geochemical studies that have been performed elsewhere. The
equation used to evaluate the number of samples takes the form (after Walpole, 1982):

n :(Za/zo'/e)2

where Z = the two tailed value of the standardized normal deviate associated with the
desired level of confidence, ¢ = the preliminary estimate of the standard deviation,
and e = the acceptable error (half the acceptable confidence interval);

However, if any error were to be introduced, the modal proportion of mineral phases
present would be most sensitive towards the introduction of errors as was also pointed
out in the sensitivity analyses. Secondly, the thermodynamic dataset should contain all
the species that are important in the study. The thermodynamic data that were used in
the current investigation formed part of the most comprehensive and up-to-date set
available (Johnson et al., 1991). The thermodynamic database has been customized
and manually updated on a regular basis. Thirdly, the manner in which the minerals
were treated in terms of equilibrium and kinetic reactions appear to have been realistic
as indicated by the response of the system under conditions that tested the continuum
model. Most importantly, the conceptual geochemical model that has been used
appears to be realistic and representative. This is corroborated by the similarity
between the predictive modelling results and the monitoring data.

6.9.2 Comparison of the effect of physical variation
Soil Type

The three sites that form the focus of this investigation represent two different
underlying lithologies, namely the siliciclastic rocks of the Witwatersrand Supergroup
and the dolomitic rocks of the Transvaal Supergroup. Both these lithologies are
weather resistant, thus giving rise to a poorly developed soil profile. The existing
profile is thus mainly the result of sedimentation of aeolian (wind-transported)
material. The general similarity in the textural and compositional parameters of the
various soil profiles confirms the model for the formation of these soil profiles. Thus,
variations in the quality of seepage emanating from the various localities could not be
ascribed to a variation in soil type. Instead the composition of the overlying tailings
material appears to dictate the seepage quality.

Mineralogy

The modal distribution of minerals in the soils is the most significant parameter that
controls the quality of seepage emanating from the soils. The water quality is
primarily dependant on the type of water — rock interactions that are taking place, as
well as the scale on which these reactions are taking place. The variations in the
morphology of the soil profiles are dictated by the mineralogy. Other parameters may
displace the profiles by shortening, expanding or smoothing the curve, but the
fundamental shape of the curve remains.
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Flow rate

The effect of a variation in flow has been shown in the section that deals with the
sensitivity analyses. The proximity of the three sites that form the core of the current
investigation did not allow for major variations in terms of rainfall, evaporation and
evapotranspiration, as well as other climatic conditions. However, the sensitivity
analyses has pointed out that a variation in flow rate has a smoothing effect on the
concentration curves, as well as a possible dilution effect on the load emanating from
the contaminated sites.

6.10 SUMMARY AND CONCLUSIONS

The most significant fact emanating from the predictive geochemical modelling of
seepage leaching from soils underneath mine tailings facilities is the understanding
that the composition of the seepage is dominated by the mineralogical composition of
the soils. The profiles clearly indicate when a specific mineral has ended its role in
controlling the pH, or any of the other internal thermodynamic parameters.
Furthermore, the time required for the seepage to return to near-neutral conditions is
usually less than 35 years. However, the disconcerting observation is the high
concentrations of sulphate and other dissolved species in the seepage. In many
instances the sulphate load remained at elevated levels, indicating that the actual
cumulative salt loads are high. Apart from the sulphate molecule, no other ionic
species seem to pose a serious threat to the environment.

In a few instances the sulphate concentration decreases, after which there is a second
marked increase. Such seemingly erratic behavioural patterns are directly related to
the dissolution and precipitation of mineral species. The only mineral phases that
precipitate from solution are the sulphate group of minerals, in particular alunite,
gypsum and anhydrite.
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7 REHABILITATION SCENARIOS
7.1 INTRODUCTION

The various rehabilitation scenarios were considered by comparing the predicted
concentration of effluents emanating from these options. The quality of effluent was
predicted by employing geochemical modelling techniques, similar to those used for
the Base Case scenario. Predictive geochemical modelling results enable the direct
comparison of the technical features that are characteristic of each rehabilitation
option.

The approach that was followed involved all the sites that were investigated as part of
the study. Each of the various sites were modelled in terms of the different
rehabilitation options. The general findings of these predictive modelling exercises are
presented in the following sections, together with selected profiles. The various
rehabilitation scenarios considered are believed to be the selection that represents the
most commonly implemented options. Although the hypothetical scenarios contain a
degree of simplification, the overall characteristics are contained in the simulations.

