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Executive Summary

1. INTRODUCTION

Opencast mining has become increasingly attractive as an economical coal recovery
technique over the past decades. Several large opencast collieries are in operation on the
Eastern Transvaal Highveld. These mining operations result in substantial disturbance of
the natural hydrological cycle in the mining area. Opencast mining operations are also
known to contribute a substantial salt, specifically sulphate load, to impoundments on the
Eastern Transvaal Highveld. A recent water quality management study indicated that
opencast mining contributes approximately 67% of the total sulphate load discharged to
Witbank Dam.

Although numerous research projects have been launched to investigate various aspects
of acid mine draining and saline water generation by collieries, no integrated model
currently exists which can reliably predict the total mine water volume and quality from an
opencast mine. Colliery management needs a predictive tool to analyse different mine
water management options. A water and water quality model for an opencast mine would
be an indispensable tool in arriving at the optimum mine water management strategy for a
specific mine. The model must however be versatile enough to allow re-assessment of
the mine water system after any change in the mining plan, which occurs periodically.

The principle aim of the research project is to formulate and develop an integrated water
quality model which can be used to predict water flow and a number of water quality
variables on any opencast mining operation. The following specific objectives were
identified for the project:

• Development of a model which can be used to predict the water balance on an
opencast mining operation including runoff, seepage and groundwater
recharge.

• Development of a model which can be applied to any opencast mining
environment with any combination of catchment areas, opencast pits, spoil
areas, waste rock dumps, etc.

• The model must be able to simulate water flow and water quality from an
opencast mine over the entire life of the mine. It must be sufficiently versatile
to allow the simulation to be conducted with any time series input of daily or
monthly rainfall and runoff.

• The model must be able to predict a number of water quality variables at any
selected point within the mine water circuits. The selected water quality
variables include TDS (or any other conservative element), sulphate and pH.
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2. GENERAL CHARACTERISTICS OF MINING SPOILS

Spoils material presents a complex granular medium for the migration of water. The water
flow is typically described as pseudo-karst, with preferential flow paths playing a
significant role. A certain minimum moisture content has to be satisfied before flow can be
initiated. It is also common to observe incomplete wetting of spoils subjected to rainfall
recharge from the surface. The mathematical description of water migration through
spoils has up to now been mainly by empirical methods.

Pynte (FeS2) is a common mineral in coal mining spoils and weathers to produce iron,
sulphate and acidity products. The two main mechanisms of pyrite oxidation are
summarised below:

FeS2 + 3V4O2 + H2O - * Fe2* + 2 SO.2" + 2HT

FeS2 + 14Fe3* + 8H2O -> 15Fe2* + 2 SO,2" + 16H*

The further oxidation of the ferrous iron is recognised as the rate limiting reaction in the
overall pyrite oxidation process:

14Fe2* + 14H* + 31/2O2 -> 14Fe3* + 7H2O

Several more complex models of the oxidation of pynte and associated minerals such as
pyrrhotite have been developed.

Numerous mathematical models have been developed to predict the kinetics of pyrite
oxidation in a spoils environment. Most models recognise the mass transfer (diffusion)
and kinetic (chemical reaction) limitations and the sensitivity to the presence of an oxidant
(oxygen and/or ferric iron). A shnnking-core type representation of the spoils particle
within which pyrite oxidation takes place is commonly employed. Field observations of
pyrite oxidation rates compared to the laboratory measurements under ideal conditions
are very different. Field observations of pyrite oxidation rates indicate that severe
limitations exist with respect to the transfer of oxidant (O-JFe3*) into the spoils, transfer of
the oxidation products from the spoils and the availability of a transport medium (water) to
flush the oxidation products from the spoils.

A number of different minerals can participate in the neutralisation of pyrite oxidation
products. The most common neutralising minerals include calcite, magnesite and
dolomite. Feldspars also contribute to the neutralisation of acidity, but are generally slow
reacting. The typical neutralisation reactions involving dolomite are summansed
hereunder:

CaMg(CO3)2 + 4hT -+ Ca2* + Mg2* + 2H2CO3 at pH < 6.2

2CaMg(CO3)j + 4H* -+ 2Ca2* + 2Mg2* + 4HCO3 at pH > 6.2

The neutralisation kinetics are complicated and depends on numerous factors. Calcite
dissolution rate is very sensitive to pH and the rate increases rapidly at pH < 5. The total
neutralisation potential may also not be effectively available for reacting with pyrite
oxidation products. Estimates of the available neutralisation capacity indicated that only
20 - 30% of the total carbonate minerals may actually participate in these reactions.

The chemistry of spoils water is influence by a large number of ionic species including:

• Acidity, [H+] and alkalinity, [OH], [HCCV], [CO3
2]
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• Gaseous species, [OJ, [H2CO3"]r [COJ

• Iron, [Fe2*], [Fe3!

• Major cationic species, [Ca2*], [Mg2*]

• Major anionic species. [SO*2']

The presence of ionic species is influenced by the formation of soluble complexes,
precipitation as insoluble salts, oxidation and reduction reactions. The redox potential in
the spoils environment determines the relative concentration of ferrous and feme iron.
Iron forms many different sulphate and hydroxide complexes. Iron precipitates may
include melantente, jarosite and ferric hydroxide and influence the presence of dtssoived
iron species, The presence of carbonate and bicarbonate at different carbon dioxide
partial pressures dominates the resultant pH and buffer capacity of the spoils water.

Microbial action can accelerate the pyrite oxidation process. This typically involves two
bactenal species, Thiobacillus ferro-oxidans and Thiobacillus thiooxidans. Microbial
catalysis can increase the ferrous iron and pyrite oxidation rates by several orders of
magnitude. Microbial action is sensitive to environmental conditions with optimum
temperatures of 25-35°C. optimum pH of 2,5 - 4,5 and a minimum requirement for
dissolved oxygen of more than 0,01 atm partial pressure.

Migration of oxygen in an unsaturated porous medium takes place in a number of
different ways. These mechanisms of oxygen transport can be broadly classified into:

• oxygen transport via the water infiltration into the porous media.

• barometric pumping occurring due to fluctuations in atmospheric pressure.
Atmospheric pressure changes are seldom more than 5 - 10%. In accordance
with the ideal gas laws, movement of atmospheric constituents due to
barometric pumping would typically be less than 50-100 mm, per metre depth
of porous media.

• convective transport of oxygen under conditions created by, for example
burning spoils.

• successive cycles of wetting and drying can also act as a mechanism for the
transport of oxygen into a body of porous spoils. Wetting results in the
displacement of air contained in the porous media. Drying results in ingress of
air from the surrounding atmosphere into the porous spoils. These successive
cycles occur over a long time scale, compared to the other oxygen transport
mechanisms.

• advective transport of oxygen may also take place depending on several
factors including wind patterns, geometry of the spoil/discard dump, local
topography, grading within the dump and the effect of coal burning on or within
the spoils body.

Diffusion is considered to be the main transport mechanisms supplying oxygen for pyrite
oxidation processes to the interior of the opencast mine spoils body. A number of
mathematical models have been developed to simulate the diffusion of oxygen into a
homogeneous spoils body containing reactive pyrite minerals. These models are based
on the assumption that oxygen is the rate limiting reactant, pyrite oxidation rate is much
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faster than the oxygen supply to the pyrite oxidation sites and that a uniform distnbution of
pynte exist throughout the spoils body.

3. HYDROLOGICAL ASPECTS OF MINE WATER SYSTEMS

Opencast mining operations extensively disturb the natural environment. The drainage
characteristics of the natural surfaces are modified accordingly. Runoff simulation on a
mine complex has to cater for a number of different surface types, including:

• natural pre-mined surface

• pit slopes and floor

• access ramps

• overburden spoil heaps

• levelled and profiled spoils

• levelled, topsoiled and vegetated spoils

• haul roads

• cultivated lands

The generic opencast mine water mode! can simulate the surface runoff from these
different surface types using one of three different approaches:

• importation of a rainfall/runoff file generated by an independent hydrological
model

• Soil Conservation Services <SCS) model

• Kinematic Flow (KF) model

4. DESCRIPTION OF GENERIC MINE WATER MODEL

The generic mine water model is designed to simulate the water flow and associated
water quality over the operational life of an opencast pit. The simulation is done for a
selected hydrological sequence and operates at a monthly time-step.

The opencast pit is subdivided into a number of individual mining blocks to allow the mine
scheduling to be incorporated into the model. The status of each mining block then
progressively changes from unmined, to prestripped, to mined and eventually to
rehabilitated. The surface runoff and rainfall recharge characteristics of a mining block
changes as its status changes. Each mining block is further subdivided into up to 10
horizontal layers. This allows the simulation of the vertical spatial variation of oxygen and
water migration.

The generic opencast mine water model incorporates the three main sources of water to
a pit water system, including:

• surface runoff from the different natural and disturbed surfaces draining
towards the pit
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• groundwater ingress from the surrounding aquifers which are intersected by
the mining operations

• recharge to the spoils due to the infiltration of rainfall through the rehabilitation
cover

Water storage and accumulation are also catered for in terms of the following features:

• spoils water which may accumulate in pit floor depressions

• surface runoff which may accumulate in depressions formed on the
rehabilitated surface of the spoils body

Water quality algorithms allow the simulation of calcium, magnesium, sulphate, pH,
alkalinity and iron species. The following chemical and geochemical characteristics are
catered for in the model:

• quality of rainfall

• quality of recharge (infiltration) water entering the spoils body

• pyrite oxidation of the spoils body resulting in the release of oxidation products
such as iron, sulphate and acidity

• neutralisation of pyrite oxidation products by dolomite and calcite minerals

• pollution washoff from dirty areas which will be transported by surface runoff

The conceptual flow diagram for the configuration of an opencast mintng operation in
terms of the mode! is shown on Figure A. 1.

4.1 Water flow aspects

The surface runoff is computed using the hydrological models incorporated
into the generic model. These models include the Soil Conservation Services
(SCS) model and the Kinetic Flow (KF) model.

Rainfall recharge to the spoils is calculated on the basis of a seasonal
distribution of infiltration, depending on the type of spoils rehabilitation cover.
Allowance is made for levelled spoils, levelled and topsoiled spoils, levelled
topsoiled and vegetated spoils.

Groundwater inflow to the opencast pit must be specified in terms of a flow per
unit length of high wall or mined pit perimeter.

Water migration through the spoils is of particular importance in the model. A
certain minimum spoils moisture content must be satisfied before the initiation
of seepage to the next spoils layer. The spoils material is charactensed in
terms of a fraction in contact with migrating spoils water (due to the presence
of preferential flow paths). A coarse and five spoils fraction are also defined,
each with different water retention and permeability characteristics. Water then
migrates through successive spoils layers until it finally reaches the pit floor.

All excess water generated in the opencast pit drains to the pit floor sump
before discharge to an external pit water storage facility.
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4.2 Water quality aspects

The water quality of the surface runoff is defined using an algorithm for the
surface generation of pollutants and washoff from polluted surfaces. The
quality of groundwater entering the pit is defined by the model user.

The model simulates the modification of the spoils water quality by a number
of different processes:

• pyrite oxidation which releases oxidation products including iron
(Fe2*), sulphate (SO4

2') and acidity (IT). The pyrite oxidation rate is
calculated on the basis of the local concentration of oxidants (O2

and Fev) and remaining pyrite content.

• Ferrous iron undergo further oxidation depending on the redox
potential in the local spoils environment. The ferrous iron will be
oxidised to feme iron which is an oxidant anc will further stimulate
pyrite oxidation. The redox potential is computed as a function of
the local oxygen concentration in the spoils.

• Acidity generated in the process of pyrite oxidation is neutralised by
carbonate minerals. The spoils typically contains a mix of calcite
and dolomite which is reacted during neutralisation. The
neutralisation process will only proceed if available carbonate
minerals can be mobilised.

The slow pyrite weathering and migration of water through the spoils allow
sufficient time for the application of the principles of chemical equiiibnum. It is
assumed that chemical equilibrium exist between the different ionic species in
solution. Complexes and precipitates form depending on the ionic strength and
relative free concentration of ionic species. The model also keeps an inventory
of the accumulated precipitated salts to allow subsequent resolution if dictated
by the local water chemistry.

CONCLUSIONS AND RECOMMENDATIONS FOR FURTHER RESEARCH

Development of a generic opencast mine water model has confirmed that the water
system is indeed very complex. A large number of mining, hydrological, geochemical and
other vanables have to be taken into consideration. The project also confirmed that quasi-
empirical models and prediction models based on some average rainfall and typical mine
configuration can be very misleading in the prediction of mine water flow and quality.

As the environmental pressures on mining and related operations increase to cut back on
the pollutiorHoad-emanating from such operations, it will become increasingly important to
develop accurate prediction tools to assess the generation of excess polluted water from
opencast mining operations. Opencast mine water systems are further complicated by the
fact that they are open to hydrological influences. This is unlike a closed circuit industrial
process, where the water circuit and balance are typically dictated largely by production
rates. Opencast mining operations will have to take due cognisance of the environmental
risks associated with different hydrological events. The generic model allows such risk
assessment by analysing the response of a mining operation to different hydrological
sequences. This allows one to develop a quantitative understanding of the nsk associated
with extreme rainfall/runoff events.

The generic model can also be used to conduct a sensitivity analysis to develop an
understanding of the response of the opencast mine water system to different variables.
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This allows the mine operator to develop, for example, an understanding of the sensitivity
of excess mine water production to different mining sequences. The benefit associated
with accelerated spoils levelling, topsoiling and vegetation can now be quantified in terms
of a reduction in excess water make. Sensitivity analyses in general confirmed that it is
essential to have reliable information and data on mine scheduling and mine layout,
accurate prediction of runoff associated with a different type of disturbed surfaces, reliable
information on the recharge through the rehabilitation cover into the spoils and the
geochemical characteristics of the spoils, specifically in terms of reactive pyrite and
available carbonate minerals.

The data inputs to the generic opencast mine water model is onerous, but these inputs
are required as minimum to develop a reliable understanding of the mine water system.
The initial use of the model for a specific opencast pit, therefore requires the commitment
of adequate resources and time to prepare the input data. Once the model has been
configured with the available input data, it then becomes very easy to use and it is
possible to look at a number of different mining schedules, rehabilitation strategies,
hydrological sequences, etc. without further substantial input requirements.

The practical application of the model to the mining industry will, however, require further
training and exposure of mining engineers, environmental officers and water system
managers to the model. It is therefore recommended that the Commission gives
consideration to the sponsoring of workshops to expose people to the model, develop
confidence in the application of the model and to form a nuclear user group which can, in
future, assist in the enhancement and refinement of the model.

Consideration should also be given to further research in a number of aspects which we
now understand to be critical in the simulation of an opencast mine water system. These
aspects include the following:

• Runoff generation from surfaces disturbed or modified by opencast mining
operations. A large body of knowledge exists on rainfall/runoff characteristics
for small and large catchments in South Africa The Commission has. in the
past, sponsored the development and verification of these models on different
types of catchments We have applied the best available knowledge to the
generic mine water model. It is, however, appropnate to launch a research
project to confirm the rainfall/runoff characteristics from surfaces, disturbed or
modified by mining. These surfaces include access ramps and ramp slopes,
pit floors, mining spoils in different states and different levels of rehabilitation.

• The recharge (infiltration) of rainfall through the rehabilitation cover into the
spoils material is a dominant influence over the long term in any opencast
mine water system. The Commission has already undertaken research on this
topic and we believe that the research work should be continued,

• There is still a general lack of knowledge on the hydrodynamic characteristics
of different South African spoils materials. The water retention and water flow
characteristics need to be established for a broad spectrum of South African
spoils, using techniques which have been applied with success internationally.
The model had to rely on international experience and this needs to be
extrapolated to South African conditions.

• There is also a general lack of information on the geochemical characteristics
and the geochemical behaviour of South African spoils. It is only in recent
times that static acid based accounting tests and kinetic leach column tests
have been conducted. We need to expand our knowledge to include some full
scale research work on the long term behaviour of spoils material under
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controlled conditions. In general it would appear that the pynte mineral
contained in coal spoils is slowly oxidised and that the pynte oxidation products
are slowly mobilised from the spoils. It will be of value to our understanding of
the geochemical behaviour of spoils to undertake full scale investigations into
the migration of oxygen within actual spoils bodies and the accumulation of
oxidation products.
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WATER RESEARCH COMMISSION

GENERIC SIMULATION MODEL FOR OPENCAST MINE WATER SYSTEMS

1. INTRODUCTION

Opencast mining has become increasingly attractive as an economical coal recovery
technique over the past decades. Several very large opencast collieries are in operation on
the Eastern Transvaal Highveld. These mining operations result in substantial disturbance of
the natural hydrological cycle in the mining area. Opencast mining operations are also known
to contribute a substantial salt, specifically sulphate load, to impoundments on the Eastern
Transvaal Highveld. A recent water quality management study indicated that opencast mining
contributes approximately 67% of the total sulphate load discharged to Witbank dam.

The Department of Water Affairs and Forestry recently shifted the emphasis in the
management of the national water resources. Water quality in any specific catchment is now
managed on the basis of the Receiving Water Quality Objectives (RWQO) approach. The
Receiving Water Quality Objectives approach is not the only instrument available to the
Department in implementing a water quality management strategy for a catchment. It is
however one of the most powerful instruments available to a regulatory agency. The RWQO
approach caters for the allocation of waste loads of pollutants in a specific catchment to each
of the major mining and industrial operations. The allowable waste load will be monitored at
the final discharge point from a mining or industrial complex. It will be up to the colliery or
industry to develop and implement a water system which will reliably achieve the allocated
waste load.

Although numerous research projects have been launched to investigate various aspects of
acid mine draining and saline water generation by collieries, no integrated model currently
exists which can reliably predict the total mine water volume and quality from an opencast
mine. Colliery management needs a predictive tool to analyse different mine water
management options. A water and water quality model for an opencast mine would be an
indispensable tool in arriving at the optimum mine water management strategy for a specific
mine. The model must however be versatile enough to allow reassessment of the mine water
system after any change in the mining plan, which occurs periodically.

Some first generation opencast mine water quality models were developed for selected
collieries on the Eastern Transvaal Highveld. These models were hard wired for a specific
colliery and have no general application to other collieries. The approach to certain of the
water quality aspects in these models were also fairly empirical. There is a need in the mining
industry to develop a generic opencast mine water quality model which can be applied after
appropnate input of relevant physical and geochemical characteristics to any colliery.

There is also a need in the mining industry for the development of a tool which integrates the
large amount of knowledge which has been accumulated on various aspects of coal mining
and the impact of coal mining on water and water quality. Several models exist to predict the
water quality emanating from sub-elements of a mining operation, such as a tailings dam or a
discard dump. These submodels need to be integrated into a unified and overall colliery water
quality model.

A generic model can be used to simulate and predict the effluent flow and pollution waste
load emanating from a colliery complex under different hydrological conditions. Mine
management will require such a modelling tool to determine whether a specific water
management strategy will meet the pollution waste load allocation set by the Department of
Water Affairs and Forestry.
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The key issues to be addressed by the opencast mine water model include:

• The relative importance of pit perimeter and pit floor runoff, runoff from spoils areas,
seepage from unrehabilitated spoils and rehabilitated spoils to the total opencast pit
water balance.

• The relative importance of different water sources to the pit salt or sulphate balance.

• How will different mining schedules impact water flow and water quality.

• Can the seasonality of South African rainfall be exploited to better manage opencast
mine water systems.

• What is the relative importance of flow from the regional groundwater body to the
opencast pit.

• What is the impact of the opencast mining operation on the water yield from the
natural catchment within which mining takes place.

• Seasonal and long term trends in water production and water quality from the
opencast mine need to be understood.

• How can the opencast mine water balance and quality be modified by implementation
of evaporation ponds, irrigation fields and periodic discharge to the public stream.

The main benefits arising from the development of a generic opencast water quality mode)
include:

• Analysis and optimisation of mine water systems.

• Prediction of impact on water systems and circuits by changing mining plans or
schedules.

• Quantification of the impact on the total mine water system by different spoils and
waste rehabilitation strategies or rehabilitation rates.

• Definition of the risk of exceeding a certain allocated waste load by analysing long
hydrological rainfall and runoff records.

The principle aim of the research project is to formulate and develop an integrated water
quality model which can be used to predict water flow and a number of water quality variables
on any opencast mining operation. The following specific objectives were identified for the
project:

• Development of a model which can be used to predict the water balance on an
opencast mining operation including runoff, seepage and groundwater recharge.

• Development of a model which can be applied to any opencast mining environment
with any combination of catchment areas, opencast pits, spoil areas, waste rock
dumps etc.

• The model must be able to simulate water flow and water quality from an opencast
mine over the entire life of the mine. It must be sufficiently versatile to allow the
simulation to be conducted with any time series input of daily or monthly rainfall and
runoff.
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The model must be able to predict a number of water quality variables at any selected
point within the mine water circuits. The selected water quality variables include TDS
(or any other conservative element), sulphate and pH.
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2. LITERATURE REVIEW

2.1 Physical spoils properties

Opencast mine spoils are composed of rock and soil fragments remaining after
blasttng, removal and relocation of coal overburden and interburden strata. The spoils
fragment size distribution ranges from micrometres (\im) to meters (m). Spoils can,
therefore, not be considered as a uniform media with homogenous physical and
chemical properties.

The interparticle voids filled by air and/or water are significant to the migration of
water and gases (oxygen, carbon dioxide) through the spoils body. The porosity of a
spoils body can be computed as a function of the mass densities - refer to Figure 2.1:

• total (air-filled plus water-filled) porosity :

0t = e/ ( l + e) (2.1.1)

• air-filled porosity :

0a = (1-S).e/(1+e) (2.1.2)

• water-filled porosity:

0 W = S.e/(1+e) = 0t-©a (2.1.3)

where:

e = (p,-Pb)/(Pb-S.pJ

ps = spoi ls f ragment density (kg/m3)

pB = bulk spoi ls density (kg/m3)

pw = wate r densi ty ( - 1 000 kg/m3)

S = wate r saturat ion of total porosity (fraction)

Wate r percolat ing th rough the spoils material will act as a carr ier med ium to remove
pyrite oxidat ion and leaching products f rom the spoils profi le. The hydrodynamic
propert ies of spoil mater ia l are, however, not readily amenab le to mathemat ica l
descr ipt ion.

The top 5 m of spoils a re typical ly subject to diurnal and seasonal tempera ture
variat ions. The effect of f luctuat ing temperature reduces wi th increasing depth and
remains reasonably constant (15 - 20°C) below 10 m f rom the surface.
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Typical spoils body physical properties are listed hereunder:

Spoil property

• Pyritic sulphur content (% S)

• Spoils fragment density (kg/m3)

• Bulk density (kg/m3)

• Percentage coarse fragments,
> 2 mm (%)

• Total porosity (v/v)

• Tortuosity (m/m)

Range

0,02-4,0

2 200 - 2 700

1 200 - 1 800

50-90

0,25 - 0,5

2-10

Table 2.1 : Typical physical properties of spoils

2.2 Water migration through spoils

Water migration through spoils is primarily driven by:

• Infiltration/recharge via the rehabilitation cover to the spoils.

• Condensation/evaporation cycles within the spoils.

• Groundwater ingress from surrounding aquifers.

The water flow through spoils material is frequently approximated by pseudo-karst
flow. This flow pattern is characterised by multiple flow paths and extreme ranges in
geohydrological properties, such as hydraulic conductivity. The location and
magnitude of flow paths are to a targe extent controlled by rock stratigraphy, mining
method, blasting method, contouring methods etc.

Spoils ridges and valleys, for example, vary in particle sizes Larger spoils blocks tend
to roll into spoils valleys, segregating from the smaller spoils particles which remain
on the ridges. Flow paths are mainly associated with poorly consolidated spoils and
local concentrations of bulky spoils. Geohydrological tests performed on spoils
indicated that these preferential paths may not be interconnected and that flow is
sometimes forced to migrate through areas of relatively low permeability.

The spatial variation in physical properties of spoils results in complex flow and water
migration pathways. For example, a lense of relatively compacted/impermeable
material may act as an aquiclude and may result in the formation of a localised
perched water table within the spoils. The result is a highly variable and generally
unpredictable flow pattern.

Elboushi (1975) has indicated that only 10 - 20% of the rock/spoils surfaces are
effectively flushed during recharge/infiltration events. The remaining spoils body
(80 - 90%) will accumulate pyrite oxidation products without flushing, except during
extreme recharge events. The accumulated oxidation products will only become
available during inundation/flooding of the pit spoils and may then be mobilised.
Stromberg ef al. (1994) also confirmed at the Aitik mine site in northern Sweden, that
only 20% of the waste rock mass contributed substantially to the mobilisation of
sulphate and copper from the waste rock dumps. It would also seem that the fraction
of wetted spoils particle surfaces depends on the depth and intensity of the rainfall
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recharge event. Severe storms (40 - 50 mm/hour) could result in a high degree
(80 - 90%) of wetting of the spoils material, while low rainfall events may not result in
any significant recharge.

Eriksson and Destouni (1994) found that the flow through a heterogeneous spoils
medium is often characterised by the formation of relatively slow and relatively fast
preferential flow paths. The true flow pattern is obviously not this simple. Rather, a
range of slow and rapid flow paths typically exists in a spoils media. The flow
chracteristics in spoils can be represented by a bi-modal probability distribution (refer
to Figure 2.2(a)) which is expressed as:

/(T)= ZTZ-2VA exp[-Y2(CnT-{nT,flc>]+ S T ^ M . exp [-

(2.2.1)

where:

T = hydraulic residence time (days)

u = fraction of flow which migrates along the fast
(preferential) flow path.

T,. T2 = geometric means of the fast and slow residence times.
respectively.

a,2, o2
2 = variance of InT for the fast and slow flow paths,

respectively.

/(T) = probability distribution function.

Typical probability distribution parameter values used at the Aitik mine site were:

Rapid flow path

Slow flow path

Geometric mean
residence time (T)

1yr

60yrs

Variance of InT
(a2)

1.0

0.3

Table 2.2 : Probability distribution parameters of water migration models
(Aitik mine, Sweden)

The presence of preferential flow paths in a spoils body has an influence on the
maximum level and temporal variation in pollutant flux emanating from the spoils
body. The preferential flow paths typically result in the production of a reduced
pollutant concentration in the spoils leachate, but also in the long-term slow release of
pollutants. Water migrating along the slow and restricted flow paths will typically
contain relatively high pollutant concentrations. This is due to the prolonged contact
time between the water and oxidation products of the pyrite weathering process.
Oxidation products may however remain in the poorly flushed spoils for a long time
due to the restricted availability of a transport medium and the limited solubility of
some oxidation products.
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Jaynes (1983) employed an empirical technique to describe the pseudo-karst flow
pattern through fractured spoils. The spoils body is divided into several horizontal
layers. The water leaving any layer is allocated to the underlying layers in proportion
to the inverse of the separating distance between layers - refer to Figure 2.2(b).
Water migrating between two discrete horizontal layers, does not interact with the
intervening layers. The fraction of water infiltrating/recharging to the top layer i, is
then:

(d,)1/ I(d,)-1 (2.2.2)

Water leaving any layer will be partitioned to the underlying layers in proportion to the
inverse of the separating distance. The fraction of water leaving layer i and entering
layer j is equal to:

(4-d,)-1/ IJd.-d,) -1 (2.2.3)

The total flow from all overlying layers to layer j is then:

n n

Q, = iKdj-d,)'1 / I (dk - diV] Q, (2.2.4)
k=.+1

Water migration through waste rock piles and spoils heaps is, therefore, frequently
characterised by rapid flow along preferential flow paths. Seasonal variation in
seepage flow is common and periodic flushing of oxidation products takes place.

