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Executive Summary
INTRODUCTION

Opencast mining has become increasingly attractive as an economical coal recovery
technique over the past decades. Several large opencast collienes 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 vanous aspects
of acid mine draining and saline water generation by collienes, 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 indispensabile tool in armving 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 penodically

The principle aim of the research project is to formulate and develop an ntegrated water
quality model which can be used to predict water flow and a number of water quality
vanables 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 apphed !0 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 aliow the simulation to be conducted with any time senes input of daily or
monthly rainfall and runoff.

. The mode! must be able to predict a number of water quality vanables at any
selected pont within the mine water circuts. The selected water quality
vanables include TDS (or any other conservative element), suiphate and pH
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GENERAL CHARACTERISTICS OF MINING SPOILS

Spoils matenal presents a complex granular medium for the migration of water. The water
flow 1 typically descnbed as pseudo-karst, with preferential flow paths playing a
significant role. A certain minimum moisture content has to be satisfied before flow can be
intiated. It 15 aiso common to observe incomplete wetting of spoils subsected to rainfall
recharge from the surface. The mathematical descnption of water migration through
spoils has up to now been mainly by empincal methods

Pyrite (FeS;) 1s a common mineral in coal mining spolls and weathers to produce iron,
sulphate and acdity products. The two main mechanisms of pynte oxidation are
summansed below:

FeS,+ 3%0,+H,0 -« Fe™ + 2S0.* + 2H"
FeS, + 14Fe™ + BH,0 — 15Fe™ + 28507 + 16H"

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

14Fe™ + 14H" + 3%0, — 14Fe™ + TH,0

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 pynte
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 fernc iron). A shrinking-core type representation of the spoils particle
within which pynte oxidation takes place is commonly employed. Field observations of
pynte oxidation rates compared to the laboratory measurements under ideal conditions
are very different Field observations of pynte oxxdation rates indicate that severe
limitations exist with respect to the transfer of oxidant (O/Fe™) into the spoils, transfer of
the oxidation products from the spoils and the availabiity of a transport medium (water) to
flush the oxidation products from the spoils

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

CaMg(CO,), + 4H" — Ca™ + Mg™ + 2H,CO, atpH < 6.2

2CaMg(CO,), + 4H" — 2Ca™ + 2Mg™ + 4HCO  atpH 262
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 pynte
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'], [HCO,], [CO,*]
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. Gaseous species, [O,). [H,CO,), [CO,)
° Iron, [Fe™), [Fe™)

. Major cationic species, [Ca™"], [Mg*]

. Major anionic species, [SO,]

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 femc iron
Iron forms many different suiphate and hydroxide complexes. Iron preciptates may
inciude melantente, jarosite and femc hydroxide and influence the presence of dissolved
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 pynte oxidation process. This typically involves two
bactenal speces, Thiobacillus ferro-oxidans and Thiobacillus thio-oxidans. Microbial
catalysis can increase the ferrous wron and pynte oxidation rates by several orders of
magnitude. Microbial action 15 sensitive to enwvironmental conditions with optimum
temperatures of 25-35°C, optimum pH of 25 - 45 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 mechamisms of oxygen transport can be broadly classified into

. oxygen transport via the water infiltration into the porous media

. barometnc pumping occumng due to fluctuations In atmospheric pressure
Atmosphenc pressure changes are seidom more than 5 - 10%. In accordance
with the ideal gas laws, movement of atmosphenc consttuents due 1o
barometnc 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
buming 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 pattems, geometry of the spoil/discard dump, local
topography, grading within the dump and the effect of coal buming on or within
the spoils body.

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

HYDROLOGICAL ASPECTS OF MINE WATER SYSTEMS

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

. natural pre-mined surface

. pit slopes and floor

. access ramps

. overburden spoil heaps

. levelied and profiled spoils

. levelied. topsoiled and vegetated spoils

. haul roads

. cultivated lands

The genernc opencast mine water model can simulate the surface runoff from these
different surface types using one of three different approaches:

. importation of a rainfallrunoff file generated by an independent hydrological
model

. Soil Conservation Services (SCS) model
. Kinematic Flow (KF) model
DESCRIPTION OF GENERIC MINE WATER MODEL

The genernc mine water model is designed to simulate the water flow and associated
water quality over the operational ife 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 aliow the mine
scheduling to be incorporated into the model. The status of each mining block then
progressively changes from unmined, to prestnpped, to mined and eventually to
rehabilitated. The surface runoff and rainfall recharge charactenstics 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 vanation 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 rehabiitation
cover

Water storage and accumulation are also catered for in terms of the following features:
. spoils water which may accumuiate in pit fioor depressions

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

Water quality algonthms allow the simulation of calcium, magnesium, suiphate, pH.
alkalinity and iron species. The following chemical and geochemical charactenstics are
catered for in the model

. qualiity of rainfall
. quality of recharge (infiltration) water entenng the spoils body

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

. neutralisation of pynite oxidation products by dolomite and caicite minerals

. poliution washoff from dirty areas which will be transported by surface runoff

The conceptual flow diagram for the configuration of an opencast mining operation in
terms of the model is shown on Figure A 1

41 Water flow aspects

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

Rainfall recharge to the spods is caiculated on the basis of a seasonal
distnbution of infiltration, depending on the type of spoils rehabilitation cover
Aliowance is made for levelied spoils. levelled and topsoiled spoils, ievelied
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 penmeter,

Water migration through the spoils is of particular importance in the model. A
certain minimum spoils moisture content must be satisfied before the intiation
of seepage to the next spoils layer. The spoils matenal 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 charactenstics. Water then
migrates through successive spoils layers until it finally reaches the pit floor.

All excess water generated in the opencast pt 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 aigorithm for the
surface generation of pollutants and washoff from poliuted surfaces The
quality of groundwater entenng the pit is defined by the model user.

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

. pyrte oxidation which releases oxidation products including won
(Fe™), sulphate (SO,*) and acidity (H"). The pyrite oxidation rate is
caiculated on the basis of the local concentration of oxidants (O,
and Fe™) and remaining pynte content.

. Ferrous won undergo further oxidation depending on the redox
potential in the local spoils environment. The ferrous iron will be
oxidised to fernic 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 pynte oxidation 1s neutralised by
carbonate minerals. The spoils typically contains a mix of calcite
and dolomite which s reacted dunng neutralisation The
neutralisation process will only proceed if avalable carbonate
minerals can be mobilised.

The slow pyrite weathering and migration of water through the spoils allow
sufficient time for the application of the pnnciples of chemical equilibnum. It is
assumed that chemical equilibrium exist between the different ionic speces 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 genenc 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-
empincal models and prediction models based on some average rainfall and typical mine
configuration can be very misieading in the prediction of mine water flow and quality

As the environmental pressures on mining and related operations increase to cut back on
the poliutionfoad-emanating from such operations; #t 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 circut 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 nsk
assessment by analysing the response of a mining operation to different hydrological
sequences. This aliows one 10 develop a quantitative understanding of the nsk associated
with extreme rainfall/runoff events

The genenc model can also be used to conduct a sensitivity analysis 10 develop an
understanding of the response of the opencast mine water system to different vanables.
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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 1o 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
gecchemical characteristics of the spoils, specffically in terms of reactive pynte and
available carbonate minerals,

The data inputs to the genenc 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 mode! for a specific opencast pit. therefore requires the commitment
of adequate resources and time to prepare the input data Once the mode! has been
configured with the available input data, t then becomes very easy to use and it IS
possible to look at a number of different mining schedules, rehabiltation 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 apphication 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 cntical 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 charactenstics
for smail and large catchments in South Afnca The Commussion has, in the
past. sponsored the development and venfication of these modeis on different
types of catchments We have applied the best available knowledge to the
genenc mine water model It is, however, appropnate to launch a research
project to confirm the rainfal/runoff charactenstics 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 rehabiltation

. The recharge (infiltration) of rainfall through the rehabiltation cover into the
spois matenal 1s a dominant influence over the long term in any opencast
mine water system. The Commission has aiready 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 charactenstics
of different South African spoils matenals. The water retention and water flow
charactenstics need to be established for a broad spectrum of South Afncan
spoils, using techniques which have been applied with success intermnationally.
The model had to rely on intemational expernence and this needs to be
extrapolated to South African conditions.

. There is also a general lack of information on the geochemical charactenstics
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 pyrte mineral
contained in coal spoils is slowly oxidised and that the pynte oxidation products
are siowly mobilised from the spoiis. 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 bodes and the accumulation of
oxidation products.
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WATER RESEARCH COMMISSION

GENERIC SIMULATION MODEL FOR OPENCAST MINE WATER SYSTEMS

INTRODUCTION

Opencast mining has become increasingly attractive as an economical coal recovery
technique over the past decades. Several very large opencast colleres 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 aiso 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 suiphate 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 Quaity 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 poliutants 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 @ mining or industrial compiex. It will be up to the colliery or
industry to develop and implement a water system which will rekably achieve the allocated
waste load.

Although numerous research projects have been launched to investigate vanous aspects of
acd mine draining and saline water generation by collienes, no integrated model currently
exists which can relably predict the total mine water volume and quality from an opencast
mine. Colllery management needs a predictive tool to analyse different mine water
management options. A water and water gualty model for an opencast mine would be an
indispensable tool in armving at the optimum mine water management strategy for a specific
mine. The model must however be versatile enough 1o allow reassessment of the mine water
system after any change in the mining plan, which occurs penodically

Some first generation opencast mine water quality modeis were developed for selected
collienes on the Eastern Transvaal Highveld These models were hard wired for a specific
colkery and have no general application to other collienies. The approach to certain of the
water quality aspects in these modeis 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 charactenstics to any colbery

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 vanous 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 taillings dam or a
discard dump. These submodeis need to be integrated into a unified and overall colliery water
quality modei.

A genenc model can be used to simulate and predict the effluent flow and poliution 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 poliution waste load allocation set by the Department of
Water Affairs and Forestry



2 Introduction
The key issues to be addressed by the opencast mine water model include.

. The relative importance of pit penmeter and pit floor runoff, runoff from spois areas,
seepage from unrehabiltated spoils and rehabiltated spoils to the total opencast pit
water balance.

. The relative importance of different water sources 1o 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 opencas!
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 quaity from the
opencast mine need to be understood.

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

The main benefits ansing from the development of a generic opencast water quality model
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 pnnciple 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 vanables
on any opencast mining operation. The following specific objectives were identified for the
project.

. Deveiopment 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 vanables at any selected
point within the mine water circuits. The selected water quality vanables include TDS
(or any other conservative element), sulphate and pH.
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Physical spoils properties
Opencast mine spois are composed of rock and soil fragments remaining after
blasting. removal and relocation of coal overburden and interburden strata. The spoils
fragment size distribution ranges from micrometres (um) to meters (m) Spoils can,
therefore, not be considered as a uniform media with homogenous physical and
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

on = e/(l+e) (2.1.1)
. air-filled porosity

Ca = (1-S)e/(1+e) (21.2)

. water-filled porosity.

@, Sel(1+e) ot-0a (21.3)
Py = o) / (Ps - S.p.)

P, = spoils fragment density (kg/m®)

bulk spoils density (kg/m®)

= water density (~ 1 000 kg/m’)

2
"

S - water saturation of total porosity (fraction)

Water percolating through the spoils matenal will act as a camer medwm to remove
pynte oxidation and leaching products from the spoils profie. The hydrodynamic
properties of spoll matenal are, however, not readily amenable to mathematical
gescrnption.

The top 5 m of spoils are typically subject to diumal and seasonal temperature
vanations. The effect of fluctuating temperature reduces with increasing depth and
remains reasonably constant (15 - 20°C) below 10 m from the surface.



Water
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L FIGURE 2.1 : VOLUME AND MASS FRACTIONS OF SPOILS MATERIAL
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Typical spoils body physical properties are listed hereunder:

. Pyritic sulphur content (% S) 0.02-40

. Spoils fragment density (kg/m’) 2200-2700

. Bulk density (kg/m’) 1200 - 1800

. Percentage coarse fragments, 50 - 80
>2 mm (%)

. Total porosity (viv) 025-05

. Tortuosity (m/m) 2-10

Table 21: Typical physical properties of spoils

Water migration through spoils

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

Spoils ndges 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 ndges. 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
matenal 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 vanable and generally
unpredictable flow pattern

Elboushi (1975) has indicated that only 10 - 20% of the rockispoils surfaces are
effectively flushed dunng recharge/infiltration events. The remaining spoils body
(80 - 90%) will accumulate pyrite oxidation products without flushing, except dunng
extreme recharge events The accumulated oxidation products will only become
available dunng inundationfiooding of the pt spoils and may then be mobilised
Stromberg ef a/. (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 aiso 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 matenal, while low rainfall events may not result in
any significant recharge.

Enksson and Destouni (1994) found that the flow through a heterogeneous spoils
medium is often charactensed 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.

= - X . u-:m ) i d | s
fim= —— exp [-%(inT-inT, /e, %) T@no) exp [-(InT-inT, )",
(2.2.1)
where
T = hydraulic residence time (days)
u - fraction of flow which migrates along the fast
(preferential) flow path.
T.7T; = geometnc means of the fast and slow residence times,
respectively
o, o = variance of InT for the fast and siow flow paths.
respectively
AT = probability distnbution function.

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

Geometric mean Variance of InT
residence time (T) (o°)
= ———= — R
Rapid flow path 1yr 1.0
Siow flow path 60 yrs 03

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 vanation in poliutant flux emanating from the spoils
body. The preferential flow paths typically result in the production of a reduced
poliutant concentration in the spoils leachate, but also in the long-term slow release of
poliutants. 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 restncted availability of a transport medium and the limited solubility of
some oxidation products.
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i FIGURE 2.2(a) : PROBABILITY DISTRIBUTION OF WATER RESIDENCE TIME IN
A SPOILS COLUMN
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Jaynes (1983) employed an empincal technique to describe the pseudo-karst flow
pattemn through fractured spods. The spoils body is divided into several horzontal
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 fracton of water infiltrating/recharging to the top layer | s
then:

(d)*/ E‘(q)" (2.2.2)

Water leaving any layer will be partitioned to the underlying layers in proportion 10 the
inverse of the separating distance. The fraction of water leaving layer | and entenng
layer j is equal to.

@-d)'/ £ (d-d)’ (2.2.3)

LA

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

Q = If6-4)' / tE-4'Q (2.2.4)

L

Water migration through waste rock piles and spois heaps is, therefore. frequently
characterised by rapid flow along preferential flow paths. Seasonal vanation in
seepage flow is common and penodic fiushing 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 intiate 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/spods (< 0,15 mm
size) before seepage flow would be established.

Gottschiich ef al. (1987) expenmented on coal discard matenal, containing particies in
the size range 2- 16 mm_ The liquid hold-up (retention) in the expenmental discard
columns was established to be 0.1 - 0,15 m*m’ discard volume. The dynamic fraction
of the total hold-up was estimated to be 78%

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

Rogowski and Weinnch (1981) developed a relatively simpie, but useful model of
water migration through spoils maternal. Water moves pnmarily along preferential fiow
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 permeabilty
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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

A fraction of the spoils may never be wetted to any significant degree by water
migration, except by a moisture condensation mechanism. Water entenng 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 m*/m’ spoils

. Fine fraction water retention 0.13 - 0,14 m¥m’ spoils

. Total spoils porosity 0.37 m*/m’ spoils

Pionke et al. (1980) observed a water-filled porosity of 11-12% for coal spois
particles in the size range 2 - 8 mm.