7.2 REMOVAL OF THE SOURCE TERM

The model considers the removal of a topsoil layer of approximately 30 to 50 cm,
which contains, as a rule, the most contaminated material. The latter material would
be removed from site and either be treated or being disposed off in a controlled waste
disposal site or on an alternative tailings residue deposit. The most important features
from a geochemical perspective are the following:

e Salt load would be a function of the inherent characteristics of the lower soil
horizons;

e pH values remain at near-neutral conditions;

e Precipitation of secondary minerals do not pose a problem.

Despite the fact that the source of contamination was removed, the history of a
continued fluid flow ensured the migration of contaminants into deeper layers, which
acts as a source of pollution. However, poor effluent quality returned to near neutral
pH conditions and precipitation of secondary minerals as terminated within a relative
short period. The more salient features of this rehabilitation option are depicted in
Figure 7.1.

The removal of the source term is clearly one of the most desirable options. The pH
values recover within a very short period, whereas the sulphate concentration remains
at relatively low levels.
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Figure 7.1  Compositional characteristics of the Source Removal rehabilitation

option.
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7.3  MINIMIZATION OF INFILTRATION

The flow of water into the underlying soils would be limited by effective covering of
the surface. Such covers may include the construction of parking lots, building of
factories or urban development. The source of contamination in the soils in the
footprint would not be removed, but the effective flow through the contaminated soils
would be restricted, resulting in the containment of contaminants. The main effects of
such an inhibition of infiltration would be:

e High salt load;
e Low initial pH conditions;
¢ Initial precipitation of secondary minerals.

The predictive geochemical characteristics are summarized in Figure 7.2. It is clear
that the pH require a longer period to recover, compared to the rehabilitation option
where the source term is removed. The minimization of infiltration certainly has a
positive effect on the quality of seepage emanating from the footprint environment.
The question that remains is whether it is a preferred option to keep the pollutants
within the confines of the footprint of the tailings environment or alternatively to
leach the pollutants away from the source into the surrounding aquifer.
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rehabilitation option.
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7.4  PADDOCKING

A system of paddocks would increase infiltration into the underlying soils and would
therefore have a significant effect on the enhanced migration and dispersion of
pollutants into the deeper aquifer environment, as well as the lateral displacement of
contaminants through groundwater. The effect of paddocking would be the effective
enhancement of the leaching of contaminants away from the source. Paddocking has
the following important effects on the dissipation of pollution from the source:

e Contaminants are being diluted due to a relative high infiltration rate;

e Secondary mineral precipitation does not pose a problem because of flushing of
the system;

e pH levels remain acidic for a significant period.

The geochemical characteristics of paddocking as a rehabilitation option are depicted
in Figure 7.3. The paddocking system really refer to a maximize infiltration into the
footprint. The profiles clearly indicate the flushing effect by means of very little
precipitation and relative quick recovery of the pH to near neutral conditions. The
sulphate concentration appears to recover relatively quickly to background values.
However, the calculated loads are extremely high over a very short period. Thus what
apparently appears as an attractive option, really poses a potentially significant
environmental problem.
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7.5 IN SITUTREATMENT

An array of in situ rehabilitation techniques are available, which all have a common
result, namely the reduction of contaminant concentration in the pollution source.
Thus, the geohydrological properties of the various soil layers are considered, but the
chemical contribution differs compared to the option that deals with the total removal
of the source term, and is a function of the specific method employed. As such, these
alternatives would have to be dealt with on an individual basis.

It is generally found that soil transmission rate characteristics are approximately
lognormal or very skewed in their distribution, whereas soil capacity retention
characteristics are more normally distributed. It follows that the preferred manner to
treat these scenarios is to use statistical averages as input data rather than single
values. The definition of input data is exceedingly important in in situ scenarios,
mainly because of the difference in behaviour among the various chemical species.
Simple anions such as nitrate and chloride are not absorbed to soil, which often bears
a negative electric charge on its clay surfaces, and are therefore effectively excluded
from a certain fraction of the liquid volume. There are a number of other aspects of
chemical transport, which can be important in certain situations, or with particular
types of chemicals. During the transport through the soil profile chemicals may react
with exchangeable ions or other chemicals to form products with different solubilities
and adsorption products.

7.6 DISCUSSION

In general, the following conclusions could be drawn from the predictive geochemical
modelling exercises for the various management options.