Elboushi (1975) also demonstrated that less than one half of the moisture retention
(field capacity) of a granular/rocky matenal is required to initiate flow. This can be
ascribed to incomplete wetting of the granular matenal. It was also postulated that the
complete field capacity has to be satisfied for fine-grained waste/spoils {< 0,15 mm
size) before seepage flow would be established.

Gottschlich ef al, (1987) experimented on coal discard material, containing particles in
the size range 2-16 mm, The liquid hold-up (retention) in the experimental discard
columns was established to be 0,1 - 0,15 m3/m3 discard volume. The dynamic fraction
of the total hold-up was estimated to be 78%.

Harries and Ritchie (1981) measured moisture contents ranging from 0,05 to
0,12 m3/m3 in the Rum Jungle mine spoils/waste rock dumps.

Rogowski and Weinrich (1981) developed a relatively simple, but useful model of
water migration through spoils material. Water moves primarily along preferential flow
paths and relatively independent of the fines fraction in the spoils (refer to
Figure 2.2(c)). For the purposes of defining water migration, a distinction is made
between:

• Coarse spoils fragments (particle size > 2 mm) with a relatively low water
retention and high saturated permeability.
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FIGURE 2.2(b) : JAYNES MODEL FOR WATER MIGRATION IN SPOILS
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• Fine spoils fraction (particle size <2 mm) with a higher water retention and low
saturated permeability.

A fraction of the spoils may never be wetted to any significant degree by water
migration, except by a moisture condensation mechanism. Water entering the spoils
has to satisfy the water retention of the coarse and fine fractions respectively, before
migrating towards the next spoils layer. Rogowski (1980) employed the following
moisture related spoils properties:

• Coarse fraction water retention = 0,07 m3/m3 spoils

• Fine fraction water retention = 0,13-0,14 m3/m3 spoils

• Total spoils porosity = 0,37 m3/m3 spoils

Ptonke ef at. (1980) observed a water-filled porosity of 11 -12% for coal spoils
particles in the size range 2 - 8 mm.

The flow velocity of water migrating through a saturated spoils material was observed
to be similar to the measured saturated permeability. The water flow velocity for spoils
was in the range of 0,5 -1 mm/sec (43 - 86 m/day).

2.3 Pyrite oxidation

2.3.1 Geochemistry

Pyrite (FeS2) is a common mineral in coal bearing strata. Two mechanisms of
pyrite oxidation have been identified:

FeS2 + 31/2O2 + H2O -> Fe2* + 2 SO4
2" + 2H*

FeS2 + 14Fe3* + 8H2O -+ 15Fe2* + 2 SO,2" + 16H*

The further oxidation of the ferrous iron is recognised as the rate limiting
reaction in the overall pyrite oxidation process:

14Fe2+ + 141-T + 3Y2O2 -> 14Fe> + 7H2O

This latter reaction may be catalysed by bacterial action. The ferric iron may
precipitate as a hydroxide under favourable pH conditions to release further
acidity:

Fe3* + 3H2O -> Fe(OH)3(s) + 3H+

The autocatalytic nature of the pyrite oxidation process is shown in
Figure 2.3.1

Irrespective of the pyrite oxidation route, the molar ratio dictates that the
oxidation of 1 mole of FeS2 requires 3.5 moles of O2 and produces 2 moles of
acidity (IT). In an alkaline environment, the ferrous iron will oxidize and
precipitate as goethite ((FeOOH) which requires a further 0,25 moles O2 and
produces a further 2 moles acidity (IT).
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FIGURE 2.3.1 : PYRITE AUTOCATALYTIC OXIDATION MODEL

The oxidation of pyrite by ferric iron as the oxidant in a low pH environment
can be written in a general form as:

FeS2 + (2 + 12x)Fe3* + (8x) H2O

- • (3 + 12x)Fe2* + (14x)H* + (2x) HSO4' + 2(1-x)Sc

Previous research by Cathles (1983) has indicated that the most appropriate
value for x is 0,6 in a low pH environment, which results in the expression:

FeS2 + 9r2Fe3* + 4,8H2O -> 10,2Fe2+ + 8.4H* + 1.2HSCV + 0,8S°

It must be stressed that this stoichiometry of pyrite oxidation applies only to
specific conditions, including high ferric iron concentration, low pH (< 2,0), and
no available dissolved oxygen.

Barnes and Romberger (1968) stated that no thermodynamically reasonable
mechanism has been identified by which significant pyrite oxidation can take
place in the absence of oxygen or some other oxidizing agent, such as ferric
iron.

Pyrrhotite [Fe^^S] is commonly found in some zinc, nickel and copper
deposits, Pyrrhotite will also oxidize to form acidic products by the following
reactions:

F e ^ S + (2 - x/2) Oa + xH2O -+ (

Fe(1.x,S + (2 - 2x) Fe3* -» (3 - 3x) Fe2* + S
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Elemental sulphur may be further oxidised to sulphate. Partial oxidation of
pyrrhotite, resulting in the accumulation of elemental sulphur, has been
observed at nickel mining operations.

Kleinman et al. (1981) formulated three steps/stages in the pyrite oxidation
process:

• Stage I occurs at relatively high pH > 4,5 with the following two

reactions taking place:

FeS2 + 3%O2 + H2O -+ Fe2* + 2SO,2" + 2H*

Fe2++ %O2 + 272H2O -».

These reactions proceed abiotically and the oxidation of ferrous iron is
rapid at pH > 5,0. The nett result is a leachate containing high sulphate
concentrations and low acidity and iron concentrations.

• Stage II occurs as the pH continues to drop below 4,5, typically in the
range 2,5 < pH <4,5. The same reactions as in Stage I still dominate,
but bacterial activity now catalyses them, specifically the oxidation of
ferrous iron. The leachate contains elevated sulphate concentrations
and acidity. The dissolved iron concentrations are also increasing due
to the increased solubility of ferric iron at pH < 3,5.

• Stage III is initiated as the pH continues to drop to pH < 2,5. The ferric
iron activity is increased by the further increased solubility and the
decreased precipitation of Fe(OH)3. The following two reactions
become dominant:

FeS2 + 14Fe3' + 8H3O ->

Fe2* + V*O2 + H* -> 2

Ferric iron then becomes the primary oxidant of pyrite and the
availability of the ferric iron is dictated by the oxidation of ferrous iron.
The leachate contains high concentrations of sulphate, iron and
acidity. The ferric iron : ferrous iron ratio is largely determined by the
redox potential in the spoils environment.

2.3.2 Kinetics of pyrite oxidation

The kinetics of pyrite oxidation within a spoils fragment can be described using
a shrinking core model (Levenspiel, 1968). Jaynes (1983) refined the generic
shrinking core model for use in a spoils environment with pyrite oxidation. He
developed an expression for the oxidation rate, assuming a first order reaction
with respect to oxidant (O2 and/or Fe3*) concentration and pyrite surface area -
refer to Figure 2.3.2(a).
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(2.3.2.1)

where:

X = pyrite fraction remaining (kg/kg)

Td = time for complete pyrite oxidation, if the process is
diffusion limited (sec).

Tc = time for complete pyrite oxidation, if the process is
kinetically controlled (sec).

Assuming a simple spoils fragment shape in the form of a thin plate, then:

where:

Ppy

I

b

2b.Dc.C0 (2.3.2.2)

pyrite density in fragment (mole/m3)

fragment half thickness (m)

stoichiometric ratio between pyrite and oxidant
consumption (1/3,5)

diffusion coefficient (m2/sec)

oxidant concentration (mole/m3)

and

where:

a

5

b.Ks.CVa.6 (2.3.2.3)

first order reaction rate constant (m/sec)

pyrite surface area per unit volume of fragment (m2/m3)

effective fragment thickness, within which pyrite is
oxidised (m)

In general, diffusion is the rate-limiting step for pyrite oxidation as reflected
hereunder by typical Tc and Ta values used by Jaynes (1983) in his model
formulation:

Oxidant = 02

(0,21 mole fraction)

86yrs

13yrs

Oxidant = Fe3t

(50 mg/l)

111 years

2 years
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In genera! for pure pyrite crystals, the pyrite oxidation rate is of the form

(2.3.2.4)

where:

A,

pyrite oxidation rate (mole/sec)

pyrite oxidation rate constant (m/sec)

surface area of pyrite (m2)

The experimentally observed values for the rate constant, K,, are summarised
hereunder:

Reference

Clark (1965)

Singer & Stumm
(1968)

Osurf (1970)

Pionkeefa/(1980(a))

Oxidant

Ferric iron (Fe3*)

8,1 - 8 , 6 x 1 0 t 0

1,0-4,4 x 10'9

4,4x10- a -7 ,5x10- 1 0

Oxygen (O2)

18 x 10"10

4,4- 12 x 10"10

8,2 x 10"10

Table 2.3.2 : Pyrite oxidation rates observed for pure pyrite crystals,
(K,, in m/h)

The pyrite (pure granules) oxidation rate was also observed to be inversely
related to particle size. This can be explained by the approximate expression
for the specific particle surface area:

where:

A, = 6/p.d

= surface area per unit mass (m2/kg)

= particle density (kg/m3)

= particle diameter (m)

Morin and Hutt (1994) employed an empirical expression for the pyrite
oxidation rate which is frequently based on kinetic (leach column) test results.
The experimentally observed pyrite reaction rates are frequently of an
exponentially declining type and the observed reaction rate then approaches a
steady state, which can be employed in modelling.

Sharer et al. (1994) used the following empirical equation for the abiotic
surficial pyrite oxidation rate:

A(0,33pH)07exp(-Ea/RT)C0 (2.3.2.5)
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Where:

Kc = surficial reaction rate (moie/m^sec)

A = reaction rate constant

Ea = activation energy (kJ/mole)

R = universal gas constant (kJ/mole/K)

T = temperature (K)

Co = oxygen concentration (mole/m3)

The abiotic pyrite oxidation rate is therefore also a weak function of the
ambient pH-level.

The oxidation rate of pyrite by ferric iron is about ten times (one order of
magnitude) faster than the oxidation rate by oxygen, at equivalent
concentrations of ferric iron and oxygen.

Cathles (1983) developed a model to simulate the removal of pyritic sulphur
from coal stockpiles The research was motivated by the requirement to
reduce the sulphur content of coal burned in American power stations. It was
demonstrated that pyritic sulphur can be removed from coal by controlled
leaching using a ferric sulphate solution. The model included aspects of pyrite
sulphur oxidation, movement of air by convection through coal stockpiles and
heat generation in the coal stockpiles. The pyrite leaching process in coal
stockpiles was described as a number of sequential steps involving:

• Oxygen saturation of the water film coating of the coal/rock fragment.
The oxygen is assumed to be supplied by convective air movement

• Bacterial catalysis of ferrous to ferric iron oxidation in the liquid film,
utilizing oxygen.

• Diffusion of ferric iron into the coal/rock fragment to react with pyrite to
form sulphur, sulphate and ferrous iron.

• Counter-diffusion of the pyrite oxidation products via the leached rim of
the coal/rock particle.

Pyrite oxidation rate is typically much faster than the ferric iron diffusion rate.
The- result is a coal/rock fragment with a shnnking core, consisting of a
leached rim, surrounding a diminishing core of unreacted material.

The pyrite oxidation kinetics observed by Cathles (1983) may find application
in a large spoils body containing carbonaceous shale with dispersed pyritic
sulphur granules. The pyrite oxidation rate equation is:

dX -3X20 . BfO . WO,)
dt 6 . Ta.X^.(1-X1*) +TC (2.3.2.6)

where:

X = remaining pyrite fraction in coal (kg/kg)



19 Literature Review

B{T) = function to account for the temperature sensitivity of
bacterial catalysis

H(O2) = step function to account for the sensitivity of pyrite
oxidation to the presence of available oxygen

Td = time factor to account for the diffusional transport of the
oxidant through the coal fragment (sec)

Tc = time factor to account for the pyrite oxidation rate (sec)

The following expressions were developed for the two time factors:

T
K0,.A«.6.C0 (2.3.2.7)

T K.a2

6.D,C0 (2.3.2.8)

where:

K = oxidant required to leach pyrite from a unit volume of

coal/rock (mole/m3)

a = radius of coal/rock fragment (m)

Ko, = pyrite oxidation rate constant (m/sec)
Aju,, = surface area of pyrite per unit volume of coal/rock

(m2/m3)

Dc = diffusion coefficient of feme iron in coal/rock (m2/sec)

6 = leached rim depth (m)

Co = concentration of ferric iron oxidant (mole/m3)

The Cathles model is derived from similar principles as the Jaynes model,
both using a mixed kinetic shrinking core approach, but on different coal/rock
particle shapes. The typical model values for Tc and Td at 20°C and particle
radius of 1 cm:

V

Oxidant (Fei+ = 50 mg/l)

Theory

193 years

55-181 years

Observation

83 years

17 years

* The experimentally observed values for the Tc time factor were much lower than
theoretically predicted.
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Cathtes (1983) also expressed the rate of oxygen consumption within the coal
stockpile as:

= P«..{1-©0Qpy-Gw.[dX/dt] (2.3.2.9)

where:

Pmai = coal density (approximately 1,6 ton/m3)

©, = stockpile porosity (m3/m3)

Qpy = stoichiometric oxygen requirements (kgO2/kg pynte
oxidised)

Gpy = pynte density (kgFeS2/kg coal)

The mass transfer of oxygen due to advective air movement into the coal
stockpile is not strictly applicable to a dense spoils environment. Diffusional
transport of oxygen is assumed to be more appropriate under the latter
conditions.

The Cathles model also assumes a uniform and relatively high moisture
migration rate through the coal stockpile. The situation in a South African
spoils body is very different, considering the relatively low annual precipitation
under local conditions.

It must be appreciated that the Cathles model was primarily developed for
pyrite leaching from porous coal stockpiles, using ferric iron as oxidant. Some
aspects of the model formulation may be extrapolated to the situation in a
relatively dense spoils body/discard dump. Hydrometallurgical models, which
simulate commercial heap leaching operations, generally focus on the
reaction and transport of reaction products in and around the individual
ore/rock particle. The mass transfer problem of providing the oxidant from
outside the dump to the particles within is not considered. A constant oxidant
(oxygen or ferric iron) concentration surrounding the individual spoils/rock
particles is usually assumed. In natural systems, where forced ventilation and
pumped oxidant recirculation is absent, these approximations are not
appropriate.

Harries and Ritchie (1981) derived pyrite oxidation rates from temperature
profiles at a dump on the Rum Jungle Mine in Australia. The pyrite oxidation

. rate,, expressed in mass of oxygen, consumed per unit surface area of the
dump was 2,52 kg O2/m

2/year (43 ton SCyha/year). This is substantially
higher than the sulphate production observed on coal mining spoils bodies in
South Africa, A simple first order reaction was used to simulate pyrite
oxidation under conditions of a constant external source of oxidant (CVFe3*):

$ = -ccX (2.3.2.10)

where :

a = first order rate constant
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This model was demonstrated to have application over relatively short periods
of time (20 - 200 days) and up to approximately 63% oxidation of the available
pyrite.

Helz et al. (1987) suggested that pyrite oxidation rates exceed the transport
rates of oxidation products from coal stockpiles. This may result in the
accummulation of oxidation products such as gypsum, melanterite, goethite,
jarosite etc. in coal stockpiles. The leachate quality would therefore be
saturated with the solid phase of these oxidation products.

The oxidation of ferrous iron to ferric iron may also influence the pyrite
oxidation rate. If the ferrous iron is not removed by oxidation or precipitation,
then the pyrite oxidation process may be retarded. The abiotic oxidation rate
of ferrous iron is influenced by the iron concentrations, pH and oxygen partial
pressure:

[Fe2+][O2](MH*]2 + K2) (2.3.2.11)

Ml

where :

[Fe2*] = ferrous iron concentration (mole/l)
[OJ = oxygen concentration (mole/mole) or partial

pressure (atm)

K, = 1,3x10-'6(mole2/l2/sec)

[H*] = hydrogen ion concentration (mole/l)

K2 = 1,7 x10" 9 (I/sec)
The ferrous iron oxidation rate is shown as a function of pH on
Figure 2.3.2(b)

Pionke et al. (1980{b)) found in experimentation using spoils particles in the
size range 2 - 8 mm, that the pyrite oxidation rate was the limiting process for
freshly exposed material. The diffusion of pyrite oxidation products, however,
is the rate limiting step for weathered spoils material. This supports the
application of "shrinking core" type kinetic models to describe the pynte
oxidation process.

Literature values for the pyrite oxidation rate under ideal conditions with no
restriction on the availability of oxidants vary from 0.06 - 0,16gSOj/kg
pyrite/hour, For a 30 m high spoils heap, containing 0,5% sulphur and with a
bulk density of 1600 kg/m3, this is equivalent to 4 710-12 560 ton
SO</h a/year.

Field observations on the Eastern Transvaal Highveld opencast mines
indicated a sulphate production rate emanating with seepage from spoils
bodies of 2 - 8 ton SO4/ha/year. This is obviously much lower than the
observations under controlled and ideal conditions. It demonstrates the severe
restrictions in the field with respect to pyrite oxidation, including the mass
transfer of oxidants into the spoils pore volume, mass transfer of oxidation
products from the spoils particle surface and flushing/removal of oxidation
products from the spoils particle surfaces.
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2635 OQQ

FIGURE 2.3.2(b) : FERROUS IRON OXIDATION RATE AS A
FUNCTION OF pH (abiotic conditions)
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Scharer et al. (1994) conducted an evaluation of pyrite oxidation in tailings
containing 35% FeS2 (very high) on a mass basis. They observed the
following pyrite oxidation rates as 21°C.

• abiotic oxidation = 0.038 moie/kg/month
= 3,65 kgSO4/ton tailings/month

• biotic oxidation = 1,17 mole/kg/month (@ pH = 3)
= 112 kg SO4/ton tailings/month

Catalysis of the pyrite oxidation process by Thiobacilius ferro-oxidans was.
therefore, able to increase the reaction rate by a factor of 31.

2.3.3 Pyrite geology

A large number of different sulphide minerals can produce acidic oxidation
products. The most common sulfide minerals contained in coal deposits and
associated strata include pyrite, marcasite, sphalerite, galena and chalcopyrite
- refer to Table 2.3.3.

Coal typically contains sulphur in different forms including:

• pyritic sulphur

• sulphate sulphur

• organic sulphur

The oxidation of organic sulphur compounds may increase the sulphate
concentration, but does not contribute to the formation/release of acidity, as
reflected by the following reaction:

X - S + 2 O2 -+ SO/" + X2*

Marcasite (FeS2 in the rhombic crystal form) is much more reactive than pyrite
(FeS2 in the cubic crystal form).

Pyrite is typically not uniformly distributed throughout a rock mass, most of the
pyrite exists in localised regions of high density, called clusters. Rymer et al.
(1991) proposed the use of a Poisson distribution to describe the stochastic
properties of pyrite distribution in a rock mass:

P(x) = exp(-\y/x! (2.3.3)

where:

x = number of discrete pyrite grains in the sample

>. = mean number of grains per sample

P{x) = probability of detecting x pyrite grains in a sample

The Poisson distribution approaches a continuous probability distribution if x is
defined as the number of discrete pyrite grains per 10 000 (or some arbitrary
large number) non-pyrite mineral grains.
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Mineral

Pyrite

Marcasite

Pyrrhotite

Smythite. Greigite

Mackinawite

Amorphous

Chalcopyrite

Chalcocite

Bomite

Arsenopynte

Realgar

Orpiment

Tetrahedrite and Tennenite

Molybdenite

Sphalerite

Galena

Cinnabar

Cobalitite

Niccolite

Pentlandite

Composition

FeS2

FeS2

Fe,,S

Fe3S,

FeS

FeS

CuFeS2

Cu2S

Cu5FeS4

FeAsS

AsS

As2S3

Cu,2(Sb,As)4S13

MoS2

ZnS

PbS

HgS

CoAsS

NiAs

(Fe.Ni)9Sa

Table 2.3.3 : Common sulphide containing minerals

2.4 Geochemistry of neutralisation

Neutralisation of the pyrite oxidation products (specifically acidity) is mainly achieved
by calcite and dolomite. Alummosilicate minerals, such as clays and feldspars, may
also contribute to the process. The conventional neutralisation reactions include:

Calcite

CaCO3 + 2H* - •

2CaCO3 + 2 H + - *

Dolomite

CaMg(CO3)2 + 4H+

2CaMg(CO3)2 + AH*

Ca2* + H2CO3

2Ca2* + 2HCCy

Ca2t

at pH < 6.2

at pH > 6,2

2H,C0, at pH < 6.2

2Ca2* + 2Mg2* + 4HCO3" at pH > 6.2
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The nett oxidation/neutralisation reactions in an acidic environment can be
summarised:

FeS2 + 3y2O2 + H2O -> Fe2* + 2SO4
2- + 2H*

CaCO3 + 2H+ - • Ca2+ + H2CO3

H2CO3 j ; H2O + CO2(g)

The molar ratio of calcium to sulphate is then [Ca]/[SO4] = 0,5 in an acidic
environment (pH < 3 typically).

The nett oxidation/neutralisation reactions in a mildly acidic to alkaline (pH > 6,2}
environment can be summarised:

FeS2 + 33/<O2 + 31/2H2O -+ Fe(OH)3(s) + 2SO4
2' + 4hT

4CaCO3 + 4H* - • 4Caz* + 4HCO3

The molar ratio of calcium to sulphate is then [Ca]/[SO4] = 2,0.

Analysis of the molar ratio of calcium (or calcium plus magnesium) and sulphate in
the spoils water/leachate gives an indication of the local environmental conditions
under which pyrite oxidation takes place. A lower molar ratio would indicate an acidic
environment (low pH) and a higher molar ratio would indicate an alkaline environment
(high pH).

Common minerals which typically contribute to the neutralisation of acidity include
calcite (CaCO3), magnesite (MgCO3), dolomite (CaMg(CO3)2) and ankerite
(CaFe(CO3)2).

Morin and Hurt (1994) found that feldspars are slow reacting, but can also contribute
to the neutralisation of acidity. The stoichiometry of these neutralisation reactions can
be complex and tend to be site specific. The rate and nature of feldspar neutralisation
are dependant on several factors including type of feldspar mineral, environmental
conditions (specifically pH) and acid generation.

The neutralisation reactions involving the three most common feldspars are
summarised below:

• Calcium feldspar (anorthite)at 3,5 < pH < 4,5

FeS2 + 13/2H2O + 15/4O2 + YzCaAljSiA

->• Fe(OH)3 + 2 S O / + '/iCa2* + A!3* + H,SiO4

at pH > 7,0

FeS2 + 13/2H2O + 15/4O2 + 2CaAI2Si208

- • Fe(OH)3 + 2SO4
2' + 2Ca2* + 4AI(OH)3 + 4
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• Potassium feldspar at 3,5 < pH < 4,5

FeS2 + 15/2H2O + 15/4O2 + KAISi3OB

- * Fe(OH)3 + 2SO4
2" + K* + Al3t + 3H4Si04

at pH > 7,0

FeS2 + 15/2H2O + 15/4O2 + 4KAISi3OB

-> Fe(OH)3 + 2SO4
2" + 4K* + 4AI(OH)3 + 12H4Si04

• Sodium feldspar (albite) at 3.5 : pH : 4,5

FeS2 + 15/2H2O + 15/4O2 + NaAISi3Oa

-> Fe(OH)3 + 2SO4
2" + Na* + Al3* + 3H4Si04

at pH > 7,0

FeS2 + 15/2H2O + 15/4O2 + 4NaAlSi3Os

-» Fe(OH)3 + 2SO4
2" + 4Na* + 4AI(OH)3 + 12H4Si04

The molar ratio of cations to sulphate will vary substantially, depending on the specific
neutralisation reaction and the ambient pH as reflected below:

Mineral

Calcite

Calcium feldspar

Potassium feldspar

Sodium feldspar

pH approximately 4

1,0

0,25

0,5

0,5

pH approximately 7

2.0

1,0

2,0

2,0

Table 2.4(a): Molar ratio of cations to sulphate in neutralisation product water

Jaynes (1983) quoted work done by Wentzler (1977) to describe the neutralisation of
acidity by carbonate minerals. The carbonate dissolution rate can be expressed as:

where

-MH1 (2.4.1)

surficial carbonate dissolution rate (mole/cm2/sec)

rate constant

2,9x10j6//cm2/sec

If one assumes the carbonate mineral particles to be spherical and dispersed in the
spoils environment, the carbonate dissolution (per particle) can be expressed as:
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dX, 3 X j KJH1
d f " " pe.r, (2.4.2)

where :

X<. = fraction of remaining carbonate

pc = particle carbonate density (mole/m3)

rs = particle radius (m)

The neutralisation rate per unit spoils volume can then be based on the particle
dissolution rate and the particle density per unit spoils volume.

Jaynes (1983) used an empirical model to estimate the neutralisation capacity of
gangue material in stabilising the spoils pH, refer to F igure 2.4{a) The gangue
material is assumed to include alumtnosilicates and other clays. The empincal model
stated that:

AHa = AH r [1 - exp (Gb <Ga - pH))] (2.4.3)

where:

AHa = actual free hydrogen ion concentration [H*] increase in
solution (mole/m3)

AH r = generated free hydrogen ion concentration [HP]
increase (mole/m3)

Gh, Ga = empirical constants

The neutralisation of acid mine drainage by carbonate minerals can however be
severely restricted due to the coating of the minerals by ferric hydroxide.

Siderite (FeCO3) is also a common carbonate mineral, but does not contribute to the
effective neutralisation of acid mine water. In a low pH environment, it will act as a
buffering agent in accordance with the reaction:

FeCO3 + 2hT -* Fe2+ + H2CO3 (Ksp = +6,0)

Additional acidity may in fact be generated when the ferrous iron is oxidised to ferric
iron, and the ferric iron precipitates as a hydroxide.

Dilution of .acid mine drainage (AMD) with water containing dissolved carbonate
species, such as bicarbonate, is also an approach to achieve neutralisation. The
resulting pH after blending of A M D and water can be estimated on the basis of the
following two expressions:

[HI / = [H1,.D-[HCO3],(1-D) (2.4.4)

for

[HI/ = 10r1tM/aHCO3-]t(1*D)-[HTiD) (2.4.5)

for [H*]/ < [HCO31/
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where :

[H*]y = final hydrogen ion concentration (mole/f)

[IT], = initial hydrogen ion concentration (mole/Q

[HCO3"], = initial bicarbonate concentration (mole/Q

[HCO3']y = final bicarbonate concentration (mole/Q

D = dilution ratio of water: AMD

There is a critical dilution, depending on the initial pH and alkalinity, beyond which the
final pH of the neutralised acid mine drainage increases rapidly.