The flow velocity of water migrating through a saturated spoils matenal 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)

Pyrite oxidation

2.3.1 Geochemistry

Pynte (FeS,) is a common mineral in coal bearing strata. Two mechanisms of
pyrite oxidation have been identified

FeS,+3%0,+HO — Fe™ + 2S00, + 21"
FeS, + 14Fe™ + BH,0 — 15Fe™ + 2SO, + 16H"

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

14Fe™ + 14H" + 3%40, -  14Fe™ + TH,O

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

Fe” + 3H,0 - Fe(OH),(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 FeS, requires 3.5 moles of O, and produces 2 moles of
acidity (H'). In an alkalne environment. the ferrous iron will oxidize and
precipitate as goethite ((FeOOH) which requires a further 0,25 moles O, and
produces a further 2 moles acidity (H")
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(1) Water migration routes via coarse fraction

(2 Water migration into fines fraction, under capillary action

FIGURE 2.2 (c) : CONCEPTUAL MODEL OF MOISTURE MIGRATION IN SPOILS
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O;
'—‘ Fe(ll) + S;2- —I/
FeS;(s) 7— SO42-+ Fe(ll)
\( )Qosz (s)

Fe(lll)«——= Fe(OH)s (s)

FIGURE 2.3.1 : PYRITE AUTOCATALYTIC OXIDATION MODEL

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

FeS, + (2 + 12x)Fe™ + (8x) H,0
- (3 + 12x)Fe™ + (14x)H" + (2x) HSO, + 2(1-x)S°

Previous research by Cathles (1983) has indicated that the most appropriate
value for x ts 0.6 in a low pH environment, which results in the expression.

FeS, + 9.2Fe™ + 4 8H,0 —» 10, 2Fe™ + B 4H" + 1,2HSO, + 088"

It must be stressed that this stoichiometry of pynte oxidation applies only to
specific conditions, including high ferric iron concentration. low pH (< 2.0), and
no available dissolved oxygen.

Bames 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

Fe,..S+(2-x2)0;+xH,0 - (1-x)Fe™ + SO,* + 2xH"

Fe,.S +(2-2x) Fe™ . (3-3x)Fe™ + §°
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Elemental sulphur may be further oxichsed to sulphate. Partal oxidation of
pyrhotite, resulting in the accumulation of elemental sulphur, has been
observed at nickel mining operations.

Kieinman e! a/ (1981) formulated three steps/stages in the pynte oxidation

process:
. Stage | occurs at relatively high pH > 45 with the following two
reactions taking place:

FeS,+3%0,+H0O - Fe™ + 280, + 2H"
Fe™ + %0, + 2%H,0 - Fe(OH), + 2H"

These reactions proceed abiotically and the oxidation of ferrous iron 1S
rapid at pH 2 5,0. The nett result is a leachate containing high sulphate
concentrations and low acidity and iron concentrations

. Stage |l occurs as the pH continues to drop below 4.5, typically in the
range 2.5 < pH <45 The same reactions as in Stage | still dominate,
but bactenal 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 fernc iron at pH < 3.5,

. Stage Ml is initiated as the pH continues to drop to pH < 2.5 The femc
iron activity is increased by the further increased solubility and the
decreased preciptaton of Fe(OH), The following two reactions
become dominant

FeS, + 14Fe™ + 8H,0 15Fe™" +250, +18H"
Fe* + %0, +H’ — Fe'+¥%H,0

Femc iron then becomes the primary oxidant of pynte and the
availability of the ferric iron i1s dictated by the oxidation of ferrous iron
The leachate contains high concentrations of sulphate, won and
acidity. The ferric iron : ferrous won ratio is largely determined by the
redox potential in the spoils environment

2.3.2 Kinetics of pyrite oxidation

The kinetics of pynite oxidation within a spoils fragment can be described using
a shrinking core model (Levenspiel, 1968) Jaynes (1983) refined the genenc
shnnking core model for use in a spoils environment with pynte oxidation. He
developed an expression for the oxidation rate, assuming a first order reaction
with respect to oxidant (O, and/or Fe™) concentration and pynite surface area -
refer to Figure 2.3.2(a)
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E = R (2.3.2.1)

X = pyrite fraction remaining (kg/kg)

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

T. time for complete pynte oxidation, f the process Is

kinetically controlled (sec).
Assuming a simple spois fragment shape in the form of a thin plate. then

T. s 2.!_’:
20.0.C, (2.3.2.2)

py = pyrite density in fragment (mole/m’)
= fragment half thickness (m)

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

= diffusion coefficient (m*/sec)

= oxidant concentration (mole/m?)

. Doy -
bK.C,ad (2.3.2.3)

first order reaction rate constant (m/sec)

pyrite surface area per unit volume of fragment (m*/m”)

f

b

D.

C.
and

Te
where

K

a

& = effective fragment thickness, within which pyrite Is
oxidised (m)
In general, diffusion is the rate-limiting step for pyrite oxidation as reflected
MWWT‘NT.VMMWJWUM)mmm

Oxidant = Fe™
(50 mg/l)

111 years
2 years
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In general for pure pynte crystals, the pyrite oxidation rate is of the form

R = KA C, (2.3.24)
where
R - pynte oxidation rate (mole/sec)
K, = pynite oxidation rate constant (m/sec)
A, = surface area of pyrite (m*)
The experimentally observed values for the rate constant, K,, are summansed
hereunder:
Reference Oxidant
Ferric iron (Fe™) Oxygen (O,)
Clark (1965) 81-86x10" 18x 10™
Singer & Stumm 10-44x10* -
(1968)
Osurf (1970) 44x10°-75x10™ 44-12x10%
Pionke ef a/ (1980(a)) — 82x10"

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

The pyrite (pure granules) oxidation rate was aiso observed to be inversely
related to particle size. This can be explained by the approximate expression

for the specific particle surface area:
A, = 6/p.d
b
A, = surface area per unit mass (m'/kg)
P - particle density (kg/m’)
d = particle diameter (m)
Morin and Hutt

(1994) employed an empincal expression for the pynte
oxidation rate which is frequently based on kinetic (leach column) test results.
The expenmentally observed pyrte reaction rates are frequently of an
exponentially declining type and the observed reaction rate then approaches a
steady state, which can be employed in modeliing.

Sharer ef al (1984) used the following empirical equation for the abiotic
surficial pyrite oxidation rate:

K‘ s

A(0.33 pH)*” exp(-E/RT)C,

(2.3.2.5)
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Where:
K = surficial reaction rate (mole/m/sec)
A & reaction rate constant
E. = activation energy (kJ/mole)
R = universal gas constant (kJ/mole/K)
T = temperature (K)

C. = oxygen concentration (mole/m’)

The abiotic pyrte 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 fernic iron and oxygen.

Cathles (1983) developed a model to simulate the removal of pyritic sulphur
from coal stockpdes The research was motivated by the requirement to
reduce the suiphur content of coal bumed in American power stations It was
demonstrated that pyritic sulphur can be removed from coal by controlied
leaching using a fernc suiphate 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 descnbed as a number of sequential steps involving

. Oxygen saturation of the water film coating of the coalirock fragment
The oxygen is assumed 10 be supplied by convective air movement

. Bacterial catalysis of ferrous to fernc iron oxidation in the hquid film,
utiizing 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 nm of
the coalirock particle.

Pyrite oxidation rate is typically much faster than the ferric iron diffusion rate
The result is a coallrock fragment with a shnnking core, consisting of a
leached rim, surrounding a diminishing core of unreacted matenal

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

dx -3X* BN H(O,)
dt 6. T.X2(1-X7) +T, (2.3.2.6)

where:

x
"

rematning pyrite fraction in coal (kg/kg)
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function to account for the temperature sensitivity of
bactenal catalysis

step function to account for the sensitivity of pyrite
oxidation to the presence of available oxygen

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

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

The following expressions were developed for the two time factors.

: =
i =
where :
K =
a =
K. =
Au =
D, =
- =
C. =

el

Koo Ass8.C, (2.3.2.7)
Kal

6.0.C, (2.3.2.8)

oxidant required to leach pyrte from a unit volume of
coal/rock (mole/m’)

radius of coalirock fragment (m)
pyrte oxidation rate constant (m/sec)

surface area of pyrite per unit volume of coalfrock
(m?im?)

diffusion coefficient of fernc iron in coalirock (m‘/sec)
leached nm depth (m)

concentration of ferric iron oxidant (mole/m?)

The Cathles model 1s denved from similar principles as the Jaynes model,
both using a mixed kinetic shnnking core approach, but on different coalirock
particie shapes The typical mode! values for T, and T, at 20°C and particle

radius of 1 cm:

Oxidant (Fe™ = 50 mg/l)

Theory Observation

* The expenmentally observed values for the T, time factor were much lower than
theoretically predicted



20 Literature Revew

Cathles (1983) also expressed the rate of oxygen consumption within the coal
stockpile as.

90: = pum(1-6)0, .G, [dxdy (2.3.2.9)
where:

Pow = coal density (approximately 1.6 ton/m”)

e = stockpile porosity (m¥m’)

Q = stoichiometric oxygen requirements (kgOJkg pynte

oxidised)
G, = pynte density (kgFeS/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, considenng the relatively low annual precipitation
under local conditions.

It must be appreciated that the Cathles model was primanly developed for
pynte 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 particie. The mass transfer problem of prowviding 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.

Hames and Ritchie (1981) denved pyrite oxidation rates from temperature
profiles at a dump on the Rum Jungle Mine in Australia. The pynte oxidation
.rate, expressed in mass of oxygen.consumed per unit surface area of the
dump was 2,52 kg OJ/mi/year (43 ton SO,/halyear). 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 pynte
oxidation under conditions of a constant external source of oxidant (O/Fe™):

% = .aX (2.3.2.10)

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

Helz ef 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 qualty would therefore be
saturated with the solid phase of these oxidation products.

The oxidation of ferrous iron to ferric ron may also influence the pyrte
oxidation rate. If the ferrous iron 1s not removed by oxidation or precipitation,
then the pyrite oxidation process may be retarded. The abiotic oxidation rate
of ferrous won is influenced by the iron concentrations, pH and oxygen partial
pressure:

dFe’l = (Fe"JOJK/AHT +K) (2.32.11)
where |

[Fe®) = ferrous iron concentration (mole/l)

[OJ) = oxygen concentiration (moile/mole) or partial

pressure (atm)

K, = 1.3 x 10™ (mole’/F/sec)

[H7] = hydrogen ion concentration (mole/l)

K; = 1.7 x 10* (/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 expenmentation using spoils particles in the
size range 2 - 8 mm, that the pynte oxidation rate was the imiting process for
freshly exposed matenal. The diffusion of pynite oxidation products, however,
is the rate kmiting step for weathered spoils matenal This supports the
application of "shrinking core” type kinetic models to descnbe the pyrte
oxidation process.

Literature values for the pynte oxidation rate under ideal conditions with no
restnction on the availabiity of oxidants vary from 0,06 - 0,16 g SO/kg
pynte/hour. For a 30 m high spoils heap, containing 0.5% sulphur and with a
bulk density of 1800 kg/m’, this s equivalent to 4710-12560 ton
SO/halyear.

Field observations on the Eastern Transvaal Highveld opencast mines
indicated a sulphate production rate emanating with seepage from spoils
bodies of 2-8ton SO/halyear. This is obviously much lower than the
observations under controlled and ideal conditions. It demonstrates the severe
restrictions in the field with respect to pynte 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
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Scharer et al (1984) conducted an evaluation of pynte oxidation in tailings

containing 35% FeS, (very high) on a mass basis. They observed the
following pyrite oxidation rates as 21°C.

. abiotic oxidation = 0.038 mole/kg/month
= 3,65 kgSO, ton tailings/month

. biotic oxidation = 1,17 mole/kg/month (@ pH = 3)
= 112 kg SO, ton taikngs/month

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

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 pynte, marcasite, sphalente, galena and chaicopynte
- 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 suiphate
concentration, but does not contribute to the formation/release of acidity, as
reflected by the following reaction

X-8§+20, — SOF + X*

Marcasite (FeS, in the rhombic crystal form) 1s much more reactive than pynte
(FeS,; in the cubic crystal form),

Pyrite is typically not uniformly distnibuted throughout a rock mass, most of the
pyrite exists in localised regions of high denstty, called clusters. Rymer ef al
(1891) proposed the use of a Poisson distnibution to describe the stochastic
properties of pyrite distribution in @ rock mass.

Pix) = exp(-2)"/x! (2.3.3)
where

X = number of discrete pyrite grains in the sample

A = mean number of grains per sample

Pix) = probability of detecting x pynte grains in a sample

The Poisson distribution approaches a continuous probability distnbution 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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Pynte FeS,
Marcasite FeS,
Pyrrhotite Fe,.S
Smythite, Greigite Fe,S,
Mackinawite FeS
Amorphous FeS
Chalcopyrite CuFeS,
Chalcocite Cu,S
Bomnite CusFeS,
Arsenopyrite FeAsS
Realgar AsS
Orpiment As,S,
Tetrahedrite and Tennenite Cu,,(Sb.As)S,,
Molybdenite MoS;
Sphalerite ZnS
Galena PbS
Cinnabar HgS
Cobalitite CoAsS
Niccolite NiAs
Pentiandite (Fe Ni)S,

Table 2.3.3: Common sulphide containing minerals

Geochemistry of neutralisation

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

Calcite

CaCO,+2H" —  Ca™+H,CO, atpH <62

2CaCO, + 2H" —» 2Ca* + 2HCO, atpH =262

Dolomite

CaMg(CO,); + 4H* — Ca™ + Mg™* + 2H,CO, atpH<62
2CaMg(CO,); + 4H" — 2Ca™ + 2Mg™* + 4HCO, atpH 262
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The nett oxidation/neutralisation reactions in an acidic environment can be
summansed.

FeS,+3%0,+H,0 — Fe +2S0.% + 21’
CaCoO, + 2H" - Ca*+H/CO,
H,CO, = HO+COlg

The molar ratio of caicium to sulphate is then [Ca)[SO,J] = 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 summansed:

FeS, + 3%0, + 3%H,0 . Fe(OH),(s) + 280, + 4H"

4CaCo, + 4H" - 4Ca™ + 4HCO,
The molar ratio of calcium to sulphate is then [Ca)[SO,] =20
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
(gh pH).

Common minerals which typically contnbute to the neutralisation of acidity include
caicite (CaCO,), magnesite (MgCO,), dolomite (CaMg(CO,);) and ankente
(CaFe(CO,),).

Morin and Hutt (19984) 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
summansed below.

. Calcium feldspar (anorthite)at 3.5 < pH < 4.5
FeS, + 13/2H,0 + 15/40, + %CaAl,Si,0,
—  Fe(OH), + 2S0,* + %Ca™ + AP + H,SIO,
atpH =70
FeS,; + 13/2H,0 + 15/40, + 2CaAl,Si,0,
~  Fe(OH), + 280, + 2Ca™ + 4Al(OH), + 4H,Si0,



Potassium feldspar at3S<pH<45
FeS, + 15/2H,0 + 15/40, + KAISL,O,
. Fe(OH), + 280,% + K™ + AP* + 3H,Si0,
atpH =70
FeS, + 1572H,0 + 15/40, + 4KAISI,O,
. Fe(OH), + 280,% + 4K" + 4Al(OH), + 12H,Si0,
Sodium feldspar (albite) at35S<pH<45
FeS, + 15/2H,0 + 15/40, + NaAISi,0,
- Fe(OH), + 250,7 + Na" + AP + 3H,Si0,
atpH =70
FeS, + 152H,0 + 15/40, + 4NaAlSI,0,

. Fe(OH), + 2SO, + 4Na" + 4AI(OH), + 12H,SI0,

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

I Mineral I pH approximately 4 pH approximately 7 I
Calcite 1.0 20
Caicium feidspar 0.25 1.0
Potassium feldspar 05 20
Sodium feidspar i 05 20

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

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

where ;

Qu = KM

Qu

K = rate constant

2.9 x 10° t/icmiisec

(24.1)

surficial carbonate dissolution rate (mole/cm®/sec)

If one assumes the carbonate mineral particles to be sphencal and dispersed in the
spoils environment, the carbonate dissolution (per particle) can be expressed as.
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ax! KH]
%‘ = Pels (24.2)
where :

X = fraction of remaining carbonate

Pe = particle carbonate density (mole/m’)
A = 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 empincal model to estimate the neutralisation capacity of
gangue matenal in stabilising the spoils pH, refer to Figure 2.4(a) The gangue
matenal 1s assumed to include aluminosilicates and other clays. The empirical model
stated that

AH, = AH, [1 - exp (G, (G, - pH))] (2.4.3)
where.
AH, = actual free hydrogen ion concentration [H] increase in
solution (mole/m’)
AH, = generated free hydrogen ion concentration [H')
increase (mole/m’)
G,. G, = empincal constants

The neutralisation of acid mine drainage by carbonate minerals can however be
severely restncted due to the coating of the minerals by fernc hydroxide

Siderite (FeCO,) 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:

FeCO,+2H" — Fe™ + H,CO, (Ksp = +6.0)

Additional acidity may in fact be generated when the ferrous iron s oxidised to ferric
iron, and the fernc 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 AMD and water can be estimated on the basis of the
following two expressions.