Minimization of infiltration:

The inhibition of infiltrating fluids would bring about an increased precipitation of
secondary minerals due to the increased concentration of chemical species per volume
water. Furthermore, the pH values would plunge to very low levels and would take
quite a while to recover, in comparison to the other modelled scenarios. The sulphate
concentration in the effluent would remain relatively low. However, due to the low
flow rates the sulphate concentration have difficulty in returning to background level,
and remain at elevated levels for the remaining modelling period. Although the
concentration may be relatively low, the cumulative load for the duration of the
modelling period will be similar to the other management scenarios. Relative low
concentrations of sulphate emanating from the soils should therefore not be confused
with a low salt load being produced.

Paddocking:

The term paddocking refers to the containment of precipitation and operational fluids
within the confined space of the residue deposit. Thus, for all practical purposes,
paddocking refer to a scenario where maximum infiltration of fluids into the polluted
area are being allowed. The behaviour of the sulphate concentration profile show that
the peak concentration is reached soon after the start, when values of an order of
magnitude greater than those predicted for the minimum infiltration scenario, are
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experienced. The precipitation of secondary mineral phases last for a very short period
and the pH levels do not reach acidic values similar to the previously mentioned
scenario. The question remains, however, whether it is preferable to leach the
pollutant out of the confinements of the system, or whether the chemical species
should remain near the concentrated source, i.e. at the footprint of the residue deposit.
Rehabilitation should be adjusted accordingly, but clarity on this issue is essential.

Source term removal:

During the removal of the source term the source of pollutants are taken out of the
equation. The effect of such action is clearly demonstrated in the pH profile, which
recovers to near neutral conditions within a much shorter period compared to the other
rehabilitation options. The sulphate profile appears to be similar in shape, compared
to the minimum infiltration profile. The similarity is probably because of the signature
of the soil profile being reflected in the concentration profiles, rather that the actual
effluent emanating from the residue deposit.

In comparison, the various modelled scenarios form mainly two opposing alternatives,
i.e. those that result in the pollutant remaining within the confines of the residue
deposit area, and those in which the pollutants are transported to the deeper aquifer,
away from the source. The preferred management option would depend on a decision
whether containment or dilution and migration of pollutants would be the desired
option. Alternative management strategies, such as in situ treatment of pollutant
would require similar criteria in order to decide on its feasibility as a rehabilitation
option.
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8 RISK ASSESSMENT

8.1 INTRODUCTION

The most effective method of addressing the problems that are associated with
reclaimed mine residue deposits, would be to follow a path of evaluating the various
risks that are associated and to address these risks in order of significance. In terms of
contaminated land, risk to the environment can be regarded as being comprised of the
following components:

e Source: contaminated substance with the potential to cause harm;

e Pathway: a route by which a receptor could be exposed to, or affected by the
contaminated substances;

e Receptor: a particular entity that is being adversely affected by the contaminated
substance.

In the context of this document the source of pollution would be represented by the
remaining tailings material, which may be left behind on reclaimed mine residue sites,
as well as the top 30 to 50 cm of soil, which contains the bulk of contaminants that
have been leached from the overlying material during the life of the residue deposit.
The vadoze zone through which the water migrates and in which additional pollutants
are being scavenged during water — rock interactions, would represent the pathway
component. The receptor would be represented by the deeper aquifer in which the
contaminants are being collected. The lateral distribution of pollution plumes takes
place in the groundwater environment, thus, the geohydrological flow conditions
determine the migration of the pollution plume away from the source of
contamination.

In view of the above, the process of risk assessment could be defined as an evaluation
of the probability of harm, and in context of contaminated land, is concerned with the
gathering and interpreting of information on the characteristics of sources, pathways
and receptors at a specific site and understanding the uncertainties inherent to the
ensuing assessment of the risk. The requirements of the risk assessment set the scope
of a site investigation and, together, these activities form the scientific part of the
contaminated land investigation. In practice, this involves characterization of the
environmental chemistry of the contaminants, relevant properties of the soils
encountered and the wider site characteristics that influence contaminant fate and
transport.