The definition of [IT],, includes the hydrogen ion concentration as well as the
equivalent acidity of dissolved metal species such as Fe3*, Fe2* and Al3*.

[HI, = [HI + 3[Fe!0J + 3[AI3*]

A number of different minerals are effective in buffering (not necessarily neutralising)
the mine water system:

Mineral

Calcite, CaCO3

Dolomite, CaMg(CO3)2

Siderite, FeCO3

Kaolinite. Al2Si205(0H)4

Gibbsite, AI(OH)3

Ferric hydroxide, Fe(OH)3

Goethite, FeOOH

Jarosite, KFe3(SO4)(OH)6

Buffering in phi-range

5,5-6,9

5.3-6,8

5,1-6,0

3,7-4.3

3.7-4.3

3.3-3,7

2,1 -2,2

?

Table 2.4(b): Buffering minerals in spoils environment (Blowes 1983)

Kinetic humidity cell tests conducted by Ferguson and Morin (1991) on waste rock
indicated that only 27% of the total available neutralisation potential (NP) was
effectively utilised in neutralising the acid production taking place during pyrite
oxidation.

The molar ratio of Alkalinity : (Ca + Mg) gives an indication of the nett neutralisation
reaction involving calcite/dolomite. In an acidic environment:

CaCO3 + 2H* -* Ca2* + H2CO3

H2CO3 - j H2O + CO2(g)

The ratio [Alk]/[Ca] = 0
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In an alkaline environment:

2CaCO3 + 2H* -> 2Ca2* + 2HCO3'

The ratio [Alk]/[Ca] = 1

The actual situation in a spoils environment is somewhere between these two
theoretical extremes, but can be used as an indication of the environmental conditions
existing at the micro-sites where pyrite oxidation occurs. The precipitation and
dissolution of gypsum (CaSO4.2H2O) can however distort the theoretical ratio's of
[Alk]/[Ca] and [Ca]/[SO4]. Even if the spoils water is alkaline a significant fraction of
CO2 may be lost, which reduces the consumption of neutralising minerals such as
calcite/dolomite. The true situation in a spoils environment lies between the acidic and
alkaline extremes. Acidic micro-environments results in the loss of CO: as
neutralisation takes place. In general:

• If a large excess of neutralisation capacity is present, then the [Alk]/[Ca + Mg]
tends to be 1/1 (little loss of CO2) in the alkaline environment.

• If the neutralisation capacity becomes depleted, then the [Alk]/[Ca + Mg] tends
to zero due to the substantial loss of CO2 in the predominantly acidic
environment.

Morin and Hutt (1994) proposed the use of kinetic tests to assess the relative rates of
pyrite oxidation and neutralisation reactions. The ABA static test results (acid
production potential and neutralisation potential) are compared to the rate at which
these potentials are manifested in the kinetic test {humidity cell or leach column). The
flushing of a waste rock/spoils material may result in the preferential depletion of
neutralising minerals, over and above the requirement for neutralisation of pyrite
oxidation products.

Flushing is sensitive to the dissolution of calcite and dolomite:

CaCO3(s) ^ Ca2i + CO3
2' Ksp = 8,39

CaMg(CO3)2(s) j - . Ca2* + Mg2* + 2CO3
2- Ksp = 16,97

Percolating water may contain as much as 50 - 100 mg Ca/I and 60 - 120 mg CaCCyi
alkalinity (in a closed system at pH 7,0 - 7,5), due to the dissolution of calcite. The
alkalinity may be consumed when coming into contact with acid generating pyrite
oxidation cells.

The dissolution rates of these minerals are, therefore, sensitive to the degree of
saturation of the percolating spoilswater with respect to calcium, magnesium and
carbonate. Dolomite dissolves at much slower rates compared to calcite. In general,
the dissolution rate of calcite is dependant on:

• Magnesium content, with the highest dissolution rates obtained from rocks
containing 1 - 2,5% MgO.

• Impurities such as disseminated clays delay the calcite dissolution rate.

The dissolution of calcite is pH-dependant, with very rapid dissolution at low pH
values - refer to Figure 2.4(b) (Busenberg and Plummer, 1986).
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2.5 Aqueous phase chemistry

Spoils water prediction models typically account for the presence of the following ionic
species in solution:

• Acidity, [H+] and alkalinity, [OH], [HCCV], [CO3
2]

• Gaseous species, [O2], [H2CO3"], [COJ

• Iron, [Fe2+], [Fe3*]

• Major cationic species, [Ca2*], [Mg2*]

• Major anionic species, [SO4
2"]

Some acid mine drainage prediction models also account for the initial inventory of
minerals such as pyrite, calcite, dolomite, feldspars etc.

The activity of ionic species is dependant on the total ionic strength of the aqueous
solution. The Davies equation is typically employed to calculate the activity
coefficients:

',31] (2.5.1)logy,

where :

Yi

I

=

TDS =

z,

= -0,5 Z* [P/(1 + re-

activity coefficient

ionic strength

approx2.5x 10"5(TDS)

total dissolved solids (mg/l)

ionic charge

The presence of ferric iron is largely dictated by the solid phase equilibrium with
amorphous ferric hydroxide and by the formation of aqueous complexes. The
precipitation of ferric iron is described as follows:

Fe3+ + 3H2O - • Fe (OH)3 (s) + 3H*

log (Ksp) = 4,9= log [Fe**]/[H*]3

The presence of ferric iron species is also influenced by the formation of soluble
hydroxide and sulphate complexes:

Fe^ + HjO -> Fe(OH)2* + hr log K = -2,94

Fe^ + 21-IjO p. Fe(OH)2
++ 2hT log K =-5,70

+ 2H2O -» Fe2(OH)2
4* + 2H^ log K =-5,22

3H2O ^ Fe(OH)3° (aq) + 3H* log K = -12,0
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Fe** + 4H2O j * Fe(OH)4+4H+ log K =-21.60

Fe3* + HSO/ ^* FeHSO4
2* log K = 0,60

Fe^ + SCV" ^ FeSO/ log K - + 3.96

Fe^ + 2SO4
2- — Fe(SO4)2- log K = +5,38

HSCV & H* + SO4
2" log K = -1,14

(<x)FeOOH + 3H* ;-j Fe3* + 2H2O log K =+1,55

The presence of ferrous iron species can be explained by the formation of soluble
sulphate and hydroxide complexes (Cathles, 1979):

Fe2t + SO4
2" ;* FeS04° log K = +2,20

Fe2* + HSO4" 5* FeHSO4* log K =+1,10

Fe2* + H2O & FeO++H* log K =-9.48

Fe2* + 2H2O z± Fe(OH)2° + 2H+ log K = -20,60

Fe(OH)2 + 2l-r j2 Fe2* + 2H2O log K = +12,85

Ferric iron tends to form much stronger complexes with hydroxide and sulphate
compared to ferrous iron. This implies that although the redox potential may indicate
that Fe2* should be oxidised to Fe3*, the opposite may be true due to complex
formation reactions.

The presence of calcium and magnesium is also influenced by complex ion
formations and the solubility of gypsum:

^ MgSCV Ksp =+2,23

^ CaS04° Ksp = +2,32

CaSO4.2H2O(s) ^ Ca2* + SO4
2" + 2H2O Ksp =-4,62

Furthermore, the presence of ionic species is determined by the solubility of certain
solid phase forms:

FeSO4.7H2O(s) ^ Fe2++ SO4
2" + 7H2O Ksp = -4,58

iKFe3(SO4)2.(OH)6(s) + 2H* - ^K* + Fe3* + |SO4
2' + 2H2O

Ksp = -3,07

iNaFe3(SO4)2.(OH)6(s) + 2H+ -+ ^Na* + Fe3* + |SO4
2" + 2H2O

Ksp = -1,76

The precipitation of jarosite is important to the equilibrium aqueous chemistry,
especially at low pH conditions, when ferric iron is in solution:

2SO4
2" + 6H2O -» KFe3 (SO4)2 (OH)6 + 6H*
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There is, however, some uncertainty with respect to the solubility constants of K-
jarosite and Na-jarosite.

Siderite is also likely to form in the presence of ferrous iron and carbonate alkalinity
{pH > 6.4). The specific siderite formation reactions include:

Fe2* + H2CO3 -»• FeCO3(s) + 2H*

Fe2* + HCO3- -»• FeCO3(s) + H*

- • FeCO3(s) log K = 10,4

The formation of siderite therefore in general releases acidity, which can further
consume calcite/dolomite. The alternative postulate for the formation of siderite in the
presence of calcite is a simple ion exchange reaction:

Fez* + CaCO3(s) -4 Ca2* + FeCO3(s)

This simple formation model does not release/consume acidity in the process, but
obviously uses calcite which could have been used for neutralisation of acidity.

The redox potential (Eh) of acid mine water is typically determined by the ferrous/ferric
iron redox couple. The Nemst equation can be used to describe the ferrous/ferric
equilibrium:

Eh = Eo - RT/nF.fn([Fe27[Fe3+]) (2.5.2)

Where:

[Fe2*],[Fe3*] = activities of the free ferrous/ferric ion species (mole/l)

R = ideal gas constant

T = temperature (K)

F = Faraday constant

n = number of electrons involved in the reaction (= 1)

It is not appropriate to use the total ferrous ion and total ferric ion concentrations in
these calculations. Correction must be made for the complexed forms of these
dissolved iron species. Ferric iron (Fe3*) forms strong complexes with sulphate and
hydroxide. The most common dissolved complexes include FeSO/, Fe(SO4)

2',
Fe(OH)2*, Fe2(OH)2** and Fe(OH)/. The free feme ion typically constitutes a small
percentage (< 10%) of the total ferric iron in solution (Nordstrom era/. 1979).

Ferrous iron forms weak complexes and the only complex of significance is FeSCV.

Iron precipitates which can also play a role in the equilibrium of dissolved
concentrations of ionic species include:

Melanterite FeSO,.7H2O

Copiapite Fe(ll).Fe(lll).(SO4)6.(OH)2.2H2O
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• Coquimbite Fe2(SO4)3.9H2O

• Jarosite KFe3(SO,)2.(OH)6

• Ferric hydroxide (amorphous) Fe(OH)3

• Goethite FeOOH

Melanterite and copiapite (yellow) typically form where acid rock drainage is drawn to
an exposed surface by capillary forces and water evaporates leaving the relatively
soluble precipitates behind. Copiapite is also known to undergo ion exchange
reactions with divalent and trivalent ions such as Mg2*, Cu2*, Zn2+, Cd2* and Al3+.
Melanterite, copiapite and coquimbite precipitates are typically only associated with
extremely acidic mine water, pH < 1,5.

Jarosite (yellow) precipitation is more common in the range 1,5 < pH < 2,5. Some
uncertainty still remains with respect to the thermodynamic constants assumed for
jarosite. A kinetic restriction may exist in the precipitation of jarosite. This restriction
may be overcome by the presence of adequate surface area, such as bacterial/algal
slimes etc.

Ferric hydroxide (amorphous) appears to control the presence of dissolved ferric iron
in acid mine waters, in the pH range 2,5 < pH < 3,5.

Iron is the fourth most common element in the earth's crust and participates in a
multitude of abiotic and biotic processes. The stable equilibrium state of iron as a
function of redox potential and pH is depicted in Figure 2.5.



2635-O28

+20

+10

pe

-10

Fe3+

X

o
Li-

"s.

PH2>1

Po2
>

\

Fe (s)

1 atm

•s

am. Fe(C

\
\
\
\

x FeCO3(s

^ ^

• • •

\

\

F
e(

0H
)4

6 9
pH

12

CO

FIGURE 2.5 : EQUILIBRIUM CHEMISTRY OF IRON



Species

Dissolved12

Fe3+. FREE

FeSO4
+

Fe(SO4)2-

FeOH2+

Fe(OH)2+

Fe2(OH)2
4+

Solid

FePO4.2H2O(s)

Fe(OH)3(s)

(t-FeOOH(s)

y-FeOOH(s)

u-Fe2O3(s)

Fe(SO4)(OH)(s)

KFe3(SO4)2(OH)6(s)

Fe3(SO4)2(OH)5

H3OFe3(S04)2(OH)6(s)

NaFe3(SO4)2(OH)6(s)

AgFe3(SO4)2(OH)6(s)

PbFe6(SO4)4(OH)12(s)

Formation equation
Expressed in terms of components in the chemical equilibrium model

Fe3+ + SO42- ^ FeSO4
+

Fe3+ + 2SO42- ^ Fe(SO4)2"

Fe3+ + H2O ^ FeOH2+ + H+

Fe3+ + 2H2O - Fe(OH)2+ + 2H+

2Fe3+ + 2H2O s Fe2(OH)24+ + 2H+

Fe3+ + PO43- + 2H2O ^ FePO4.2H2O(s)

Fe3+ + 3H2O ^ Fe(OH)3(s) + 3H+

Fe3+ + 2H2O ^ u-FeOOH(s) + 3H+

Fe3+ + 2H2O - y-FeOOH(s) + 3H+

2Fe3+ + 3H2O ^ «-Fe2O3(s) + 6H+

Fe3+ + SO42- + H2O ^ Fe(SO4)OH(s) + H+

K+ + 3Fe3+ + 2SO42- + 6H2O ^ KFe3(SO4)2(OH)6(s) + 6H+

3Fe3+ + 2SO42- + 7H2O ^ Fe3(SO4)2(OH)5.2H2O(s) + 5H +

H3O+ + 3Fe3+ + 2SO42- + 6H2O p H3OFe3{SO4)2(OH)6(s) + 6H+

Na+ + 3Fe3+ + 2SO42- + 6H2O ^ j NaFe3{SO4)2(OH)6(s) + 6H+

Ag+ + 3Fe3+ + 2SO42- + 6H2O ^ AgFe3(SO4)2(OH)6(s) + 6H+

Pb2 + + 5Fe3+ + 4SO42- + 12H2O ^ PbFee(SO4)4(OH)i2(s) + 12H+

tog K (l=0)
(Temperature

= 25DC)

4,04

5,38

-2,19

-5,7

-2,9

26,4

-3,2 ±0,2

-3,02 ±0,35

-0,5

0,48 ± 0,23

0,7

2,7

10,98

8,92

13,78

27,36

Table 2.5 : Equilibrium equations for principal iron species (Smith et al (1988))
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Smith ef a/. (1988) conducted research into the bacterial oxidation of ferrous iron by
Thiobacillus ferrooxidans. Experiments were conducted in the pH range 1,8-2,1. In
this pH range the dominant dissolved ferrous and ferric iron species were Fe2*,
FeSCV, Fe3', FeSCV and Fe<SO4)2\ Feme iron precipitated as the hydroxide when
the pH increased above pH 2,0 ~* 2,5. The principle iron species were computed on
the basis of a chemical equilibrium model which incorporated the equations listed in
Table 2.5

2.6 Microbial action

Two bacterial species are known to accelerate the pyrite oxidation process;
Thiobacillus ferrooxidans and Thiobacillus thio-oxidans. These autotrophic bactena
are sensitive to temperature, with an optimum temperature of about 30°C. Virtually no
bacterial action takes place below 4°C and above 55°C.

Bacterial catalysis can substantially accelerate the pyrite oxidation process Singer
and Stumm (1970) indicated that the ferrous iron oxidation rate (considered to be the
rate limiting reaction in the overall pyrite oxidation process) can be accelerated by six
orders of magnitude in the presence of bacteria.

The microbial catalysis of the pyrite oxidation process is also sensitive to pH, with an
optimum range of 2,5 < pH < 4,0. Scharer ef al. (1991) used the following biotic pyrite
oxidation rate to account for the pH sensitivity:

K = B.exp(-Ea/RT)/(1 + 1 ft2*1* + 10""*) (2.6.1)

B = biotic scaling factor, typically 16-35

The United States Bureau of Mines is currently developing a predictive model of acid
mine drainage from waste rock and spoils dumps. The bacterial catalysis of the pynte
oxidation process is modelled by an evaluation of the viable bacterial density. A
modified Monod-type expression is used with allowance for bacterial growth and
death as a function of the limiting substrate [Fe2'] concentration and pH;

& = Hm.X[[H7(Kfl+[H*])].[[Fe27(Kf+[Fe2*])]-KdX
2 (2.6.2)

where:

X = viable bacterial mass (mg/l)

H™ = maximum growth rate {approximately 0,1/hour)

Kf, = half saturated constant with respect to hydrogen ion [IT]
concentration

= 0,1 mmol/l = 0,1 mg/l

K< = half saturated constant with respect to ferrous iron [Fe2*]
concentration

= 2,0 mmol/l = 110 mg Fe/I

K<j = bacterial decay rate
= 0,005 mmol/l/hour
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The autotrophic bacterial growth using oxidation of ferrous iron as energy source,
typically yields 0,4 mg bacterial mass/mmoie iron oxidised, which is equivalent to
7 mg/g Fe2*.

Bacterial catalysis however requires favourable environmental conditions for
metabolism. Thiobaciltus ferro-oxidous is sensitive to at least the following three
environmental conditions:

• Temperature

The bacterial species is mesophyllic, with an optimum temperature in the
range of 25 - 35°C. The inhibition of bacterial action under sub-optimal
temperatures can be described by the equation:

XT = -1,25 x 10'5V - 4,4 x 10-* T2 + 0,066 T - 0,25 (2.6.3)

for4°C<T<55°C

where:

XT = proportion of maximum metabolic rate

T = temperature (°C)

pH

Thiobacillus ferro-oxidans is also sensitive to pH. At low pH, cell activity
decreases, probably due to acid attack of the cell membrane. High pH, on the
other hand, also results in decreased efficiency of metabolic processes. The
pH dependance can be described by the following equation:

XpH = -0,35 pH2 +2,3 pH-2,7 (2.6.4)

for 1,54 <pH< 4,95

Xpn = proportion of maximum metabolic rate

• Dissolved oxygen

Thiobacillus ferro-oxidans can survive at low oxygen concentrations, but
requires oxygen as an electron acceptor for ferrous iron oxidation. The
influence of oxygen on the metabolic rate is expressed by the following
equations:

X. 1,0

Yo/0,01

forY0

forYo

>0,01

<0,01

atm

atm

(2.6.5)

(2.6.6)

where:

XQ = proportion of maximum metabolic rate

Yo = oxygen partial pressure (or dissolved oxygen
concentration) in atm.
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Tests conducted by Scharer ef al. (1991) indicated that Thiobacillus fenv-oxidans did
not actively grow at a temperature less than 6°C, with healty growth at 21 °C. The
Arrhenius activated energy for bacterial pyrite oxidation was found to be
Ea = 25,6 kcal/mole (doubling for every 10°C temperature nse).

2.7 Oxygen migration in the spoils environment

The presence of oxygen is important to sustain the pyrite oxidation process. Oxygen
is an essential reagent in all the pyrite oxidation process reactions, including the
further oxidation of products such as ferrous iron. No thermodynamically favourable
mechanism, which does not involve oxygen, has been identified for the natural
oxidation of pyrite.

An inverse relationship is frequently observed between oxygen (O2) concentration and
carbon dioxide (CO2) concentration in the spoils environment. The consumption of
oxygen in the spoils environment may be be attributed to:

• pyrite oxidation processes

• soil bacterial respiration

The production of CO2 can be attributed to the same two processes. The
neutralisation of acidity by carbonate minerals may also produce carbon dioxide. The
generalised neutralisation reaction involving calcite demonstrates this generation
mechanism:

FeS2 + 2CaCO3 + 33/;O2 + 1,5H2O

-> Fe(OH)3 + 2SO4
2" + 2Ca2* + 2CO2(g)

The relationship between the oxygen consumption and the corresponding carbon
dioxide production depends on the environmental conditions in the spoils
environment:

• In an acidic environment {pH < 4,0), with some carbonate mineral (M - CO3)
present, then:

FeS2 + VAO2 + H2O -> Fe2* + 2SO,2" + 2H*

M - CO3 + 2H* -» M2* + H2CO3(aq)

In an acidic environment, the carbonic acid would be virtually completely
undissociated (in the H2CO3 form) and the equilibrium between H2CO3(aq) and
CO2(g) would be governed by Henry's Law. In the extreme case where all
H2CO3(aq) is exsolved, the molar ratio between CO2 generation and O2

consumption is then 1/3,5 = 0,29.

In a mildly acidic environment (pH > 4,0) the oxidation of ferrous iron and the
subsequent precipitation of ferric iron would consume further oxygen and
generate further acidity:

+ 2.5H2O - • Fe(OH)3 + 2hf

M - CO3 + 2H* -> M2* + H2CO3(aq)
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In the extreme case, where all H2CO3(aq) is exsolved, the molar ratio between
CO2 generated and O2 consumptiion is then 2/3,75 = 0,53.

• In an alkaline environment, the acidity generated by the pyrite oxidation
process would also be neutralised by carbonate minerals. The carbonic acid
would however dissociate to form soluble bicarbonate and carbonate species.
Very little CO2 would be exsolved and no specific molar ratio between CO2

generation and O2 consumption would exist.

Jaynes (1983) reported an experimentally observed molar ratio of CO2 generated : O2

consumption of 0.30. This would indicate that acidic conditions existed in the micro-
environment in which these reactions are taking place.

2.7.1 Diffusion Processes

The expression for diffusional mass transfer of a gas in one dimension can be
expressed as:

N

where:

RT dZ (2.7.1.1)

N,

Dy,

P

R

T

Y,

Z

molar flux (mole/m2/sec)

diffusion coefficient (m2/sec)

total gas pressure (atm)

Universal gas constant (8,31 kPa.cm3/mole/K)

absolute temperature (K)

mole fraction of component i (mole/mole)

dimension (m)

In the spoils environment, the one dimensional gas diffusion expression has to
be adjusted for the porosity, ©a (air-filled porosity) and for the tortuosity, £, of
the spoils:

w ea.Df.P
; . R . T

dY,
dZ (2.7.1.2)

The following numerical values are commonly used for air-filled porosity and
tortuosity:

Coarse spoils

Fine spoils

Air-filled porosity
(©a)

0,12

0.06

Tortuosity
(C)

5

10

The air-filled porosity is sensitive to the moisture content of the spoils.
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Three gaseous species of significance are typically present in the spoils
environment : nitrogen (N2), oxygen (O2) and carbon dioxide (CO2). This is
particularly relevant in an acidic spoils environment where some CO2 is
exsolved during the calcite/dolomite dissolution processes. The gas diffusion
coefficient is however sensitive to gas composition, relative gas flux rates,
temperature and pressure. In a quasi-steady state situation, it can be
assumed that nitrogen is a stagnant gas with mainly oxygen and carbon
dioxide as mobile gases. The generalised equation for diffusional mass
transfer is then:

NOJ RT dZ (2.7.1.3)

NCO2
RT dZ (2.7.1.4)

where:

and:

and

D/O2

D/C02

D/O2

D/C02

1 02

I C02

DO2.CO2

'CO2.N2

S-CO2.02

cO2.O2-Do2.N2

32.CO2 - I-'CO2N2_

D,CO2.N2- D,O2.CO2' D, • Y cCO2.N2- ' C02 £02,02

molar flux of oxygen (mole/m2/sec)

molar flux of carbon dioxide (mole/m2/sec)

effective diffusion coefficient of oxygen (m2/sec)

effective diffusion coefficient of carbon dioxide
(m2/sec)

molar concentration of oxygen (mole/mole)

molar concentration of carbon dioxide
(mole/mole)

diffusion coefficient for oxygen-nitrogen gas pair
(m2/sec)

diffusion coefficient for carbon dioxide nitrogen
gas pair (m2/sec)

Nco2/N02

The effective diffusion coefficient for oxygen in a nitrogen-oxygen-carbon
dioxide system is shown in Figure 2.7.1 as a function of gas composition and
relative gas flux rates.
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The diffusion coefficients for the gas pairs of interest are summarised
hereunder at 20°C (293K) and standard pressure (101 kPa):

Gas pair

• oxygen-nitrogen

• carbon dioxide-nitrogen

• oxygen-carbon dioxide

D (m2/sec)

2,02 x10"5

1,59 x10"5

1,59 x10-5

Significant deviations from the simple binary gas diffusion behaviour are,
therefore, possible in a complex multiple-gas environment.

If the spoils environment is not acidic, then the situation can be simulated
as a binary gas system consisting of two components, nitrogen (N2) and
oxygen (O2).

The general diffusion equation for a two component gas system is:

N = - ^ S f e - • -P- - dY,
1-(1-RjY, RT dz (2.7.1.5)

where:

i = O2 and j = N2

If we further assume the atmospheric pressure to be constant, then N, = -N,
and Rji = N/N, = 1, and

N°2 ~ RT dz~ (2.7.1.6)

where:

N02 = molar oxygen flux {mole O2/m
2/sec)

D02N2 = binary diffusion coefficient (m2/sec)
The rehabilitation covers of spoils bodies typically contain active plant growth
with associated soil microbial activity. The microbial respiration rates in the soil
surface layers vary substantially. Jaynes (1983) employed the following range
of soil cover respiration rates in his model:

1,2 x 10"12 -12 x 10"12 mole/cm3/sec

Bennett and Ritchie (1991) derived the internal oxygen consumption rate from
oxygen concentration profiles in waste rock dumps at the Aitik Mine in
northern Sweden. The average oxygen consumption rate was 0,32 kg/m3/year
(0,34 kg FeS2/m

3/year). assuming that oxidation of one mole pyrite, consumes
the equivalent of 3,5 moles O2 in an acidic environment. It would, therefore,
take approximately 50 years, with no restriction to the oxygen supply into the
interior of the waste rock dumps to exhaust the pyrite.

The migration of oxygen in unsaturated porous media may take place in a
number of ways. These mechanisms of migration may be broadly classified
into:
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• Oxygen transport via the water infiltration into the porous media.

• Barometric pumping occuring due to fluctuations in atmospheric
pressure. Atmospheric pressure changes are seldom more than
5-10% In accordance with the ideal gas laws, movement of
atmospheric constituents due to barometric pumping would typically be
less than 50-100 mm per metre depth of porous media.

• Convective transport of oxygen under conditions created by, for
example, burning spoils.

• Successive cycles of wetting and drying can also act as a mechanism
for the transport of oxygen into a body of porous spoils. Wetting results
in the displacement of air contained in the porous media. Drying
results in ingress of air from the surrounding atmosphere into the
porous spoils. These successive cycles occur over a long time scale,
compared to the other oxygen transport mechanisms.

• Advective transport of oxygen may also take place depending on
several factors including wind patterns, geometry of the spoil/discard
dump, local topography, grading within the dump and the effect of coal
burning on or within the spoils body.

Diffusion is considered to be the main transport mechanism supplying the
oxygen required for the pyrite oxidation processes to the interior of opencast
mine spoils bodies. Spoils material characteristics do not typically allow the
advective movement of air through the spoils, except in situations where an
uncovered spoils body is exposed to strong wind action. Placement of the
spoils back into the preceding mining cuts is therefore not conducive to
advective air movement through the spoils. Barometric "pumping" can only
effectively aerate the outer surface of a spoils body, within the constraints of
the typical variation in barometric pressure in the South African interior.