My =  [H}D-[HCO,](1-D) (24.4)
for [H]; > [HCO,]y
M)y = 10"¥[HCO,] (1-D) - (H']D) (2.4.5)

for [H7]; < [HCO,]y
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where
[Hy = final hydrogen ion concentration (mole//)
H] - initial hydrogen ion concentration (mole/()
[HCO,] = initial bicarbonate concentration (mole//)
[HCO; ]y = final bicarbonate concentration (mote//)
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 definion of [H], includes the hydrogen ion concentration as well as the
equivalent acidity of dissolved metal species such as Fe™, Fe™ and A

H} = [H] + 3{Fea) + 3(A™)

A number of different minerals are effective in buffenng (not necessanly neutralising)
the mine water system

I Mineral Buffering in pH-range
Caicite, CaCO, 55-69
Dolomite, CaMg(CO,), 53-68
Siderite, FeCO, 51-60
Kaohnite, Al,Si,O,(OH), 37-43
Gibbsite, Al(OH), 37-43
Fernc hydroxide, Fe(OH), 33-37
Goethite, FeOOH 21-22
Jarosite, KFe (SO, OH), ?

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 utiised 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:

C.CQ +2H" - Ct" + HgCO)

H.CO, = HO+COg)
The ratio [AK)[Ca] = 0
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In an alkaline environment.

2CaCO,; + 2H" —» 2Ca™ + 2HCOy
The ratio [AKk)J[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 pynte oxidation occurs. The precipitation and
dissolution of gypsum (CaSO, 2H,0) can however distort the theoretical rato's of
[Ak)[Ca] and [Ca)[SO,}. Even if the spoils water is alkaline a significant fraction of
CO; may be lost. which reduces the consumption of neutralising minerals such as
calcite/dolomite. The true situation in a spoils environment hes 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 (ittle loss of CO,) in the alkaline environment.

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

Morin and Hutt (1994) proposed the use of kinetic tests to assess the relative rates of
pyrte 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 pynte
oxidation products

Flushing is sensitive to the dissoiution of calcite and dolomite:

CaCO,(s) Ca* + CO," Ksp = 8,39

— e
-—

CaMg(CO,),(s) —  Ca™+Mg™+2C0O,;" Ksp=1697

Percolating water may contain as much as 50 - 100 mg Ca/l and 60 - 120 mg CaCOJ
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 spoliswater with respect to calcium, magnesium and
carbonate. Dolomite dissolves at much slower rates compared to calcite. In general,
the dissolution rate of caicite 1s 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 calcte s pH-dependant, with very rapid dissolution at low pH
values - refer to Figure 2.4(b) (Busenberg and Plummer. 1886)
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Aqueous phase chemistry

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

o Acidity, [H+] and alkalinity, [OH], [HCO,]. [CO,*]
. Gaseous species, [O;), [H,CO;]. [CO,)

. Iron, [Fe™), [Fe™]

. Major cationic species, [Ca™], [Mg™]

. Major anionic species, [SO,]

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

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

log, = 0.5 27 [P%(1 + I°%—0.31) (2.5.1)

Y = activity coefficient
fonic strength
= approx 2.5 x 10* (TDS)

TDS = total dissolved solids (mg/l)

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

Fe* +3H0 - Fe (OH), (s) + 3H"

log (Ksp)=49=  log [Fe*J[H]

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

Fe* + H,0 - Fe(OH)” + H' log K = -2,84
Fe* + 2H,0 —  Fe(OH)," + 2H' log K = -5.70
2Fe™ + 2H,0 —  Fej(OH)* + 2H" log K = 5,22

Fe* + 3H,0 - Fe(OH),* (ag) + 3H" logK=-120
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Fe™ + 4H,0 =  Fe(OH), +4H" log K = -21.60
Fe™ + HSO, —  FeHSO” log K = 0.60
Fe™ + SO/ = Fe SO log K =+ 396
Fe™ + 250, —  Fe(S0.); log K =+ 5,38
HSO, —= H+S0} log K =-1,14
(a)FeOOH + 3H" — Fe"+2HO log K=+155

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

Fe™ + SO - FeSO.° log K = +2,20
Fe* + HSO, —~  FeHSO/ logK=+1.10
Fe* + H,0 —~  FeO'+H log K = -0.48
Fe* + 2H,0 —  Fe(OH)+2H' log K = -20.80
Fe(OH), + 2H" = Fe’ + 2H,0 log K=+1285

Ferric iron tends to form much stronger complexes with hydroxide and sulphate
compared to ferrous iron. This imphes that although the redox potential may indicate
that Fe™ should be oxidised to Fe™ the opposite may be true due to complex

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

Mg* + SO* =  Mgso; Ksp = +2.23
Ca™ + SO* = CaSO,* Ksp = +2,32
CaS0,.2H,0(s) —  Ca™+S07+2H,0 Ksp = 4,62

Furthermore, the presence of ionic species i1s determined by the solubility of certain
solid phase forms:

FeSO, TH,0(s) —  Fe"+S0F+THO  Ksp=-458
{KFey(SO,); (OH)(s) + 2H" =  §K'+Fe™ +§SO.” +2H,0

Ksp =-3,07
iNaFe,(SO,), (OH)y(s) + 2H" —~  iNa"+Fe™ + {SO/* + 2H,0

Ksp = -1,76

The precipitation of jarosite is important to the equilibrium agqueous chemistry,
especially at low pH conditions, when ferric ron I1s in solution:

K'+3Fe* +2S07+6H0 — KFe, (SO,); (OH), + 6H"
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There 15, 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 =z 6 4). The specific sidente formation reactions include:

Fe® + H,CO, —  FeCO,(s) + 2H"
Fe™ + HCO, . FeCO,(s) + H'
Fe* + CO,* . FeCOy(s) logK=104

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

Fe’ + CaCO(s) — Ca™ + FeCO,(s)

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

The redox potential (E,) of acid mine water is typically determined by the ferrous/ferric
iron redox couple. The Nernst equation can be used to descnbe the ferrous/ferric
equilibnum

E, = E, - RTInF in([Fe’)[Fe™)) (2.5.2)
Where:

[Fe™)[Fe™] = 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 1on and total fernc 1on concentrations in
these calculations. Correction must be made for the complexed forms of these
dissolved iron species. Femc iron (Fe™) forms strong complexes with sulphate and
hydroxide. The most common dissolved complexes include FeSO,". Fe(SO)*,
Fe(OH)", Fe,(OH),* and Fe(OH),". The free ferric ion typically constitutes a small
percentage (< 10%) of the total fernc iron in solution (Nordstrom et al. 1879).

Ferrous iron forms weak complexes and the only complex of significance is FeSO,°.

Iron precipitates which can aiso play a role in the equiibnum of dissolved
concentrations of onic species include:

. Melantente FeSO,.7H,0

. Copiapite Fe(ll). Fe(lll).(SO.), (OH),.2H,0



«  Coquimbite Fe,(SO,), 9H,0
. Jarosite KFe,(SO,),.(OH),
«  Femc hydroxide (amorphous) Fe(OH),

e 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 preciptates behind. Copiapite is also known to undergo ion exchange
reactions with divalent and trivaient ions such as Mg*, Cu™, Zn*, Cd™ and A
Melantente, copiapte and coquimbite precipitates are typically only associated with
extremely acidic mine water, pH < 1.5

Jarosite (yellow) precipitation is more common in the range 15 < pH < 25 Some
uncertainty still remains with respect to the thermodynamic constants assumed for
jarosite. A kinetic restricion may exist in the precipitation of jarosite. This restnction
may be overcome by the presence of adequate surface area, such as bactenal/algal
shmes etc.

Ferric hydroxide (amorphous) appears to control the presence of dissolved fernc iron
in acid mine waters. inthepHrange 25<pH <35

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 1s depicted in Figure 2.5
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Formation equation
Expressed in terms of components in the chemical equilibrium model

Fed* + 5042 . FeSO4*
Fed* + 25042 .« Fe(SOa)’

Fed* + Hp0 -« FeOH2* + H*
Fed* + 2H20 o= Fe(OH)p* + 2H*
2Fe3* + 20 .« Fep(OM)4* + 21*
Fed* + PO4Y + 2H0 -« FePO4 2Hz0(s) 264
Fed* + 3H0 -« Fa(OH)a(s) + IH* -321+02
Fed* + 2H0 .+ u-FeOOH(s) + 3H* -3022035
-FeOOH(s) Fed* ¢ 2H70 .+ -FeOOM(s) + 3H* -05
a-Fep03(s) 2Fe3* « 30 .+ u-FepOa(s) + 6H* 0481023
Fo(SO4NOH)(s) Fed* + S042- « M0 .« Fe(SO4)OH(s) + H* 0.7
KF e3(S04)2(0H)g(s) K* + 3Fed* 4 25042 + 61420 -« KFe3(SO4)2(0H)gls) + BH* -
Fe3(S04)2(0H)s IFed* 4 25047 + THR0 - Fe3(SO4)2(0M)5 2H0(s) + 5H* 2.7
H30Fe3(SO412(0H)s(s) H30* » 3Fe3* + 25042 + BH0 -+ H3OF e3(SO4)2(0H)g(s) + 6H* 10,08
NaF e3(S04)2(0H)g(s) Na* + 3Fed* + 25042 + 6H0 -+ NaFea(SO4)2(0H)g(s) + 6H* 8,92
AgFe3(S04)2(0H)gs) AQ* + 3Fe3* + 25042 + 6H0 .+ AgF e3{S04)2(OH)g(s) + BH* 13.78
PbF eg(S04)4(0H)12(5) Pb2* + 5Fe3* + 45042 + 12H20 —« PbFeg(SO4)4(0H)12(s) + 124" 27,36

Table 2.5 : Equilibrium equations for principal iron species (Smith et al (1988))

e
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Smith ef al. (1988) conducted research into the bactenal oxidation of ferrous iron by
Thiobacillus ferro-oxidans. Expenments were conducted in the pH range 18-21 In
this pH range the dominant dissolved ferrous and femic iron species were Fe™,
FeSO,°, Fe™, FeSO,” and Fe(SO,),. Femc iron preciptated 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 equilibnum model which incorporated the equations listed in
Table 2.5

Microbial action

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

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

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(-E/RT)/(1 + 107%™ + 107 (2.6.1)
B = biohic scaling factor, typically 16-35

The United States Bureau of Mines is currently developing a predictive mode! of acid
mine drainage from waste rock and spoils dumps. The bactenal catalys:s of the pyrite
oxidation process is modelled by an evaluation of the viable bactenal density A
modified Monod-type expression is used with allowance for bacterial growth and
death as a function of the imiting substrate [Fe’*] concentration and pH,

&= e XIHVKAHDLIFE Y KHFE DK (26.2)
where
X = viable bactenal mass (mg/l)
(T = maximum growth rate (approximately 0,1/hour)
K. B half saturated constant with respect to hydrogen ion [H']
concentration
= 0,1 mmolA = 0,1 mgA
K = half saturated constant with respect to ferrous iron [Fe®]
concentration
= 2,0 mmolll = 110 mg Fel
K bactenal decay rate

0.005 mmol//hour
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The autotrophic bactenal growth using oxidation of ferrous iron as energy source,
typically yields 0.4 mg bactenal mass/mmole ron oxidised, which is equivaient to
7 mglg Fe™".

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

Temperature

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

Xy = -1.25x10°T"-44x10*T°+ 0066 T-025 (26.3)
for4°C < T <55°C
where
p & = 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

Xow = -0.35pH' +23pH-27 (2.6.4)

for154<pH<495

X = 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 for Y, > 0,01 atm (2.6.5)

X, =  YJoo1 for Y, < 0,01 atm (2.6.6)

X = proportion of maximum metabolic rate

<
o
"

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

Oxygen migration in the spoils environment

The presence of oxygen is important to sustain the pyrite oxidation process. Oxygen
s an essential reagent in all the pynte 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 (O,) concentration and
carbon dioxide (CO,) concentration in the spoils environment The consumption of
oxygen in the spoils environment may be be attributed to:

. pyrite oxidation processes

. soil bactenal respiration

The production of CO; can be attnbuted to the same two processes The
neutralisation of acidity by carbonate minerals may aiso produce carbon dioxide The

generalised neutralisation reaction involving caicite demonstrates this generation
mechanism.

FeS, + 2CaCO, + 3%0, + 1.5H,0
- Fe(OH), + 2S0,* + 2Ca™ + 2C0.(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 - CO,)
present. then

FQS: . f 3%0; + H,o a3 4 Fe’. +* 2804} + ZH’

M-CO, + 2H" - M* + H,CO,(aq)
In an acdic environment, the carbonic acid would be wirtually completely
undissociated (in the H,CO, form) and the equilibrium between H,CO,(aq) and
CO,(g) would be governed by Henry's Law. In the extreme case where all

H;CO,(aq) 1s exsolved, the molar ratio between CO, generation and O,
consumption is then 1/3.5 =0,29.

. In @ mildly acidic environment (pH > 4.0) the oxidation of ferrous iron and the
subsequent precipitation of femc iron would consume further oxygen and
generate further acidity:

Fe™ + %0, + 25H,0 — Fe(OH), + 2H"
M-CO, +2H" . M* + H,CO,aq)
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In the extreme case, where all H,CO,(aq) is exsolved, the molar ratio between
CO, generated and O, consumptiion is then 2/3.75 = 0.53.

. In an alkaline environment, the acidity generated by the pynte oxidation
process would also be neutralised by carbonate minerals. The carbonic acid
would however dissociate to form soluble bicarbonate and carbonate speces.
Very little CO, would be exsolved and no specific molar ratio between CO,
generation and O, consumption would exist.