8.1.1 Development of methodology

The methodology that was followed during this investigation for contaminated land
risk assessment can be categorized as being quantitative in its approach. During the
technical phase of the project an extensive analytical database was compiled which
allowed for rigorous data manipulation. Such data manipulation brought about an
understanding of the processes involved as well as the sensitive parameters that
dictates the behaviour of the system. A qualitative assessment of risk is sufficient to
identify the key issues at a contaminated site, providing it includes the full range of
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contaminants encountered, takes account of the direct and indirect exposure pathways
and considers relevant receptors on and off site. Where the source — pathway —
receptor linkage is established, the qualitative approach can usefully provide an initial
ranking of risks as insignificant, low, medium and high, depending on the site-specific
factors.

8.1.2 Source, pathway and receptor characteristics

The chemical, physical and, where applicable, the geographic characteristics of the
various pathways are described in detail in previous sections of the report. In terms of
the risk assessment of these various domains, the following:

e Source - the risk associated with the source of contamination is mainly dependent
on the mineralogical composition of the material. The importance of mineralogy
and the understanding thereof cannot be overestimated, since it is the core of
environmental impact problems;

e Pathway - the impact of the pathway is dependant on the nature of the fluid flow
through these pathways. For example, a steady matrix flow would yield
dramatically different results in terms of available reaction time for water — rock
interaction compared to vertical fracture flow along the cracks that have
developed in the clayey soils.

e Receptor — the characteristics of the receptor is the largest unknown in this
particular risk assessment process. However, the quantification of environmental
impact parameters did not form part of the current investigation.

8.2 RISK ASSESSMENT OF REHABILITATION OPTIONS

Risk assessment associated with geochemical modelling traditionally centres around
the treatment of various parameters that form an important part of the iterative
calculation process. The latter type of risk assessment forms the subject of numerous
publications and would not be repeated here. For the purpose of this investigation, it
was decided to develop a risk profile that would be unique for the system that is being
modelled. Such a profile would provide the reader with knowledge regarding the
aspects that should be considered and which are significant risk factors in terms of
reclaimed mine residue deposits.

e The most important cause for concern in reclaimed residue deposits is the
remaining tailings material on the site. Incomplete clean-up operations are a
common feature, which should be attended to. Any remaining unreacted material,
in particular sulphidic material, poses an environmental hazard. Acid mine
drainage, which stems from the oxidation of sulphide minerals, is still regarded as
the most damaging environmental problem associated with mining. The
significance of high modal proportions of sulphide material in the remaining
residue material is corroborated by the sensitivity analyses. The chances of
encountering unreacted sulphidic material in the centre of residue deposits are
good, since oxygen does not enter residue tailings facilities readily. The latter
statement is confirmed by the variation in redox conditions measured across the
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footprint of a residue deposit, as well as the lack of changing conditions along a
vertical profile through the tailings facility.

e Secondly, the underlying geology on which the residue deposit was situated
dictates the extent of pollution migration. Two aspects that are both directly
related to the geology are the textural nature of the soil and the grain size
distribution. The soils that are derived from carbonaceous dolomitic material
would be distinctly different compared to the soils that are derived from
siliciclastic rocks. However, the soils in the Witwatersrand area do not show a
large degree of variation due to their acolian origin.

e An important risk factor that should be considered in a risk assessment would be
the textural nature of the soils. The soil texture influences the flow of
contaminants into the deeper aquifer. Furthermore, the soil texture plays an
important role in the remediation of contaminated areas. If soils have relative
high clay content, the interaction between solvents and soil would be less
efficient.

e A second parameter, which is closely related to the previous point, is the
significance of grain size distribution to the problem of pollution migration. Apart
from the fact that grain size distribution has an influence on the flow of water
through the matrix, it also dictates the available surface reaction area together
with parameters that facilitate chemical interactions.

e Thirdly, the intensity of flow through the system is an important parameter that
dictates the extent of pollution migration. The conditions that dictate flow, apart
from the inherent characteristics of the soils and rocks, are the climatic
conditions, as well as the type of rehabilitation option that was selected. For
example, a reclaimed mine residue deposit in Gauteng would be flushed at a
much faster rate, compared to a tailings facility in the Northern Cape, because of
the difference in rainfall. Should a paddocking system be in place on a reclaimed
mine residue deposit, the infiltration rate into the soil would be significantly
higher due to the nature of the system configuration.

In general, the above-mentioned factors are the most significant considerations in a
risk assessment study of a particular site. It is important to notice that the common
denominator in these risk factors is the dependence of the system on the modal
mineralogy. It is imperative that risk management systems should incorporate
mineralogical considerations in their strategic outlook. A detailed mineralogical
account should thus be kept from inception until that reclaimed residue deposit has
been rehabilitated.