2.7.2 Oxygen consumption

Oxygen consumption within spoils can mainly be attributed to three
processes:

• pyrite oxidation

• ferrous iron oxidation

• respiration by bacterial and other microscopic life forms

The oxygen consumption due to pyrite oxidation can be expressed as:

Qw = -R w .F w . P b / b (2.7.2.1)

where:

Qpy = oxygen consumption (mole/m3/sec or kg/m3/sec)

Rpy = pyrite oxidation rate, usually expressed on a fractional
basis (mole/mole/sec or kg/kg/sec)
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Fpy = pyrite content of spoils (kg/kg)

pD = bulk density of spoils (kg/m3)

p = stoichiometric ratio of mole pyrite oxidised per mole
oxygen utilised (mole FeSj/mole O2) = 1/3,5 = 0,2857
mole FeSj/mole O2.

The oxygen consumption due to oxidation of ferrous iron can be expressed
as:

QFe = -RFe/b

where:

QFe = oxygen consumption (mole/m3/sec or kg/m3/sec)

RFe = ferrous iron oxidation rate (mole/m3/sec or kg/m3/sec)

b = stoichiometnc ratio of mole Fe2+ oxidised per mole O2

utilised (mole Fe27mole O2) = 1/0,25 = 4 mole
Fe27mole O2

6,975 kg Fe27kg O2

2.7.3 Oxygen diffusion modelling

Ritchie (1977) developed a mathematical model to simulate the oxygen
diffusion into a homogenous waste rock/spoils body. The model assumes that
oxygen (O2) is the rate-limiting reactant in the oxidation of pyrite. The pyrite
oxidation rate is, therefore, governed by the rate at which oxygen can be
transported from the atmosphere to the internal reaction sites within the dump.
Ritchie assumed that oxygen was transported by a diffusiona! process. The
model was developed for a relatively flat, semi-infinite body of spoils, with the
top face exposed to the atmosphere. A planar moving boundary formulation
was adopted with a moving reaction front located between the top surface of
the dump and the base of the dump. The region above the moving reaction
front was assumed to be fully oxidised, while the region below the moving
reaction front was unoxidised, refer to Figure 2.7.3(a).
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The diffusion equation governing the migration of oxygen is:

where:

0a = dump air porosity (m3/m3)

C = oxygen concentration (mg/m3)

D^ = effective oxygen diffusion coefficient (m2/sec)

x = distance into dump (m)

X = position of reaction front in dump (m)

The boundary conditions can be stated as follows:

C(x=0) = Co

C(x=X) = 0

The position of the reaction front can be described by the following
expression:

where:

E = mass of oxygen consumed per unit mass of pyrite
oxidised (kg O2/kgFeS2)

ps = pyrite content of dump {kg FeS2/m
3)

The oxygen concentration at any position and time in the spoils dump is:

C(x,t) = Co[1 - erf[x/2(D.t)M]/erf(a) {2.7.3.3)

where D = Dto2/0a

The model paramenter ct is found from the transcendental equation:

(ratf.exp (ct2).erf(a) = 0aC/(E.ps) (2.7.3.4)

The position of the reaction front at any point in time is then:

X(t) = 2.a(D.tf (2.7.3.5)

Davis and Ritchie (1986) developed a two-stage oxygen diffusion model to
simulate pyrite oxidation in waste rock/spoils dumps (refer to Figure 2.7.3{b)).
The first stage consisted of oxygen diffusion from the atmosphere through the
pore space to the individual reacting particles located in the dump. The
second stage consisted of oxygen diffusion within the reacting particles. The
model was based on a number of assumptions:
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• All reactants in the pyrite oxidation process are available, with only
oxygen as the rate-limiting reactant.

• The pyrite oxidation rate is much faster than the rate at which oxygen
can be supplied to the reaction sites.

• Oxygen mass transfer is driven by concentration gradients in the dump
pore space and within the individual particles.

• Pyrite is evenly disseminated throughout the waste rock/spoils
particles, which results in a shrinking core formulation of the pyrite
oxidation process within each particle.

The expressions governing the mass transfer of oxygen in the dump pore
space are summarised hereunder:

0adC - D^C - Q for 0 < x < L
dt* dx2 (2.7.3.6)

with boundary conditions

C(x* = 0) Co

dC
* (x* = L) = O

C{t* = 0) = 0

where

0a = air-filled porosity (m3/m3)

C = oxygen concentration in pore space (mg/m3)

D, = effective oxygen diffusion coefficient in pore space
(m2/sec)

x* = distance into dump (m)

t* = time (sec)

L = depth of dump (m)

Q = oxygen consumption rate (kgO2/m
3/sec)

The oxygen consumption rate can be computed on the basis of the number of
reacting particles per unit volume.

dr* (2.7.3.7)

where:

u = number of spherical particles per unit volume
3{1-0a)/47ia3
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D2 = effective oxygen diffusion coefficient into particle
<m2/sec)

a = spherical particle radius (m)

K = oxygen concentration in particle (mg/m3)

ThusQ= 3(1-0a)D2a.5K{r* = a)
dr (2.7.3.8)

The expressions governing the mass transfer of oxygen within the reacting
particles can be summarised as follows:

31̂  — Pi

sS - uz • .
a* er*2 r*5r* (2.7.3.9)

for R < r* < a

with R = radial position of reacting surface (m)

The boundary conditions relevant to a specific reacting particle can be stated
as:

K(r* = R) = 0 and K(r* = R) = yC (2.7.3.10)

E&.cR _ D,5K

(1-"0p)5t* 5r*

where:

E = mass of oxygen consumed per unit mass of sulphur
oxidised (kgO2/kgS)

ps = sulphur density in particle (kgS/m3)

0p = particle porosity (m3/m3)

y = Henry's Law constant

The oxygen concentration in the pore space (C) and the oxygen concentration
at the particle surface can be related using Henry's Law:

C = y.K(r = a) (2.7.3.11)

where:

y = Henry's Law constant

Davis (1983) developed approximate solutions to obtain the oxygen
concentrations in the pore space of the dump as a function of time and
position. The upper bound approximate solutions to the dimensionless
oxygen concentration profile in the dump depends on the location of the
planar moving front, behind which the particles are totally reacted. The
position of the planar front, X, can be solved from the trancendental equation:



52 Literature Review

t = tc + X72 + tcVp.X.tanhh/p.(1-X)] (2.7.3.12)

where:

tc = 1 /(6k)

p = 6k

k = yO-©!) D^D^L/a)2

The upper bound solutions for the oxygen concentrations, t > tc. can be
summarised:

0 < x < X(t)

u (x, t) = 1 - x/X[t - tc - X72]/[t - X2/2] (2.7.3.13)

X(t) < x < 1

u (x, t) = [tc.CoshVp.(i-x)] / [(t - X72) CoshVp.(i-X)]

(2.7.3.14)

The dimensionless expressions are based on the following transformations:

u = C/Co _ = K/yC0

x = x7L r = r*/a

R = R*/a
In most cases, the model parameter, p is large and the approximate analytic
solutions can be further simplified:

P = 6k ty.Djti-G.JLVD^2 (2.7.3.15)

The oxygen concentration profiles then become:

u(x,t) = 1 - (Vp .X) / (1+Vp .X) forO<x<X(t)

u(x,t) = exp[-Vp(x - X)]/[1 + Vp.X] for X(t) < x < 1

In the region above the moving planar front, the oxygen concentration
decreases linearly with distance from the top of the waste/spoils dump
surface. The dimensionless oxygen concentration is equal to:

u(x,t) = 1 - (Vp. X) / (1 - i/p. X) at the planar front (2.7.3.16)

1 -1/[1 +

The oxygen concentration decreases exponentially below the planar moving
front.

The sulphate production rate in the waste/spoils body can be expressed as:
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S(t) = L.d,.p&. 1/(2t-tc)» (2.7.3.17)

where:

S(t) = sulphate production {kgSO4/m
2/sec)

es - sulphate production per mass of sulphur oxidised
(kgSCVkgS)

ps = sulphur density in dump

^ = L2E.Ps/(DiUo)

E = mass of oxygen consumed per unit mass of sulphur
oxidised (kgO^kgS)

The Davis mode! has been calibrated on highly reactive waste rock/spoils
dumps, containing readily oxidizable pyrite. The dumps were all highly acidic
and produced an estimated sulphate load of 60 tonSO4/ha/a. This is
approximately one order of magnitude higher than the typical sulphate
production rates observed in opencast spoils bodies on the Eastern Transvaal
Highveld coalfields.

The model assumes that pyrite oxidation products do not accumulate within
the waste rock/spoils body. The pynte oxidation is also assumed to be
restricted to the primary oxidation reaction, yielding ferrous iron and sulphate.
It is clear that the model does not recognise factors which could restrict the
rate at which pyrite oxidation products are mobilised from a waste rock/spoils
dump such as precipitation, neutralisation, and flushing. The variability of the
geochemical properties of waste rock and spoils is also not reflected in the
model.

Yanful (1991) investigated the diffusion of oxygen into fine-grained tailings
material. The effective diffusion coefficient was again expressed as:

D3 =

where:

*- —

The oxygen diffusion

• water =

• air =

s

air-filled porosity

tortuosity (= 5 for spoils)

coefficients:

2 x 10"5cm2/sec

0,178 cm2/sec

The effective diffusion coefficient therefore decreases rapidly beyond a spoils
moisture content of 70 - 80%.



54 Hydroogical Aspects

3. HYDROLOGICAL ASPECTS OF MODELLING OPENCAST MINE WATER SYSTEMS

The nature of open-pit mining operations implies that the original drainage areas are
undisturbed by nature, with only a small percentage of impervious areas. The catchment
characteristics will, however, change extensively as mining progresses, resulting in
progressive disturbance of the natural surfaces. Drainage on a mining complex can take
place from the following types of surfaces:

• original pre-mined surface,
• pit slopes,
• pit floor,
• access ramps,
• overburden spoil heaps.
• levelled and profiled spoils,
• levelled, topsoiled and vegetated spoils,
• access roads,
• cultivated lands.

Each of these surfaces will exhibit a different response to rainfall, both in terms of runoff and
infiltration. In order to correctly simulate the various types of surfaces and develop a generic
model for application on any mine site, three hydrological simulation approaches were
adopted. The approaches incorporated into the model are all based on well-tested and
commonly-used techniques, which have been adapted to open-pit mine water systems

The three hydrological approaches applied are:

• Importation of separately generated runoff files

If available, the user may input a runoff file generated by any method or a file which
has been generated through a monitoring program. The data layout must be detailed
in an ASCII format, and once imported will be transparent to the operation of the
model.

• Soil Conservation Service (SCS) model

The SCS model is an empirical method relating the accumulated runoff from a
catchment to the rainfall which has fallen on the catchment. It is particularly applicable
for catchments of 8 km2 or less and has been adapted for South African conditions.
This method is well-tested, well-documented and accepted in Southern Africa.

• Kinematic flow theory

The use of kinematic flow theory has been extensively researched in the past decade
and many models exist that employ this technique. The value of the technique is the
simulation of the true behaviour of the catchment with realistic parameters, rather
than an empirical approach. The empirical methods assume a unique travel time for
each point in the catchment. This neglects the change in depth of flow with time and
movement down the catchment, which can lead to increase in velocity. The kinematic
equations are simplified hydrodynamic equations and can be modified to account for
losses and abstraction in a realistic manner.

All three hydrological approaches are described in more detail in the following sections
including the data requirements.



55 Hydroogical Aspects

3.1 Generation of runoff files

3.1.1 Background

It is often found that the data input required for the execution of hydrologtcal
models is not readily available. In general the empirical models require less
data than the kinematic methods, but even these data are often difficult to
obtain.

The collection of data and assessment of appropriate hydrological parameters
describing a catchment response require the attention of an experienced
hydrologist. This may, therefore, be carried out separately from opencast mine
water modelling itself. If surface runoffs are already generated, it is necessary
to import these values into the generic opencast mine water model

Recorded rainfall/runoff data, although sparse at present, could in the future
become an additional source of data. A one-year data base of recorded
runoffs could, therefore, be incorporated into the model for a short term
simulation. Although the recording period is limited, the data are recorded on
site and, therefore, have value in terms of local applicability. The ability to
import this type of hydrological data is imperative.

3.1.2 Methodology

The different surface drainage characteristics of the different types of areas
outlined above requires a separate flow file for each element. The modelling
methods (SCS and kinematic models) allow for the incorporation of factors to
simulate the hydrological response of various surfaces. As the hydrological
modelling is carried out independently in this case, it is assumed that the flow
for each type of surface will be separately generated before importation into
the generic mine water model.

Due to the mode! configuration it is possible for either the runoff simulation
approaches or the importation option to be used independently of the
simulation or reporting components of the generic mine water model.

As the model of the generic opencast mine water system is dynamically
constructed and can have any number of elements, the user will be prompted
for the input file for each different type of surface at data entry. When the
hydrological model is run, it will determine whether import data is required or
not. If the files are available these data will be accessed and stored in the
data-base for later use.

3.2 Soil Conservation Service (SCS) model

3.2.1 Background

The Soil Conservation Service or SCS model was originally developed by
Mocklus and has been extensively modified over the past three decades. It is
most applicable for catchment sizes of 8 km2 or less and slopes not exceeding
30%. This method has been tested and modified for South African conditions
by Cousons (1976), Arnold (1980), Schulze (1982), Hope (1984) and Schmidt
and Schulze (1984). The SCS method can be used for the estimation of
runoff depth, runoff volume, peak discharge and can be used to generate a
flow hydrograph.
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3.2.2 Runoff Equations

The runoff in the SCS method is calculated using an empirical method
describing the relationship between accumulated rainfall and accumulated
runoff. An index is included in the relationship, which describes the surface
response characteristics.

Runoff is deemed to begin after the interception and depression storage
components have been satisfied, plus any infiltration which occurs before
runoff takes place. This is satisfied by a rainfall amount termed the initial
abstraction (la). Additional infiltration losses, occurring after the runoff has
started, are termed the total retention (F), which increases to a maximum
value of S.

This leads to the relationship which assumes the ratio of actual retention to
maximum retention, is equal to the ratio of the runoff to the rainfall minus the
initial abstraction.

Therefore:

Q
(P-

where:

Q =

P =

F =

S =

la =

= F
la) S

: accumulated runoff (mm)

accumulated rainfall (mm)

accumulated infiltration losses (mm) from

potential maximum retention of soil (mm)

initial abstraction (mm)

(3.2.2.1)

start of runoff

When runoff has started taking place, all rainfall will either become surface
runoff or infiltration.

Therefore:

P - la = F + Q (3.2.2.2)

To avoid having to estimate both la and S, the following empirical relationship
is set up:

la = cS (3.2.2.3)

Therefore solving equations (3.2.2.1) and (3.2.2.2) and substituting (3.2.2.3)
gives;

Q= ( P - C S ) ;

P + (1-c)S (3.2.2.4)

This equation can, therefore, predict runoff depth Q from rainfall depth P for a
catchment described by c and S. Equation (3.2.2.4) applies only where
rainfall exceeds initial abstraction.
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The value of S is related to the soil type, cover conditions and moisture status
of the catchment. A dimensionless curve number (see Appendix A) was
created to produce a more linear relationship and reflects the catchment
response index to rainfall:

CN= 25 4Q0
S + 254 (3.2.2.5)

It is also possible to solve for S for application on a well-gauged catchment to
determine appropriate CN values.

3.2.3 Rainfall

The SCS methodology was designed to work with daily rainfall as the basic
input. Generally in South Africa, these data are easily accessible from the
Weather Bureau. Time and rainfall intensity are not included in the analysis
method.

!t has generally been accepted that one-day rainfall be used as the basic
rainfall data input. The 24-hour rainfall has been recommended (Schulze and
Arnold, 1979), but conversion factors vary regionally and by recurrence
interval and are, therefore, not easily determined. Daily rainfall values can be
obtained from Adamson (1981) for 2 400 stations in Southern Africa, and for
various recurrence intervals.

Maps of maximum expected one-day rainfall are available, but must be
treated with caution. It is rather recommended to obtain values from
tabulated weather station records (Adamsom, 1980). If more than one record
is available, preference should be given to the longer records and/or the more
closely related MAP values.

3.2.4 Soil Groups

Soil type is of prime importance in assessing and evaluating the hydrological
response of a catchment. Various types of soil regulate the absorption,
retention and release of water in different ways and to varying degrees.
Important factors defining soil characteristics are its infiltration rate,
permeability and water storage capacity.

The four basic soil groups, defined by the US Department of Agriculture, were
adopted in South Africa and three additional intermediate soil groups were
defined due to the wide spectrum of soils found in South Africa. The soil
descriptions are given in Table 3.2.4.

Soil Groups

A

Class

Low storm flow
potential

Description

Infiltration rate is high and permeability
unrestricted.
Soil depth is high and well-drained.
Infiltration = 25 mm/hr
Permeability > 7,6 mm/hr
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Soil Groups

A/B

B

B/C

C

C/D

D

Class

Moderately low
storm flow
potential

Moderately high
storm flow
potential

High storm flow
potential

Description

Moderate infiltration rate, effective depth and
drainage. Permeability is slightly restncted
Infiltration = 13 mm/hr
Permeability = 3.8 to 7,6 mm/hr

Infiltration rate slow or detenorates rapidly.
Permeability restricted. Soil depth shallow
infiltration = 6 mm/hr
Permeability = 1.3 to 3,8 mm/hr

Very slow infiltration rates and severally
restricted permeability. Very shallow soils: High
shnnk potential.
Infiltration = 3 mm/hr
Permeability < 1,3 mm/hr

Table 3.2.4 : Soil classification for SCS methodology (Schmidt and
Schulze, 1987}

3.2.5 Land Use and Treatment Classes

In order to assess the runoff from a catchment the surface conditions must be
considered. In the SCS methodology, this is incorporated into the CN value
through a classification of the land use and surface status (terracing, etc).
The classes incorporate land use and treatment combinations as found in
practice. If non-typical conditions are found, interpolation between classes
can be carried out.

The basic classification is by land use, with a secondary classification by type
of operation within the land use The following is a list of the basic land use
classifications:

• Cultivated land- Fallow
- Row crops
- Small grain crops
- Close-seeded legumes or rotation meadows
- Sugar cane

• Grassland
• Meadow
• Woods
• Orchards
• Forest
• Urban/Suburban

3.2.6 Hydrological Conditions

The runoff potential of a catchment is affected by the prevailing hydrological
conditions of the catchment at the time of assessment. This makes some
allowance for the antecedent moisture conditions of the soil. The hydrological
conditions is defined as:
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• Poor - high runoff potential
• Good - poor runoff potential

3.2.7 Calculation Procedure

StepL- Classify the surface in terms of hydrological condition, either
good or poor.

Step 2. - From the tables of South African soil groups establish the soil
type as A, A/B, B. B/C, C, C/D, or D

Step 3. - Using the information from Steps 1 and 2 and the type of land
use applicable to the catchment, obtain a Curve
Number (CN) from the appropriate tables.

Step 4. - Calculate the maximum retention in the soil:

S= 25400 -254 (3.2.7.1)

CN

Step 5. - Calculate the flow off the catchment;

Q = fP - cS)2 (3.2.7.2)

P + (1 - c)S

where:

c - the co-efficient of initial abstraction
= 0,1 recommended by Schmidt and Schulze (1987)

P - the accumulated rainfall (mm) at time t
* to be read from raw data provided.

3.2.8 Parameter Tables
The tables contained in Appendix A are taken from Schmidt and Schulze
(1987), and represent the curve numbers by land use and the soil
classification for use in the SCS methodology and defined for South African
conditions.

3.3 Kinematic flow model

3.3.1 Background

The kinematic approach to the routing of flood waves was first introduced by
Lighthill and Whitham (1955). Henderson and Wooding (1964) used this
approadr to model the runoff hydrograph resulting from excess rain on a
plane. This approach has since been incorporated in models such as SWMM,
WITWAT and WITSKM to model overland flow. Although these models were
essentially developed for the analysis of urban drainage systems, the
kinematic method has also been used to model runoff off from essentially rural
catchments by Constantinides (1982) in the Kine 2 model and by Holden
(1993).

The kinematic method has advantages over time-area methods in that its
basis is founded in hydraulic theory and the non-linearity of the surface flow
process is taken into account. The theory is simpler than the general
hydrodynamic equations. The simpler numerical solutions result in faster
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computer programs. This approach can be used to route flood waves down
channels, pipes and through aquifers.

3.3.2 Kinematic flow theory

The equations of flow on which the kinematic theory is based are the St
Venant equations. These equations describe one-dimensional flow of an
incompressible, homogeneous fluid. The flow must be gradually varied and
have a hydrostatic pressure distribution at any given section, and the
steady-state resistance laws are assumed to describe fnction and turbulence.
The equations consist of the continuity or mass balance equation and the
dynamic equation. The continuity equation can be derived by taking a mass
balance around an element of fluid - refer to Figure 3.3.2.

The resulting equation is:

da 5A
m +

(3.3.2.1)

where:

q = the flow rate (mVs)

A = the cross sectional area (m2)

t = time (s)

qL = the lateral inflow per unit length along the x-axis (m3/s/m)

Figure 3.3.2 : Components required for mass balance of fluid element
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The dynamic equation is derived using Newton's second taw of motion. This
equation is derived in classical hydraulics textbooks such as Chow (1959) and
will not be repeated here. The equation can be expressed as:

8, = So- £ - "~ • * - ^ (3.3.2.2)

dx g dx g 5t

where:

S, = friction slope (m/m)

So = bed slope (m/m)

y = water depth (m)

x = distance down plane (m)

v - average velocity (m/s)

g = acceleration due to gravity (m/s2)

The terms in the dynamic equation are all slopes with 5y/6x the water surface
slope, v/g av/Sx and 1/g 5v/8t being acceleration slopes.

Some of the terms of the dynamic equation can be ignored under certain
circumstances. Henderson (1966) showed that the last two terms are
generally an order of magnitude smaller than 5y/5x, while Stephenson and
Meadows (1986) showed that the acceleration terms are often insignificant or
cancel one another out.

The kinematic approximation is that the friction slope S, = So and the other
terms of the dynamic equation can be ignored. Stephenson (1981) showed
that, in overland flow, the term 5y/5y is generally an order of magnitude
smaller than the ground slope So. Holden (1993) showed that a typical plane
of length 100 m has kinematic flow numbers in excess of 10 using the
dimensionless kinematic flow number:

K = (SaL)/(YoFro)

where So and L are the slope and length of a rectangular plane subject to
steady rainfall, Yo is the equilibrium flow depth at the downstream end, and
Fro is the Froude number at Yo. This was considered by Woolhiser and Ligget
(1967) to indicate that the kinematic approximation is adequate.

The kinematic approximation implies that the flow is uniform and that there is
a single-valued relationship between the flow (Q) and the flow depth (y) such
that Q = Q(y) and y = y(Q). The relationship generally takes the form

Q = cY1" (3.3.2.3)

The Manning equation is one of the more popular relationship used to relate Q
to y and for a rectangular plane can be expressed as:

(3.2.2.4)
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where:

A = cross section area (m2)

R = hydraulic radius (A/P)

P = wetted perimeter (m/m)

n = Manning roughness coefficient

S, is replaced by So for the kinematic approximation. For a rectangular plane
of width W, the hydraulic radius can be approximated by y which leads to

Q = Wy^.VSe/n (3.3.2.5)

The continuity equation can be written as:

dQ dA . 5Q

dx dQ 5t QL (3.3.2.6)

dA . dQ
with A replaced by — —

dQ dt

dQ/dA is the wave velocity c and the equation becomes:

5Q 1 . dQ
~ + " ~ =qL (3.3.2.7)
dx c di

3.3.3 Numerical Solution to Equation

The kinematic equations are non-linear, partial differential equations. These
equations do have analytical solutions for simple cases. Normally numerical
techniques have to be employed to solve the equations. The finite difference
scheme approach has been used to solve the equations. Constantinides
(1982) and Holden (1993) described and tested some of the possible finite
difference schemes. The schemes most often used are derivatives of that
derived by Cunge (1969). The so-called Muskinghum-Cunge method was
tested by Holden (1993) and shown to be stable and relatively accurate. The
approach is outlined below.

Consider the computational cell shown in Figure 3.3.3.
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Figure 3.3.3 : Computational cell for kinematic routing methodology

Preismann (1961) presented a general expression for the finite difference
formulation of the kinematic equation as follows.

[ip (Q3 - Qi) + (1 - <p) (Q4 - Q2)]/Ax * [0(Q2 - Q1) + (1 - 0) (Q4 - Qg)]/( Jit.c) * q L

(3.3.3.1)

The approximation of the partial differential equation by a finite-difference
scheme introduces numerical diffusion. This error can be estimated by using a
Taylor expansion of the terms of the continuity equation, which results in:

R = [© -1/2] + CRfo -1/2] — 5 x + (higher order terms)
dx2

For the error term to be zero we require:

O = [0 1/2] +CRfo-1/2]

where CR is the Courant number = cAt/Ax

(3.3.3.2)

(3.3.3.3)

If the friction slope S, = So - 5g/5x, Kousis (1983) showed that the continuity
equation could be written as:
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gQ i dQ -Q .&Q

dx c at 2WcS, dx2 (3.3.3.4)

By putting Sf = So and matching the numerical diffusivity to the hydraulic
diffusivity the following results:

Ax[(0-1/2) + CR(cp-1/2)] "
dx2 2WcSn dx2

a

which, solving for© gives:

Q
0 = [1 - 2 CR (<p - 0,5) — 1/2 (3.3.3.5)

BoxCSo

Putting tp = 0, results in an unconditionally stable scheme which
gives;

0 = [1 + CR) - Qy(BoxCSo)] / 2 (3.3.3.6)

Thus by varying 0, the numerical and hydraulic diffusivity can be matched.
This deals with the surface runoff component of the kinematic approach. This
approach can be used for aquifer routing, and pipes and channels where
backwater effects are unimportant. The remaining important component of the
kinematic model would be the infiltration aspect.

3.3.4 Infiltration

The Hortonian approach to infiltration is used in this model. This approach
considers the soils surface as a sieve which has the ability to separate rainfall
into two basic components. The one component, for rainfall intensities
exceeding the infiltration capacity of the soil, goes via overland flow to the
stream channels, while the other goes through the groundwater flow to the
stream channels or is returned to the air by evaporation. This is not strictly
correct as underlying soil layers could cause perched water tables which result
in interflow.

There are two methods that are often used to model Hortonian infiltration.
These are the Horton equation which is an empirical exponential decay
function:

f = fc + (f0 - fc) exp(-kt) (3.3.4.1)

where:

f = the instantaneous infiltration rate (mm/hr)

fc = the limiting, steady minimum infiltration rate (mm/hr)

f0 = is the initial maximum infiltration rate at the start of the
storm {mm/hr)

k = the decay constant or slope factor for a given soil

t = time from beginning of storm (hr)
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The other approach is the Green-Ampt equation. This equation is simple and
physically based. The model can be expressed as follows.

(3.3.4.2)

where:

f = instantaneous infiltration rate (mm/hr)

©,„ = saturated moisture content

0, = initial moisture content

Q = sorptivity (m)

F = infiltration depth (mm)

Both of these approaches can be included in the kinematic model as
alternative options.
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4. DEVELOPMENT OF THE GENERIC MINE WATER MODEL

4.1 Modelling approach

The genenc opencast mine water model is designed to simulate, predict and
understand the water flow and water quality aspects of a single, selected opencast
pit. The model, therefore, concentrates on the pit and does not attempt to integrate
the pit water system with the total mine water complex, including coal beneficiation
plants, discard dumps, slurry ponds, etc. Some allowance is made in the model for
associated water-related infrastructure, such as pit water evaporation ponds.

