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MEASURIMNG BATE OF CHANGE OF OXYGEN CONCEMNTRATION AND INTRIMNSIC OXiDA
PATE I A PILE OF MATERIAL

10

30

Technical Field

The present invention relates to methods and systems for measuring rates of change
in oxygen concentration and for measuring intrinsic oxidation rates in a pile of material.
In one form, it relates to a method for measuring in situ the rate of change in oxygen

concentration and intrinsic oxidation rate in the pile.
Background of the Invention

The use of biooxidation and bioleach piles in which the operating conditions of the
piles are closely controlled is a recent innovation in the mining industry. The piles are
typically used to break down sulfidic minerals in refractory gold ores so as to improve the
amount of gold extracted in subsequent processing, or to release metals into lixivants
through the oxidation of the sulfidic minerals. It iz imporiant in the operation of thege
piles to optimise the oxidation rates in the pile in order to optimise the vield of metals and
the rate of conversion of metal substances in the pile to meial subsiances from which the
metal iz recoverable,

Acid ming drainage (AMD) resulting from ihe oxidation of sulfidic waste
sediments in waste rock piles generated by the mining indusiry, i a major environmenial
problem. The problams with wasie sedimeni arise when atmospheric oxygen gains access
to sediment layers containing sulfides. The oxidation of sulfides produces a high
groundwater sulfate concentration, a low pH and traces of metals such as nickel, copper,
cobalt, zinc, lead and mercury. The pollutant concentrations in drainage depend mainly on
the rate of pollutant generation in the waste sediments. There is a need for technology that
can measure in sife a rate of oxidation of the materials in a waste rock pile in a short
period of time, so that decisions regarding classification and management of the pile can

be made in a timely manner.

The conventional technology relating to the use of biooxidation and bioleach piles
in the processing of minerals relies primarily on indicators such as iron concentration and
microbial population in runoff water, which are external to the pile, in order to monitor
progress of oxidation of materials within the pile and to determine optimal operational .
A disadvantage of the use of such external indicators is that there is a significant time lag

between changes in the oxidation processes in the pile and changes in the external
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indicators. A further disadvantage of the conventional technology is that the use of
external indicators can only provide a measure of overall pile performance but can not
provide information about the spatial distribution of oxidation rates within the pile. There
is, therefore, a need for technology that can provide information on the spatial distribution
of oxidation rates within a pile. There is a further need for technology that can provide
that information rapidly and repeatedly, so that changes to the operating conditions of the
pile can be made in response to changes in the oxidation processes occurring in the pile in

order to improve the operating efficiency of the pile.

Conventional technology relating to both biooxidation/bioleach piles and waste
rock piles may alternatively or additionally rely on the determination of the oxidation rate
of materials based on the use of laboratory instruments to estimate oxidation of the
oxidisable material in the pile, using small samples from a pile. A disadvantage of these
laboratory determinations, however, is that they cannot provide real-time information on
conditions within a pile at a particular location and time. A furiher disadvantage of
laboratory measurement of oxidation rates ig that sampling from the pile in order to
conduct laboratory-based analysiz may interfere with the operation of the pile and may
also affect the sample zo faken in a manner that aliers its oxidation raie.

IR I

A iechmical paper by Elberling e of (Bovdic Hydrology, 24, 1993, 322-338)

describes a method for esiimating relative oxidaiion rateg of maierials in a wazste mineral
pile by meazuring oxygen conceniration within the pile az a function of depth. Thai
method however does not use deliberately oxygenation of the measurement site, but
instead relies on diffusion of oxygen from outside the pile. In doing so, the authors
measure an oxygen gradient within the oxygen diffusion zone (less than 1 metre) near the
surface of the pile of material, and derive the relative oxidizability of materials in the pile
from the oxygen flux associated with that gradient. Since the method relies on the oxygen
gradient near the surface of the pile, it is not capable of providing information on
oxidation rates deep within the pile. A further disadvantage is that it can not provide an
accurate spatial distribution of oxidation rates within a pile. Still another disadvantage is
that it can provide only relative rates of oxidation, based on the determined oxygen flux.
These may be useful in comparing different waste piles, but can not be used effectively to
predict rates of production of pollutants. Yet another disadvantage is that this method is

only applicable to waste mineral piles, and not to biooxidation and bioleach piles, since
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the forced aeration that is practised in biooxidation and bioleach piles would disrupt the

oxygen gradient that is central to the method.
Object of the Invention

It is an object of the present invention to overcome or substantially ameliorate at
least one of the above disadvantages. Another object is to address some or all of the

aforementioned needs.
Summary of the Invention

In a first aspect of the invention there is provided a method of determining a rate of
change in a gaseous oxygen concentration within a pile of material, said pile of material

comprising both solid phase and gas phase and optionally liquid phase, comprising the

steps of:

(1) altering the gaseous oxygen concentration in at least a part of the pile of
material;

(ii) measuring the gaseous oxygen concentration in at leasi one location
within that part of the pile of material altered by the gas confaming
0% ygen;

(ii1) repeating the measuring a sufficient number of times ai the af leasi one
locailon 1o enable deicrminaiion of a rate of change in the gaseous
orveen concenitation, wherein ihe aliering of siep (1) is ceased at least
prior to the repeating; and

(iv) determining the rate of change in the gaseous oxygen concentration in

the at least one location.
The altering may comprise passing a gas containing oxygen through the at least a
part of the pile. The method may additionally comprise the step of determining an

intrinsic oxidation rate (IOR) at the at least one location in the pile. The equation:
S = — gpiﬂ (O)(l - g20) amo

’ l-w,0f o

may be used to calculate an approximate value of the IOR of oxidisable material in the

pile, wherein:
So is an approximate value of the IOR;

£ is the volume fraction of the gas phase in the pile of oxidisable material; and
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2"(0) is the intrinsic gas density of the gas at the location in the pile at which the
IOR is determined, immediately after the altering of the gaseous oxygen concentration
therein.
The concentration of oxygen in the gas containing oxygen may be sufficient to
5 make the oxygen concentration in the at least one location approximately equal to the
concentration of oxygen in air. The method may comprise the steps of aerating at least a
part of the pile of material and of ceasing the aeration before the step of measuring the
gaseous oxygen concentration. The step of measuring may comprise the steps of :
(a) transferring a sample of gas from the region surrounding the probe to a location
10 external to the pile;
(b) passing the sample of gas to a device capable of measuring gaseous oxygen
concentration; and
(c) using the device to measure a gaseous oxygen concentration of the sample of gas.
The method may additionally comprise recording the time at which each of the

15 stepes of measuring is performed.

In an embodimeni, the step of altering comprises forming a cavity in the pile of
maferial such ihai the oxygen conient of the gas phase in zaid caviiy and in the
surrounding region is substaniially the same as the oxvgen conceniraiion in the ambient

w o atmogphere outside the pile of material, A probe for measuring oxygen may be inseried

into the cavity.

In another embodiment, the rate of change of oxygen concentration is measured a
plurality of times, and the change with time in at least one of the JOR and the rate of

25 change of oxygen concentration is used to estimate at least one of}
(i) a change in the rate of conversion of metal substances in the pile to

metal substances from which the metal is recoverable, as a function of

time,
(i) a change in the rate of production of pollutants in the pile as a function
30 of time, and
(iii) an effective lifetime of the pile.

In a second aspect of the invention there is provided a method of determining a

spatial distribution of rates of change of gaseous oxygen concentration within a pile of
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material, said pile of material comprising both solid phase and gas phase and optionally

liquid phase, comprising the steps of:

1) locating a plurality of probes in the pile;

(ii) altering the gaseous oxygen concentration surrounding at least two of
5 the probes;

(iii) measuring an oxygen concentration in the gas surrounding the at least

two of the probes in the pile;
@iv) determining a rate of change in oxygen concentration of the gas
surrounding the at least two of the probes in the pile wherein the
10 determining comprises measuring the oxygen concentration in the gas
surrounding at least two of the probes after the altering of step (ii) has
been stopped; and
) determining a spatial distribution of rates of change in gaseous oxygen
concentration in the pile.
15 The altering may comprise passing a gag confaining oxygen through the locationg of
the at leasi two of the probes. The method may additionally comprize the step of

determining a spatial distribuiion of IORs within the pile.

In a third azpeci of the invention there iz provided a method of contiolling the
2 operaiing condiiions of a pile of material, said pile of material comprising both solid
phase and gas phase and optionally liquid phage, comprizing:

(i) determining information selected from the group consisting of an IOR
of oxidisable material in the pile and a spatial distribution of IORs of
oxidisable material in the pile; and

25 (ii) adjusting at least one operating condition of the pile.