Table 8.1 provides a summary of the risk assessment of the various rehabilitation
options. It should be stressed that this summary represents a qualitative assessment at
a conceptual level. Site-specific variation in physical characteristics could have a
marked influence on the resultant risk assigned to individual aspects.
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Table 8.1 Summary of risk assessment for the various rehabilitation options

Description

Legend: resultant risk
L = low

M = medium

H high

Base Case

Removal of the source term

Amelioration of soils

Paddocking
In situ treatment options

Selected range of contaminants could be disposed

Contaminants are not completely removed

Contaminants are contained in a small area

Long-term rehabilitation of the site

Technique does not offers advantages of improving
ground conditions

Surface areas are sterilized in terms of future use

Need to consider contingency liability and insurance
implications

Possible long-term restrictions on use of site

Limited understanding of long-term integrity
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 GENERAL

A number of sites have been investigated as part of this investigation, although
detailed research focussed on only three sites. These three sites were representative in
terms of data collected, in particular the geotechnical characteristics of the underlying
soils and rocks. The findings of the various aspects are discussed within separate
sections.

In general, the outcome of this investigation recommends a change in the technical
approach to evaluating and remediating contaminated land. The introduction of a risk
assessment approach, a phased and chemically orientated approach to site
investigation, and the selection of remediating strategies from a number of
technologies are all intrinsic components in the rehabilitation of these areas.

From a technical viewpoint, the complexity of evaluating the degree and extent of
contamination became evident during the current investigation, demonstrating that a
simplistic approach is inadequate. The approach presented in this document addresses
the key processes that are active underneath mine residue deposits and takes account
of the availability and pathways of key contaminants. The link has also been made
between the soil and water environments so that contaminated land assessment and
remediation should succeed in addressing all potential impacts in one overall risk-
based approach. Awareness of the rapidly developing technological base is required,
whether in investigation, risk assessment or remediation.

The primary aims of remediation of contaminated land is the reduction of the actual or
potential threat to the environment, as well as the reduction in risks associated with
unacceptable levels of contamination. Rehabilitation is achieved by undertaking one
or more of the following:

e Removal or destruction of the contaminants.

e  Modification of the contaminants to a less mobile or reactive form.

e Isolation of the contaminant from the target by interrupting the exposure
pathway.

Identifying the most appropriate method for rehabilitation of a given site is a difficult
process and requires consideration of a number of factors. These include process
applicability, effectiveness and costs, process development status and availability and
operational requirements. Additional factors to be considered are process limitations,
monitoring needs, potential environmental impact, health and safety needs and post-
management requirements. The amount of information that is required for an effective
appraisal of available options is considerable and may, in many situations, not be
available. It is pertinent to note that the details of a site investigation needed to
determine that a site is contaminated and requires rehabilitation is generally not
sufficient to identify what rehabilitation option would be most effective.

During the rehabilitation process, adequate quality control measures are needed to
ensure that the methodology conforms to specification or that treatment targets have
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been achieved. By implication, this requires environmental monitoring while
rehabilitation is in progress. In addition, upon completion of the rehabilitation,
additional monitoring and management activities may be necessary, in particular, if
contamination remains in any form on the site.

In terms of recommendations to address future challenges, the following aspects

should be considered:

e A risk assessment approach in dealing with contaminated land seems to have been
accepted as the preferred route. However, the future aim should be to quantify the
associated risks in a numerical manner;

e Considerable scope exist for research into the behaviour of pollutants in terms of
their availability, mobility and impact upon specific targets, as well as the
development of existing and new rehabilitation techniques;

e Public participation should become an integral part of rehabilitation strategies in
terms of funding;

e Address legislative issues regarding identification of the polluter, the pollution
that may be caused, and agreement on adequate treatment options for individual
sites.

The ideal situation would be to eliminate the need for rehabilitation of contaminated
land. In striving towards this goal, improved control is required. The challenges facing
those involved in environmental rehabilitation of reclaimed mine residue deposits are
daunting and complacency must be avoided.

9.2 TECHNICAL ASPECTS

The following conclusions may be drawn in terms of technical aspects relating to this
project:

e Geochemical modelling provides semi-quantitative information that enables an
informed decision to be made in terms of the strategic planning involving the
appropriate rehabilitation method.

e The accuracy of the geochemical modelling depends on the quality of the
calibration of the geochemical modelling routine, as well as the quality of the
input data.

e The appropriate rehabilitation option is site specific and depends on an array of
parameters including:

Soil conditions (i.e. infiltration rate, permeability & porosity).