Jaynes (1583) reported an expenmentally observed molar ratio of CO, generated . O,
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 e 2
RT ~dZ (2.7.1.4)
where
N =  molarflux (mole/m?sec)

Dy = diffusion coefficient (m’/sec)

total gas pressure (atm)
Universal gas constant (8,31 kPa.cm’/mole/K)

absolute temperature (K)

< -4 A0 D
"

, = mole fraction of component | (mole/mole)
Z = 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, 2, of

the spoils
=R4E (2712

The following numencal values are commonly used for air-filled porosity and

N

tortuosity:
Air-filled porosity
(©a)
Coarse spoils 0.12 5
Fine spoils 0.06 10

e —

The arr-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 (N;). oxygen (O,) and carbon dioxide (CO,). This i1s
particularly relevant in an acidic spoils environment where some CO, s
coefficient is however sensitive to gas composition, relative gas fiux 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 generaised equation for diffusional mass
transfer is then:

No: = QL”_P e dY_m
RT dZ (2.7.1.3)
Nc = -_.!_D wp : 913
e RT az (2.7.1.4)

Dosne Yeo: * Dozcor Yo * Reozor Dozne Yor

Deozse Yoo * Dozeor Yae * Decare Yeoo / Recans

and,
Nos - molar flux of oxygen (mole/m?/sec)
Negs - molar flux of carbon dioxide (mole/m*/sec)
Dfo: B effective diffusion coefficient of oxygen (m¥/sec)
Dyees - effective diffusion coefficient of carbon dioxide
(m/sec)
Yos = molar concentration of oxygen (mole/mole)
Yeos = molar concentration of carbon dioxide
(mole/mole)
Dozes: = diffusion coefficcent for oxygen-nitrogen gas pair
(m*/sec)
Deozre - diffusion coefficient for carbon dioxide nitrogen
gas pair (m*/sec)
and

Reorcn ” Nzoo/Neg

The effective diffusion coefficient for oxygen in a nitrogen-oxygen-carbon
dioxide system s 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 summansed
hereunder at 20°C (293K) and standard pressure (101 kPa).

e ————

Significant dewiations from the simple binary gas diffusion behaviour are,
therefore, possible in a complex multipie-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 (N,) and
oxygen (O,)

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

= - _P. .
N, TRDY &% 4 (2.7.1.5)
where
I = 0;andj=N,

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

Nos = “Doua fm- %’? (2.7.1.6)

where:
Noy = molar oxygen flux (mole O /m?/sec)

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

1.2 x 10" - 12 x 10™ mole/cm’/sec

Bennett and Ritchie (1991) denved the internal oxygen consumption rate from
oxygen concentration profies in waste rock dumps at the Atk Mine in
northern Sweden. The average oxygen consumption rate was 0,32 kg/m*/year
(0.34 kg FeS,/m’/year), assuming that oxidation of one mole pyrite, consumes
the equivalent of 3.5 moles O, in an acidic environment. It would, therefore,
take approximately 50 years, with no restriction to the oxygen supply into the
intenor of the waste rock dumps to exhaust the pynite.

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



272

45 Literature Review

. Oxygen transport via the water infiltration into the porous media.

. Barometric pumping occuring due to fluctuations in atmosphenc
pressure. Atmosphernc pressure changes are seidom more than
5-10%. In accordance with the ideal gas laws. movement of
atmospheric constituents due to barometnc 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, buming 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 aiso 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 spois body

Diffusion is considered to be the main transport mechanism supplying the
oxygen required for the pynte oxidation processes to the ntenor of opencast
mine spoils bodies. Spoils material charactenstics do not typically allow the
advective movement of air through the spoils, except in situations where an
uncovered spoils body 1s 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 Barometnc “pumping™ can only
effectively aerate the outer surface of a spoils body, within the constraints of
the typical vanation in barometnc pressure in the South African intenor.

Oxygen consumption

Oxygen consumption within spoils can manly be attnbuted to three
processes.

. pyrite oxidation

. ferrous iron oxidation

. respiration by bactenal and other microscopic ife forms

The oxygen consumption due to pyrte oxidation can be expressed as

Q, = -R,.F,.ph (2.7.2.1)

(o]
?
"

oxygen consumption (mole/m*/sec or kg/m’/sec)

R,, - pyrite oxidation rate, usually expressed on a fractional
basis (mole/mole/sec or kg/kg/sec)
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Foy = pyrite content of spoils (kg/kg)
[N = bulk density of spoils (kg/m’)

p = stoichiometnc rato of mole pynte oxidised per mole
oxygen utilised (mole FeS/mole O;) = 1/3,5 = 0,2857
mole FeS/mole O,

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

Q, = Re/b
where:

Q, = oxygen consumption (mole/m/sec or kg/m*/sec)
Re = ferrous iron oxidation rate (mole/m’/sec or kg/m’/sec)
b

= stoichiometric ratio of mole Fe™ oxidised per mole O,
utiised (mole Fe*/mole O, = 1025 = 4 mole
Fe*/mole O,

= §975kgFe"/kg O,

2.7.3 Oxygen diffusion modelling

Ritchie (1977) developed a mathematical model to simulate the oxygen
diffusion into a homogenous waste rock/spoiis body. The model assumes that
oxygen (O,) is the rate-limiting reactant in the oxidation of pynte. 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 diffusional 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.

o = pS% (2.7.3.9)

e, = dump air porosity (m¥/m?)
cC = oxygen concentration (mg/m’)
D = effective oxygen diffusion coefficient (m?/sec)
X = distance into dump (m)
X = position of reaction front in dump (m)
The boundary conditions can be stated as follows:
Cix=0) = Co
Cix=X) = 0

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

=X
Ol =X) = gp, dwar (27.3.2)
where.

E = mass of oxygen consumed per unit mass of pynte
oxihsed (kg O /kgFeS,)

Ps - pyrite content of dump (kg FeS,/m’)
The oxygen concentration at any position and time in the spoils dump Is:

Cix.t) = CJ1 - erf[x/2(D.1)"Verf(u) (2.7.3.3)
where D - D0,
The model paramenter a is found from the transcendental equation:

(xa)™ exp (o) erf(a) = ®,CHE.p,) (2.7.3.4)
The position of the reaction front at any point in time is then

Xy = 2.a (D" (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 particies located in the dump. The

second stage consisted of oxygen diffusion within the reacting particies. The
model was based on a number of assumptions:
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. All reactants in the pyrite oxidation process are avalable, with only
oxygen as the rate-imiting 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
. Pyrite is evenly disseminated throughout the waste rock/spoils
particles, which results in a shrinking core formulation of the pyrite

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

. D&C-Q for O<xsL
o - ‘dex% e (27.3.6)

O
s
"
o
"
[ 3

dc
ae =0 = o}
Cit*=0) = 0
where
e, = air-filled porosity (m’/m?)
= oxygen concentration in pore space (mg/m*)
D, = effective oxygen diffusion coefficient in pore space
(milsec)
x* = distance into dump (m)
t = time (sec)
L - depth of dump (m)
Q B oxygen consumption rate (kgO/m’/sec)

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

Q = vD;4za’° K(r'=2a)
ot (2.7.3.7)

v = number of sphencal particles per unit volume
= 3(1-0,) / 4na°
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D, = effective oxygen diffusion coefficient into particle
(m*/sec)
a - sphencal particle radws (m)
K = oxygen concentration in particle (mg/m’)

Thus Q= 3(1-0,)Da . K(rr=a)
ar (2.7.3.8)

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

XK = D;. ZK + 20,

ar o "o (2.7.3.9)
for R<r'<a
withR = radial position of reacting surface (m)

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

Kir=R)=0 and K(rr'=R)=/C (2.7.3.10)

fjx = @

where.
E = mass of oxygen consumed per unit mass of sulphur
oxidised (kgO,/kgS)
[N - sulphur density in particie (kgS/m’)
e, = particle porosity (m*m?)

¥ = 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 = yKir=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
pianar moving front. behind which the particles are totally reacted. The
position of the planar front, X, can be soived from the trancendental equation
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t = tc + X2 + tovp . X . tanh [VB.(1-X)] (27.3.12)

tc = 1/(6k)
p = 6k
K = v(1-6,) DO (Ua)

The upper bound solutions for the oxygen concentrations, t 2 tic, can be
summarised.

. 0=x= X{t)
ulxt)= 1 - Xt - te - XT2)t - X¥2) (2.7.3.13)
. Xhsxs1

ulx t)= [tc.Coshvi.(1-x)] / [(t - X¥/2) CoshVf.(1-X)]
(2.7.3.14)

The dimensioniess expressions are based on the following transformations
u = CiC, = = KAC,
X = x*/L r = r'la
R - R*/a

In most cases, the mode! parameter, [ 1s large and the approxmate analytic
solutions can be further simplified.

B = Bk =  t.D(1-0)D2 (2.7.3.15)
The oxygen concentration profiles then become:

ulxt)y = 1=V . X)/(1+vp.X) forO<x<Xt)

ulxt) = exp[-VB(x - X)J[1 + Vp.X] for X() sxs 1
In the region above the mowving 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:

ulxt) = 1=(VB.X)/(1-vp.X) atthe planar front (2.7.3.16)

- 1= 111 + (VBX)"]

The oxygen concentration decreases exponentially below the planar moving
front

The suiphate production rate in the waste/spoils body can be expressed as:
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s = L&.pJ% . 1(2t-tc)* (2.7.3.17)
where:
st = sulphate production (kgSO/m'/sec)
4 = sulphate production per mass of sulphur oxidised
(kgSO/kgS)
= sulphur density in dump
B = L’Ep/(D.uy)

E = mass of oxygen consumed per unit mass of sulphur
oxidrised (kgO/kgS)

The Davis model has been calibrated on highly reactive waste rock/spoils
dumps, containing readily oxidizable pynte. The dumps were all highly acidic
and produced an estimated sulphate load of 60 tonSO/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
restnicted to the primary oxidation reaction, yiekding ferrous iron and sulphate.
It is clear that the model does not recognise factors which could restnct the
rate at which pyrite oxidation products are mobiksed from a waste rock/spoils
dump such as precipitation, neutralisation, and flushing. The vanability of the
geochemical properties of waste rock and spoils 1s also not refiected in the
model

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

0, = ep

»
=

where
e, = air-filled porosity
S = tortuosity (= 5 for spoils)
The oxygen diffusion coefficients:
. water = 2 x 10® cmi/sec
. ar = 0.178 cm¥/sec

The effective diffusion coefficient therefore decreases rapidly beyond a spoils
moisture content of 70 - 80%.
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HYDROLOGICAL ASPECTS OF MODELLING OPENCAST MINE WATER SYSTEMS

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

onginal pre-mined surface,

pit siopes,

pit floor,

access ramps,

overburden spoil heaps.

levelled and profiled spoits,

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 vanous types of surfaces and develop a genenc
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 appled are:
. Importation of separately generated runoff files

If available, the user may nput 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
mode!l

. Soil Conservation Service (SCS) model

The SCS model is an empirical method relating the accumulated runoff from a
catchment to the ranfall which has fallen on the catchment. It is particularly applicable
for catchments of 8 km® 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 techmque is the
simulation of the true behaviour of the catchment with realistic parameters. rather
than an empincal approach. The empincal 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 descnbed in more detall in the foliowing sections
including the data requirements.
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Generation of runoff files

311

31.2

Background

It is often found that the data input required for the execution of hydrological
models is not readily available. In general the empincal 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 expenenced
hydrologist. This may, therefore, be carried out separately from opencast mine
water modelling itself. If surface runoffs are aiready generated, it s necessary
to import these values into the genenc opencast mine water model

Recorded rainfallrunoff data, although sparse at present, could in the future
become an addtional 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 imited, 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.
Methodology

The different surface drainage charactenstics of the different types of areas
outlined above requires a separate flow file for each element. The modeliing
methods (SCS and kinematic models) allow for the incorporation of factors to
simulate the hydrological response of vanous surfaces. As the hydrological
modelling is camed 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 model 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 mode!

As the model of the generic opencast mine water system s 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 imporn data is required or
not. If the files are available these data will be accessed and stored in the
data-base for later use

Soil Conservation Service (SCS) model

3.21

Background

The Soil Conservation Service or SCS model was onginally developed by
Mockius and has been extensively modified over the past three decades. It is
most applicable for catchment sizes of 8 km? or less and slopes not exceeding
30%. This method has been tested and modified for South African conditions
by Cousons (1976), Amold (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 empincal method
runoff. An index is included In the relationship, which describes the surface
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 satsfied by a ranfall amount termed the initial
abstraction (la). Additional infiltration losses, occumng 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

_(pq-ﬁ)g E (3.2.21)

= accumulated runoff (mm)

Q

P = accumulated rainfall (mm)

F = accumulated infiltration losses (mm) from start of runoff
S = potential maximum retention of soil (mm)

la = initial abstraction (mm)

When runoff has started taking place, all ranfall will ether become surface

runoff or infiitration.
Therefore:

P-la=F+Q (3.2.2.2)
To avoid having to estimate both la and S, the following empincal 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= !n - 9513
+(1-c) (3.2.2.4)

This equation can, therefore, predict runoff depth Q from ranfall depth P for a
catchment descnbed by ¢ and S. Equation (3.2.24) applies only where
rainfall exceeds initial abstraction.
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The value of S is related to the soll type, cover conditions and moisture status
of the catchment A dimensionless curve number (see Appendix A) was
created to produce a more hnear relationship and reflects the catchment
response index to rainfall:

CN= ?ﬁam
+ 254 (3.2.2.5)

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

Rainfall

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

It 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
Amold, 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 Southem Afnca, and for
varnous recurrence intervals.

Maps of maximum expected one-day ranfall are available, but must be
treated with caution. It 1s 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

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 charactenstics are its infiltration rate,
permeabilty 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.

Soll Groups Class Description
A Low storm flow | Infiltration rate is hugh and permeabiity
potential unrestncted
| Sod depth is high and well-drained
. Infiltration = 25 mm/hr
' Permeability > 7.6 mm/hr
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Soll Groups Class Description
AB I
B8 Moderately low | Moderate infitration rate, effective depth and
storm flow | drainage. Permeability 1s sightly restncted
potential Infitration = 13 mm/hr
| Permeability = 3.8 to 7,6 mmihr
B/C
C Moderately high | Infixration rate slow or detenorates rapdly
storm flow Permeability restncted Soil depth shallow
potential Infittration = 6 mm/hr
Permeabiity = 1.3 10 3.8 mm/hr
cD
D High storm flow | Very slow infiltration rates and severally
potential resincted permeability Very shaliow solls; High
shnnk potental,
Infiltration = 3 mm/hr

Permeability < 1.3 mm/hr

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

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 camed out.

The basic classification is by land use. with a secondary classification by type
of operation within the land use. The following is a kst 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

Hydrological Conditions

The runoff potential of a catchment is affected by the prevailiing hydrological
conditions of the catchment at the tme 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

3.27 Calculation Procedure

Step 1.- 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
typeas A A/B. B B/IC,C,C/D,orD.

Step 3 - Using the information from Steps 1 and 2 and the type of land

use applicable to the catchment, obtan a Curve
Number (CN) from the appropriate tables.

Step 4 - Calculate the maximum retention in the soil:
S= 25400 - 254 (3.2.7.9)
CN
Step 5. - Calculate the flow off the catchment,
Q= (P-cSY (3.2.7.2)
P+(1-¢c)S
where:

the co-efficient of initial abstraction

0.1 recommended by Schmidt and Schulze (1987)
the accumulated rainfall (mm) at time t

to be read from raw data provided.

0
& * N

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.

33 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
approach-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 mode! runoff off from essentially rural
catchments by Constantinides (1982) in the Kine 2 model and by Holden
(1983).

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

3.3.2 Kinematic flow theory

The equations of flow on which the kinematic theory 1s based are the St
Venant equations. These equations descnbe one-dmensional flow of an

incompressible, homogeneous fluid. The flow must be gradually vaned and
have a hydrostatic pressure distnbution at any given section, and the
steady-state resistance laws are assumed to describe friction and turbulence
The equations consist of the continuity or mass balance equation and the
dynamic equation. The continuity equation can be denved by taking a mass
balance around an element of fluid - refer to Figure 3.3.2

The resulting equation is

a . g‘: =q, (3.3.21)

q = the flow rate (m/s)
A = the cross sectional area (m?)
t =time (s)

Q. = the lateral inflow per unit length along the x-axis (m¥s/m)

NN\

Q+%e'

N

dx

Figure 3.3.2 : Components required for mass balance of fluid element
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The dynamic equation is denved using Newton's second law of motion  This
equation 1s denved in classical hydraulics textbooks such as Chow (1858) and
will not be repeated here. The equation can be expressed as

3 N Y. 1
S, So x g ax o (3.3.2.2)

where:
S, = friction slope (m/m)
So = bed siope (m/m)
y = water depth(m)

x = distance down plane (m)

v = average velocity (m/s)
g = acceleration due to gravity (m/s’)

The terms in the dynamic equation are all slopes with y/6x the water surface
slope, vig dv/6x and 1/g év/ét being acceleration slopes

Some of the terms of the dynamic equation can be ignored under certan
circumstances. Henderson (1968) showed that the last two terms are
generally an order of magnitude smaller than Sy/6x, while Stephenson and
Meadows (1986) showed that the acceleration terms are often insignificant or
cancel one another out.