The model is also a life-of-mine type model, which simulates the water-related
aspects over the operational phase of an opencast pit. The model can be extended to
simulate the post-mintng behaviour of the pit.

The approach is to select a specific hydrological sequence (rainfall/runoff record) and
to investigate the response of the mine water system over the operating life of the pit.
Different hydrological sequences can be selected to test the sensitivity of the mine
water system to different rainfall/runoff events.

This type of model must be distinguished from an operational type of model. An
operational-type model specifies a certain opencast pit operational scenario in terms
of geometry, status of spoils (unrehabilitated, levelled, topsoiled. vegetated, etc.),
geochemical properties, etc. The specific pit opencast scenario is then tested for a
hydrological sequence involving a large number of rainfall/runoff events. The
operational-type models are designed to investigate the response of a specific pit
status to different rainfall/runoff events and to conduct a risk assessment on, for
example, flooding of the pit, etc. Operational model simulations are used to select or
design the pit water-related infrastructure such as dewatenng pumps, sump sizes,
etc.

4.2 Conceptual presentation of mine workings

The opencast mine water mode! incorporates the important elements of a pit water
system. The following sources of water are recognised in the model:

• Surface runoff from the different natural and disturbed surfaces draining
towards the pit.

• Groundwater ingress from the aquifers which are intersected by the mine
workings.

• Recharge to the spoils due to infiltration of rainfall and runoff.

Water storage and accumulation are also catered for in the model in terms of:

• Spoils water accumulating in pit floor depressions.

• Depressions on the surface of the spoils body to which surface runoff may
flow and accumulate.

• Excess pit water storage ponds located outside the pit.
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The model incorporates algorithms to describe the water quality in terms of sulphate
concentration and acidity/alkalinity. The following chemical and geochemical aspects
are catered for:

• Quality of the rainfall.

• Quality of the recharge (infiltration) water entering the spoils body.

• Pyrite oxidation in the spoils body resulting in the release of oxidation products
such as acidity, iron and sulphate.

• Neutralisation of pyrite oxidation products.

• Pollutant washoff from surfaces such as the pit floor, access ramps, etc.

The conceptual flow diagram of the generic mine water model is shown in
Figure 4.2(a). The total pit area is subdivided into individual mining blocks, which
each corresponds to approximately one month of surface disturbance by mining. This
implies that an opencast pit with an anticipated mining life of 5 years would be divided
into 60 individual blocks. The status of a specific mining block then changes from
natural (undisturbed), pit floor, unrehabilitated spoils, levelled spoils, levelled and
topsoiled spoils, and rehabilitated spoils. The surface runoff and recharge
characteristics of a mining block would also change as the status of the block
changes.

The surface runoff from a specific mining block could be diverted to one of three
destinations:

• Discharge to a water body or adjacent catchment, outside the pit water
system.

• Pit floor from where it reports to the pit floor sump.

• Depressions formed on the rehabilitated pit spoils surface. It is possible that
more than one on-spoils depression is formed and the model allows the
definition of more than one depression.

The surface recharge associated with a mining block depends on the status of the
specific block. It is not intended to model the recharge mechanism itself. This model
relies on an input generated by a specialised submodel, dealing specifically with
spoils cover recharge. The recharge will migrate through the spoils and could
eventually report to one of two destinations:

• The pit floor from where it flows to the pit floor sump.

• In-spoils impoundment. More than one in-spoils impoundment may exist and
the model allows the selection of a specific in-spoils impoundment. Decant
from any in-spoils impoundment may flow to the pit floor sump or may flow to
an adjacent in-spoils impoundment.
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FIGURE 4.2 (a) : CONCEPTUAL FLOW DIAGRAM OF GENERIC MINE WATER MODEL
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Groundwater flows typically do not constitute a significant component of the overall pit
water system. Allowance is, however, made for a groundwater flow contribution from
three separate aquifers. The groundwater flow may be directed to an in-spoils
impoundment or to the pit floor sump directly. Groundwater flow contributions are
sensitive to the pit geometry and pit size and will change over the life of the pit.

The pit water system can, furthermore, receive significant flow contributions from the
upslope natural catchment, the pre-stripped pit perimeter and from ramps and ramp
slopes. The runoff characteristics of these surfaces do not typically change much over
the life of the pit. The size of these catchment surfaces may however be variable and
may change over the iife of the pit.

The excess pit water accumulates in a pit floor sump and during the operational life of
the pit, this water is transferred to an external pit water storage facility. In the post-
mining situation, the excess pit water accumulates in the pit and eventually inundates
the spoils body.

Discretisation of the spoils body

A specific mining block may undergo frequent changes in status from an initial natural
state to an eventual rehabilitated spoils status. The spoils within a specific mining
block will be subjected to substantial moisture changes and water migration over time.
It is, therefore, essential to recognise the vertical spatial variation in a mining block
spoils with respect to water movement, oxygen diffusion, pyrite oxidation,
accumulation and flushing of oxidation products.

A specific mining block is discretised into several horizontal layers to allow simulation
of the spatial variation in spoils properties and related phenomena. Figure 4.2(b)
shows the discretisation. The discretisation approach allows for the simulation of
spatial variation with respect to:

• Geochemical properties such as pyrite content, neutralisation capacity etc.

• Spoils physical properties.

• Progressive moisture saturation of spoils material by recharge from the top.

• Pyrite oxidation rate as a function of oxygen concentration within the spoils
body.

• Accumulation and flushing of pyrite oxidation products.
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2635-024

Area, A

Floor

FIGURE 4.2 (b): SCHEMATIC PRESENTATION OF DISCRETISATION
OF A MINING BLOCK
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The typical model inputs required for each of the mining blocks are:

• Area size (ha).

• Time-related changes in the status of a mining block.

• Destination of surface runoff and changes of this with time.

• Destination of recharge and changes with time.

• Pre-mining strata thickness (overburden, interburden and coal).

• Post-mining strata thickness, which can also be based on the thickness of
overburden and interburden and the bulking factor.

• The location of the mining block relative to the perimeter of the mining
operation. Information on outside blocks is employed to calculate the length of
the pit perimeter along which groundwater may enter the pit water system.

The required geochemical input will be described in Section 4.4 of this report.

4.3 Water balance aspects

The generic mine water system is shown on Figure 4.2{a) and includes several
surface runoff, recharge and groundwater flow components. The approach to the
mathematical description of these flow components is given below.

Surface runoff typically constitutes the biggest flow contribution to the overall water
balance over the operational life of the mine. Surface runoff from disturbed surfaces
also contributes a pollution load, due to the washoff from surface sources of pollution.
The mathematical descnption of the runoff sub-models incorporated into the
integrated generic mine water model is presented in Chapter 3 of this report. The
model allows for the importation of rainfall/runoff files generated by an independent
hydrological simulation program or the generation of monthly runoff values using the
Soil Conservation Services (SCS) model or the Kinematic Flow (KF) model.

Recharge (infiltration) via the spoils rehabilitation cover becomes progressively more
important as mining progresses. In the post-mining situation, recharge typically
dominates the water balance. Surface recharge is the topic of ongoing research and a
parallel project entitled "Calibration of Models for the Design of Covers for Opencast
Mine and Waste Rock Rehabilitation" is being carried out by the WRC. It is not the
intention of this project to repeat the knowledge and models which are available to
calculate recharge. Recharge is inherently a complex phenomenon and dependant on
numerous factors including cover thickness, cover material, cover placement
technique, surface slope, presence of local depressions, presence of macroscopic
features such as cracks/crevices, vegetation, etc. The generic opencast mine water
model deals with the recharge component of flow in two ways:

• It can be received from an independent model which calculates recharge on
the basis of a specific hydroiogical rainfall record. The recharge should
preferably be specified as a unit flow (mm/m2/month) or a percentage of
monthly precipitation.

• Default recharge values, which are based primarily on experience gained on
the Mpumalanga Highveld Coalfields can be used. The recharge values are
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defined as a percentage of monthly precipitation and incorporate a lag factor.
The default values for recharge are summarised below for different spoils
cover types:

Table 4.3(a): Rainfall recharge to spoils with different covers (% of
monthly rainfall)

Month

January

February

March

April

May

June

July

August

September

October

November

December

Total

Levelled
(no topsoil)

(%)

3,5

3,3

2,7

0,7

0,4

0,4

0.4

0.4

2.8

3.0

3.3

3,4

24

200 mm
topsoil

(no
vegetation)

<%>

3,1

2,9

2,3

0,6

0.3

0,3

0,3

0,3

2,4

2,5

2.9

3.0

21

200 mm
topsoil

(vegetated)
(%)

1,6

1,4

1,1

0,7

0,3

0.3

0.3

0.3

0,9

1,2

1,3

1,5

11

600 mm
topsoil

(vegetated)
{%)

0,6

0,7

0,7

0,6

0,6

0,5

0.5

0.5

0,5

0.6

0,6

0,6

7

Groundwater flows are accepted as inputs to the generic opencast mine water model.
The groundwater flows should, therefore, be based on geohydrological models which
run independently from the generic opencast mine water model. The model allows for
input from three different aquifers and the following information is required as input:

• The time-related flow (m3/month) for each aquifer.

• The split of the groundwater flow from each aquifer to the in-spoils
impoundments and the pit floor sump.

• The flow per unit length of pit perimeter.

Default values for the groundwater flows are specified in terms of a flow per unit pit
perimeter length per month. A defauft value can be entered for each aquifer and the
model assumes that the groundwater reports to the pit floor sumps in the default
situation.

Spoils water migration is a major consideration in the accurate description of the mine
water system. The importance also increases with time and could dominate the
opencast mine water balance in the post-mining situation. The description of water
migration in the spoils environment is complicated by the heterogeneous nature of the
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material. It has been attempted to develop a simple, but appropriate, approach to the
description of water migration in spoils incorporating the following aspects:

• A small percentage of the spoils (typically 20 - 25%) effectively comes in
contact with the migrating water.

• The part of the spoils that is in contact with migrating water, can be divided
into a coarse fraction and fine fraction. The moisture retention and water
movement pattern in the coarse and fine fractions are different.

• The spoils material has a large moisture deficit, which needs to be partially
satisfied before flow will be initiated.

• The spoils material that is not in direct contact with migration water will be
wetted by successive evaporation/condensation cycles.

The generic water migration pattern on the spoils body is shown in Figure 4.3(a).

Considering a unit volume of spoils, the following material characteristics are
required to predict water migration:

• Bulk density, pb (default value = 1600 kg/m3)

• Total porosity, ©, (default value = 0,30 m3/m3)

• Fraction of spoils in contact with the migrating water, f, (default value = 0,25)

The fraction of spoils in contact with the migrating water is further subdivided into a
coarse fraction (fc) and a fine fraction (fr). The mass of the two fractions can then be
calculated as:

• Mass coarse fraction (per unit volume)

fcf,Pb (4.3.1)

• Mass fine fraction (per unit volume)

f,.f,.pb (4.3.2)

The default values are for the coarse fraction. fc = 0,5 and for the fine fraction, f, = 0,5.
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The water retention by the different spoils fractions must be satisfied, before initiation
of free flow down the spoils. The respective water retentions by the coarse and fine
fractions are as follows:

• Coarse fraction water retention (per unit mass of spoils)

Sc. (fc.f,.Pt,) (4.3.3)

• Fine fraction water retention (unit mass of spoils)

S,. (f,.ft.Pb) (4.3.4)

where:

Sc = coarse spoils fraction water retention
(kg water/kg dry spoils)

S, = fine spoils fraction water retention
(kg water/kg dry spoils)

The default values for Sc = 0,04 kg water/kg dry spoils and S, = 0.09 kg water/kg dry
spoils.

The prediction of the water migration rate in the different fractions is particularly
difficult due to the heterogeneous nature of the material. A probabilistic approach is
followed using a bi-modal probability distribution of permeability to predict the water
migration rates for the spoils element. The water migration rate is generated (using a
random number generator and the bi-modal probability distribution) for each spoils
element at the initiation of the model run.

The water volume in the spoils element (surface area A and depth AZ) will vary
between the following extremes:

• Minimum value corresponding to the required wetting of the coarse and fine
fractions:

Vm . ,(m3 water) = (Sc.fc + Sf.f() f,pD (AZ.A)/1000 (4.3.5)

• Maximum value corresponding to the saturation of the coarse and fine
fractions:

V™^ (m3 water) = 0,.f,.p«,.( AZ.A)/1000 (4.3.6)

The maximum outflow from the spoils element can be computed as:

Qcu..™, = P.A.0,f, (4.3.7)

where:

P = permeability (m/month)

A = cross sectional area of spoils element

The degree of moisture saturation for a specific spoils block can then be calculated
as:
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So = [VoVV™, - V^VVn-J / [1 - V™,, / V^ . J

where:

Vo s = water volume in spoils block at the start of a time step (m3)

So = degree of moisture saturation at the start of a time step (m3/m3)

The outflow from the spoils element during the time step is:

Qoui - Qout, max S o O

where:

Qou, = outflow from spoils element (mVmonth)

5 = flow parameter

The volume of water in the spoils element can be computed using the general
expressions (refer to Figure 4.3(b)):

gV = Q.-Q^ (4.3.8)

and over a specific time step of one month then :

Ve = V. + Q . - Q ^ (4.3.9)

where:

Ve = water volume at the end of the time step (m3)

Vo = water volume at the beginning of the time step (m3)

Q r = inflow from the next upper element (mVmonth)

= outflow to the next lower element (m3/month)

As a first estimate, no flow from the spoils element will take place until the necessary
wetting of the spoils has occured thus:

< V^ , then Q™ = 0

Vo + Q,,

> V™, then QM = Q M l

V m B 1 andQ0Ut = V0 + Q , - V ( r

if

if

with a

then

v 0

ve

v0

ve

check that

ve
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with a check that if Ve >

then Ve = and Q^ = Vo

The general expression for the simulation of the water balance of an impoundment as
shown on Figure 4.3(c) is:

Ve-V0 =
dV

ar

where:

V volume of the impoundment (m3)

volume of impoundment at the start of the time step
(m3)

volume of impoundment at the end of the time step
<m3)

influent flow to the impoundment, such as runoff,
seepage etc. (m3/month)

nett evaporation loss from the impoundment
(m^month)

Ao(E - P)

demand abstraction from impoundment (m3/month)

spillage/decant from the impoundment (nrvVmonth)
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In general

£ Vfnr,, then Qa = 0

Q — 0

i. V™,, then Qm.ii = V. - V--.

i f V e < 0 . then Ve

4.4 Spoils water quality aspects

The spoils water quality is modified by several different processes as water migrates
through the spoils. These processes include:

• The pyrite oxidation process which releases a number of oxidation products,
including iron (Fe2*), sulphate (SO/) and acidity (H*). The pyrite oxidation rate
is sensitive to the presence of oxidants (O2 and Fe3+) and oxidisable pyrite
mineral.

• The ferrous iron may undergo further oxidation depending on the redox
potential of the local spoils environment. The ferrous iron will be oxidised to
ferric iron, which is itself an oxidant and will stimulate further pyrite oxidation.
The redox potential is primarily a function of the local presence of oxygen in
the spoils.

• The acidity generated in the process of pyrite oxidation may be neutralised by
carbonate minerals. Spoils typically contain a mixture of caicite and dolomite,
which will react during the neutralisation process. The neutralisation process
will release carbonate, calcium and magnesium to the spoils water.

• The generally slow pyrite weathering and slow migration of water through the
spoils allow sufficient time for application of the principles of chemical
equilibrium. It is, therefore, assumed that chemical equilibrium exists between
the different ionic species in solution. Precipitates may form if over-saturation
develops with respect to any specific salt. An inventory of the accumulated
salt species is kept to allow subsequent resolution if dictated by the ambient
water chemistry.

The pyrite oxidation process is driven by the available oxygen in the local spoils
environment. It is assumed that the oxygen diffuses into the spoils environment and
that consumption takes place due to microbiai respiration (in the rehabilitation cover)
and pyrite oxidation (in the body of spoils).

The geochemical characteristics of the spoils body are defined in terms of the acid
generation potential and the neutralisation potential. These properties are highly
variable and the assumption of some average geochemical characteristic for the
entire spoils body is not realistic. The model therefore uses a probabilistic approach to
the geochemical characterisation of each spoils element. The acid generation
potential (sulphur content} and neutralisation potential can be described by log-normal
probability distributions The statistical parameters specifying the probability
distribution can be based on field testing such as ABA tests. The geochemical
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properties of a specific spoils element are then fixed using a random number
generator and the probability distribution for acid generation potential and
neutralisation potential respectively.

The ionic species incorporated in the model include hydrogen ion (HT), hydroxide ion
(OH), carbon dioxide (CCyH2CO3), bicarbonate (HCO3), carbonate (CO3

2"). ferrous
iron (Fe2*), ferric iron (Fe3t), sulphate (SO«2"), calcium (Ca2+) and magnesium (Mg2*).

A correlation between sulphate and TDS can be used to calculate the total ionic
strength. This can then be used in the correction of activity coefficients for the
individual ionic species.

A stepwise approach is followed to compute the change in spoils water chemistry
after each successive time-step - refer to Figure 4.4(a).

The atmosphere contains oxygen at a partial pressure of 0.21 atm. This corresponds
to an atmospheric oxygen concentration of 0.30 kg/m3 (at P=1 atm and T = 293K).
The partial pressure of CO2 in the atmopshere is 0,00035 atm. The model uses the
simplifying assumption that as the oxygen is consumed in the spoils, the remaining
nitrogen and carbon dioxide partial pressures increase in proportion to the decrease
in oxygen partial pressure:

Pcj = [0,00035/0,79] [0,21.] [0.3-Co2]/0.3 (4.4.1)

where

P ^ = carbon dioxide partial pressure (atm)

C02 = oxygen concentration in spoils (kg/m3)

4,4.1 Diffusion of Oxygen

The diffusion of oxygen to the pyrite minerals in the spoils body is considered
to be one of the rate-limiting steps in the weather ing process. The model
assumes that oxygen diffusion into the spoils is driven by a concentration
gradient. A mining block is, therefore, discretised in a vertical dimension to
allow the description of the oxygen migration process. The typical mining block
discretisation is shown on Figure 4.4.1 .
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FIGURE 4.4 (a) : GENERIC SOLUTION OF AQUATIC
CHEMISTRY FOR A SPOILS ELEMENT
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FIGURE 4.4.1 : DISCRETIZATION OF MINING BLOCK TO ALLOW
VERTICAL SPATIAL MODELLING OF GAS MIGRATION
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The general expression for the diffusion of oxygen is:

where :

C = oxygen concentration (kg/m3)

0 a = air-filled porosity (m3/m3)

Dfo2 = effective oxygen diffusion coefficient (m2/sec)

Q = oxygen consumption rate (kg/m3/month)

Z = vertical distance (m)

The geochemical processes of concern take place very slowly and can be
approximated by a pseudo-steady state approach. This allows the
simplification of the general diffusion equation to:

Df.o2- 2 =Q (4.4.1.2)

The effective oxygen diffusion coefficient in a spoils environment:

n - §EPB
C (4.4.1.3)

where:

Do = oxygen diffusion coefficient in air

= 2,02 x 10 s m2/sec at 1 atm and 293K

C, = tortuosity (default value = 5)

The air filled porosity, © „ is a function of the spoils moisture content. We will
assume that the spoils is saturated with moisture and the corresponding water
volume (per unit volume of spoils) is:

V™,s = Sc.fc.pD + S,.ff.p6 (4.4.1.4)

The remaining air-filled porosity of the spoils is:

ea = e,-vTOa (4.4.1.5)

A numerical technique will be employed to compute the oxygen concentration
at various levels in the spoils. A central difference equation will be used to
approximate the second order differential:

(4.4.1.6)

The general finite difference equation is then:
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- 2C(Z,,) + C(Zn.,) = Q(ZJ,(AZ)2/Df)
(4.4.1.7)

The finite difference equations for a mining block with ten spoils elements are
summarised hereunder:

C2 —2C, + C0 = Q12.AZ2/D,'112

C 3 - 2 C 2 n

C4 —2C3n

C6-2C5n

C7 — 2C6 i

CB-2C7n

C 9 — 2 C 8 H

do-2C9

d,-2dc

- d

• C 2

• c 3

• c 4

• c 5

• c 6

• c 7

+ c 8

, + c 9

Q a . AZ2

= Q*. AZ2

Q.5. AZ2

= Qsa- AZ2

Qe7- AZ2

= Q n . AZ2

Q89. AZ2

Q910-AZ

Q«- AZ2

ID*

IDm

/D f f i 7

/D f f i 9

:2/De

/ D n 0

di = C9 (gradient across pit floor =0)

The oxygen concentrations can be solved by the successive Liebman iteration

procedure (Gerald. 1968), starting with assumed concentrations:

d = 7*[C2 + Co - Q12(AZ)2/Df12]

C2 = V2[C3 + d - Q23(AZ)2/DO3]

C3 =

C4 =

C5 =

C6 = 1/2[C7 + C5 - Q6T(AZ)2/D f67]

C7 = Y2[CB + CB - Qn(SZ)2fDm]

C8 = Y2[C9 + C7-Q89(AZ)2/Dra9]

C9 = 1/2[C10 + Ce-Q910(AZ)2/DB10]

d 0 = 1/2[C9 + C9-Q l0(AZ)2/D f l0]

Note that the atmospheric concentration of oxygen is:

Co = 0,30 kg/m3 (P=1 atm and T = 293K)
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and that:

(Qs + Qy)/2

(Dh + DJ/2

(4.4.1.8)

(4.4.1.9)

The oxygen consumption is based on the previous time step information on
pyrite oxidation and ferrous iron oxidation:

*py -AX Fw Pt /bw (4.4.1.10)

where:

AX

py

where:

oxygen consumption due to pyrite oxidation
(kg/m^month)

fractional change in pyrite content during previous time
step

pyrite content of spoils (kgFeS2/kg spoils)

spoils bulk density (kg/m3)

stoichiometric ratio

1,07kgFeSj/kgO3

-AF/bFe (4.4.1.11)

oxygen consumption due to ferrous iron oxidation
(kg/m3/month)

AFf

change in ferrous iron mass in flushed fraction of spoils
in previous time step (kgFe)

change in ferrous iron mass in non-flushed fraction of
spoils in previous time step (kgFe)

stoichiometric ratio

6,97 kgFe/kg O2

4.4.2 Pyrite oxidation rate

Several researchers have in the past made successful use of "shrinking core"
type models to describe the oxidation of pyrite in the presence of an oxidant.
The two common oxidants to be considered are oxygen and ferric iron. In both
cases the pyrite oxidation rate can be expressed in the form:

and:

QF

AF

AFf

bFe
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where:

X

X,,

Tc

fraction of pyrite remaining (kg/kg)

fraction of pyrite remaining at start of time step (kg/kg)

time-related parameter, which is linked to oxidant
diffusion processes

time-related parameter, which is linked to the reaction
kinetics

This expression applies to the situation when the oxidant is present at a
specified constant concentration, in the spoils environment, the oxidant
concentration (availability) is variable and dependant on a number of
environmental and kinetic constraints. The effect of oxidant concentration on
pyrite oxidation rate can be accounted for by correcting the Ja and Tc

parameters at every time step to reflect the actual conditions:

Tfl

Tc

TJ(C/C0)

TJ(C/C0)

(4.4.2.2)

(4.4.2.3)

where:

d0
= model parameter at a reference oxidant concentration

of Co (month)

Tra = model parameter at a reference oxidant concentration
of Co (month)

C = actual oxidant concentration at the beginning of the
time step (kg/m3)

The default values for the model parameters are summarised below at the
reference oxidant concentrations:

' do

Oxygen, O2

(Co = 0,30 kg.m3)

1000 months

150 months

Ferric Iron, Fe3*
(Co = 0,05 kg/m3)

1000 months

200 months

The total pyrite oxidation rate is then:

dX= —1/[2 Tdi02(1-Xo) + T=02] - 1/[2 TdFB(1-Xo) + TcFe]

where:

(4.4.2.4)
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(CFe/CoFe)

The model incorporates the catalytic effect of microbial action on pyrite
oxidation. It is assumed that catalysis is particularly active in the pH range of 2
< pH < 4. The catalytic effect on the pyrite oxidation rate can be expressed as:

(dX) dX [1 + H(pH)]

(dt ) M dt (4.4.2.5)

where:

H(pH)= H 1-0,35 (pH)2 + 2,3(pH)-2,7]

H = catalytic factor

10 (default)

This expression only applies in the pH range of 1,6 < pH < 5,0.
The pyrite content in each cell of each mining block is quantified during the
model initialisation of a simulation by:

• specifying a specific pyrite content, or

• generating a pyrite content from a probability distribution

The remaining pyrite is calculated after each time step:

X, = Xo + dX/dt (4.4.2.6)

where:

X,, = fraction of remaining pyrite at the start of the time step
(kg/kg)

X = fraction of remaining pynte at the end of the time step
(kg/kg)

The mass of pyrite which has been oxidised in the time step:

Mm = (Xo-X1).FpyPb (4.4.2.7)

where:

Mpy = pyrite mass oxidised in a time step (kgFeS2/m
3

spoils/month)

Fpv = natural pyrite content of spoils (kgFeS2/kg spoils)

pb = spoils bulk density (kg/m3)
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4.4.3 Pyrite Oxidation Products

The oxidation of pyrite will release oxidation products to the spoils water in
accordance with the equation:

FeSz + 3Y2O2 + H2O -* Fe2+ + 2SO4
2" + 2H*

The oxidation of one mole pyrite will release:

• 1 mole Fe2*

• 2 mole SO4
2"

• 2 mole H*

Therefore, the oxidation of one kg pyrite will release:

0.47 kg Fe2*

• 1,60 kg S O /

0,0167 kg r-T

and:

MFe = 0,47.Mp y kg product/m3 spoils/month

MSOj = 1,60.Mpy kg product/m3 spoils/month

MH = 0,0167Mp y kg product/m3 spoils/month

The hydrodynamic description of the spoils water migration distinguishes
between two fractions in the spoils body:

• A fraction (f() of the spoils mass in contact with the migrating spoils
water, and from which pyrite oxidation products are flushed.

• The remaining fraction (1 - ft) of the spoils mass which is not in
contact with migrating spoils water and from which the pyrite oxidation
products are not f lushed.

A water balance is compi led over the spoils fraction in contact with the
migrating spoils water (refer to Section 4.3 of the report), which incorporates
for each spoils element:

• Vo = water volume at the beginning of the time step (m3)

• V = water volume at the end of the t ime step (m3)

• Qm = influent flow from the next upper spoils element
(m3 /month)

• Qou, = outf low to the next lower spoils element (m3/month)
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The mass balance for a chemical constituent in the flushed fraction of the
spoils:

^ V C ) = Q r . C r - Q o u t . C o u t ± R c . V (4.4.3.1)

where:

V = water volume in the flushed part of the spoils (m3)

C = chemical constituent concentration (kg/m3)

Cn " influent flow chemical concentration (kg/m3)

C ^ = outflow chemical concentration (kg/m3)

Rc = chemical reaction rate

The spoils element can be approximated as completely mixed from a
chemical reaction and concentration perspective in which case the following
approach can be adopted:

• The initial mass of a chemical in the spoils water, V0.Co.