Mineralogy of the very top layer of soil (i.e. the top 0.5 m of soil).

Whether the tailings material has been removed completely or partially.
Climatic conditions (i.e. thunderstorms in Highveld vs dry climate in Northern
Cape).

The availability of transport for the removal of contaminated soil.

e The proximity of waste disposal site.

e The crucial decision in the rehabilitation of mine residue deposits is whether it is
more desirable to remove the contaminants from site e.g. by flushing of the system
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or whether it is preferred to contain the pollutants on site by minimizing the
infiltration into the contaminated site. The extreme scenarios refer to the
paddocking versus minimizing infiltration by paving situations. These are site-
specific decisions.

e The most crucial parameter involves a thorough understanding of the unsaturated
flow conditions in the vicinity of the residue deposit. Such a geohydrological
study should initially be combined with a semi-quantitative geochemical transport
modelling exercise in order to address the chemical behaviour of the pollutants.
An understanding of the sequence of mineral precipitation and knowledge of the
nature of the minerals that would precipitate is of value to the ultimate decision
and design of a rehabilitation option. It should be stated unequivocally that
geochemical modelling complements geohydrological modelling — it is not good
enough to understand where the effluent is flowing, but one also needs to
understand the changing chemical behaviour of the effluent along the flow path.

e The examples or case studies listed as part of this exercise are representative of
the most common scenarios. However, the results should not be extrapolated and
generalized, as the combination of characteristic parameters for each site defines a
unique scenario that deserves a unique rehabilitation approach.

9.3 RECOMMENDATIONS

Radionuclides were not specifically focused on during this investigation. Mining
industry assessments of the radiological impact of gold mining have already shown
that uranium and radium-226 (and, for fish consumption, lead-210) are the only
radionuclides likely to have any significant environmental/health impact via water
pathways (Pers. Comm. Dr. D Wymer, Chamber of Mines). Given their long
radiological half-lives, the relevant uranium and lead isotopes can be treated as heavy
metals with known toxicities for the purposes of assessing their potential
environmental/health impacts. Further work on the mobility and transport pathways of
uranium and lead-210 in the footprint environment, as with any other heavy metals,
would most likely need to be site-specific. Radium-226 might however need further
consideration. Because of its low mobility, it is likely to remain on site where it may
potentially give rise to increased radon exposure in homes built on the site.

The generic case studies on the Witwatersrand Supergroup and Karoo Supergroup has
shown that there is adequate reason to believe that the underlying geology plays a
major role in the behaviour of contaminants in the vadose zone. It has also been
demonstrated that sites overlying the same geological environment may show
significant differences, mainly as a function of the soil forms that occur on these sites.
Further generic research based on the underlying geology may therefore not yield
additional information, due to the site specificity demonstrated here. It is therefore
recommended that any additional work should be on a site-specific basis, for the
specific purpose of identifying the most appropriate rehabilitation option for the
individual sites. The basic methodology as outlined in the companion document to
this report (Guidance for the rehabilitation of contaminated footprints underlying
reclaimed gold tailings dams) should be used in this regard.
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Other related WRC reports available:

A preliminary assessment of pollution contained in the unsaturated and saturated
zone beneath reclaimed gold-mine residue depasits

T Rosner, R Boer, R Reyneke, P Aucamp and J Vermaak

Water pollution is an increasingly important socio-economic issue in South Africa.
Experience overseas has shown that the costs involved in the remediation of large-scale
poliuted areas are far too high, owing to too large quantities of contaminated matenal being
treated. The uncontrolled release of acid mine drainage (AMD) as a direct result of poor
operational management is unequivocally the single most important impact of mining
activities on the environment.

A number of tailings dams (approximately 70) in the Gauteng Province are being reclaimed
and reprocessed in order to extract gold still present in economically viable concentrations
in the tailings material. Once the tailings material has been removed, the land has a
certain potential for land development. But it is important to take into account that the
reclaimed tailings material leaves a contaminated footprint on the subsurface and the
land situated in the prevailing wind direction has also been affected by the deposition
of wind-blown tailings material.

The current contamination impact was assessed by comparing extractable element
specific ratios to the total concentration contained in the solid phase (mobility, bio-availability).

The future contamination impact was assessed by implementing a geochemical load
index, which classifies various poliution levels into six classes.
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