The kinematic approximation is that the fnction siope S, = S, and the other
terms of the dynamic equation can be ignored Stephenson (1981) showed
that, in overland flow, the term 5y/dy is generally an order of magnitude
smaller than the ground slope S, 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 = (S,LM(Y,Fro)

where S, and L are the slope and length of a rectangular plane subject to
steady ranfall, Y, 1s the equilibnum flow depth at the downstream end, and
Fro is the Froude number at Y, This was considered by Woolhiser and Ligget
(1967) to indicate that the kinematic approximation is adequate

The kinematic approximation implies that the flow 1s 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=cY" (3.3.23)

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.

Q =  AR®\S/n (3.2.2.4)
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B = cross section area (m’)

R = hydraulic radius (A/P)

P = wetted penmeter (m/m)

n = Manning roughness coefficient

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

Q = Wy*?  VS./n (3.3.2.5)
The continuity equation can be written as:

Q [ &0

x daQ & (3.3.2.6)

with A replaced by %?

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

«Q 1.
X T iwm "A (3.3.2.7)

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 soive 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 denvatives of that
denved by Cunge (1968). The so-called Muskinghum-Cunge method was
tested by Holden (1993) and shown 1o be stable and relatively accurate. The
approach Is outlined below.

Consider the computational cefl 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.

[0 (Q3-Qq)+(1-0)(Q4-Q2)ax + [B(Q2-Q1) + (1-0) (Qg - Qg M) =g
(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=[®-12] +CRle - 112]&&*(hmerordertenns)
ax*
(3.3.3.2)
For the error term to be zero we require
O=[@12]+CRe-12] (3.3.3.3)
where CR is the Courant number = cAUAX

If the friction slope S, = S, - 5g/6x, Kousis (1983) showed that the continuity
equation could be written as:
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=Q_ .ZQ
2WcS, o (3.3.3.4)
By putting S, = So and matching the numencal diffusivity to the hydraulic
diffusivity the following results:
m[©-12)+CR(p-12)) £8 =2 - 20

* B3R

Q@ ., 1
™ c

¢ 2Wes, o
which, solving for © gives.
o= [1-2CR{0-05) — ;j‘c& 12 (3.3.3.5)
Putting o = 0, results in an uncondtionally stable scheme which
gives;
@ = [1 + CR) - Q/(BoxCSo0)] / 2 (3.3.3.6)

Thus by varying ©, 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.

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 overiand flow to the
stream channels, while the other goes through the groundwater flow to the
stream channels or is retumed to the air by evaporation. This is not stnctly
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 empincal exponential decay
function

f=1 +(-1) exp(-kt) (3.3.4.1)
where:

f = the instantaneous infiltration rate (mm/hr)

a
"

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

™
"

1S the intial 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.

f= Ky [1+ (O - ©) - Q)F] (3.3.4.2)
where:

f = instantaneous infiltration rate (mm/hr)

Oy = saturated moisture content

e, = 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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DEVELOPMENT OF THE GENERIC MINE WATER MODEL

41

4.2

Modelling approach

The generic opencast mine water model is designed to simulate, predict and
understand the water flow and water qualty aspects of a single, selected opencast
pt. 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 s also a life-of-mine type model, which simulates the water-related
aspects over the operational phase of an opencast pt. The model can be extended to
simulate the post-mining 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 ife of the pa
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 mode! specifies a certain opencast pit operational scenano in terms
of geometry, status of spoils (unrehabiltated, levelled, topsoded, vegetated, etc )
geochemical properties, etc. The specific pit opencast scenario is then tested for a
hydrological sequence involving a large number of rainfalirunoff events. The
operational-type models are designed to investigate the response of a specific pit
status to different rainfallrunoff events and to conduct a rnisk assessment on. for
example, fliooding of the pit, etc. Operational model simulations are used to select or
design the pit water-related infrastructure such as dewatering pumps. sump sizes,
etc.

Conceptual presentation of mine workings

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

. Surface runcff 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 aiso 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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. Quality of the rainfail.
. Quality of the recharge (infiltration) water entering the spoiis body

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

. Neutraksation of pyrite oxidation products.
. Pollutant washoff from surfaces such as the pit floor, access ramps. etc

The conceptual flow diagram of the genenc 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
charactenstics 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 fioor 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 s 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 1s not intended to model the recharge mechanism itself This model
relles 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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Groundwater flows typically do not constitute a significant component of the overall pit
water system. Allowance is, however, made for a groundwater flow contnbution 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 contnbutions from the
upsiope natural catchment, the pre-stripped pit perimeter and from ramps and ramp
siopes. The runoff charactenstics of these surfaces do not typicaily change much over
the life of the pit. The size of these catchment surfaces may however be vanable and
may change over the life 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 accumuilates 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 ime
It is, therefore, essential to recognise the vertical spatial variation in @ 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 vanation in spoils properties and related phenomena Figure 4.2(b)
shows the discretisation. The discretisation approach allows for the simulation of
spatial vanation with respect to.

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

. Spoils physical properties.

. Progressive moisture saturation of spoils matenal by recharge from the top.

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

. Accumulation and fiushing of pyrite oxidation products
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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 penmeter along which groundwater may enter the pit water system

The required geochemical input will be described in Section 4.4 of this report
Water balance aspects

The genenc 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 poliution load, due to the washoff from surface sources of poliution.
The mathematical description of the runoff sub-models incorporated into the
integrated genenc mine water model s presented in Chapter 3 of this report The
modei 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 Kinematc Flow (KF) mode!

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 carmed 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 matenal, cover placement
technique, surface slope, presence of local depressions, presence of macroscopic
features such as cracks/crevices, vegetation, etc. The generic opencast mine water
mode! 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 hydrological rainfall record. The recharge should
preferably be specified as a untt flow (mm/m®/month) or a percentage of

. Default recharge values, which are based pnmarily on experience gained on
the Mpumalanga Highveld Coalfieids can be used. The recharge values are
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defined as a percentage of monthly precipttation and incorporate a lag factor.
The default values for recharge are summansed below for different spoils

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

momh! nlnhllz

Month Levelled 200 mm 200 mm 600 mm H
(no topsoil) topsoil topsoil topsoil
(%) (no (vegetated) | (vegetated)
vegetation) (%) (%)
(%)
January 35 31 16 06
February 33 29 14 0.7
March 27 23 11 0.7
Apnil 07 06 0.7 086
May 04 03 03 06
June 04 0.3 03 05
July 04 0.3 03 05
August 04 03 03 05
September 28 24 08 05
October 30 25 1.2 06
November 33 29 13 06
December 34 30 1.5 06
Total 24 21 1" 7
e —

Groundwater flows are accepted as inputs 1o the genenc opencast mine water model.
The groundwater fiows 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 (m*month) for each aquifer

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

. The flow per unit length of pit penmeter.

Default values for the groundwater flows are specified in terms of a flow per unit pit
penmeter length per month. A default 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 a3 major consideration in the accurate descnption of the mine
water system. The importance also increases with time and could domenate the
opencast mine water balance in the post-mining situation The description of water
migration in the spois environment is complicated by the heterogeneous nature of the
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matenal. It has been attempted to develop a simple, but approprate, approach to the
descnption 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 pattemn 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 intiated.

. The spoils matenal 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 matenal characternistics are
required to predict water migration:

. Bulk density, p, (default value = 1600 kg/m’)
. Total porosity, @, (default value = 0,30 m’/m”)
. 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 (f,) and a fine fraction (f). The mass of the two fractions can then be
calculated as:
. Mass coarse fraction (per unit volume)

= f.f.0s (4.3.1)
. Mass fine fraction (per unit volume)

B £50. (4.3.2)
The default values are for the coarse fraction, f, = 0.5 and for the fine fraction £, =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)
= Se . (fef.po) (4.3.3)

. Fine fraction water retention (unit mass of spoils)

= S .(h4p) oo
where:
S. = 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 S, = 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 matenal A probabilistic approach s
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 distnbution) for each spoils
element at the inihation 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

Viows (M’ water) = (St + Sif) f.0, (AZAV1000 (4.3.5)
. Maxmum value corresponding to the saturation of the coarse and fine

fractions:

Vs (M* water) = O,1.ps.( AZ.A)1000 (4.3.6)

The maximum outflow from the spoils element can be computed as

> M- = PAG{ (4.3.7)
where:

P = permeability (m/month)

A = cross sectional area of spoiis element

The degree of moisture saturation for a specific spoils block can then be calculated
as
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S0 = [V, Vs = Vien o V) 7 [1 = Vs / Vi
where.

Voo = water volume in spoils block at the start of a ime step (m®)

S, = degree of moisture saturation at the start of a ime step (m/m?)
The outflow from the spoils element during the time step is:

Qo = Qs s S 8
S

Q. = outflow from spoils element (m*month)

é = flow parameter

The volume of water in the spoils element can be computed using the general
expressions (refer to Figure 4 3(b)):

g =  Q,-04 (4.3.8)
and over a specific time step of one month then

V, - V.+Q,.-Q,, (4.3.9)
where:

A = water volume at the end of the time step (m”)

V. = water volume at the beginning of the time step (m?)

Q. - inflow from the next upper element (m*/month)

Q.. = outflow to the next lower element (m*/month)

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

if V, < Ve then Q. =0
V, B V,+Q,

§ v, > Vi then Q,, = Q...
v, - Vo +Q,-Qq

with a check that if V, <V ...

then V, = Vee and Q. =V,+Q,-V,.
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with acheckthat if V, 2 V.,

then V, = M andQ, =V, +Q, - Vo

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

Vo= & = Q.-Que-Q-Qu

where:

Vv = volume of the impoundment (m?)

V. = volume of impoundment at the start of the time step
(m’) :

V., = volume of impoundment at the end of the tme step
(m?)

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

Qi = neft evaporation Joss from the impoundment
(m?/month)

= Ao(E-P)

z demand abstraction from impoundment (m”/month)

£ P

spillage/decant from the impoundment (m’/month)
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In general
fV,sVy then Q. - 0
Que = 0
fVe2Ve then Qu = Ve Vea
V, = Vaii
ifV,<0, then V. = 0
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 (Fe**), sulphate (SO,*) and acidity (H"). The pyrite oxidation rate
is sensitive to the presence of oxidants (O, and Fe™) 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
fernc iron, which s itself an oxidant and will stimulate further pynte oxidation
The redox potential is pnmarnly a function of the local presence of oxygen in
the spoils.

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

. The generally slow pyrite weathenng and slow migration of water through the
spoils allow sufficient time for application of the principles of chemical
equilibnum. It is, therefore. assumed that chemical equilibnum 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 s kept to allow subsequent resolution if dictated by the ambent
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 microbial respiration (in the rehabilitation cover)
and pynite oxidation (in the body of spoils).

The geochemical charactenstics 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 charactensation of each spois element. The acid generation
potential (sulphur content) and neutralisation potential can be described by log-normal
probability distnbutions. The statistical parameters specifying the probabiity
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 (H"), hydroxide ion
(OH), carbon dioxide (CO/H,CO,), bicarbonate (HCO,), carbonate (CO,”), ferrous
iron (Fe™), ferric iron (Fe™), sulphate (SO,), calcium (Ca®™) and magnesium (Mg*™").

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/m® (at P=1 atm and T = 293K)
The partial pressure of CO, in the atmopshere is 0,00035 atm The mode! 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.

Pz = {0,00035/0,79] [0.21.] [0.3-C,,J0.3 (4.4.1)

where
Pz = carbon dioxide partial pressure (atm)

Ca = oxygen concentration in spoils (kg/m’)

4.4.1 Diffusion of Oxygen

The diffusion of oxygen to the pyrite minerals in the spois body s considered
to be one of the rate-imiting steps in the weathering 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 1o
aliow the description of the oxygen migration process. The typical mining block
discretisation is shown on Figure 4.4.1
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Estimate pyrite oxidation rate
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FIGURE 4.4 (a) : GENERIC SOLUTION OF AQUATIC
CHEMISTRY FOR A SPOILS ELEMENT 3
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The general expression for the diffusion of oxygen is:

e x e eaf’ A (4.4.1.1)
where

c = oxygen concentration (kg/m’)

e, = air-filled porosity (m*/m?)

D = effective oxygen diffusion coefficient (m/sec)
Q z oxygen consumption rate (kg/m’*/month)
Z = vertical distance (m)
The geochemical processes of concem take place very slowly and can be

approximated by a pseudo-steady state approach. This allows the
simplification of the general diffusion equation to:

2a.®
D 5 =Q (4.41.2)
The effective oxygen diffusion coefficent in a spoils environment
©,D,
Ot ¢ (4.4.1.3)
where:
D, = oxygen diffusion coefficient in air

- 2,02 x 10* m'/sec at 1 atm and 293K

; = tortuosity (default value = 5)
The arr 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

Vs = S.f.ps + Sl (4.4.1.4)
The remaining air-filled porosity of the spoils is.

e, = 6~ Vooe (4.4.1.5)
A numernical technique will be employed to compute the oxygen concentration

at vanous levels in the spoils. A central dfference equation will be used to
approximate the second order differential:

g = %Liﬁ%uﬂzﬁ) (4.4.1.6)

The general finite difference equation is then'
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ClZ.)-2C(Z)+C(Z.,) = Q(Z).( A2y'/D)

C, =

NS N 9

$ L O 0 P
"

O
=)

C. S

(4.41.7)

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

C,—2C,+C, = Q. AZ I Dy

C,—2GC;+C, » Qp AZ*/ Dgy

C.—2C,+C, = Qy. AZ / Dy,

Cy—2C,+C, = Qus AZ® / Dygg

Ce—2C.+C, - Qg AZ/ Des

C,—2C,+Cy ~ Qqr. AZ* / Dy

Ci—2C,+Cy - Qy. AZ* / Do

Ci—2C,+C, = Qus AZ? / Dyg

Ciw—2C,+ G, - Qs 10 AZ*/ Dy e

Cy,—2C,+ Gy - Qyp AZ*/ Dy

Cu = C, (gradient across pit floor =@ )

The oxygen concentrations can be solved by the successive Liebman iteration
procedure (Gerald, 1968), starting with assumed concentrations.

%[C; + C, - Q,5(AZ)'/D,)
%[C, + C, - Quy(AZ)'/Dsy)
Y%[C, + C; - Qu(AZ)'/D,.)
%ICy + C, - Qu(AZ)'/Du]
%[Cq + C, - Qu(2Z)"/Dyss]
%IC; + C; - Qe (AZ) /D)
YA[Cy + Cy - Qny(AZ)' /Oy
Y%{Cy + C; - Que(AZ)" /Dy
%{Cyo + Cy - Qy 1o(AZ)'/Dy 5]
%{Cs + Cs - Qu(AZF/Dyyo)

Note that the atmospheric concentration of oxygen is.