The step of adjusting may comprise a process selected from the group consisting of

aerating at least one portion of the pile and contacting at least one portion of the pile of

material with a liquid selected from the group consisting of water and an aqueous liquid.

30 In a fourth aspect of the invention there is provided a method for constructing, and
controlling the operating conditions of, a pile of material, said pile of material comprising
both solid phase and gas phase and optionally liquid phase, comprising:

) determining at least one property of the material;
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(i) using the at least one property in a model to determine a value of at least

one parameter of construction of the pile of material;

(iii) constructing the pile using the value of the at least one parameter of
construction;
5 (@iv) determining information selected from the group consisting of an IOR

of oxidisable material in the pile and a spatial distribution of IORs of
oxidisable material in the pile; and

) adjusting the operating conditions of the pile.
The at least one property of the material may be selected from the group consisting
10 of porosity, gas permeability, sulfur content, IOR, and a combination of these. The model
may be a computer model based on a deterministic formulation of multiphase flow
through porous media. The step of adjusting may include a process selected from the
group consisting of aerating the pile and contacting the pile of material with a liquid

selected from the group consisting of water and an aqueous liquid.

In a fitth aspect of the invention there iz provided a gyatem for deiermining a rate of
change in a gaseous oxygen concentration within of a pile of maierial, said pile of
material comprizing boith solid phase and gas phase and optionally liquid phase, said
gyglem compriging:

0 (1) meang for aliering the gaseons oxygen concentraiion n at leasi a part of a pile

of material;

(ii) means for measuring the gaseous oxygen concenfration within the pile of
material;
(iii) means for repeating the measuring of the gaseous oxygen concentration
25 within the pile of material;
(iv) means for determining the rate of change in the gaseous oxygen
concentration.

The means for altering may comprise for example an aerator such as a gas vent or a
gas outlet, and may comprise means for passing a gas containing oxygen through the at
30  least part of the pile, for example an aerator such as a gas vent or a gas outlet, and means
for stopping the passing, for example a valve. The valve is commonly fitted to the means
for passing a gas. The system may further comprise:
(a) means for determining the time at which the measuring occurred; and

(b) means for determining an intrinsic oxidation rate at a location within the pile.
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The means for determining the time may be for example a data logger or a timing
device. The means for determining an intrinsic oxidation rate may be for example a
computer or other calculating device.

In a sixth aspect of the invention there is provided a system for determining a
spatial distribution of rates of change in gaseous oxygen concentration within a pile of
material, said pile of material comprising both solid phase and gas phase and optionally

liquid phase, said system comprising:

1) a plurality of probes capable of being located in the pile;

(i1) means for altering the gaseous oxygen concentration surrounding at least two
of the probes;

(iii) means for measuring the gaseous oxygen concentration in the gas surrounding

the at least two of the probes in the pile;

(iv) means for determining the rate of change in gaseous oxygen concentration of
the gas surrounding the at least two of the probes in the pile; and

(v) meang for determining a spatial distribution of rates of change in gaszeous
oxyeen concentration in the pile.

The means for altering may comprise for example at least one asrator, such as a gas

vent or a gas ouflet, and may comprise means for passing a gas containing oxvgen
ihrough the location of the at least two of the probes for example at least aerator, such a2 a
gas vent or g gaz ouilet, and means for stopping the aliering, for exampls at leagt one

valve. The at lessi one valve iz commenly fitted to the means for passing a gas, The
system may additionally comprise means for determining a spatial distribution of IORs

within the pile for example a computer or other calculating device.

In one embodiment of the sixth aspect of the invention, more than one probe is
connected to a particular means for measuring and there is additionally means to
selectively direct gas from a probe comnected thereto to the particular means for
measuring at any particular time. The means to selectively direct gas may comprise one or

more valves, and may also comprise a controller for controlling the valve(s).

In a seventh aspect of the invention there is provided a system for controlling the
operating conditions of a pile of material, said pile of material comprising both solid

phase and gas phase and optionally liquid phase, comprising:
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@) means for determining information selected from an IOR of oxidisable
material in the pile and a spatial distribution of IORs in the pile; and
(ii) means for adjusting at least one operating condition of the pile.

The means for determining information may conveniently comprise for example a
system according to the present invention for determining a rate of change of gaseous
oxygen concentration The means for adjusting may comprise means selected from the
group consisting of means for aerating the pile, for example an aerator, and means for
contacting the pile of material with a liquid selected from the group consisting of water
and an aqueous liquid, for example an irrigator. The system may comprise a computer,
and the means for determining may comprise a computer. The means for adjusting may
be capable of adjusting the operating conditions selectively in different portions of the
pile.