• The further mass of a chemical introduced by the influent flow. Qin Cin.

• The total initial spoils water volume (Vo + Q J then contains a chemical
mass (V0.C0 + Q^.CJ at a concentration of (V0.CD + Q,n.Cin) / (Vo + Q J .

The pyrite oxidation products (Fe2*, S O / , H*) are now introduced into this
spoils water volume to increase the concentrations of these specific ionic
species. It must be kept in mind that only a fraction (f,) of the total pynte
oxidation products will be introduced into the active spoils water volume. Thus:

(4.4.3.2)Ferrous iron

MFe =

CFe =

Sulphate

Mscw =

Cso. =

Hydrogen ion

MH =

CH =

v(

M

v(

M

v,

M

F e / (v0 -

J-CsO40 H

SCM/(V0

, C H . 0 + «

H/ (V 0 +

Q]n.CFe,n + 0,47.ft.Mpy(A._Z)

^Q.CS O 4 . i n+1,60. f ,Mp y (A_Z)

+ QJ

2in.CH.n + 0,0167.f,Mpy(A._Z)

QJ

(4.4.3.3)

(4.4.3.4)

The increased concentration of these ionic species will result in a chemical
imbalance. Neutralisation reactions, triggered by the release of acidity, are of
specific importance. It has been observed in leach column tests of spoils
material containing an excess of neutralisation capacity, that dolomite or
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calcite will react in response to the presence of acidity. Spoils contain a vanety
of neutralising minerals including calcite, dolomite, feldspars etc. The model
uses a complex dolomitic mineral of the general composition

Cax.Mgy. CO3

where:

x + y = 1

for the purposes of modelling. The calcium (and by implication magnesium)
content of the neutralising mineral is specified. One can also specify a
pseudo-stability constant for this neutralising mineral. Neutralisation will
obviously only take place for as long as an excess of the neutralising mineral
is available.

A new chemical equilibrium is calculated taking into account the redox
potential in the spoils element (primarily a function of the local oxygen
concentration), the chemical specification of the different ionic species and the
chemical precipitation as insoluble salts. This new equilibrium then establishes
the chemical concentrations at the end of the time step and in the outflow from
the spoils element.

The water content of the spoils fraction not in contact with the migrating spoils
water is assumed to be constant. This water volume is calculated on the basis
of the moisture content:

V ^ = [Sc.fc (1 - f,) . pB + Sf.f,(1-ft).pD] A. A2 (4.4.3.5)

The pyrite oxidation products in the spoils fraction is assumed to accumulate
in the available water volume. The following approach is adopted to calculate
the chemical species concentrations in the non-flushed spoils fraction:

• The initial mass of a chemical in the spoils water = V ^ C ^

• The pyrite oxidation products (Fe2\ SO4
2", H*) are now introduced into

this spoils water volume to increase the concentration of these specific
ionic species. The specific ionic species will increase as follows:

• Ferrous iron

MFe = V ^ . C F . , 0 + 0,47 (1 - f.) Mpy (A. AZ)

CFe = MfJV^

• Sulphate

MSO4 = V^.Cso.0 + 1.60 (1 - ft) Mpy (A. AZ)

Hydrogen ion

MH = V ^ . C H . 0 + 0.0167 (1 - ft) Mpy (A. AZ)
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CH = M ^ ^

An inventory is kept of the following mass components:

• pyrite which can be oxidised

• neutralisation mineral

• chemical precipitates such as CaSO4.2H2O, CaCO3, etc.

4.4.4 Spoils Water Chemistry

Compiexing in the spoilswater solution occurs between all the major cationic
species (Ca2*, Mg2*, Fe2* and Fe3*) and the anionic species SO4

2". CO3
2 and

OH'. In speciating the solution, the principal cations are considered to be
affected only via compiexing with SO4

2 and for Fe3* also with OH'. That is.
compiexing with CO/ ' , and for Mg2 \ Ca2* and Fe2* with OH", is considered to
have no affect on the principal cationic species. The geochemical model
incorporates the following complexation reactions:

Ca2+

Mg2 '

Fe2 '

Fe3*

Fe3*

+

+

+

+

so4
2- -

so/ s

so4
2- —

so4
2- ^

CaSO4°, Kc

: MgSO4°, K,

FeSO4°, K?t

FeSO/. Kp,

OH' z* FeOH2*, K F ^

aS = 10232

,s = 10220

i 3s=103 9 6

OH! = 10" l 6 W

_ 1A-33.7Q

+ 3OH- j * Fe(OH)3°, KFe 3 O H 3

Mass balance relationships for the principal species are thus expressed in
terms of the molar concentrations:

[Ca2*], = [Ca2*], + [CaSO4°]

2 ^ = [Wig2*], + [MgSO4°]

[Fe3 l = [Fen + [FeSO/] + [FeOH2+] + [Fe(OH);*] + [Fe(OH)3°]

[Fe]t = [Fe2.], + \Fe*l

[SO,2"], = [SO4
2"]f + [CaSO4°] + [MgSO4°] + [FeSO4°] + [FeSO/]

where

subscript',' - refers to total species (free and complexed)

subscript V = refers to free species
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For each of the sulphate complexes, an equilibrium relationship links free and
complexed species, as follows:

[Ca^SOn,

[Mg2l[SO4
2-l

where

»w =
KcaS =

and similarly

FFP2*! \^.C) 2"1[ r e j ( [ ou 4 j ,

and

[Fe31 [SO4
21 /

[Fe^fOH-J/l

[Fe3T [OH"]2 /

[Fe3H [OHf /

1 [CaSO4°]

/[MgSO4°]

complexation

complexation

/[FeSO4°]

' [FeSO/]

FeOH]2*

[Fe(OH)a*]

[Fe(OH)3°]

• •W

constant

constant

= «W

r 2 _ is-\
' a *" "• Ci

fa2 =

between

between

/ ff f 2^

3 ' Ul-'m J

IS

Mg2* and SO4
2'

Ca2* and SO4
2"

K Fe2S

,)

where

ft, fa, fm = tri, di and monovalent activity coefficients

Recognizing that spoils water pH governs the [OH"] concentration and that the
principal species Fe3* is significantly affected by compiexing with OH",
speciation of the principal species will be pH dependant, i.e.

pH = -log10 (H*)

where

(H*) = activity of H* ion = fm[H*]

and, (H*) [OH'] = K« / fm = K,,1 (K* = 10"14)

i.e.
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Fe30H!

= [ F e 3 - ] f j 1 + Kl + (KIT + (KlYi r e ] { y f
KFeJ0H2 t H J K.Fe3OH3 K.Fe3S

In addition, the relative concentrations of [Fe2+]t and [Fe3+] depend on both pH
and redox potential as determined by the partial pressure of oxygen:

Fe" + H* + V* O: -» Fe3' + ^ H: 0

i . e .

If the spoils water pH, redox potential (O2), total dissolved iron, [Fej, and free
[SO4

2]f species concentrations are known (via speciation of principal ionic
matrix), then it is possible to determine (Fe3*]f and [Fe2*],. i.e from the
following expressions:

>

K F C 3 S

[Fe"],

Hence, if [Fe], is known, solve for [Fe3 l and then for [Fe2*], i.e.
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Alkalinity in water containing carbonate, iron and sulphate species

Alkalinity is defined as the proton (hT) accepting capacity relative to selected
reference species (i.e. reference species for those subsystems capable of
accepting/donating protons). The three subsystems capable of H* acceptance
are

• the carbonate subsystem H2CO3' / HCO3' / CO3
2",

the ferric system (Fe3* / FeOH2* / Fe(OH)2* / Fe(OH)3°)
• the sulphate system ( S O / / HSO«)
• water system (H* / OHT).

The following chemical reactions (with corresponding equilibrium constants)
are of significance in calculating spoilswater alkalinity:

HCO3 + H* j± H2CO3l Kc,

H2CO3 ^ CO2 + H2O,

Fe3* + OH" £* Fe(OH)2*, K

Fe3+ + 2OH- — Fe(OH)2*,

Fe3* + 3OK ^ Fe(OH)3
c,

HT + OH- - j H2O, K w = 1 0 u

+ H* ^ HSO4, K H S = 1

For the sake of convenience, we select H2CO3', Fef
3*. SO4

2- and pure water as
reference species and define total alkalinity (TAlk) as follows:

TAlk = Alk H2CO3' + Alk Fe3* + Alk S O / + Alk H2O

where

Alk H2CO3' = 2[CO3*1 + [HCO3],

Alk Fe3T = [Fe(OH)2*] + 2[Fe(OH)2l + 3[Fe(OH)3°]

Aik SO,2" = —[HSO4]

Alk H2O = [OH] — [H*]

In the region pH < 8, which is typical of spoils water:

Alk H2CO3" z [HCO3], = [HCO3'J since HCO3" does not complex significantly

Alk H2O z -IH*]

and Alk Fe3+ and Alk S O / are as above, i.e.

TAlk z [HCO3-] + {[FeOH2+] + 2 [Fe(OH)2*] + 3[Fe(OH)3
0]} - [HSO;] - [H*l

If [Fe3+]f, pCOr and [SOd
2-] are known then:
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i] = K1
c1.KHC.pCO2/(H*)

where

K1
CI = K c A = (HT) [HCO, ] / [H2CO31

KHC = Henry's constant

[H2CO3-]/pCO2

pCO2 = partial pressure of CO2 (atmosphere)

thus

Alk H2CO3" = K'c, . KHC . pCO2 / (H*)

Alk Fe3* = [FeOH2*] + 2[Fe(OH)2*] + 3[Fe(OH)3°]

= [ F e > - i

(H*) KfcJOH

-> r\ ? 1

and [Fe3*], is given by the relationship linking total dissolved iron, redox
potential and pH

• Alk S O / = —[HSO4]

= -{H*)[SO4
21f/K

1
HS

These equations indicate that if total dissolved iron, Fe,, pH, free sulphate,
[SO4

2"]f, pO2 and pCO2 are known, then one can calculate TAIk. This
observation forms the basis for an aqueous-gas phase algorithm for
determining pH if the TAIk value is known.

Algorithm I to calculate pH and species (free and complexed)
concentrations for aqeuous-gas equilibrium

input : total species concentrations for sulphate [SO4
2],. ferric iron [Fe3*],,

ferrous iron [Fe2*],, calcium [Ca2*]t, magnesium [Mg2*]L and total alkalinity
[TAIk].

pO2 and pCO2, and ionic strength |i

[Fe], = [ F e 3 V [Fe2*],

1. Calculate activity coefficients fm, fCT and f, using Davis equation

2. Calculate apparent equilibrium constant (K) values

3. Calculate pH {i.e. (H*)}

3.1 Assume (H*) - initial guess should be too large, say (H*) = 0,01
moles/I
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3.2 Calculate [ F e 3 ! '

i.e.

3.3 Speciate principal ionic species (i.e. calculate free and
complexed ferric iron, ferrous iron, calcium, magnesium and
sulphate species):

Assume [SO4
2"], = [SO4], i.e. [SO4

2'], too large in first
approximation

]l=[Mg>],/(i+[sor]r

KL CKI ) :

(H')KFe30HI (HTKFC3OH2 (H*)

K.Fe3S

[Fe2-]f =

CALFo2* = [Fe2* \ (1 + [SO? ]f /

Calculate [SO4
2], for assumed value of [SO/],:

If CALSO4 > [S04], then reduce [SO/],

If CALSO4 < [SOJ, then increase [SO4
2]f

Repeat the iteration from step 3.2

3.4 Adjust TAlk for the effect of oxidizing Fe2* to Fe3* ie.

= [Fe21,-

TAlk = TAlk + AAlk

3.5 For the assumed (IT) value calculate alkalinity:

AlkH2CO3 = [HCO3I =
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AlkH2O = —[H*]

(H*)KFC3OHI ( H T K ^ O H : C H T K W O B

AlkSO, =

CALTAlk = AIkH2CO3 + AlkH2O + AlkFe + AlkSO,

3.6 Compare the calculated value for TAlk with input value
(calculated TAlk varies monotorically with pH):

If CALTAlk < TAlk, reduce (IT)

If CALTAlk > TAlk, increase (IT)

Repeat the iteration from step 3.2.

3.7 pH = — log10 (IT)

Precipitation / dissolution of Fe<OH)3 i.e. Fe2O3

Algorithm I determines free and complexed species concentrations in any
spoils element under equilibrium conditions between species in the aqueous
phase and gas phase (O2 and CO2). The solution may now be supersaturated
with respect to any of a number of minerals, including Fe(OH)3, CaCO3,
FeCO3 and CaSO4. These four minerals are considered as potential
precipitants.

With regard to the above four minerals, only Fe(OH)3 is likely to have a major
impact on the principal ionic equilibrium and complexed species belonging to
this matrix. This arises for two reasons. Firstly, pyrite oxidation is a major
reaction under oxidative conditions. Secondly, Fe(OH)3 is very insoluble under
neutral and alkaline pH conditions. Consequently, and for the sake of
shortening computation time, precipitation of Fe(OH)3 was interlinked with
dolomite, calcite, siderite dissolution and Algorithm I. Precipitation of the
remaining minerals will be considered to affect only pH and the species
concentrations of the dissolving mineral. For example, if CaCO3 precipitation
occurs, it will be assumed that sulphate and iron species are unaffected by
this reaction.

Model for Fe(0H)3 (i.e. Fe2O3) Precipitation

After completion of Algorithm i, the mode! assesses the saturation state with
respect to Fe(OH)3. [Fe3*]t and [OH], via pH, form part of the output from
Algorithm I.

If Fe(OH)3 supersaturated conditions prevail then this mineral will precipitate
until saturation is attained. In this process, the only changes in [Fe3+], and
Alkalinity arise from Fe(OH)3 precipitation. Carbonate mineral dissolution and
equilibrium with O2 are not considered here. Consequently, the parameter
(TAlk—3[Fe3l) remains constant and equal to the input value. Furthermore, in
determining the saturation state established, (IT) is varied and (TAlk—3[Fe3*],)
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determined and compared with the input value. Because calculated (TAlk—
^[Fe3*],) varies monotonically with (H*) (i.e. increasing (H*) decreases
calculated (TAlk—SIFe3*]^ and vice versa), (IT) can be systematically vaned
until input and calculated values are equal.

Once the saturated state has been determined, if the solution was found to be
supersaturated with Fe(OH)3 after Algorithm I then there will be a decrease in
TAlk and this will cause dissolution of a carbonate mineral, i.e. Fe3* + 3MCO3

+ 3H* -». Fe(OH)3 + 3M2* + 3CO2. Thus, Alkalinity will increase by three times
the molar mass of Fe(OH)3 precipitated. Alkalinity and carbonate mineral in
storage are then adjusted and Algorithm I repeated. Algonthm I is repeated
once and thereafter Algorithm III is executed (i.e. CaCO3 and FeCO3

precipitation/dissolution), This repetition of Algorithm I is executed, whether
carbonate mineral is in storage or not.

If Fe(OH)3 undersaturated conditions prevail (i.e. at the start of this Algorithm
II) and if no Fe(OH)3 is in storage, the Algorithm II is not executed. If Fe(OH)3

is in storage, the Algorithm II is carried out to obtain the output species
concentrations.

[Fe3+],[OHf = K,pFeOH3 / (ft.fm
3) = K\pFeOH3 (K^m = 10^52)

Algorithm II for Fe(OH), Precipitation / Dissolution

Input from Algorithm I includes [ S O A [Fe2+]f, [Fe2*],, [Fe3*],, [Fe3*],, TAlk, pH
and also pCO2.

The algorithm is based on the following precipitation reaction:

Fe3* + 3OH- _ Fe(OH)3(s). KspFe0H3 = ICT*2

1. Determine saturation state:

Product = [Fe3*], [OHf

If Product > K1
SpFeOH3, then supersaturation exists and ALKM3Fe3T =

TAIk-3[Fe3*],

Continue to step (2) only if supersaturation exists or undersaturation
exists with some Fe(OH)3 in storage.

2. • Determine equilibrium state of Fe(OH)3 saturation :

2.1 Assume (H*) = 10/""

2.2 [ F e n = K1
SpFeOH3(hr)3/(K1J3

2.3 CAL[Fe3*]T equals calculated [Fe3*],
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2.4 Calculate TAlk (i.e. CALTALK)

A!kH2CO3 = KHC • K1
c1.pCO2 / (H

+)

AlkFe - Fe ]r \ —: r + ~; " + ~1
lS.Fe3OHllH ^ KFe3OH2lH ) N.Fe3OH3 m

A l k S O / = — [ S O / ] , (H*) / K1
HS

AlkH2O = —(H+)

CALTALK = A!kH2CO3 + A!kFe3+ + AlkSC1,2" + AlkH2O

2.5 CAL(ALKM3Fe3T) • CALTALK - 3.CAL[Fe3 l

2.6 If CAL(ALKM3Fe3T) > ALKM3Fe3T

increase (H*)

If CAL(ALKM3Fe3T) < ALKM3Fe3T

decrease (H*)

3. Calculate pH = — log10 (H*)

DELTA = [Fe3+], - CAL[Fe**l

Proceed with the following steps, if dolomite (x = 1, y = 1) is available
in storage:

TALK = CALTALK + 3*DELTA

[Ca2*], = [Ca?*]t + 1,5*DELTA

, + 1,5*DELTA

Adjust CaMg(CO3)2 in storage by -3 DELTA to account for
MgCa(CO3)2 dissolution taking place

else, if CaCO3 or FeCO3 in storage:

TALK = TALK + 3*DELTA

[Ca2*]t = [Ca2*]( + 3*DELTA

else

[Fe2*]. = [Fe2+]t+ 3*DELTA

Adjust CaCO3 or FeCO3 in storage by -3DELTA
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4. [Fe3 l = CAL[Fe3*], Only if DELTA is positive OR
DELTA negative and Fe(OH)3 in storage

5. Repeat Algorithm I and then bypass Algorithm II to go to Algorithm III.

CaCO, and/or FeCO: Precipitation/dissolution

Solubility product relationships for these two minerals are

[Ca ], [CO3 ] f = KspQacoj / fCT = K
lpCaCO3

*] = K / f 2 = KV, [CO,*], = K ^ ^ / fCT
2 =

After the sequence of compLrtations involving Algonthm I and li has been
completed precipitation and/or dissolution potentials for the above minerals
are determined. If supersaturated, mineral is allowed to precipitate and pH,
[Ca2*],, [Fe2*], and TAlk are adjusted. If undersaturated, mineral is allowed to
dissolve (only if in storage) and pH, [Ca2*],, [FeJ*], and TAlk adjusted; if
minerals are not in storage, no adjustment to pH. Ca, or Fe2*,. are made.

As for Fe(OH)3 precipitation, determination of saturated equilibrium state is
complicated by the fact that pH changes with precipitation / dissolution. The
rule of a solution algorithm (under prescribed CO2 conditions) hinges around
the fact that (TAIk-2[Ca2+]() and (TAIk-2[Fe2*]t) remain constant with CaCO3

and FeCO3 precipitation/dissolution. Consequently, the solution is effected by
adjusting pH and calculating (TAIk-2[Me2*]t) value for saturated equilibrium
Because the parameter (TAIk-2[Me2*],) changes monotonically with change in
pH, successive approximation on pH can be effected until the calculated value
equals the input value-
Algorithm III for CaCO3 Precipitation/dissolution
Input after completion of Algorithms 1 & I I :

pH, [Ca2*],, [Ca2+],, [Fe3*]f, TAlk, [SO4
2], and relevant equilibrium constants

For the carbonate system equilibrium:

(H1[HCO3]/[H,CO3]= Kc1/fm = K1
c2

(HT) [CO3
2] / [HCO3-] = fm-Kc2/fCT = K ^

1. - Determine input value for Alk-2[Ca2+], i.e.

ALKM2TCA = TAIk-2[Ca2*],

2. Determine CaCO3 saturation state:

2.1 Assume (HP) = 0,01 mole

2.2 Calculate alkalinity for assumed (H*) value
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AlkH; COj = KHC • Ki i • P CO 2 / (H*)

KFt3OHj(H')\

C.AL(TALK) - AlkH: CO3 + AlkFe" + AlkSCh + AlkH:(

2.3 Calculate total calcium at CaCO3 saturation

CAL [Ca"~ ]f = K U C O J I [COl* \

2.4 Calculate CAL(TALK) - 2CAL

If CAL(ALKM2CA) > ALKM2TCA

then reduce (H*) and vice versa

3. Determine CaCO3 precipitation / dissolution

DPOT = CAL[Ca2*], — [Ca2+],

If DPOT is negative (CaCO3 precipitates):

3.1 Put DPOT into CaCO, storage

3.2 Adjust the following parameters

[Ca2*]t = CAL[Ca2*],

TAlk = CAL(TALK)

pH= —logl0(H+)

If DPOT is positive (CaCO3 dissolves)

3.3 If no CaCO3 in storage then exit algorithm III

34 If CaCO3 is in storage, then adjust [Ca2 l . TAlk and pH as
above and decrease CaCO3 in storage by DPOT.
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Algorithm IV for FeCO3 Precipitation/dissolution

Input after completion of Algorithms I, II and III

[Fe3^, [Fe2 l , TAlk, [SO,2],

and relevant equilibrium and solubility product constants.

1. Determine input value for Alk—2[Fe2+]T, i.e.

ALKM2TFE = TAlk -2[Fe2+],

2 Determine FeCO3 saturation state

2.1 Assume (t-T) = 0,01 mole

2.2 Calculate alkalinity for assumed (IT) using the previous
approach (Algorithm Ml, step 2.2)

2.3 Calculate total Fe2* at FeCO3 saturation

[sor]f

= :s

2.4 Calculate TAlk—2[Fe2l

CAL(ALKM2TFE) = CAL(TAIk) —2CAL[Fe2l

2.5 Compare calculated and input TAlk —2[Fe2*],

If CAL(ALKM2TFE) > ALKM2TFE

then reduce (H+) and vice versa

3. Determine FeCO3 precipitation potential:

DPOT = CAL[Fe2+], - [Fe2*]t

If DPOT is negative (FeCO3 precipitates):

3.1 Put DPOT into FeCO3 storage

3.2 Adjust following parameters :

[Fe2 l = CAL[Fe2*],
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TAlk = CAL(TALK)

pH = - log 1 0 (H4)

If DPOT is positive (FeCO3 dissolves)

3.3 If no FeCO3 in storage -> leave Algorithm IV

3.4 If FeCO3 is in storage then adjust [Fe2*],, TAlk and pH as above
and decrease FeCO3 in storage by DPOT.

Blend of different quality water

At each blending point, for each stream the following species concentrations will be
known and available:

[Fe3!. [Fen, [SO/],, [Mg2*],, [Caz1, TAlk

These are all conservative parameters

If Q, is flow from f1 stream and QT is IQ,, then concentrations of each of the above
species in the blended stream are calculated as):

],

[TAlk ], = X | TAIL

These blended species concentrations then form the input to the above Algorithms I
and II with the assumed oxygen and carbon dioxide partial pressures as pO2 = 0,21
atm and pCO2 = 0,00035 atm.
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5. GEOCHEMICAL CHARACTERISATION OF OPENCAST MINE SPOILS

Geochemica! charactensation of spoils is required to provide certain input parameters used in
the generic opencast mine water model. Apart from this, geochemical charactensation is in
itself useful to estimate the behaviour of spoils and predict the leachate quality that may
emanate from the spoils.

5.1 Physical and hydraulic properties of spoils

Recharge and flow in spoils is primarily influenced by its physical and hydraulic
properties. Table 5.1 summanses the main physical and hydraulic parameters that
can be readily determined for spoils. These parameters are also essential inputs to
the generic opencast mine water model.

Table 5.1. Determination of physical and hydraulic properties of spoils

Property

Bulk spoils
density

Spoils
fragment
density

Coarse
fraction

Fine fraction

Coarse
fraction water
retention

Fine fraction
water
retention

Total moisture
content

Air filled
porosity

Water filled
porosity

Total porosity

Symbol

Pb

p5

fl

s,

s,

6a

9w

e,

unit

kg/m3

kg/m3

-

-

kg/kg

kg/kg

kg/kg

m3/m3

m3/m3

m3/m3

Procedure

Measure spoil mass and volume.
pB = Mass/Volume

Measure volume and mass of fragment.
p5 = Mass/Volume

Sieve analysis. (Fraction > 2 mm)

Sieve analysis. (Fraction < 2 mm)

Saturate coarse spoils column and wind
dry at 20°C.

Saturate fine spoils column and wind dry
at 20°C.

S, = fe.Se + ff.S,

Pack column with saturated spoils
inundate from the bottom to exclude air.
9a = Water volume/Spoils volume

Gw = (S, . Spoils mass) / (pw - Spoils
volume)

et = ea + ew

5.2 Geochemical tests for the prediction of drainage quality

Various tests have been developed in an attempt to characterise the geochemistry of
spoils. Table 5.2. summarises the main tests that have found application worldwide in
the mine water field.

Of the kinetic laboratory tests the modified humidity cell and column leach test are
frequently employed for the geochemical characterisation of coal mine spoils. The
main difference between these tests lies in the use of crushed spoil(100% < 100 mm)
in the modified humidity cell test, while the column leach test uses spoils without prior
crushing.
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Table 5.2. Static and kinetic tests used for the geochemical characterisation of
waste rock and tailings

Static Tests

Acid base
accounting

Kinetic
Tests:

British
Columbia
Research
confirmation
test

Shake flask
weathering
test

Soxhlet
extraction test

Humidity cell
test

Large scale
modified
humidity cell
test

Leach column
test

On site waste
rock piles

Objective

Determine
potential for acid
generation.

Confirm static
test results.
Used at gold and
base metal
mines.

Determine rate
of acid
generation and
accumulation of
reaction
products.

Confirm static
test results.

Determine
reaction rates,
used for tailings
assessment.

Simulate
reaction rates.
Used for coarse
material.

Simulate
geochemical
reaction rates in
field.

Reaction rates
under actual
field conditions.

Advantages

Rapid assessment.
Initial screening test.

Relatively simple.
Rapid assessment

Simple to perform.
Rapid assessment.

Relatively simple.
Rapid assessment.

Suitable for fine
grained material.

Spatial distribution of
minerals accounted
for. Oxidation
products allowed to
accumulate.

No prior crushing.
Most accurate
laboratory simulation
of field conditions.

No prior crushing.
Actual field conditions
simulated.

Disadvantages

Does not simulate field
conditions. Zone of
uncertainty exists.

Ignores neutralisation.
Does not predict
reaction rates.

Reaction rates (short
term) determined for
submerged
environment only.

Field conditions not
simulated. Bacterial
action not considered.

Long test period.
Preferential flow paths
ignored. Influence of
particle size ignored.

Long test period.
Material crushed
(100% < 100mm)

Long test period.

Long testing period.
Interpretation of results
may be complex.

5.3 Practical application to case studies

A combination of the available geochemical tests, including acid base accounting,
shake flask tests and leach column tests was used to assess the geochemical
behaviour of four opencast coal mining pits on the Eastern Transvaal Highveld. The
different spoils types are briefly described in Table 5.3.
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Table 5.3. Description of spoils used for geochemical characterisation.