0,30 kg/m’ (P=1 atm and T = 293K)



86 Development of the Genenc Mine Water Mode!

and that:
Q, = (Q,+Q)2 (4.4.1.8)
D = (D, + D)2 (4.4.1.9)

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

Q, = -AX . Fy, . py/by, (4.4.1.10)
where:
Q, = oxygen consumption due to pynte oxidation
(kg/m*/month)

AX = fractional change in pyrite content during previous time
step

B = pyrite content of spoils (kgFeS./kg spoils)
s = spoils bulk density (kg/m?)

b, = stoichiometric ratio
= 1.07 kgFeS kg O,
Q, = -AF /oy, (4.4.1.11)
where:
Q, = oxygen consumption due to ferrous iron oxidation
(kg/m*/month)

AF = AF, + AF,

AF,

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

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

Dee = stoichiometric ratio
= 6.97 kgFe/kg O,
442 Pyrite oxidation rate
Several researchers have in the past made successful use of “shnnking 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 fernc ron. In both
cases the pynte oxidation rate can be expressed in the form:



87 Deveiopment of the Genenc Mine Water Mode!
gll = - = AX (dt=1month) (4.4.2.1)
where

X = fraction of pyrite remaining (kg/kg)

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

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

; A = time-related parameter, which is linked to the reaction

kinetics

This expression apphes to the situation when the oxidant is present at a
specfied constant concentration. In the spoils environment, the oxidant
concentration (availabilty) is variable and dependant on a number of
environmental and kinetic constraints. The effect of oxidant concentration on
pynte oxidation rate can be accounted for by correcting the T, and T,
parameters at every time step to reflect the actual conditions:

Te = T/(CIC,) (44.2.2)
T, = TJ(CIC,) (4.4.2.3)
where

T = model parameter at a reference oxidant concentration
of C, (month)

; 5= = model parameter at a reference oxidant concentration
of C, (month)

C

actual oxidant concentration at the beginning of the
time step (kg/m”)

The default values for the model parameters are summansed below at the
reference oxidant concentrations.

Ferric Iron, Fe™
(C, = 0,05 kg/m’)

The total pynte oxidation rate is then:

= — U2 Tea(1-X0) + Teaa] — 2 Tasa(1-X0) + Ter
(4.4.2.4)

T 0/(CoilCoc2)

Tcoe
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Tea o (Cod/Caca)
Taare / (Co/Cira)
Tere = Tease [ (CoolCora)

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 pynte oxidation rate can be expressed as:

T&O’

Tare

E%IE)_ % S (4.4.2.5)
where
H(pH) = H [-0.35 (pH)* + 2.3(pH) - 2.7]
H - catalytic factor
= 10 (default)

This expression only applies inthe pHrangeof 16 <pH <50

The pyrite content in each cell of each mining block is quantfied dunng the
model initialisation of a simulation by

° spectying a specific pyrite content, or
. generating a pyrite content from a probability distribution
The remaining pyrite is caiculated after each time step

X = X, + dX/at (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 ime step
(kg/kg)
The mass of pyrite which has been oxidised in the time step:
M, = (%= X) . Fppy (4.4.2.7)
where:
M, = pynte mass oxidised in a time step (kgFeS/m’

spoils/month)
Py = natural pyrite content of spoils (kgFeS /kg spoils)

Pe = spoils bulk density (kg/m’)
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443 Pyrite Oxidation Products

The oxidation of pynte will release oxidation products to the spoils water in

accordance with the equation:
FeS, + 3%0, + H,O —» Fe™ + 280, + 2H°

The oxidation of one mole pyrite will release:

1 mole Fe™

2 mole SO

2 mole H*

Therefore, the oxidation of one kg pyrite will release

. 0.47 kg Fe™

. 1,60 kg SO.*

. 0.0167 kg H’

and
My, = 0.47 M, kg product/m’ spoils/month
Mg, = 1.60M,, kg product/m’ spoils/month
M, = 0.0167M,, kg product/m® 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 pynte oxidation products are flushed.

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

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

Ve

vV,
Q,
Qa.

= water volume at the beginning of the time step (m’)

= water volume at the end of the time step (m’)

influent flow from the next upper spoils element
(m*/month)

outflow o the next lower spoils element (m*/month)
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The mass balance for a chemical constituent in the flushed fraction of the
spoils:

givC) = QpCpo— QuCar 2RV (4.4.3.1)
where:

v - water volume in the flushed part of the spoils (m”)

C: = chemical constituent concentration (kg/m’)

C. = influent flow chemical concentration (kg/m”*)

8 = outflow chemical concentration (kg/m’)

R, = 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 intial mass of a chemical in the spoils water, V,.C,

. The further mass of a chemical introduced by the influent flow, Q. C,.

. The total initial spoils water volume (V, + Q,) then contains a chemical
mass (V,.C, + Q. C,) at a concentration of (V.C,+Q,.C,)/(V.+Q,)

The pyrite oxidation products (Fe®, SO*, 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

. Ferrous iron (4.4.3.2)
M = V,Crpo* QuCrn+0474M, (A_2)

cn - M" , No + Qn)

. Sulphate (4.4.3.3)
Msou = Vo Caouo * QnCooun + 1,604 M, (A _2Z)
Csu = Msod/ (Vo + Q,)

«  Hydrogen lon (4.4.3.4)
M. =  V,Ci+Q,Ch.+001674M, (A_2)

G = M./ (V. + Q)

The increased concentration of these ionic species will result in a chemical
imbalance. Neutrahisation reactions, tnggered by the release of acidty, are of
specific importance. It has been observed in leach column tests of spoils
matenal 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 caicite, dolomite, feldspars etc. The model
uses a complex dolomitic mineral of the general composition

Ca, Mg, . CO,
where.
x+y=1

for the purposes of modelling. The caicium (and by imphcation magnesium)
content of the neutralising mineral is specffied One can also specfy a
pseudo-stability constant for this neutralising mineral. Neutralisation will
obviously only take place for as long as an excess of the neutralising mineral
1S available.

A new chemical equilibrium is calculated taking into account the redox
potential in the spoils element (pnmanly a functon 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 1s assumed to be constant. This water volume s calculated on the basis
of the moisture content

Vs = [S.L(1-9 . p+SHE(1)plA AZ (44.3.5)
The pynte oxidation products in the spoils fraction is assumed 1o 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 pynite oxidation products (Fe**, SO,*, H") are now introduced into
this spoils water volume to increase the concentration of these specific
onic species. The specific ionic species will increase as follows:

. Ferrous iron

M, = Vi Creo + 0,47 (1-f) M,, (A. AZ)

Cro =  MeNo,

. Sulphate
Mgy = Vs Cooao + 1.60(1-) M, (A AZ)
Cioe = Mooy

M, = Viag Crio + 0.0167 (1 -1) M,, (A. AZ)
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C. = MN g

An inventory is kept of the following mass components:
. pynte which can be oxidised
. neutralisation mineral
. chemical precipttates such as CaS0O,.2H,0, CaCO,, etc.
Spoils Water Chemistry
Complexing in the spoilswater solution occurs between all the major cationic
species (Ca™, Mg™, Fe™ and Fe™) and the anionic species SO,”, CO,’ and
OH'. In speciating the solution, the principal cations are considered to be
affected only via complexing with SO,* and for Fe™ also with OH That s
complexing with CO,*, and for Mg™*, Ca® and Fe® with OH', is considered o
have no affect on the pnncipal cationic species. The geochemical model
incorporates the following complexation reactions:
Ca* + SO.* — CaSO.’ K.y = 10°¥
Mg* + SO* — MgSO.°, Ky = 1077
FQ"*SO.":FOSO",K&;;' 10’”
Fe™ + SO — FeSO,", Keys = 10°%
Fe™ + OH — FeOH™, Ky o = 107%%
Fe™ + 20H — Fe(OH)," Kigsong = 1027
F."*3OH'=FC(OH),’.K.M' 10%0

Mass balance relationships for the pnincipal species are thus expressed In
terms of the molar concentrations:

[Ca*}, =[Ca™} +[CaSO,?)

Mg™}. = [Mg™}, + [MgSO,°]

[Fe*) =[Fe™]+[FeSO.

[Fe™} =[Fe™} +[FeSO,] + [FeOH™] + [Fe(OH),"] + [Fe(OH),"]
[Fe} =[Fe,.} +[Fe™)

[SO.’}, =[SO}, + [CaSO,] + [MgSO,°] + [FeSO,’] + [FeSO,’)

where
subscrpt! = refers to total species (free and complexed)
subscrpt'! = 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*}S0."}/ [CasSO,’] = Keas /" = K'eas
[Mg™} SO}/ [MgSO."]  =Kus/fs' =Kl
where

Kugs = complexation constant between Mg** and SO
Keas = complexation constant between Ca** and SO*
and similarly

[Fe*}, SO}/ [FeSO.’] =Keas /o’ = Klsus

and

[Fe*][SO.*]/ [FeSO,T] = Kegasfod(f 1)

[Fe™] [OH] / [FeOHJ™" = Keasoer g / (1)

[Fe*] [OHT /[Fe(OH),"] = Kipona- / (1)

[Fe™] [OHT / [Fe(OH)"] = Kigoo / (£1:")

where

f. 1. fn = tn, di and monovalent activity coefficents

Recognizing that spoils water pH governs the [OH] concentration and that the
principal species Fe™ is significantly affected by complexing with OH,
speciation of the principal species will be pH dependant, (e

pH = -log,, (H")

where

(H") B activity of H™ 1on = £ [H")

and, (H’) [OH] - K/ = K (K =10
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[oH] , [oHT _ [oH] _[SOi) }

: ) ] ]
Ko Kioow: Kroows  Kiess

[Fe" ] =[Fe" ), { 1+

+

i (1o N ) ,lsoi'L}
(H)Kksowt (H' ) Kioou (H ) Khoan Kheos

[Fe” ) =[Fe") {1 S

In addition, the relative concentrations of [Fe’"}, and [Fe™] depend on both pH
and redox potential as determined by the partial pressure of oxygen

Fe'' *H +%0;=Fe" +% H,0

Bt

i.e. [Fe" ) /([Fe® k-.(H).(pO,)") = Ka

i.e. [Fe L/[Fe” L =KL -(H ) (pO:)

If the spoils water pH, redox potential (O,), total dissolved iron. [Fe) and free
[SO.”} species concentrations are known (via speciation of pnncipal ionic
matrix), then it is possible to determine (Fe™], and [Fe™). i1e from the
following expressions.

[Fe].=[Fe" ] +[Fe™" ]

1 1y 21 33 p 2
-lre"L{H IS0l |
(H)Ksesomt  (H' ) Kreaow: (H ) Kiovowr  Kiess
+ IFC“ ]v . l’[SOi.]v }
K (HUPOD " | Khas

Hence, if [Fe}, is known, solve for [Fe™}, and then for [Fe®"}, i e.

[Fe "} =[Fe" | /(KW -(H)(P0O:))
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Alkalinity in water containing carbonate, iron and sulphate species

Alkalinity is defined as the proton (H") 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 H,CO, / HCOy / CO,™,

the ferric system (Fe™ / FeOH™ | Fe(OH)," / Fe(OH),%)
the sulphate system (SO, / HSO,)

water system (H* / OH).

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

HCOy +H =  H,CO, K,
H,CO, = CO;+HO K¢
Fe* +OH =  Fe(OH)™, Ko
Fe”+20H =  Fe(OH)" Ko
Fe*+30H = Fe(OH),", Kigoo
H +OH = H,O. K, =10™
SO +H =~  HSO, Kg=10""

For the sake of convenience. we select H,CO,’, Fe. SO, and pure water as
reference species and define total alkalintty (TAlk) as follows:

TAlk = Alk H,CO," + Alk Fe™ + Alk SO,* + Alk H,0

where

Ak H,CO,” =2[CO,"} +[HCO,}

Alk Fe™ = [Fe(OH)™] + 2[Fe(OH),"] + 3[Fe(OH),"]

Alk SO* = —{HSO,]

Ak H,O = [OH] — [H]

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

Alk H,CO, ~ [HCO,}, = [HCO,] since HCO, does not complex significantly
Alk H,0 = -[H’]

and Alk Fe™ and Alk SO, are as above. i e

TAl = [HCO,] + {[FeOH™] + 2 [Fe(OH),"] + 3[Fe(OH),"]} - [HSO,] - [H']

If [Fe™}, pCO, and [SO,*] are known then:
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B [HCO;] =K', . Ke.pCO; / (H)

where
Ko = Kefy=(H)[HCO,]/[H,CO5]
Ke =  Henry's constant

= [HC0,]/pCO;
pCO; =partial pressure of CO, (atmosphere)
thus

Alk H,COy = K'¢, . K. pCO,/ (H')
8 AkFe™ = [FeOH"] + 2[Fe(OH),"] + 3{Fe(OH),"]
K 20ty . Yy |

= F 3o - - — —
[Fe" (H Koot (H ) Kseson: (H )'Kmomi

and [Fe™"} is given by the relationship linking total dissolved iron, redox

potential and pH
®  AKSOF  =—{HSO,
= —(H)SO )/ K\

These equations indicate that if total dissolved iron, Fe, pH, free sulphate,
[SO*), pO; and pCO, are known, then one can calculate TAlk This
observation forms the basis for an agueous-gas phase algonthm for
determining pH if the TAlk value is known

Algorithm | to calculate pH and species (free and complexed)
concentrations for ageuous-gas equilibrium

oo o ) o 657, e D) o s
pO; and pCO,, and ionic strength

[Fe), = [Fe™}, + [Fe™},

1. Calculate activity coefficients {,, f, and f, using Davis equation

2 Calculate apparent equilibrium constant (K) values

3. Calculate pH {iL.e. (H")}

31 Assume (H") - initial guess should be too large, say (H") = 0,01
moles/|
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32 Calculate [Fe™}) / [Fe*),
ile. [Fe™JFe*}=K's (pO)". (H)

33 Speciate principal ionic species (ie. calculate free and
complexed ferric iron, ferrous iron, calcium, magnesium and

sulphate species):

Assume [SO*} = [SOJ ie [SO?} too large in first
approximation

[Ca’" ) =[Ca™ ),/ (1+[SOi' ) / Kbw)
(Mg™ J,=[Mg" ],/ (1+[SO% ), / Kigs)

! (I 1y
IFc"L'[Fel./{l‘ ki (K4) (K.) }

- +
(H)Kkosom (H ) Khaon: (H') Kherons
2 1.
[-scl);"*[l*[-so—‘l‘]/(x'...poz'(u'))
Krars Krezs
[Fe" L =[Fe" )} / Kk POs (H)
CALFe =[Fe L (1+[SOi ) / Kheas)

Calculate [SO,*}, for assumed value of [SO.*}

‘ % Mo . y-
If CALSO, > [SO,} then reduce [SO,}
If CALSO, < [SO,} then increase [SO,7),
Repeat the iteration from step 3.2

34  Adjust TAK for the effect of oxidizing Fe** to Fe™ ie
Fe* + H' + %40, — Fe™ + %H,0
. A Ak = [Fe™) - CALFe™
TAlk = TAlKk + AAlk

35 For the assumed (H") value calculate alkalinity

AlkH,CO, = [HCO;,] = K K" pCOJ(H")
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AKHO = —{H1]
»l (R 1 &2

Ankre=lre"1,[ oo (ke i S¥al )

(H)Ksoom (H ) Ksaon: (H') Kresou:

AKSO, = —(H") [SO )/ K',s
CALTAlk = AlkH,CO, + AlkH,0 + AlkFe + AkSO,

36 Compare the caiculated value for TAIk with input value
(calculated TAlk vanes monotorically with pH).

If CALTAIk < TAlk, reduce (H")
If CALTAIk > TAlk, increase (H")
Repeat the iteration from step 3.2,
37  pH=—log, (H)
Precipitation / dissolution of Fe(OH), i.e. Fe,0,

Algorthm | determines free and complexed species concentrations in any
spoils element under equilibnum conditions between species in the aqueous
phase and gas phase (O, and CO,). The solution may now be supersaturated
with respect to any of a number of minerals, including Fe(OH), CaCO,,
FeCO, and CaSO, These four minerals are considered as potental
precipitants

With regard to the above four minerals. only Fe{OH), is likely to have a major
impact on the pnncipal sonc equilibnum and complexed species belonging to
this matrix. This anses for two reasons. Firstly, pynte oxidation is a major
reaction under oxidative conditions. Secondly, Fe(OH), is very insoluble under
neutral and alkaline pH condtions. Consequently, and for the sake of
shortening computation time, preciptation of Fe(OH), was interlinked with
dolomite, calcite, sidente dissolution and Algonthm | Preciptation of the
remaining minerals will be considered to affect only pH and the species
concentrations of the dissolving mineral. For example, f CaCO, precipitation
occurs, it will be assumed that sulphate and iron species are unaffected by

Model for Fe(0H), (i.e. Fe,0,) Precipitation

After completion of Algonthm |, the model assesses the saturation state with
respect to Fe(OH), [Fe™) and [OH), via pH, form part of the output from
Algorithm 1.