Brief Description of the Drawings

Preferred forms of the present invention will now be described with reference to the

accompanying drawings whergin:

Figure la ig a diagranunatic representation of a waste rock pile showing positions of
a pluraliiy of holez in each of which are located probes for measuring oxygen
conceniration, and opiionally also other parsameiers, in aceordance with the method of ihe

present inveniion,

Figure 1b iz a diagrammaiic represeniation of a biooxidaiion/bicleach pile, showing
positions of a plurality of strings of probes for measuring oxygen concentration, and
optionally also other parameters, means for supplying air and water to the pile and a

computer for controlling the above components;

Figure 1c¢ is a diagrammatic representation of a biooxidation/bioleach pile that has
been constructed in two stages, showing two sets of strings of probes for measuring
oxygen concentration, and optionally also other parameters, means for supplying air to

the pile and a computer for controlling the above components;

Figure 2 is a diagrammatic representation of the drilling of a hole in a waste rock
pile using a drill which injects air into the heap, for example a rotary percussion air blast,
for providing holes for the insertion of probes in the pile and for modifying the
concentration of oxygen in a region surrounding the hole, using the method in accordance

with the second embodiment of the invention;
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Figure 3 is a diagrammatic representation of a hole in a waste rock pile, showing
two groups of probes at different depths capable of measuring oxygen concentration,
temperature and another parameter, the connection of the oxygen probe tubes to an
oxygen sensor, the connections of the probes to a computer and the backfill used to seal
the hole;

Figure 4a is a graph representing the change in oxygen concentration over time
within two different uniformly aerated biooxidation/bioleach piles, which have different
rates of oxygen consumption wherein the results are obtained from a plurality of probes

within each pile;

Figure 4b is a graph representing the change in oxygen concentration over time as a
function of depth for 3 different sizes of the aeration zone in a waste rock pile represented

in Figure 1a;

Figure 5a is a graph representing the change in the relative deviation of the
approximate IOR from its more precise value (as determined by Equaiion 1), over time, at
different points within a biooxidation/bioleach pile correspending to the oxygen

concentration curves for Pile | in Figure 4a;

Figure 5b iz a graph represeniing the change in the relative deviation of the

approximate IOR. from ifs move precizse value (as determined by Bquaiion). over time,

ag a function of depih, for 3 diffcreni sizes of the acrafion zone, comresponding to ihe

oxygen concentration curves in Figure 4b; and

Figure 6 shows the dependence of the IOR (as a proportion of the maximum IOR)
as a function of the oxygen concentration (as a proportion of atmospheric oxygen

concentration).
Detailed Description of the Invention

The IOR(s) and/or the rate(s) of change of oxygen concentration may be used to
estimate one or more of the rate of conversion of metal substances in the pile to at least
one metal substance from which the metal is recoverable, the amount of recoverable
metal in the pile and the rate of production of pollutants in the pile. The metal substances
may be metal compounds, metal salts, metal complexes, organometallic compounds,

metals or other metal substances. The IOR(s) and/or the rate(s) of change of oxygen
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concentration may be used to estimate one or more of the rate of conversion of metal

substances in the pile to at least one metal substance from which the metal is extractable.

The part of the pile in which gaseous oxygen concentration is altered in the method
of determining a rate of change of oxygen concentration may comprise a contiguous part
of the pile or it may comprise a collection of unconnected portions or it may comprise the

entire pile.

The gas containing oxygen may be air, oxygen or a mixture of oxygen and one or
more other gases, the other gases being for example nitrogen, helium, carbon dioxide etc.
The concentration of oxygen in the gas containing oxygen is greater than the oxygen
concentration in gas in the pile prior to the altering, at the location(s) where the measuring
is performed. The concentration of oxygen in the gas containing oxygen may be greater
than about 5% on a weight, volume or mole basis, or greater than about 10, 15, 20, 30, 50,
50, 60, 60, 80 or 20%, or between about 100% and about 5%, or between about 50% and
about 10% or between about 30% and about 15%, and may be about 5, 10, 15, 20, 25, 30,

40, 50, 60, 70, 50, 20 or 100% on a weight, volume or mole basiz, Preferably the gas is
air, and preferably the altering of step (1) ig sufficient to make the oxygen concentration in
the ai lzast one location where measurementis are made approximaiely equal to the

conceniralion of oxygen in air,

The giep of measuring gaseons oxygen conceniration in the method of deiermining

a rate of change of oxygen conceniration may be performed at leazi twice, and may be
performed at least 3, 4, 5, 10, 15, 20, 30, 40 or 50 times, or between 2 and 50 times, or
between 3 and 40 or between 4 and 30 or between 5 and 20 or between 10 and 15 times,
and may be performed 2, 3, 4, 5, 10, 15, 20, 25, 30, 40 or 50 times. Alternatively the

measuring may be performed continuously over a period of time.