Identifi-
cation
no.

Spoils A

Spoils B

Spoils C

Spoils D

Description

Springs - Witbank coalfield.
Approximately 10 years old.
Coarse material.(50-100mm)
Sandstone/siltstone/shale.

Springs-Witbank coalfield.
Approximately 3 years old.
Fine grained material.(<5mm).
Sandstone /siltstone /shale.

Highveld coalfield.
Approximately 6 years old.
Coarse matenal.(50-100rnm)
Mainly shale with some
sandstone.
Highly weathered.

Highveld coalfield
Approximately 6 months old.
Mixture of coarse grained
sandstone/shale and clayey
organic matter.
Little weathenng.

Typical spoils water quality

pH = 7.3-8,6
Sulphate(mgCaCO;/l) = 2200-3900
CalciunXmgCaCCVI) = 1200-3000
Magnesium(mgCaCO3/l)=1400-5600.
Note: Typical quality of flooded spoils

pH = 3,1
Sulphate(mgCaCO:j/l) = 1200
CaiciumtmgCaCOa/l) = 350
MagnesiumfmgCaCOj/l) = 440
Note; Typical quality of flooded spoils

pH = 7,8-8,3
SulphatefmgCaCCyi} = 250-560
Calcium(mgCaCCyi) = 100-330
Magnesium(mgCaCCyi) = 160-700
Note: Quality is a combination of surface
runoff and spoils recharge.

pH = 7,3-8,6
Sulphate(mgCaCCyi) = 70-390
Calcium(mgCaCCyi) = 75-175
Magnesium{mgCaCO3/l) = 80-205
Note: Quality is a combination of surface
runoff and spoils recharge.

Note: all concentrations are expressed as equivalent CaCO3.

5.3.1 Physical and hydraulic properties

The physical properties of the spoils was determined according to the
procedures previously descnbed and are summarised in Table 5.3.1.(a).

Table 5.3.1.(a). Physical properties of four different spoils.

Spoils bulk density pb

(kg/m3)

Total (saturated) moisture
content S,

Air filled porosity 8a

Water filled (saturated)
porosity 6W

Total porosity 9,

Spoils A

1471

10,7%

25%

16%

41%

Spoils B

1629

15,1%

3%

25%

28%

Spoils C

1283

12,8%

28%

17%

45%

Spoils D

1676

15,1%

9%

25%

34%

Columns (300mm diameter by 1000mm height) were constructed from
perspex and packed with material from the above spoils (Figure 5.3.1.(a)).
No crushing was conducted prior to packing of the columns. The hydraulic
charactenstics of the spoils were determined by flooding the columns and then
allowing the columns to drain and monitoring the outflow. Useful flow
parameters were determined, as summarised in Table 5.3.1.(b). The
cumulative outflow volume and outflow rates from the columns are shown on
Figure 5.3.1.(b) and Figures 5.3.1.(c) & (d)
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FIGURE 5.3.1 (a) : COLUMNS USED FOR LEACHING EXPERIMENTS
ON SPOILS FROM FOUR OPENCAST PITS
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Table 5.3.1.(b). Hydraulic parameters determined for four different
spoils.

Symbol

t»

t»

t»

•tnorn

' puk

SCI

Description

Time for 10% of
outflow (minutes)

Time for 50% of
outflow (minutes)

Time for 90% of
outflow (minutes)

Nominal retention
time (minutes.)

Time to reach peak
value (minutes)

Short circuiting index.
"" V ' tnom" ' peaiJ' ' peak

Spoils
A

3,8

62

645

65

5

12,0

Spoils
B

70

134

270

128

120

0.07

Spoils
C

2,8

68

720

64

5

11.8

Spoils
D

56

195

990

129

55

1,3

The results from the hydraulic tests are discussed below:

Spoils A:
Extensive short circuiting occurred through these spoils. Thts is substantiated
by the high short circuiting index calculated for the spoils and is illustrated by
the left skewness of the outflow curve. Enlargement of the flow curve indicates
that flow through the spoils was initially dominated along preferential flow
paths. This was followed by a second peak 20 minutes later, indicating flow
along a set of more restrictive, but still significant, preferential flow paths. The
remainder of the outflow (approximately 70%) migrated through the spoils in a
typical porous media flow pattern.

Spoils B:
These fine grained spoils approximated plug flow behaviour, as indicated by
the low short circuit index of SCf=0.07. The initial lag period before the first
outflow appeared, reflects the inherent permeability of the spoils material.
Variations in the outflow rate was observed and two approximately equally
sized peaks appeared in the outflow. It is believed that migration through the
spoils followed numerous parallel flow paths with similar characteristics, which
presented a good approximation of classical porous media flow.

Spoils C:
This coarse spoils behaved similar to Spoils A in displaying extensive short
circuiting. This is substantiated by the high short circuiting index (SCI)
calculated for the spoils and is illustrated by the left skewness of the outflow
curve. Enlargement of the flow curve indicates that flow through the spoils was
initially dominated by a single set of preferential flow paths The remainder of
the outflow (approximately 75%) migrated through the spoils in a typical
porous media type flow pattern.



113 Geochemical Characterisation of Opencast Mine Spoils

Spoils D:
This spoils exhibited an outflow pattern due to the presence of preferential
flow paths which seemed to vary in size and accounted for approximately
25% of the total outflow The initial lay period reflects the limited permeability
of the material, even along the preferential flow paths. The remainder of the
outflow approximated porous media flow and the short circuiting index for the
column was, although not ideal for plugflow, significantly lower than that of the
coarse spoils A & C.

5.3.2 Acid base accounting

Acid base accounting was conducted on spoils samples as a preliminary test
to assess the long term potential for acid mine drainage emanating from the
spoils. The acid potential(AP) was based on the total sulphur content of the
spoils (Sobek et a), 1978). This may overestimate the acid potential of
weathered spoils due to the inclusion of sulphate salts, that are not
necessarily acid forming. It was found that the accumulated sulphate salts
(due to pyrite oxidation), led to an overestimate of less than 10% for the acid
potential, which did not alter the interpretation of the results. The neutralisation
potential(NP) was determined by first acidifying the spoils, and then titrating
with a standard base to pH = 7. The interpretation of the results was based
on the ratio of NP:AP (Smith, 1990):

NP:AP < 1:1 then
formation,

there is a significant risk of acid mine drainage

1 < NP:AP < 3:1 the leachate acidity
geochemical testing should be conducted

is uncertain and further

• NP:AP > 3:1 the leachate is likely to be neutral to alkaline.

Table 5.3.2 summarises the results from the acid base accounting tests. The
saturated paste pH of the spoils was also measured, after mixing the
pulverised material with distilled water. The objective of this was to determine
the short term pH that could be expected in the leachates.

The acid base accounting test results are further evaluated against the
observations from the leach column experiments in the section that follows.

Table 5.3.2. Acid base accounting results for four different spoils

Saturated paste pH

Neutralization
potential -
NP(kgCaCO3/ton)

Acid potential -
AP(kgCaCO3/ton)

Ratio NPAP

Interpretation

Spoils A

6,8-8.0

9,4

6,2

1,5

Uncertain

Spoils 8

4,7-5.2

0,45

6,7

0.07

Acid forming

Spoils C

5,4-6.4

13,9

20,9

0.7

Acid forming

Spoils D

6,4-8.0

40,3

11.6

3.5

Neutral
/alkaline



114 Geochemical Characterisation of Opencast Mine Spoils

5.3.3 Column leach tests

The columns used for the determination of the spoils hydraulic properties were
also used to conduct long term leach tests over 240 days {8 months) for
Spoils B, C and D, and 380 days (12 months) for Spoils A.

The columns were packed with uncrushed and unsieved spoils material. Using
distilled water, a 30 mm water depth was applied to the spoils at weekly
intervals. The generated leachate was collected over a three day period. The
outlet was then closed and humidified air was passed through the spoils for
four days, after which any additional leachate was collected before repeating
the cycle. The primary objective of the leach column tests was to assess the
maximum reaction rates occurring within the spoils, i.e. under conditions
where oxygen was not the rate limiting reactant. The ponded water depth
amounts to 1560mm/a which is twice the annual rainfall typically received on
the Eastern Transvaal Highveld. The effective rainfall recharge to rehabilitated
spoils with a vegetated soil cover may be as low as 10% of mean annual
precipitation. The annual application of water to the experimental spoils
therefore corresponded approximately to 20 years of recharge via the spoils.

Figure 5.3.3.(a), (b), (c) and (d) summarises the main water quality
constituents measured in the leachate. The sulphate, calcium and magnesium
concentrations are expressed as mgCaCOj/l to allow direct stoichiometric
comparisons. It should be noted that the column leachate quality was specific
to the laboratory conditions under which the tests were conducted and may
differ from the leachate produced under field conditions.

The cumulative sulphate, calcium and magnesium washed from the columns
during the extended leaching experiments are illustrated on Figure 5.3.3.(e).
These time series plots provide insight into the mechanisms by which the
different leachate qualities were produced and are discussed below;

Spoils A
The acid base accounting tests could not confirm whether these spoils would
remain alkaline over the long term.

The leach column test indicated that the spoils did not become acidic over the
period of testing. High concentrations of sulphate, calcium and magnesium
initially reported in the leachate as a result of the flushing of accumulated
pyrite oxidation products within the spoils. The leachate concentration
stabilised after this, with the stoichiometric ratio between sulphate production
and calcareous mineral dissolution approximating a ratio of 1:1. Sufficient
calcareous minerals were available to neutralise the acidity formed. The
dissolution of the calcareous minerals kept pace with the generation of acidity.
A slight excess of calcareous minerals appears to be present, which
effectively maintains a neutral/alkaline water.
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Spoils B
The acid base accounting tests predicted an acidic leachate for Spoils B,
which was confirmed by the column leach tests. The pH did, however.
suddenly increase after 120 days, remained alkaline for 50 days and then
declined to pH< 6 for the remainder of the test. This increase in pH was
accompanied by a reduction in the sulphate concentration and a slight
increase in the calcium concentration. It is believed that the oxygen supply to
the column may have decreased dunng this period, which inhibited pyrite
oxidation to the extent where the calcareous minerals could neutralise the
acidity.

The mobilisation of calcareous minerals lagged behind the generation of
acidity, resulting in a nett acidic leachate. The steady decline in Ca and Mg
concentrations in the leachate also indicated the progressive loss of available
neutralisation capacity.

Spoils C
The acid base accounting tests predicted an acidic leachate for Spoils C. This
was substantiated by the column leach experiments, although fluctuations did
occur. The leachate remained saturated with respect to gypsum(CaSO4.2H2O)
for the duration of the test and the true reaction rates may therefore have
been underestimated due to the accumulation of gypsum in the spoils. The
stoichiometric ratio of sulphate: (calcium + magnesium) was approximately
1:1, but with a slight deficiency in calcareous minerals compared to the
generated acidity.

Spoils D
The acid base accounting tests predicted an alkaline leachate for these spoils,
which was confirmed by the leaching experiments. The stoichiometric ratio of
sulphate : (calcium + magnesium) varied from 1:1 to 2,4:1 and was 1.4:1 on
average. Significant vanations also occurred in the ratio of sulphate :
magnesium. It was concluded that calcium carbonate and potentially
magnesium carbonate precipitated within the spoils. This obscured the
interpretation of the observed ratios between sulphate and (calcium and
magnesium),

The rate of acid formation (as reflected by sulphate in the leachate) and the
rate of neutralisation {as reflected by calcium and magnesium in the leachate)
was determined for the different spoils and are summarised on Figure
5.3.3.(f). These are pseudo-reaction rates, being a combination of
accumulated pyrite oxidation products and those reaction products that
formed in the interval between successive leachings. The true reaction rates
were approached as the column leach tests progressed and the effect of
leaching historically accumulated products became less significant.
Table 5.3.3.(a) summarises the typical sulphate production and neutralisation
rates calculated for the spoils under laboratory conditions. These sulphate
production rates are significantly higher than the rates observed under field
conditions, (typically of 0,01 kgCaCO3/ton/a), and indicate how the weathering
of the spoils may be accelerated by column leach tests.
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The estimated times for the release of the full acid and neutralisation
potentials (derived from the acid base accounting tests) under laboratory
conditions are also indicated in the table. Care must be exercised in the
interpretation of the results since the accumulation of calcium and magnesium
in the spoils are not reflected in the results. The times for the release of the
neutralisation potential of Spoils C and Spoils D are not indicated in the table,
since it would not be a true reflection of the actual dissolution rate of
calcareous minerals from these spoils, due to the precipitation of calcium and
magnesium salts within the spoils.

The time for utilisation of the neutralisation potential for Spoils B was
calculated to be approximately 1 year from the start of the leach test. This is
evident from Figure 5.3.3.(b) which indicates how the calcium and
magnesium concentrations decreased from 450mgCaCCyi at the start of the
test to less than 70 mgCaCCyi after 240 days.

The time for depletion of the neutralisation potential from Spoils A was
calculated to be in excess of that required for acid generation and confirmed
that the spoils would not produce acidic leachate in the long term.

It should be noted that the acid generation and neutralisation calculations
assume that all the minerals will react, which is unlikely to occur under natural
field conditions. The oxidation rate of pyrite under field conditions is
significantly lower than that occurring in the columns. This would then also
apply to the neutralisation rates. The time required for pyrite oxidation to
proceed to the extent where its effect becomes negligible may therefore be
considerably longer under field conditions.

Table 5.3.3.(a). Acid generation and neutralisation production rates for
different spoils in column leach experiments.

Calcium + Magnesium leaching
rate) (kgCaCCyton/year)

Time for depletion of calcareous
minerals under laboratory
conditions.

Sulphate production rate
(kgCaCCyton/year)

Time for full oxidation of pyrite
under laboratory conditions.

Spoils
A

0,27

35
years

0,31

21
years

Spoils
B

0,61

1 year

0,98

7 years

Spoils
C

Refer
to text

Refer
to text

5,12

4 years

Spoils
D

Refer
to text

Refer
to text

0,65

19
years

Note: Rates were based on 50 percentile values

The observed acid generation and neutralisation production rates serve as
calibration inputs to the generic mine water simulation model. These rates
reflect an upper limit with no restrictions on the availability of the oxidant (O2).

The mass of sulphate, calcium and magnesium leached from the columns
was determined and is summansed in Table 5.3.4.(a).
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Table 5.3.4.(a). Mass of oxidation products leached from different spoils
during the long term column leach tests.

Calcium (kgCaCCyton)

Magnesium
(kgCaCOj/ton)

Calcium & Magnesium
{kgCaCCyton)

Neutralisation potential
{kgCaCCyton)

Sulphate (kgCaCCyton)

Acid generation potential
(kgCaCCyton)

Spoils A

0,18

0,23

0,41

9,4

0,39

6,2

Spoils B

0,2

0,2

0,4

0,45

0.62

6.7

Spoils C

0.9

1,5

2,4

13,9

2,4

20,9

Spoils D

0,12

0.14

0,26

40,3

0,35

11.6

It is clear that the total oxidation of all pyrite will take a very long time The
leach column tests (simulating the field water migration over a 20 year period)
only mobiiised a small fraction (typically 5 - 10%) of the total acid generation
potential. In practise it is generally observed that pyrite oxidation products tend
to accumulate in the spoils, due to the low flushing rate with a rehabilitation
cover.
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6. DEMONSTRATION OF THE MINE WATER MODEL

The generic mine water model was employed to simulate the water make in a small opencast
colliery.

6.1 Description of Mini-pit

The pit consists of an eastern and western portion respectively. The two portions will be
mined concurrently and will therefore form a single, integrated mine water system. The total
surface area of the pit is 85 ha.

The pit natural surface topography drops from south to north. Mining will take place against
the natural slope as described below.

The pit will intercept the characteristic geology of the Mpumalanga Highvetd Coalfields, with
nearly horizontally-bedded, gentle undulating succession of shales, sandstone and coal. The
average depth of the pit is 20 m.

The coal reserves are to be mined in cuts starting at the junction between the westem and
eastern portions of the pit. The cuts will start in an easterly direction across the eastern
portion and a westerly direction across the westem portion of the mini-pit - refer to
Figure 6.1 (a). The mining will start from the box cut and progress in a general southerly
direction. The pit was divided into 166 separate mining blocks with an average 3 to 4 blocks
mined per month. A single cut across a portion of the pit will take about 4 months to mine.
The pit will be continually mined through the low floor contour, running across the western
portion of the mini-pit. The water that collects in the spoils body will decant into the open pit
floor from where it will be pumped to the existing polluted water system

The box cut will be filled and rehabilitated towards the end of the first year of mining. This will
be achieved by using the overburden and hard rock spoils from the mining of the first series
of blocks, further insloping of the low wall and the available stockpiles of topsoil.

The proposed mining plan allows for a single row of unrehabilitated spoils behind the open pit
floor. Any particular row of unrehabilitated spoils will be in existence for about 4 to 6 months,
before being levelled. The status of the mining blocks after the first and third years of mining
are shown in Figures 6.1 (b) and 6.1 (c) respectively. The levelling and topsoiling will be done
to ensure that the post-mining topography will be free draining. During mining, the upslope
surface runoff will be prevented from entering the pit by means of berms constructed along
the southern edge of the opencast pit.

6.2 Modelling of pit water balance

The generic mine water model was used to assess the pit water make during active opencast
mining operations. The pit was represented by the 166 individual mining blocks, with the
status of each block in each of the 58 months of the mining and rehabilitation operation being
input to the model. The coal reserves were assumed to be exploited after 48 months of
mining. A further 10 months were allowed for the final rehabilitation of the pit to give a total of
58 months for the life of the mine. The block status types that are catered for in the model
included:
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Figure 6.1 (a): General layout of opencast coal pit
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• natural conditions

• prestripped

• pit floor

• unrehabilitated spoils

• levelled spoils

• levelled and topsoiled

• fully rehabilitated (vegetated) spoils

Besides the individual mining blocks, the generic mine water model allowed in-spoil water
storage, local depressions on the rehabilitated surface, polluted water dams and a pit floor
sump which can be incorporated to represent the water system. An in-spoils storage area
and a pit floor sump were used together with the individual blocks to model the pit water
balance. The surface recharge water was routed to the in-spoils water storage area and the
surface runoff from the prestripped areas and the unrehabilitated spoils was routed to the pit
floor. The runoff from the upslope natural areas was assumed to be diverted around the pit
water system by berm walls. Similarly, the surface runoff from the rehabilitated areas was
assumed to flow out of the system, due to the free draining post-mining topography created
behind the mining front.

The default values for the generic mine water model were used in the simulation of this
demonstration pit- The only pit-specific water quantity-related variable was the groundwater
influx. The pit operation potentially intercepted a number of water bearing aquifers including:

• a shallow, perched aquifer

• fractured Karoo rock aquifer

• aquifer associated with the coal seam itself

The groundwater make to the pit was estimated to average 2 420 m3/month, over the
operational life of the pit. This value will obviously marginally change with time, as the size of
the pit increases.

6.3 Modelling results

The pit water model described was employed to simulate the water system over the length of
the active mining period.

The historical local rainfall gauge records were analysed to identify periods of dry, wet and
average hydrological cycles, A 58 month, moving average of rainfall was used to identify
these cycles and simulations were conducted for the following three rainfall scenario's:

• Wet case scenario

A wet hydrological cycle using the rainfall records for the period April 1986 to 31 January
1991 was simulated. The total depth of rain over the 58 month period was 3 959 mm.
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• Probable scenario

An average hydrological cycle using the rainfall records for the period 1 April 1972 to
31 January 1997 was simulated. The totat depth of rain over the 58 month period was
3 491 mm.

• Dry case scenario

A dry hydrological cycle using the rainfall records for the period 1 April 1991 to 31 January
1996 was simulated. The total depth of rain over the 58 month period was 2 623 mm.

The three hydrological scenarios were simulated to demonstrate the range of probable water
volumes that may be generated during the mining operation. These are summarised in
Table 6.3(a) in terms of average monthly water flows/volumes for the different components of
the water balance. These averages are for the full 58 month period of simulation.

The groundwater entering the pit dunng the operational phase does not change, as it is not
influenced to a large extent by rainfall. The only part of the groundwater that is directly
influenced by rainfall is the volume of water in the perched aquifer, but this contributes a
small amount to the overall groundwater inflow volume.

Table 6.3(a) : Anticipated average water generation (ms/month) during active pit mining
operations

Water Element

1. Recharge flows
Rehabilitated spoils (400 mm
topsoil & vegetation)
Topsoiled spoils (400 mm)
Levelled Spoils
Unrehabiiitated Spoils
Sub Total

2. Groundwater flows
3. Runoff flows

Rehabilitated spoils (400 mm
topsoil & vegetation)
Topsoiled spoils (400 mm)
Levelled Spoils
Unrehabiiitated Spoils
Pre-stnpped area
Pit floor
Upslope catchment
Sub Total
Total

Wet Case
Scenario

(m3/month)

1 740

1 669
175

2 286
5 870
2 420

3 124

585
56

623
62

4 746
1 364

10 560
18 850

Probable
Scenario

{m3/month)

1 641

1 568
162

1 979
5 350
2 420

1410

750
60
707
51

4218
842

8 038
15 808

Dry Case
Scenario

(m^month)

1 074

1 003
101

1 314
3 492
2 420

1 588

740
39
184
11

2 854
346

5 773
11685

In general, the analysis of the modelling results indicated that:

• a relatively large contribution of the pit water make originates from surface runoff. It is
therefore important to divert runoff from rehabilitated areas and the upslope pre-stripped
areas away from the pit. It is not practical to divert all such runoff away from the pit. For
example, the constructed berms to divert the upslope runoff away from the pit, have to be
relocated periodically, as mining advances. This results in a situation where there is
always, albeit a small, upslope area draining towards the pit.
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• the surface recharge through the different types of spoils material in various stages of
rehabilitation, grows in significance with time. By the end of the pit operation, this
component of the water balance is the most significant. Model simulations using different
rates of surface rehabilitation, demonstrate the importance of rapid surface rehabilitation
behind the mining front.

• the groundwater inflow along the pit perimeter is a small, but still significant component of
the water balance. For the most probable hydrological scenario, the groundwater inflow
corresponded to approximately 15% of the total pit water make. This value depends
entirely on the local geology and geohydrology of the mined land. The simulated 15%
contribution is typical for relatively small opencast pits on the Mpumalanga Highveld
Coalfields.

• pit water generation is quite sensitive to the actual rainfall. A comparison of the simulated
excess pit water generation for different rainfall/hydrological scenarios indicated that it
can differ substantially from dry to wet years.

• the relative contribution from surface runoff, surface recharge and groundwater flows to
the total pit water make changes with time. During the early life of the mine, the surface
runoff dominates the water balance. Towards the end of the operational life of the pit,
surface recharges, especially through unrehabilitated spoils areas, become progressively
more important.

The pit water production is also seasonal. The simulated monthly excess pit water generation
is shown graphically on Figure 6.3(a). The pit water production peaks in late summer and
decreases to low values in winter. It is also noticeable that the peak monthly excess water
production increases with time. This can be attributed to the increasing size of land disturbed
by mining and contributing to the pit water generation.
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7. CONCLUSIONS

Development of a generic opencast mine water model has confirmed that the water system is
indeed very complex. A large number of mining, hydrological, geochemical and other
vanabies have to be taken into consideration. The project also confirmed that quasi-empirical
models and prediction models based on some average rainfall and typical mine configuration
can be very misleading in the prediction of mine water flow and quality.

As the environmental pressures on mining and related operations to cut back on the pollution
load emanating from such operations increase, it will become increasingly important to
develop accurate prediction tools to assess the generation of excess polluted water from
opencast mining operations. Opencast mine water systems are further complicated by the
fact that they are open to hydrological influences. This is unlike a closed circuit industrial
process, where the water circuit and balance are typically dictated largely by production rates
Opencast mining operations will have to take due cognisance of the environmental nsks
associated with different hydrological events. The generic model allows such risk assessment
by analysing the response of a mining operation to different hydrological sequences. This
allows one to develop a quantitative understanding of the risk associated with extreme
rainfall/runoff events.

The generic model can also be used to conduct a sensitivity analysis to develop an
understanding of the response of the opencast mine water system to different variables. This
allows the mine operator to develop, for example, an understanding of the sensitivity of
excess mine water production to different mining sequences. The benefit associated with
accelerated spoils levelling, topsoiling and vegetation can now be quantified in terms of a
reduction in excess water make. Sensitivity analyses in general confirmed that it is essential
to have realiable information and data on mine scheduling and mine layout, accurate
prediction of runoff associated with a different type of disturbed surfaces, reliable information
on the recharge through the rehabilitation cover into the spoils and the geochemical
characteristics of the spoils, specifically in terms of reactive pyrite and available carbonate
minerals.

The data inputs to the generic opencast mine water model are onerous, but these inputs are
required as a minimum to develop a reliable understanding of the mine water system. The
initial use of the model for a specific opencast pit, therefore, requires the commitment of
adequate resources and time to prepare the input data. Once the model has been configured
with the available input data, it then becomes very easy to use and it is possible to look at a
number of different mining schedules, rehabilitation strategies, hydrological sequences, etc,
without further substantial input requirements.

The practical application of the model to the mining industry will, however, require further
training and exposure of mining engineers, environmental officers and water system
managers to the model. It is therefore recommended that the Commission gives
consideration to the sponsoring of workshops to expose people to the model, develop
confidence in the application of the model and to form a nuclear user group which can, in
future, assist in the enhancement and refinement of the model.

Consideration should also be given to further research in a number of aspects which we now
understand to be critical in the simulation of an opencast mine water system. These aspects
include the following:

• Runoff generation from surfaces disturbed or modified by opencast mining operations.
A large body of knowledge exists on rainfall/runoff characteristics for small and large
catchments in South Africa. The Commission has, in the past, sponsored the
development and verification of these models on different types of catchments. We
have applied the best available knowledge to the generic mine water model. It is.
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however, appropriate to launch a research project to confirm the rainfall/runoff
characteristics from surfaces, disturbed or modified by mining. These surfaces include
access ramps and ramp slopes, pit floors, mining spoils in different states and
different levels of rehabilitation.

The recharge (infiltration) of rainfall through the rehabilitation cover into the spoils
material is a dominant influence over the long term in any opencast mine water
system. The Commission has already undertaken research on this topic and we
believe that the research work should be continued.

There is still a general lack of knowledge on the hydrodynamic characteristics of
different South African spoils materials. The water retention and water flow
characteristics need to be established for a broad spectrum of South African spoils,
using techniques which have been applied with success internationally. The model
had to rely on international expenence and this needs to be extrapolated to South
African conditions.