If Fe(OH), supersaturated conditions prevail then this mineral will precipitate
until saturation is attained In this process, the only changes in [Fe™}, and
Alkalinty arise from Fe(OH), precipitation. Carbonate mineral dissolution and
equilibrium with O, are not considered here. Consequently, the parameter
(TAlk—3[Fe™)) remains constant and equal to the input value Furthermore. in
determining the saturation state estabiished, (H") is varied and (TAlk—3[Fe*})
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determined and compared with the input value. Because calculated (TAlk—
3[Fe™}) varies monotonically with (H') (i.e. increasing (H') decreases
calculated (TAk—3[Fe*]) and vice versa), (H") can be systematically vaned
until iInput and calculated values are equal.

Once the saturated state has been determined, if the solution was found to be
supersaturated with Fe(OH), after Algorithm | then there will be a decrease in
TAlk and this will cause dissolution of a carbonate mineral, i.e. Fe™ + 3MCO,
+ 3H" — Fe(OH), + 3M™ + 3CO, Thus, Alkalinity will ncregse by three times
the molar mass of Fe(OH), precipitated. Alkalinty and carbonate mineral in
storage are then adjusted and Algorithm | repeated. Algonthm | is repeated
once and thereafter Algonthm il is executed (ie CaCO, and FeCO,
precipitation/dissolution). This repetition of Algorithm | 15 executed, whether
carbonate mineral is in storage or not.

If Fe(OH), undersaturated conditions prevail (1.e. at the start of this Algorithm
Il) and if no Fe{OH), is in storage, the Algorithm Il is not executed. If Fe(OH),

1S in storage, the Aigonthm |l is camed out to obtain the output species
concentrations.

[Fe”LIOHT = Kuruma / () = K'yrgona (Kigraora = 10°%9)
Algorithm Il for Fe(OH), Precipitation / Dissolution

Input from Algorithm | includes [SO.*}. [Fe'"). [Fe*). [Fe™}. [Fe™], TAlk, pH
and also pCO,.

The algonthm is based on the following precipitation reaction
Fe™ + 30H _ Fe(OH)y(s), K peara = 107
1 Determine saturation state

(H") = 10™ and [OH] = K' J(H")

Product = [Fe™), [OHT]’

If Product > K'grena then supersaturation exists and ALKM,Fe,T =
TAK-3{Fe*},

Continue to step (2) only if supersaturation exists or undersaturation
exists with some Fe(OH), in storage.

2. - Determine equilibnum state of Fe{OH), saturation
21  Assume (H") = 10™
22 [Fe*h=K'spumo (H) 1 (K

23 CAL[Fe™}, equals calculated [Fe™)

( .l s) 32 ot 43 2
CALIF:"'L’[F:"],.{V K, _ ) _, _(K.) }-IS.?J
Koo (H)  Kroom:(H ) Kroon(H) Kiess
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24 Calculate TAk (1Le. CALTALK)

AlkH,CO, = Kc . K'e;.pCO; / (H')

Re. o =

Kioon(H) Kloan(H') Klsaun(H')

AlkFe” =[Fe" ], { 2KkL ) 3Ky }
AKSOF =  —{SO} (H)/K's
AkHO=  —H")
CALTALK= AKH,CO, + AlkFe™ + ASO,” + AlkH,0
25  CAL(ALKM3Fe3T) = CALTALK - 3 CAL[Fe™}
26  If CAL(ALKM3Fe3T) > ALKM3Fe3T
increase (H")
If CAL(ALKM3Fe3T) < ALKM3Fe3T
decrease (M)
3. Calculate pH = —logo (H)
DELTA = [Fe™)}, - CAL[Fe™]

Proceed with the following steps. if dolomite (x = 1y = 1) is available
in storage:

TALK = CALTALK + 3°DELTA
[Ca®™) = [Ca™} + 1,5'DELTA
[Mg™), = [Mg™} + 1.5°DELTA

Adjust CaMg(CO,); in storage by -3 DELTA to account for
MgCa(CO,), dissolution taking place

else, if CaCO, or FeCO, in storage:

TALK = TALK + 3"DELTA

[Ca*™) = [Ca™} + 3*DELTA

else

[Fe*} = [Fe*}+ 3*"DELTA

Adjust CaCO, or FeCO, in storage by -3DELTA
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4 [Fe*} = CALIFe™]  Onlyif DELTA is positive OR
DELTA negative and Fe(OH), in storage
[Fe} = [Fe™}, + [Fe*)
5 Repeat Algonthm | and then bypass Algorithm |l to go to Algorithm III.
CaCO, and/or FeCO, Precipitation/dissolution

Solubilty product relationships for these two minerais are
[Ca™} [COs™} = Kigcazon / fo™ = K spcacos
[Fe™} [COs™) = Kuwacon / fo” = Ksecen
After the sequence of computations involving Algonthm | and |l has been
compieted precipitation and/or dissolution potentials for the above minerals
are determined. If supersaturated, mineral is allowed 1o preciptate and pH,
[Ca’"}. [Fe™) and TAlk are adjusted. !f undersaturated. mineral is allowed to
dissolve (only if in storage) and pH, [Ca®™}. [Fe*} and TAlk adjusted, if
minerals are not in storage. no adjustment to pH, Ca, or Fe™, are made
As for Fe(OH), precipitation, determination of saturated equikbnum state 1s
complicated by the fact that pH changes with preciptation / dissolution The
rule of a solution ailgonthm (under prescribed CO, conditions) hinges around
the fact that (TAk-2[Ca®}) and (TAlk-2[Fe’}) remain constant with CaCO,
and FeCO, precipitation/dissolution. Consequently, the solution is effected by
adjusting pH and calculating (TAk-2[Me®"}) value for saturated equilibrium.
Because the parameter (TAlk-2[Me*"},) changes monotonically with change in
pH, successive approximation on pH can be effected until the caiculated value
equals the input value
Algorithm lll for CaCO, Precipitation/dissolution
Input after completion of Algorithms | & Il
pH, [Ca*}, [Ca™], [Fe™}. TAK, [SO.*} and relevant equilibrium constants
For the carbonate system equilibnum:
(H’) [HCO,/ [H.CO,] = Keffm =K'y
(H’) [CO,*]/[HCO,] = fn Keallg =K',
1 -Determine input value for Alk-2[Ca*"} 1 e.

ALKM2TCA = TAk-2[Ca™"},
2 Determine CaCO, saturation state:

21 Assume (H*) = 0,01 mole

22  Calculate alkalinity for assumed (H°) value
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AlkH: COs = Kuc - K&i- PCO: / (H')

K. . wely . by }
Kresosr (H+) K'n)m:(ﬂ'): Kh‘om(H-)'
AIKSO: =-(H").[SOI ) / Kis
AlkH: 0=-(H")

CAL(TALK)= AlkH:CO, * AlkFe'™ + AIkSO, + AIkH: 0

N—

23  Caiculate total caicium at CaCO, saturation

[HCO: ) = KucK&i- 2CO: /(H)
[COP ) = Kt [HCO3)/ (H)
CAL[Ca™ ), = Kiecucos / [COT' ),

CAL[Ca™ | =CAL[Ca™ ), { 1+ [—Sl-(ol'—l'-l

Cd'

24  Calculate CAL(TALK) - 2CAL [Ca™},
If CALIALKM2CA) > ALKM2TCA
then reduce (H") and vice versa

3 Determine CaCO, precipitation / dissolution

DPOT = CAL[Ca™} — [Ca™}

If DPOT i1s negative (CaCO, precipitates)

31  Put DPOT into CaCO, storage

32  Adust the following parameters
[Ca™}, = CAL[Ca™},

TAlk = CAL(TALK)
PH = — log.(H")
if DPOT is positive (CaCO, dissolves)
33  If no CaCO, in storage then exit algorithm Ili

34 If CaCO, is in storage, then adjust [Ca™], TAk and pH as
above and decrease CaCO, in storage by DPOT
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Algorithm IV for FeCO, Precipitation/dissolution
Input after completion of Algorithms |, Il and llI
[Fe™}, [Fe™}, TAK, [SO.*)
and relevant equilibnum and solubility product constants.
1 Determine input value for Alk—2[Fe*},, i.e.
ALKM2TFE = TAlK -2[Fe?"}
2 Determine FeCO, saturation state
21  Assume (H") = 0,01 mole

22 Caiculate alkalinity for assumed (H") using the previous
approach (Algorithm Ill, step 2.2)

23  Calculate total Fe™ at FeCO, saturation

[HCO: L = Kuc Kei- PCO:/ (H)
[CO | =Ke:-[HCO) /(H)
CAL[FC:' k= K;prxox cor )

CAL[Fe' ] = CAL[Fe’" ], { I+ [s? 1k }
\ kh:&

24  Calculate TAlk—2{Fe’")
CAL(ALKM2TFE) = CAL(TAl) —2CAL[Fe™],
25 Compare calculated and input TAlk —2[Fe*"]
If CAL(ALKM2TFE) > ALKM2TFE
then reduce (H") and vice versa
3. Determine FeCO, precipitation potential
DPOT = CAL[Fe*"}, - [Fe®}
If DPOT is negative (FeCO, preciptates).
31  Put DPOT into FeCO, storage
32  Adjust following parameters
[Fe™}. = CAL[Fe™),
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TAlk = CAL(TALK)
pH = —log,, (H")
If DPOT is positive (FeCO, dissolves)
33 I no FeCO, in storage —» leave Algonthm IV

34 I FeCO,is in storage then adjust [Fe’"}. TAlk and pH as above
and decrease FeCO, 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:

[Fe*}. [Fe*}. [SO.*}. Mg™}. [Ca™], TAK
These are all conservative parameters

If Q is flow from i* stream and Q; is £Q. then concentrations of each of the above
species in the blended stream are calculated as):

[Fe"]."Z[lFe"L %]
f :- .g
\[SOl ]u Q J

T

(s0iL=Y

Mg 1= l!\ls"bg‘-}

1

[Ca™]=) lCa:°L'9"'}
248 QT

Q

Alk] = (@ —
[TAlK], Z{TA& Q,)

These blended species concentrations then form the input to the above Algorithms |
and |l with the assumed oxygen and carbon dioxide partial pressures as pO, = 0,21
atm and pCO; = 0,00035 atm.
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GEOCHEMICAL CHARACTERISATION OF OPENCAST MINE SPOILS

Geochemical charactensation of spoils is required to provide certain input parameters used in
the genenc opencast mine water model. Apart from this, geochemical charactensation is in
itself useful 1o estimate the behaviour of spoils and predict the leachate quality that may
emanate from the spois

51

52

Physical and hydraulic properties of spoils

Recharge and flow in spoils is pnmarily 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 genenc opencast mine water model

Table 5.1. Determination of physical and hydraulic properties of spoils

Property Symbol | unit Procedure

Bulk spoils Po kg/m* | Measure spoil mass and volume.

density ps = Mass/Volume

Spoils Pe kg/m’ | Measure volume and mass of fragment.

fragment p, = Mass/Volume

density

Coarse f. - Sieve analysis. (Fraction > 2 mm)

fraction

Fine fraction f - Sieve analysis (Fraction < 2 mm)

Coarse S. kg/kg | Saturate coarse spoils column and wind

fraction water dry at 20°C.

retention

Fine fraction S, kg/kg | Saturate fine spoils column and wind dry

water at 20°C.

retention

Total mossture S kgkg | S, =185, +LS

content

Air filled ba m*m* | Pack column with saturated spoils

porosity inundate from the bottom 1o exclude air
fa = Water volume/Spoils volume

Water filled trw m’m® | 6w = (S, . Spoils mass) / (p, . Spoils

porosity volume)

Total porosity 0, m/m’ | 6t = Ba + Ow

Geochemical tests for the prediction of drainage quality

Various tests have been developed in an attempt to charactense the geochemistry of
spoils. Table 5.2. summanses the main tests that have found apphcation worldwide in
the mine water field.

Of the kinetic laboratory tests the modified humidity cell and column leach test are
frequently empioyed for the geochemical characterisation of coal mine spoils. The
main difference between these tests hes 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 taili
Static Tests Objective Advantages Disadvantages
Acid base Determine Rapid assessment, Does not simulate field
accounting potential for acid | Initial screening test. | conditions. Zone of
generation. uncertainty exists
Kinetic
Tests:
British Confirm static Reilatively simple. Ignores neutralisation
Columbia test results Rap«d assessment Does not predict
Research Used at goid and reaction rates
confirmation base metal
test mines
Shake flask Determine rate | Simple to perform. Reaction rates (short
weathering of acid Rap«d assessment. term) determined for
test generation and submerged
accumulation of environment only
reaction
products.
Soxhlet Confirm static Relatively simple Field conditions not
extraction test | test results. Rapid assessment. simulated Bactenal
action not considered.
Humidity cell | Determine Suitable for fine Long test penod.
test reaction rates, grained matenal Preferential flow paths
used for tailings ignored. Influence of
assessment. particle sze ignored
Large scale Simulate Spatial distribution of | Long test penod
modified reaction rates minerals accounted Matenal crushed
humidity cell Used for coarse | for. Oxidation (100% <100mm)
test matenal products allowed to
accumulate
Leach column | Simulate No pnor crushing Long test penod.
test geochemical Most accurate
reaction rates in | laboratory simulation
field of field conditions
On site waste | Reaction rates No pnor crushing Long testing penod
rock piles under actual Actual field conditions | Interpretation of results
field condtions simulated may be complex.

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 bnefly descnbed in Table 5.3.
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Tamumdswumuﬁmmm.

Identifi- Description Typical spoils water quality
cation
no.
Spoils A | Springs - Witbank coalfield pH=7386
Approximately 10 years old Sulphate(mgCaCO) = 2200-3800
Coarse matenal (50-100mm) | Calcium{mgCaCO) = 1200-3000
Sandstone/siltstone/shale. Magnesium{mgCaCO0,/1}=1400-5600
Note Typical quality of flooded spolls
Spoils B | Spnngs-Witbank coalfield pH=31
Approximately 3 years old Sulphate(mgCaCO,/1) = 1200
Fine graned matenal (<5mm). | Calcium(mgCaCO) = 350
Sandstone /siltstone /shale. Magnesium(mgCaCO,/1) = 440
Note: Typical quality of ficoded spoils
Spoils C | Highveld coalfieid pH=7883
Approximately 6 years old Sulphate(mgCaCO,) = 250-560
Coarse matenal (50-100mm) | Calcium(mgCaCO,) = 100-330
Mainly shale with some | Magnesum{mgCaCOJ) = 160-700
sandstone. Note: Quality is a combination of surface
Highly weathered runoff and spoils recharge
Spoils D | Highveld coalfield pH=73-86
Approximately § months oid Sulphate(mgCaCQOJ/) = 70-380
Moture of coarse grained | Caicium(mgCaCOy) = 75-175
sandstone/shale and clayey | Magnesium(mgCaCOJl) = 80-205
Organic matter Note: Quaity is a combination of surface
Little weathenng runoff and spoils recharge.