Optionally the step of measuring gaseous oxygen concentration may be repeated

one or more times prior to cessation of the altering of step (i).

The IOR(s) is/are are function of oxidisable material in the pile which causes the
change in the gaseous oxygen concentration. The IOR(s) is/are determined at the
location(s) where steps (ii) and (iii) are carried out in the pile. The IOR So(wo, ws, T) is

frequently described by the Monod formula:



10

i

20

25

WO 2004/072636 PCT/AU2004/000151

11
w, o +1 )( o, o+l )
_ o, 23 1
So(a)asa)sﬂn SmaxA('T)(Qo o, + a)o/Qo Qs o, -+ COS/QS ( )

Here Smax is the maximum value of the IOR at atmosphere oxygen concentration;
01=0,=0.05 are empirical constants; wp and ws are the oxygen and sulfur mass fractions
respectively at a given instant of time and at a given position in the pile of material; Qo is
an initial value of the oxygen mass fraction in the gas phase, which equals the oxygen
mass fraction in the atmosphere and has an approximate value of 0.231 in the case that
atmospheric air is used to alter the oxygen concentration within the pile; and Qg is the
initial mass fraction of sulfur. The factor 4(7) is a smooth function of temperature

equalling unity at relatively low temperatures, 7'< 40°C.

Examples of piles of oxidisable materials include biooxidation piles, bioleach piles,
waste rock dumps and the like. Whereas the present invention is intended primarily for
use in the mining industry, it may also be nzed in other industries, for example food and

agriculture, or other industries in which piles of oxidisable materials occur.

The gaseous oxygen concentration may be expressed as any one of the following: a
percentage based on weight, a percentage based on volume, mole fraciion, mazs fraction,
weight fraction, volume fraction or any other commonly used means o express such a

concentration. Convenienily ihe gaszous orygen conceniration may be measured naing a

probe, or a plocalily of prob hich may be inseried inio the pile of maierial,

The rate of change in gaseous oxygen concentration may be conveniently be

determined by any one of the following means:

(1) subtracting one value of gaseous oxygen concentration from another value of
gaseous oxygen concentration and dividing the result by the time difference

between the measurement of the two values;

(ii) determining a slope of a line through some or all of the points representing the
measured values of gaseous oxygen concentration on a graph of oxygen

concentration against time;

(1ii) determining a slope of a tangent to a curve representing the measured values
of gaseous oxygen concentration on a graph of oxygen concentration against

time;
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(iv) any other convenient means to determine the rate of change of gaseous

oxygen concentration.

An equation may be used to calculate the IOR in the region adjacent to the probe.
The following equation may be used to calculate an approximate value of the IOR of
5  oxidisable material in the pile:
«__2P"(0)(1-Q,) b0,

% w0 a ®

wherein:
So is an approximate value of the IOR;
g is the volume fraction of the gas phase in the pile of oxidisable material; and
1w 2"0) is the intrinsic gas density of the gas at the location in the pile at which the
IOR. ig determined, immediately after the altering of the gaseous oxygen concentration
therein.
Equation 2 may be derived from mass balance equations for the total gas phase

(Equation 3a) and for the oxvgen density (Equation 3b):

15 —“TJ_M + {:H.&‘i([’:}l-& :%'fb ) = “i:ﬁ‘&' ( "lj:}d ? l‘;‘}.‘f ? i ’D (j ! ﬂ
a He ¥
f)( o0, ) ) i} o o ‘ SR
T + dw[ﬁ’gmo‘%f” - Dav(pga’o ).I= = 5,(@,,2,,T), (3)
where:

v® is an intrinsic pore gas velocity; and
P18 a pore gas bulk density; and
20 Dy is the effective diffusion coefficient of oxygen in the porous medium;

by assuming that diffusion of oxygen within the pile is insignificant. This assumption
may be valid in the period shortly after the gas in the at least part of the pile has been

altered.