There is also a general lack of information on the geochemical characteristics and the
geochemical behaviour of South African spoils. It is only in recent times that static
acid based accounting tests and kinetic leach column tests have been conducted. We
need to expand our knowledge to include some full scale research work on the long
term behaviour of spoils material under controlled conditions. In general it would
appear that the pyrite mineral contained in coal spoils is slowly oxidised and that the
pyrite oxidation products are slowly mobilised from the spoils. It will be of value to our
understanding of the geochemical behaviour of spoils to undertake full scale
investigations into the migration of oxygen within actual spoils bodies and the
accumulation of oxidation products.
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hydrological modelling



Runoff Curve Numbers for selected agricultural, suburban and urban land uses
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Runoff Curve Numbers for conservation tillage
(after Rawls and Richardson, 1983)
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Hydrological c lass i f i ca t i on of so i l forms and series

found in southern Afr ica (Source : Schulze. 1964)
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Table

Soil
F o m Code

ESTCOURT Es 12
(ccntd) Es 16

Es 32
Es 34
Es 15
Es 17

FERHUOOO Fw 40
A Fw 11

fw 21
Fw 42
Fw 10
Fw 20
Fw 22
Fw 12
Fw 30
Fw 41
Fw 32
Fw 31

GLENCOE Gc 16
B Gc 33

Gc 20
Gc 15
Gc 10
Gc 24
Gc 26
Gc 37
Gc 11
Gc 13
Gc 32
Gc 34
Gc 36
Gc 27
Gc 21
Gc 31
Gc 17
Gc 23
Gc 22
Gc 12
Gc 35
Gc 30
Gc 14
Gc 25

(continued)

Soil
Series

Potela
Roseroesd

SCS
Group
-ing

D
D

Soldaatskraal D
Uitvlugt
Vredenhoek
7.intwala

firinley
fernwood
Langebaan
Mambone
Ha put a
Motopl
Sa Idanha
Sandveld
Shasha
Soetvlel
Trafalgar
Warrington

Appam
Beatrix
Boskuil
Delmas
Orlepan
Dunbar
Glencoe
Grispsn
Hartog
Kt ipstapel
Kwezana
Leeudoorn
Leslie
Ontevrede
PenhDek
Rlbblesdale
Shotton
Strathrie
Talana
Tranendal
Ultskot
Vlakpan
Heltevrede
Wesselsnek

0
0
D

C
A
A
C
A
A
A
A
B
C
B
B

8
B/C
A/B
A/B
A/B
B
B
C
A/B
B
B
B/C
B/C
B/C
A/B
B
B/C
B
A/B
A/B
B
B
B
A/B

SCS
Adjust-
ment

Factor

-w

-w

-w
-w
-w
-w

-1
•t
• t
+t

-t/-l
+t

+ t/-l
-I
-I
-t
+ t
•U/-I
-t

• t
• t
< t / - |

+ t

Typica |
l e i t -
ural
Class

S/Slm
SCllm/SCI
S/SLm
SLm/SCILm
LmS/SCKm
SC1/CI

SLm
SLJH
SLm
SLm
SLm
Sim
Sljn
SlJn
su
Sim
Sim
SLm

SCILm
SLm
LmS
Sim
LnS
Sim
SCILw
SCI
LmS
SLm
S
SLm
SCILm
SCI
inS
LrS
SCI
SLm
S
s
SLm
LnS
Sim
SLm

Inter-
flow
Poten-
tial

XX
XX
XX
XX
XX
XX

II
0
0
XX
0
0
0
0
XX
XI
xx
XX

X
X

XX
XX
IX
XX
IX
XX
II
XX
XI
IX
11
II
XX
XX
XX
XX
H

Soil
F o m Code

GLENROSA Gr 28
B/C Gr 27

Gr 24
Gr 15
Gr 13
Gr 22
Gr 26
Gr 25
Gr 21
Gr 20
Gr 10
Gr 11
&r 12
Gr 14
Gr 29
Gr 18
Gr 19
Gr 23
Gr 17
Gr 16

GRIFFIN Gr 10
A Gf 11

Gf 32
GT 20
Gf 13
Gf 12
Gf 22
Gf 30
Gf 33
Gf 21
Gf 31
Gf 23

HOUWHOEK Ilh 20
C Ith 10

Hh 21
Hh 31
Hh 30
(It) 11

Soil
Series

Achterdam
Dotnole
Dunvegan
Glenrosa
Kanonkop
Knapdaar
Lekfontein
Lomondo
Kajeng
Hal gas
Martindale
Oribi
Paardeberg
Platt
Ponda
RoLmore
Saintfalths
Soulhfield
Trevanian
Hi11 jamion

Burnside
Cleveland
Cradock
Erfdeel
Farmhill
Griffin
Ixopo
Burmjrmeade
Slagkraal
Umz jmklllu
Welgemoed
Zwagershoek

Albertinia
Elgin
Garc\i
Gouna
Houwhoek
Stormsrivier

SCS
Croup
- i n g

B/C
B/C
B/C
B
B/C
B
B/C
t\

B
B
B
B
B
B
B/C
C
B/C
C
B/C
B/C
B/C

A
A
B
A
A/B
A/B
A/B
A/B
B
A
A/B
A/B

C
C

c
B/C
B/C
C

SCS
Adjust-
ment

Factor

it

U

4t
• t
+ t

"t

-t

-t/-l

-t
t

-t
I
t/-l

-t
-t

«t
it

Typical
Te>t-
ural
Class

SCILm
SCILm
SLm
SLm
Sim
S
SCI Lit
fi

SLm
LmS
LmS
LnS
ImS
S
su»
SCI
SCILm
SCI
SLm
SCILm
SCILm

SLm
SClJi
SCI
SLm
Cl
SCI
SCI
sun
Cl
sciin
SCILm
Cl

LmS
LmS
Sim
Sim
S
Sim

Inter-
flow
Poien-
tial

I
X
I
X
X
I
X
X
X
X
X
I
I
X
X
X
X
X
X
I

0
0
0
0
0
0
0
0
0
0
0
0

I
X
IX
IX
I
XX



Table

Soi 1
Form Code

CAflTREF Cf 10
C Cf 12

Cf 13
Cf 21
Cf 22
Cf 30
Cf 31
cr 32
Cf 11
Cf 20

OWIPAGNE Ch 11
D Ch 21

Ch 10
Ch 20

CLOVELLT Cv 33
A/B Cv 18

Cv 40
Cv 36
Cv 17
Cv 28
Cv 35
Cv 46
Cv 11
Cv 25
Cv 47
Cv 38
Cv 10
Cv 12
Cv 34
Cv 14
Cv 46
Cv 27
Cv 16
Cv 23
Cv 41
Cv 32
Cv 31
Cv 22
Cv 45
Cv 21
Cv 26

(continued)

Soil
Series

Amabele
Arrochar
Byrne
Cartref
Cranbrook
Grovedale
KuSasa
Noodhulp
Rulherglen
Waterrldge

Champagne

Mposa
Stratford

Annandale
Balgowan
Bleskop
Bllnkkllp
Clovelly
Clydebank
Denhere
Dudfield
Geelnout
Gutu
K|ippan
Ktlpputs
Llsmore
Lundlni
Mikuya
Kossdale
Nehpan
Newport
Oatsdale
Qtiii
Orinjt
Faleisheuvel
Sandspruit
Sebakve
Skipskop
Sonnenblon
Soutnwotd

SCS
Group
-ing

B/C
c
C/D
C
C
B/C
B/C
C

c
B/C

D
D
0
D

B
B
A
B
B
B
A/B
A/B
A
A
B
B/C
A
A
B
A/B
B
B
A/B
A/B
A
A/B
A/B
A
A
A
A/B

SCS
Adjust-

ment
Factor

• t

- t

4t
tt

• t

-I
- t
• t
-I
- t
-t
+ 1/ -1

u

-t

*t
• t

-t
-t

-t
• t / - l

• t / - |
• t
+ t

Typical
Text-
ura l
Class

LmS
SCUra
SCI
SLm
SCILm
S
SLm
SCILm
Sim
LmS

SUn
SCILm
SUn
SCILm

SLm
Cl
LmS
SCILm
SCI
Cl
SLm
SClUn
LmS
SLm
SCI
Cl
LmS
S
SUi
SLn
Cl
SCI
SCILm
SLm
LmS
S
LnS
S
SLn
Lr.S
SCILm

In ler-
f low
F'oten-
t u l

0
0
0
0
0
0
0
0
0
0

0
0
0
0

0
0
0
0
0
0
0
0
o
0
0
0
0
a
0
0
0
0
0
0
0
o
0
0
0
0
0

Soil
Form

CLOVELLT
(contd)

CONST AN
- T I A

B

DUNDEE

B/C

ESTCOURT

D

Code

Cv IS
Cv 24
Cv 30
Cv 37
Cv 42
Cv 44

Cv 43
Cv 13

Ct 25
Ct 12
Ct 23
Ct 22
Ct 13
U ^
Ct 14
Ct 20
Ct 10
Ct 11
Ct 21
Ct IS

Du 10

Es 20
Es 11
Es 22
Es 35
Es 40
Es 37
Es 42
Es 13
Es 31
Es 33
Es 36
Es 14
Es 41
Es 10
Es 21
Es 30

Soil
Series

Soveto
Springfield
Sunbury
Surwerhil 1
Ihornhill
Torquay
Tweefoniein
Vaalbank
Vidal

Clntsa
Constant!*
Owes a
Fencole
Hartervl l le
Kromhoek
Noetzie
Palmyra
Strombolis
Total
Vlakfontein
Hynberg

Dundee

Assrqltl
Aucfcltnd
Avontuur
Balfour
Beerlaacte
Buffelsinf
Darling
Donne
Ehm
Enkeltfoora
Eslcourt
Grasslands
Heights
Houdenoeck
langkloM
Mori

SCS
Group
- ing

A
A/B
A/B
B/C
A
A/B
A
A/B
A/B

B
B
B
B
B
B
B
B
B
B
B
B

B/C

D
D
D
D
D
D
0
D
D
0
0
0
0
0
D
0

SCS T y p i c a l
A d j u s t - T e x t -

ment u r a l
Factor Class

* t SLm
SLm

• t / - l LnS
- t / - | SCI
• t S

SLm
• t LmS

Sim
Cllm

Lm/SCtLm
LmS
5Lm/SClUs
S/SClLm
SLm

SCI/SCILm
5lm
LmS/SCILn
UnS

S

us/scim
SLffl

SLn

LnS/SClLn
LnS/SLn
S/SCILn
LnS/SCILm
LnS/SCILm
SCI/CI
S/SClLm
SLm/SCILn
LmS/SLn
SLm/SCILm
SCIUti/SCl
SLm/SCILm
LnS/SClLn
LmS/5Lra
LnS/SCILm
LnS/SLm

Int*r-
f low
Poten-
t i a l

0
0
0
0
0
0
0
0
0

IX
X
IX
IX
0
IX
0
XX
I
X
IX
0

0

IX
IX
I I
I I
I I
I I
t l
I I
I I
I I
I I

m
I I
) i

u
I I



Table

Soj 1
Fora Code

n u n OH Hu 10
A Hu 11

Ku 18
Hu 25
Hu 22
Hu 24
Hu 27
Hu 17
Hu 31
Hu 4 7
Hu 16
Hi 21
Hu IS
II.; 23
Hu 4 0
Hu 4 3
Hu 37
Hu 44
Hu 33
Hu 38
Hu 14
Hu 48
Hu 32
Hu 26
Hu 41
Ku 35
Hu 42
Hu 30
Hu 46
Hu 36
Hu 12
Hu 45
Hu 28
Hu 13
Hu 20
Hu 34

[ I IANlA l a 10
A la 11

ta 12

(continued)

SCS
Soil Grouo
Series

Al\ouay
Arnot
Balmoral
Bontberg
Chester
CUnsthal
Doveton
Farnlngham
Gaudam
Hardap
Hut ton
Joubertfna
Kyi1ani
Uchtenburs
Lowlands
Haltengwe J
Makatinl 1
K) long a i
Hangano i
Harikan* 1
Middelburg \

jng

\
ft
A/B
A
A
1
A/B
A/B

n
A/B
*

ni
i

i
\
1/8
1

Minhoop A/B
Horiah I
Msinga /
Nyala t
Portsmouth J
Quaggafontein i
Roodeponrt /
Shigslo /
Shorrocks i
SloneUw i
Vergenoeg I
Ylmy t
W a V e f l e l d /
Whithorn /

I
I
I
I
I
k
I
/B

i

I
l/B
I
I

Zwartfontein A/B

Fountainhi 11 4
Inanda t>
Sprinz A

scs
Adjust-
ment

Factor

- t

- t
- t
- l /+ t
- t

-t/-l

-I
-t/-l

- t
-l/+t

-l/tt

-lAt

-1

- t

-1

Typical
Te»t-
U T . i l

Class

LmS
US
Cl
SUn

s
SLm
SCI
SCI
LmS
SCI
SCILm
LmS
5Un
SLm
LmS
SLm
SCI
SUn
SLm
Cl
Sim
Cl
S
SClUi
LmS
SLm
S
LmS
SClLm
SClUn
S
SLm
Cl
SLn
US
Cllra

SCILm
SCI
Cl

In te r -
flow
Poten-
t i a l

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0

0
0
0

Soi l
Form Code

INHOEK Ik 11
C Ik 10

U 21
Ik 20

MISPRUIT Ka 10
C/0 Ka 20

KRAMSK0P Kp 10
A Kp 11

Kp 12

KRC0NS1AD Kd 17
C/0 Kd 16

Kd 22
Kd 20
Kd 13
Kd 14
Kd 10
Kd 15
Kd 12
Kd 18
Kd 21
Kd t i
Kd 19

LAHOTTE Lt 10
A/B Lt l\

Lt 14
Lt 22
Lt rs
Lt 12
Lt SI
Lt IS
Lt ;o
L : :4
I t 23
L: I]

L0NGLAKD5 lo 11
C La •;

Soil
Series

Coniston
Crmley
Crydal*
Inhoek

Katsprult
Ki 1 larney

K ip ip ln
Kranskop
UnburAulu

Avoci
Bluebank
Katarra
Koppies
Kroonstad
Hkarbatl
Rocklinds
Slangkop
Swellenqirt
Uitspan
Umtcntvenl
Velddnf
VoUsrust

Alsace
Burgundy
Chirrcnd
Fransthhoek
Hoogtialen
Lsroite
Lac^ris
Li 111 si rid
Lorraine
Rlngwocd
Ti l lberga

Albany
Chitsi

SCS
Group
- ing

C/D
C
C/0
C

C/0
C/D

A
A
A

C/0
C/D
C/D
C/D
c/o
C/D
C/0
C/0

c
C/D
C/0
C/0
0

A/B
B
A/B
B
B
A/B
A/8
A/B
B
B
B
A/e

C/0
C/0

scs
Adjust-
ment

Fidor

- t

- t

• t

- t

*<

*c
*<.

»c
»c
»c

- t
- t

'mid 1
Te«t-
ural
Class

SCI
SCILm
SCI
SCtUa

SCI
SCI

SCILn
SCI
Cl

SClUn/SCI
SCIUi/SCI
5/SCILm
LmS/SClU»
SLn/SCILm
SLm/SClUn
UnS/SU«
LnS/SCIUi
5/SLn
SClUi/SCl
LnS/SCILffl
LmS/SLrx
SC1/CI

LriS
LnS
SLm
US
5 U
US
U 5
SU
US
SU
SU
SU

SCILn
JCIU

lnt*r-
flow
Potrn-
t u i

0
0
0
0

0
0

o
0
0

IX
IX
IX
xt
IX
XI
XX
IX
IX
XX
IX
IX
I I

I
11
X
I I
IX
I
I
I
IX
I I
I I
I

I I
I I



Table (continued)

S o i l
Forr, Code

Soil
Series

SCS
SCS Adjust-

Group cent
-ing Factor

Typical
Teit-
ura I
CI.S55

(ccntt)
Lo 21
Lo 10
Lo 30
Lo 31
Lo 20
Lo II
Lo 12
Lo 13

Longlands
Orkney
Tayslde
Vaalsand
Vasl
Waalsand
Waidene
Wlnterton

C
c
c
c
c
c
C/0
C

-t
-t

MATO
C

My 10
My 11
My 21
My 20

Mayo
Kslnstnl
Pafurl
Tshipise

c
C/D
C/D
C

HILXV0OD Mw 10
C fcw 21

Hw II
Hw 20

Dansland
Graythorne
HIIkwood
Sunday

C

c/o
C/D
C

HISPAH
C

Ms 21
Hs 22
Hi 1!
Hs 12
Hs 23
Hs 10
Hs 20
Ks 13
Ms
Ms

14

Hillside
KaIk bank
Kllpfontein
Loskop
Misgund
Hi span
Muden
Plettenberg
Winchester
Vredendal

N0KAKCI
B

No II
ho 10

Lusiki
NomancI

SLn
LnS
S
5Ln
LnS
SLm
S C I U
SCI

SClUn
SCI
SCI
SCI

SCILm
SCI
SCI
5C1LB

5CILm
SCIUti
SCILm
SCILiti
SCILm
SCILm
SCILm
SCILm
SCILm
SCILm

SCI
SCtlro

Inter-
flow
Poten-
t Ml

XX
XX
XX
XX
XX
XX
XX
XX

HAGWA
A/a

Ks
Ma
Ha

iz
It
10

Frazer
Hagwa
Hilford

A/8
A/B
A U

Cl
SCI
SClUn

0
0
0

o/x
o/x
o/x
o/x

o/x
o/x
o/x
o/x

XX
XX
XX
XX
XX
XX
XX
XX
XI
XX

OAXLEAf Oa 43 Allanridge B SLn 0
B Oa 45 Calueque A/B +t Sin 0

Oa 21 Ooornliagte A/B ft LrS 0

Soil
Form

OAXLEAF
(contd)

Code
Soil
leries

SCS
SCS Adjust-

Group ment
-ing Factor

lyplcal
Jeit-
ural

Oa 25
Oa 17
Oa 22
Oa 36
Oa 23
Oa 13
Oa 37
Oa 16
Oa 26
Oa 34
Oa 46
Oa 41
Oa II
Oa 24
Oa 27
Oa 12
Oa 47
Oa 42
Oa 30
Oa 44
Oa 31
Oa IS
Oa 14
Oa 32
0] 10
Oa 33
Oa 35
Oa 40
Oa 20

Hare I wood
Kishflsts
Kaipan
JOMHI
Kirkton
Klipplaat
tcedoesvlel
Lseufontein
L*taba
levubu
Lirpopo
Lovedale

A/B
e/c
A/B
B
B
B
B/C
B

B
A/B
A/B

Higersfonteln Bg
Ha'<ulek
Kbanyana
Kutale
Haulila
Oaklear
Okavango
Oshikango
Pal lock
Rcckford
5e:ela
Snaldeel

Venda
Vcorspoed
Wirrenton

B/C
A/B
B/C
A/B
A/B
B
A/B
A/B
B
A/8
A/B
B
A/B
A/B
A/8

tt
-t
• t

-t

• t
tt

-t
4t
-t
4t
• t

u
•t

tt
u
*t

PIHEDENE
B

Pn 27
Pn 12
Pn 25
Pn 15
Pn 10
Pn 13
PT 22
Fn 17
Pn 32
Pn 36
Pn 3:
Pn 33
Pn 16
Pn 30
Pn K

Alrtle
Betiilehem
Chatsworth
Eytendal
Fortuin

Hsmanus
Kilburn
K\ »inrivier
KUrksdorp

lei
?ir.»(!ene

B/C
A
A/B
A
A
A/B
A/B

E/C
B/C
B/C
A/B
B
A/B

-t

ft

+ 1
ft
-t/»l
• t/il
I

f|

tl

SCI
s
SClLn
SUi
SLm
SCI
SCILm
SClUn
SUn
LClLn
LJ^S
LnS
SLo
SCI
s
SCI
s
UnS
SLffl
LnS
SLm
SUn
S
LmS
SUn
SLn
LrS
LmS

SCI
s
SLn
SUn
LmS
SLn
S
SCI
S
SCILn
Slo
Sim

LrS
SLn

Inter-
flow
Poten-
tial

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
G
0
0
0
0
0



Table

Soil
Form

PINEDENE
(contd)

RENSBERG
0

SHEPSTONE
A

SHORT-
LANDS
B

STERK-
SPRUIT
0

Code

Pn 11
Pn 20
Pn 31
Pn 26
Pn 24
Pn 23
Pn 21
Pn 37
Pn 35

Rg 10
Rg 20

Sp 12
Sp 11
Sp 13
Sp 15
Sp 22
Sp 23
Sp 24
Sp 25
Sp 14
Sp 21
Sp 2r>
Sp 10

Sd 11
Sd 10
Sd 30
Sd 21
Sd 20
Sd 12
Sd 22
Sd 31
Sd 32

Ss 27
Ss 13
Ss 15
Ss 10

(continued)

Soil
Series

Radyn
Rotterdam
Stormsvlet
Suurbraak
Tulbagh
Vyeboon
Hemmershoek
Hltpoort
Yiersprult

Phoenix
Rensberg

Aldington
Bltou
Gouriti
Inhaninga
Kunjane
Pencarrow
Portobello
Pumula
Robberg
Shepstone
Southbroom
Tergnlet

Argent
Bokuil
Ferry
GlentJale
Kinross
Richmond
Short lands
Sunvalley
Tugela

Antioch
Bakklysdrift
Dehoek
Diepkloof

SCS
Group
-ing

A
A/B
B
8
B
B
A/B
cB

D
D

A
A
A
A
A
A
A
A
A
A
A
A

B
A/B
B
B/C
B
B/C
C
B/C
c

0
D
D
D

SCS
Adjust-
ment
Factor

tt/tl
+t
+ 1/-1

+t
-t/-l
4t/-l

+ t

-1
-l/+t
-t
-|/-t
-I
-|/-t

Typical
Texl-
ural
Class

LmS
LmS
imS
SCI La
SU
SLm
ImS
SCI
SLm

Cl
Cl

LmS
US
SU
SU
US/SCIU
SLm/SCILm
SLm/SClUn
SU/SCILm
SLm
US/SCI Lm
US/SC1U
LmS

SCI
SCI Lm
SCILm
SCI
SCIUn
Cl
Cl
SCI
Cl

SCI
SLm
LnS
LnS

Inter-
flow
Poten-
tial

X
X
I
X
X
X
X
X
X

X
X

0
0
0
0
0
0
0
0
0
0
0
0

0
0
0
0
0
0
0
0
0

X
X
X
(

1

Soil
Form

STERK-
SPRU1T

SWART LAND
C/0

TAM8AH-
KULU
C

VAL£-
HIVIFR
C/D

Code

Ss 17
Ss 21
Ss 25
Ss 20
Ss 24
Ss 12
Ss 22
Ss 23
Ss 26
Ss 16
Ss 11
Ss 14

Sw 12
Sw 21
SM 32
SM 40
5* 41
SM 42
Sw 22
5w 10
SM 30
SM 11
Sw 31
SM 20

T* 10
TV 20
Tk 21
U It

Va 3t
Va 32
Va ;i
Va 20
Va 12
V» 41
Va 11
Ht n
\» 10

Soil
Series

Drlebaden
Graafwater
Grootfonteln
Halseton
Hartbees
Rua^na
SiIwana
Stanford
Sterkspruit
Swaerskloof
Tina
Toleni

Breidbach
Broekspruit
Hogsbacfc
Halikata
Nyoka
Ondraal
Prospect
Revel 1 lie
Rcsenill
Skilderkrans
SMirtland
Uitsicht

Fenfield
Loshoek
Mi sit a
Tcbinkulu

Ami ston
Chalumna
Criven
Hersci'el
Lilydole
Lindley
Kanenir.al
Sheccardviie
Sunnys\Ct

SCS
Group
-ing

D
D
D
D
D
D
O
O
D
D
D
D

D
C/D
D
C/D
C/D
D
0
C/D
C/D
C/0
C/D
C/D

C
C
C/D
C/D

C/D
C
C/D
C, 0
0
C/D
C
D
CD

SCS
Adjust-
ment

Factor

-t

-t

-t
-t

-t
-t

-t

-t

-I
-t

Typical
lc»t-
ural
C l e s s

SCI
LnS
US
us
SU
s
sSU
SClLm
SCILm
US
SLm

Cl
SCI
Cl
SCI
SCI
Cl
Cl
SClLn
SCI U
SCI
SCI
S C I U

SClLn
SClUn
SCI
SCI

*C1
Cl
5CI
SClLn
Cl
SCI
Cl
Cl
S C 1 U

Inter-
flow
Poten-
tial

;

1
1

X
I

I
I

t

I
I
I
X

X
I
0
I
0
I
0
I
0



Table

Soil
Fcm Code

VAIS-
R1VIER Va 40

(contd) Va I t
Va 20

VILA-
F0N7ES vr 45
A/B vr 23

Vf 31
Vf 24
vr 44
vr 21
Vf 43
Vf 11
Vf 22
Vf 34
Vf 40
Vf 20
Vf 41
Vf 35
Vf 10
Vf 14
Vf 25
Vf 33
Vf 30
Vf 32
Vf 13
Vr 42
vr is
Vf 12

MASS AN K Vt 12
C Wa 13

Wa 30
Wa 10
wa I t
Ua 20
Wa 31
wa 22
wa Z1
Ua 32

(continued)

Soil
Series

Valsrlvler
Waterval
Zuiderzee

Blonbosch
Biythdale
Brenton
Chantil ly
DessenhoeJc
Fairbrewe
Geelbek
Hud ley
Klaarwater
Knysna
Kransdulnen
Matigulu
Mazeppa
Meulvlel
Moreland
Moyenl
Nhamacala
Rheebok
Sedgefleld
Swinton
Tlnley
Val lance
Vilafontes
leekoe

Burford
Endlcott
hamman
Hoopst*d
Kromvlei
Rondevlel
Sandvlel
Warrick
Waibank
Utnterveld

SCS
Group
- ing

C/0
C/D
C/0

A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B
A/B

C
C/D
B/C
B/C
C
B/C
B/C
C
C
c

scs
Adjust-
ment

Factor

- t

-tt

+t
«t

i»: ical
7 m -
i ra l
c i ' ss

SCILn
£C1
SCIL»

Slff/SCUm
SUi/SCIlm
LrS
CLn/SCILn
Sln/SCILm
Lr-S/SCLm
SLm/SClLm
LnS
LrVSClL«
EU»
Lri/SCILB
LrS/SClLnt
icS/SCILm
SLA

us
su
SUi/SCILm
SLn
inS
LnS
5L»
LnS/SCUm
SLn
LnS

SCILfl
SCI

s
us
SL/n
LrS
StILn
SCILm
SU»
sum

I n t e r
now
Poten-

n a l

X
0
0

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XX
XI
XX
n
XX
XX
XX
XX
XX
XX

XX
XX
XX
XX
XX
XX
XX
XX
XX
XX

1

Soi l
Forn Code

WESTLEIGH Vt 10
C He 12

Ue 22
We 20
We 30
He 31
Ue 12
Ue 13
We I I
Ue 21

WILLOW-
BROOK Uo 21

D Uo 10
Wo 20
WD 11

Soil
Series

Ch;nde
[i«\el
Devon
Kosl
langkul l
Paddock
Rietvlel
Sibisa
Westleigh
Witsand

Chinyika
Erafulenl
Sartsdale
VilloHbrook

SCS
Group
- ing

B/C
C

c
B/C
B/C
B/C
C
0
C
C

0
0
D
0

SCS
Ad.iust-
rr?nt

Facior

• t

• t
t t

- t

TyDical
i e " t -
u ra l

LrS
SC lLm
SCILm
Lr.S
5

SCILm
SCI
SLm
SUn

SCI
SCIU*
SCILm
SCI

1

1

Inter-
flow ;

Ul\

1

0
0
0
0