Note: all concentrations are expressed as equivalent CaCO,

5.3.1 Physical and hydraulic properties

The physical properties of the spoils was determined according to the

procedures previously descnbed and are summansed in Table 5.3.1.(a).

Table 5.3.1.(a). Physical of four different sgglls.
l Spoils A | Spoils B | Spoils C

Spoils D

| Spoils bulk density p, 1471 1629 1283 1676

(kg/m?)

Total (saturated) moisture |  10.7% 15.1% 128% | 151%

content S,

A filled porosity 8, 25% 3% 28% 9%

Water filed (saturated) 16% 25% 17% 25%

porosay 6,

Total porosity 6, 41% 28% 45% 34%

Columns (300mm diameter by 1000mm height) were constructed from
perspex and packed with matenal from the above spoils (Figure 5.3.1.(a)).

No crushing was conducted pnor 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 summansed in Table 5.3.1(b). The
cumulative outfiow 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(b) : Normalised cumulative outflow from different spoils
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Table 5.3.1.(b). Hydraulic parameters determined for four different

Oﬂl‘.

Symbol Description Spoils | Spoils | Spoils | Spoils
A B c D
Lo Time for 10% of 38 70 28 56
outflow (minutes)
| Time for 50% of 62 134 68 195
outflow (minutes)
| t |Time for 90% of| 645 270 720 950
outflow (minutes)
Toem | NOMINal retention 65 128 64 128
time (minutes. )
T | Time to reach peak 5 120 5 55
value (minutes)
SCi Short circuiting index. 120 0,07 118 1.3
= (Tovom™ T pask) T past

The results from the hydraulic tests are discussed below

Spoils A:

Extensive short circuiting occurred through these spoils. Thes 1s substantiated
by the hagh short circuiting index calculated for the spoils and is llustrated by
the left skewness of the outflow curve. Enlargement of the flow curve indicates
that flow through the spoils was intially 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 SCI=0,07. The initial lag penod before the first
outflow appeared, reflects the inherent permeability of the spoils material
Vanations 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 charactenstcs, which
presented a good approximation of classical porous media flow

Spoils C:

This coarse spoils behaved similar to Spoils A in displaying extensive short
circuting. 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.
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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 outfliow The nitial lay period reflects the imited permeability
of the matenal, 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 piugflow, significantly lower than that of the
coarse spoils A& C.

Acid base accounting

Acd base accounting was conducted on spoils samples as a preliiminary test
to assess the long term potential for acid mine drainage emanating from the
spois. The acid potential(AP) was based on the total sulphur content of the
spoils (Sobek et al, 1978). This may overestimate the acid potential of
weathered spoils due to the inclusion of sulphate salts. that are not
necessanly acid forming. It was found that the accumulated suiphate salts
(due to pynte 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, 1980):

. NP AP < 1.1 then there is a significant nsk of acid mine drainage
formation,

. 1 < NPAAP < 31 the leachate acidity is uncertain and further
geochemical testing should be conducted

. NP AP > 3:1 the leachate is likely to be neutral to alkakne

Table 5.3.2 summanses 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 acd base accounting test results are further evaluated aganst the
observations from the leach column expenments in the section that follows

Table 5.3.2. Acid base accounting results for four different spoils

Ratio NP AP 15 0,07 0.7 35
Interpretation Uncertan | Acd forming | Acd forming Neutral
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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 matenal. Using
distilled water, a 30 mm water depth was applied 1o the spois at weekly
intervals. The generated leachate was collected over a three day period. The
outiet 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 pnmary objective of the leach column tests was to assess the
maximum reaction rates occurnng within the spoils, L.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 expenmental spoils
therefore corresponded approximately to 20 years of recharge via the spoils.

Figure 53.3.(a), (b), (c) and (d) summanses the main water gqualty
constituents measured in the leachate. The sulphate, calcum and magnesium
concentrations are expressed as mgCaCO,/| to allow direct stoichiometric
compansons. 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 expenments are illustrated on Figure 5.3.3.(e)
These time senes plots provide insight into the mechanisms by which the
different leachate qualites 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
penod of testing. High concentrations of sulphate, calcium and magnesium
intially reported in the leachate as a result of the flushing of accumulated
pyrte oxidation products within the spoils. The leachate concentration
stabilised after this, with the stoichiometnc ratio between sulphate production
and caicareous mineral dissolution approximating a rato 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 sight excess of calcareous munerals appears to be present. which
effectively maintains a neutral/alkaline water.



115 Geochermical Charactensation of Opencast Mine Spois

Spoils B

The acid base accounting tests predicted an acdic leachate for Spoils B,
which was confimed 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 shght
increase in the calcium concentration. It is believed that the oxygen supply to
the column may have decreased dunng this penod, which inhibted pyrnte
oxidation to the extent where the calcareous minerals could neutrakise the
acidity.

The mobilisation of calcareous minerals lagged behind the generation of
acidity, resulting in a neft 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(CaSO, 2H,0)
for the duration of the test and the true reaction rates may therefore have
been underestmated due to the accumulation of gypsum in the spoils. The
stoichometnc ratio of sulphate: (calcium + magnesium) was approximately
1:1, but with a siight deficcency 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 expenments. The stoichiometnc ratio of
sulphate : (calcium + magnesium) vaned from 1:1 10 2.4.1 and was 14:1 on
average. Significant variations also occurred in the ratio of sulphate
magnesium. It was concluded that calcium carbonate and potentially
magnesium carbonate preciptated within the spoils. This obscured the
interpretation of the observed ratios between sulphate and (calcum 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 summansed on Figure
§.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 histoncally accumulated products became less significant
Table 5.3.3.(a) summanses the typical sulphate production and neutralisation
rates caiculated 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/%on/a), and indicate how the weathering
of the spoils may be accelerated by column leach tests.
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The estimated tmes for the release of the full acd and neutralisation
potentials (denved 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 calcum 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 t would not be a true reflection of the actual dissolution rate of
calcareous minerals from these spoils, due to the precipitation of caicium and
magnesium salts within the spoils.

The time for utiisation of the neutralisation potentiai for Spoils B was
calculated to be approximately 1 year from the start of the leach test. This s
evident from Figure 5.3.3.(b) which indicates how the calcum and
magnesium concentrations decreased from 450mgCaCO,/ at the start of the
test to less than 70 mgCaCOy/l 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 uniikely to occur under natural
field conditions. The oxidation rate of pyrte 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 pynte 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.

Spoils
A

Spoils
B

Spoils
c

Spoils
D

Calcum + Magnesium leaching
rate) (kgCaCO ton/year)

027

0.61

Refer
10 text

Refer
1o text

Time for depletion of calcareous
minerals under laboratory

35
years

1 year

Refer
o text

Refer
to text

Sulphate  production
(kgCaCO,ton/year)

0.1

098

512

0.65

Time for full oxidation of pynte
under laboratory conditions.

21
years

7 years

4 years

19
years

Note : Rates were based on 50 percentie 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 (O,).

The mass of sulphate, calcium and magnesium leached from the columns
was determined and is summarised 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 (kgCaCO,/ton) 0,18 012
Magnesium 023 0.2 1.5 014
(kgCaCOyton)
Calcium & Magnesium 041 04 24 0.26
(kgCaCOyton)
Neutralisation potential 94 045 139 403
(kgCaCOy/ton)
Sulphate (kgCaCO,/ton) 039 0.62 24 0.35
Acid generation potential 6.2 6.7 209 1186
(kgCaCO,ton)

It 1s clear that the total oxidation of all pynte will take a very long tme. The
leach column tests (simulating the field water migration over a 20 year penod)
only mobilised 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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DEMONSTRATION OF THE MINE WATER MODEL

The generic mine water model was empioyed to simulate the water make in @ small opencast
colliery

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 siope as descnbed below.

The pt will intercept the characteristic geclogy of the Mpumalanga Highveld Coalfields. with
nearly horizontally-bedded, gentie undulating succession of shales, sandstone and coal The
average depth of the pitis 20 m.

The coal reserves are to be mined in cuts starting at the junction between the western and
eastern portions of the pit. The cuts will start in an easterly direction across the eastern
portion and a westerly direction across the western portion of the mini-ptt - 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 1o 4 blocks
mined per month. A single cut across a portion of the pit will take about 4 months to mine
The ptt 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 poliuted 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 senes
of blocks, further insioping of the low wall and the avaiable stockpies of topsol

The proposed mining plan allows for a single row of unrehabilitated spoils behind the open pit
fioor. Any particular row of unrehabilitated spoils will be in existence for about 4 1o 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. Dunng mining. the upsiope
surface runoff will be prevented from entenng the pit by means of berms constructed along
the southern edge of the opencast pit

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 1o be exploted after 48 months of
mining. A further 10 months were allowed for the final rehabiitation 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 (b) : Status of opencast mining blocks, after first year of mining
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e natural conditions
* prestnpped
o pit floor
e unrehabditated spoils
e |evelled spoils
e levelled and topsoiled
o fully rehabilitated (vegetated) spoils

Besides the individual mining blocks, the generic mine water model allowed in-spoil water
storage, local depressions on the rehabiltated surface, poliuted 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 pt water
balance. The surface recharge water was routed 10 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 upsiope natural areas was assumed to be diverted around the pa
water system by berm walls. Similarly, the surface runoff from the rehabiitated 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 vanabile was the groundwater
influx. The pit operation potentially intercepted a number of water bearing aguifers including:

e ashallow, perched aquifer

o fractured Karoo rock aquifer

o aquifer associated with the coal seam itself

The groundwater make to the pit was estimated to average 2 420 mmonth, over the
operational life of the pit. This value will obviously marginally change with time, as the size of
the pit increases

Modelling results

The pit water mode! described was employed to simulate the water system over the length of
the active minung penod

The histonical local rainfall gauge records were analysed to identify penods 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 penod April 1986 to 31 January
1991 was simulated The total depth of rain over the 58 month penod was 3 955 mm.
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+ Probable scenario

An average hydrological cycle using the rainfall records for the penod 1 Apnl 1872 to
31 January 1997 was simulated. The total depth of rain over the 58 month penod was
3491 mm

« Dry case scenario

A dry hydrological cycle using the rainfall records for the period 1 Apnl 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 durng the mining operation. These are summansed 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 penod of simulation,

The groundwater entenng 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 contnbutes a
small amount to the overall groundwater inflow volume.

Table 6.3(a) : Anticipated average water generation (m*/month) during active pit mining
operations

| Wet Case Probable Dry Case
Water Element Scenario Scenario Scenario
4 (m¥month)  (m*month) (m*month)
1. Recharge flows
Rehabitated spoids (400 mm 1740 1641 1074
| ‘topsoi & vegetation)
’ Topsoded spoils (400 mm) 1668 1568 1003
Levedad Spoils 175 162 101
| Unrenabétated Spoils | 2285 1978 1314
Sub Total | 5870 = 5350 3492
- 2. Groundwater flows | 2420 2420 2420
3. Runoff flows , i
" Rehabilitated spoils (400 mm' 3124 1410 1588
topsoi & vegetaton) ’
Topsoiled spods (400 mm) ‘ 585 750 740
Levelled Spoils , 56 | &0 39
Unrehabiltated Spoils | 623 707 184
Pre-stnpped area 62 51 1
Pit ficor ’ 4746 4218 2854
Upsliope catchment ' 1364 842 346
Sub Total 10 560 | 8038 5773
Total 18 850 | 15808 11 685

In general, the analysis of the modelling results indicated that:

e a relatively large contnibution of the pit water make onginates from surface runoff It is
therefore important to divert runoff from rehabilitated areas and the upsiope 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 o divert the upsiope runoff away from the pt, have to be
relocated penodically, as mining advances This results in a situation where there is
always. albeit a small, upsiope area draining towards the pit
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» the surface recharge through the different types of spoils matenal in vanous stages of
rehabiltation, grows in significance with time. By the end of the pt 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 scenano, the groundwater inflow
corresponded to approximately 15% of the total pit water make. This value depends
entirely on the local geology and gechydrology of the mined land. The simulated 15%
contribution is typical for relatively small opencast pits on the Mpumalanga Highveld
Coalfieids

* pit water generation is quite sensitive to the actual rainfall A companson of the simulated
excess pit water generation for different rainfall’hydrological scenanos indicated that it
can differ substantially from dry to wet years

e the relative contribution from surface runofi, surface recharge and groundwater flows to
the total pit water make changes with time. During the early Iife 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
1s 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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CONCLUSIONS

Development of a genenc 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 nto consideration. The project aiso confirmed that quasi-empincal
modeis 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 poliuted 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 industnal
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 genenc model allows such risk assessment
by analysing the response of a mining operation to different hydrological sequences This
aliows one to develop a quantitative understanding of the nisk associated with extreme
rainfall/runoff events.

The genenc 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 sensttivity of
excess mine water production to different mining sequences. The benefit associated with
accelerated spoils leveling, topsoiling and vegetation can now be quantified in terms of a
reduchion 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 rehabiitation cover into the spoils and the geochemical
charactenstics of the spoils. specsffically in terms of reactive pyrite and avadable carbonate
minerals

The data inputs to the genenc 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
intial 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 1o use and 1t is possible to look at a
number of different mining schedules, rehabiltation strategies, hydrological sequences, etc
without further substantial input requirements

The practical application of the model to the mining industry will. however. require further
traning 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 sponsonng of workshops to expose people to the model, develop
confidence in the application of the model and to form a nuciear 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 charactenstics for small and large
catchments in South Afnca. The Commission has, in the past sponsored the
development and verification of these modeis on different types of catchments. We
have applied the best available knowledge to the genenc mine water model It is,
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however, appropriate to launch a research project to confirm the rainfall/runoff
charactenstics 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 rehabiitation cover into the spois
material 15 3 dominant influence over the long term in any opencast mine water
system, The Commission has already undertaken research on this topic and we
beheve that the research work should be continued.

There is stil a general lack of knowledge on the hydrodynamic charactenstics of
different South African spoils matenals. The water retention and water fiow
charactenstics need 1o be established for a broad spectrum of South African spoils,
using techniques which have been apphed with success intemationally The model
had to rely on international experence and this needs to be extrapolated to South
Afncan conditions.

There is also a general lack of information on the geochemical charactenstics and the
geochemical behaviour of South Afncan 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 matenal under controlled conditions. In general t would
appear that the pyrite mineral contained in coal spoils is slowly oxidised and that the
pyrite oxidation products are siowly 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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GENERIC SIMULATION MODEL FOR
OPENCAST MINE WATER SYSTEMS

APPENDIX A

Parameter tables for SCS based
hydrological modeliing



Runoff Curve Numbers for selected agricultural, suburban and urban land use:
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Runoff Curve Numbers for conservation tillage
(after Rawls and Richardson, 1983)

COvER RUROFF CURYE MIMQLRS BY
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* Less than 20 3 of the surface I3 covered with residue (less than
BO0 kg/ha for row crops or 350 kg/ha for small graln).

® More than 70 3 of the surface Iy covered with ﬂsl!u’ (more than
B50 kg/ha for row crops or 150 xg/ha for small grain),




Hydrological classification of soil forms and series

:+ Schulze, 1984)

found in southern Africa (Source
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Es 1S Vredennoek ] 1aS/5% e 11
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fu 20 Potepl A Sim 0
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Fw 12 Sandveld A Sim 0
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SCS Typical  Inter-
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