In an example of the method, which is applicable to biooxidation and bioleach piles,

25 the rate of change of oxygen concentration, and optionally also the IOR, is measured a
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plurality of times. The change with time in one or both of the IOR and the rate of change

of oxygen concentration may be used to estimate one or more of:

(a) the change in the rate of conversion of metal substances in the pile to metal substances

from which the metal is recoverable, as a function of time,
5 (b) the change in the rate of production of pollutants in the pile as a function of time, and
(c) the effective lifetime of the pile.

The measurements may be made sufficiently frequently and at sufficient time
intervals to allow the estimates of (a), (b) and/or (c) to be made, but preferably not so
frequently as to interfere unduly with the operation of the pile. The time interval between

10  measurements may be for example between about 4 and 40 days, or between 5 and 35
days or between 6 and 30 days or between 7 and 25 days or between 8 and 20 days or
between 10 and 15 days, and may be about 4, 5, 6, 7, 8, 9, 10, 15, 20, 25, 30, 35 or 40
days. The effective lifetime of a pile may commonly be about 6 monthe for a

biooxidation pile. Thus measurements may be made betwesn 2 and 40 times, or between

._.
w

3 and 35 or between 4 and 30 or between 5 and 25 or between 5 and 20 times, and may be
made about 2,3, 4,5, 6,7, 8,9, 10, 15, 20, 25, 30, 35 or 40 iimes. An estimaie of ihe
lifetime may be achieved by extrapelating one or more of the IOR and the raie of change
of cxygen conceniraiion, and seitmating therefrom the fime at which

P
A

particular

2 of the mitizl soliue will have been oxidized

[ Al DM RRE Y,

(for example 0% or 25%) or &

20 range (for example 85-25% or 20-100%).

(i)  The invention also provides a method of determining a spatial distribution of rates

of change in gaseous oxygen concentration within a pile of material. Insertion of a

plurality of probes into the pile may be accomplished by either locating the probes during

building of the pile of material, or inserting probes into holes cut in the pile. The plurality
25 of probes may be arranged in a predetermined array. The distribution of probes is

commonly dictated by convenience and cost.

In the case that probes are inserted into holes drilled into the pile, there may be a
plurality of probes inserted into each of the holes at different depths in order to provide
information about the spatial distribution of conditions within the pile. There may be a

30  plurality of such holes, each of which would commonly be no closer than 0.5 metre to

another such hole. Preferably, for example, in a pile of 100 metres by 100 metres there
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may be about 9801 such holes, representing about 1 hole every 1 metre, or there may be
about 361 such holes, representing about 1 hole every 5 metres, or there may be about 16
holes, representing about 1 hole every 20 metres or there may be a different number of
holes (which may be between 9801 and 16 or greater than 9801 or less than 16). This

would commonly be the case when the pile was a mineral waste dump pile.

In the case that probes are inserted into the pile during construction of the pile,
which is most commonly the case when the pile is a biooxidation or bioleach pile, the
probes may be inserted into the pile in connected groups (“‘strings”) which may be
inserted at an angle to the vertical, the angle being dictated by convenience in the
construction of the pile. Preferably a plurality of the strings is inserted into a pile, each of
which would commonly be no closer than 0.5 metre to another such string. Preferably, for
example, in a pile of 100 metres by 100 metres there may be about 9801 such sirings,
representing about 1 string every 1 metre, or there may be about 361 such strings,
representing about 1 string every 5 metreg, or there may be about 16 strings, representing
about 1 siring every 20 metrees or there may be a ditferent number of strings (which may

be between 2801 and 16 or greater than 2801 or less than 16).

It will be undersicod that the pile may be consiructed in differeni stages. Thus
mially, a fivai part of ihe pile may be construcied, with 2 first sei of sirings being inseriad
as the first part o' the pile is construcied. Subsequently a second part of the pile may be
consirucicd, with a second sel of strings being inserted ag ihe second part of the pile iz
constructed. The second part of the pile may be on top of the first part, or it may be beside
the first part or it may be in some other location relative to the first part. It will be further
understood that the pile may have more than two parts, and may have for example 1, 2, 3,
4,5,6,7,8,9, 10 or more than 10 parts, each of which may be constructed with a
separate set of strings being inserted as it is constructed, and each being, independently,

on top of, beside, or in some other location relative to, any other stage of the pile.

The probe, or, in the event that a plurality of probes is used, at least one of the
probes, may be capable of measuring the concentration of oxygen in the gas phase in the
region adjacent to the probe. Advantageously, the probe(s) may also be capable of
measuring the temperature of the pile of material in the region surrounding the probe.
More advantageously, the probe(s) may also be capable of measuring one or more other

parameters of interest in managing the pile of material, for example gas permeability and
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gas pressure. Alternatively, separate probes may be provided to determine temperature
and/or the one or more other parameters. Preferably the probe capable of measuring
temperature is a thermocouple or a thermistor. The probe for measuring another

parameter of interest may be a manometer.

The period of time over which the measurements are made may be any period from
about 1 hour to several days (eg 1 to 5 days or 1 to 3 days or 1 day) or even weeks. The
time period is preferably less than about 15 hours or less than 12 hours or less than 10
hours. The time period may be in the range of 1 to 15 hours, 1 to 14 hours, 1 to 13 hours,
1 to 12 hours or 1 to 10 hours. The time period may be about 1, 2, 3, 4, 5, 6, 7, 8, 9, 10,
11, 12,13, 14, 15 or 16 hours. More preferably, the measurements are made over a period
in the range of from about 1 to about 5 hours. In the case of bioleach and biooxidation
piles, this may help to ensure that the determination of the IOR. causes as little as possible
disruption to the operation of the piles, and may enable calculation of the IOR to be made
sufficiently rapidly so as to permit effective control of the operational conditions of the
pile of material. In the case of wagte mineral dump piles, this may enable rapid

claszification of the dumpe based on the measured IOR or distribution of the IOR=.

Preferably. the measurement of oxyegen concentration in the region adjacent io the
probe and the subeequeni caleulation of the 10 do not interferve significanily with the

escidation of the pile of material,

The method may include a step n which the caleulated 1O 12 vzed o make
decisions concerning operation of the pile. Optionally, data relating to other parameters of
the pile, for example temperature, are also used in making said decisions. Preferably, in
the case that the pile is a biooxidation or a biolsach pile, the decisions relate to adjusting
the operating conditions of the pile of material. More preferably the decisions relate to

improving the operating conditions of the pile of material.

When IOR, or the spatial distribution thereof, is used in a method for controlling the
operating conditions of a pile of material, other parameters may be measured in order to
determine how to adjust the operating conditions of the pile. Commonly, one of the other
parameters is temperature. The step of adjusting may include aerating the pile and/or
contacting the pile of material with water or aqueous liquid. The pile may be aerated
and/or contacted with water or an aqueous liquid at a rate sufficient to improve the

oxidation rate of the pile of material. The step of adjusting may also include using other



10

15

25

30

WO 2004/072636 PCT/AU2004/000151

16

methods to affect the oxidation rate of the pile of material. Preferably aerating and/or
contacting with water or aqueous containing liquid are at a rate sufficient to optimise the
oxidation rate of the pile of material. The oxidation rate may be a rate of biooxidation of

sulfur-containing materials in the pile.

Alternatively or additionally, the calculated IOR or a distribution thereof, optionally
together with other data gathered from the same or a different probe(s), may be used for
computer modelling or simulation of the operation of the pile of material, in order to

determine the effect of specific conditions on the operation of the pile of material.

In an example, the method includes the step of aerating the pile of material and
then ceasing the aeration before the measurement of oxygen concentration is made or
before the first of two or more measurements of oxygen concentration is made, in order to
provide a gaseous oxygen concentration in the pile of material that is approximately
homogeneous and is higher than the gaseous oxygen concentration before the aerating,
Alternatively, the oxygen concentration within the pile may be altered uging oxygen or a
mixtuie of gases, said mixture containing oxygen. The oxygen concentration in the
mixture of gases ig greater than the oxygen concentration in the gas in the pile prior fo the
altering, at the location(s) where the measurements are made. Advantageonsly, the sieps

of aerating the pile or altering the oxyeen concentration within ihe pile, and deicrmining

the 1OE, may be repeated mors than once, More advaniageously the said ¢

repeated without moving ihe probe(s).

In another example, the or each probe is inserted into a cavity in the pile of material
that has been aerated such that the oxygen content of the gas phase in the cavity and in the
surrounding region is substantially the same as the oxygen concentration in the ambient
atmosphere outside the pile of material. The region preferably has a radius of greater than
3 metres, more preferably greater than 4 metres and still more preferably greater than 5
metres. This embodiment may provide an initial level of oxygen in the region surrounding
the probe that is similar to the level in the atmosphere outside the pile of material.
Alternatively, the oxygen concentration in the cavity and the region surrounding the
cavity may be altered before the measurement of oxygen concentration, using oxygen or a
mixture of gases, said mixture containing oxygen. Preferably, the cavity into which the
probe is inserted is formed using a drill that passes air, oxygen or a mixture of gases, said

mixture containing oxygen, into the cavity as the drilling progresses. The cavity may be a
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hole that has been drilled in the pile. The cavity or hole may be sealed or closed after the
probe(s) is (are) appropriately located therein. The sealing or closing is conveniently

achieved by backfilling the cavity or hole.

Preferably the time elapsed after aeration of the pile of material and the distance of
the probe from the surface of the pile of material are such that the diffusion of oxygen
from the outside of the pile of material to the probe is not significant. This may serve to
ensure that equation (2) provides an acceptable estimate of the actual IOR, by satisfying
the assumption that diffusion of oxygen from outside the pile into interstitial voids is

insignificant. The condition for ensuring that this assumption is satisfied is given by:
[ >> /Dot 4)
where:
[ is the distance of the probe from the surface of the pile;
D ig the effective ditfusion coefficient of oxygen in the gas within the pile; and
7 iz the time after aeraiion has ceazed.

The method according to the first embodiment of the prezent invention offers the

advantage that pile oxidation performance can be determingd on an ongoing b

without having to vely on eitemal indicaiors, which show a gignmfcant iine lag babind

aciial pile perbmance,

When IOR or a spatial distribution thereof is used in a method for constructing, and
controlling the operating conditions of, a pile of material, a computer model may be used
to determine at least one parameter of construction of the pile. The model may be based
on a deterministic formulation of multiphase flow through porous media, for example a
computer model as described in Australian Patent No. 6083790, the contents of which are

incorporated herein by reference, or a computer model similar to that model. Commonly,

Alternatively or additionally, the calculated IOR, optionally together with other data
gathered from the same or a different probe(s), may be used for computer modelling or
simulation of the operation of the pile of material, in order to determine the effect of
specific conditions on the operation of the pile of material. The computer modelling may

use the same model as that described above or it may use a different model.
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In a system for determining a rate of change in a gaseous oxygen concentration
within of a pile of material, according to the present invention, the means for measuring
the gaseous oxygen concentration may comprise a tube through which a sample of the gas
to be measured is conveyed to a sensor capable of measuring oxygen concentration.
When a plurality of the probes are used, each tube may be connected to a separate oxygen
sensor, or one or more of the oxygen sensors may be connected to a plurality of tubes.
There may additionally be means to control from where in the pile the sample of gas was
taken. The means to control may comprise a plurality of valves linked to a means to
control the valves, for example a computer. There may optionally be one or more filters,
either at the end of the tube(s), at some location within the tube(s) or near the oxygen
sensor(s), the filters being capable of removing materials detrimental to the performance
of the oxygen probe or sensor, for example particulate material, dust, CO, and moisture.
In a system for determining a spatial distribution of rates of change in gaseous oxygen
concentration within a pile of material, the plurality of probes may be arranged within the

pile in a predetermined array.

If more than one probe is connected to a particular sensor, then there may
additionally be means 1o selectively direci gas from one probe to the senzor at any

means for nsing ai leasi one of the calenlated

gen concentration soed the iemperature ioomake decizions conceming

operation of the pile, The meang o make ¢ S Y comprise means o adpat ihe
operating conditions of the pile of maierial.

In a particular aspect of the invention, there is provided a system for controlling the
operation of a pile of material, comprising:

(1) one or more probes capable of being located within the pile of material;

(ii) means for altering the gaseous oxygen concentration in at least a part of

a pile of material and means for stopping the altering;

(iii) means to determine (a) rate(s) of oxidation of material within the pile;

(iv) means to determine the IOR or a spatial distribution of the IOR within
the pile;

W) means to determine temperature and optionally a spatial distribution of

temperature within the pile;
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(vi) means for controlling the provision of the one or more materials to the

pile.

The system may include means for coupling the probes of (i) to the means to
determine of (iii) and (v). The one or more materials in (vi) may be air or other gas, water
or other aqueous liquid, for example. The means of (iii), (iv) and (v) may include a
computer. The means of (vi) may be a computer linked to means for providing air or other
gas to the pile and/or means for contacting one or more portions of the pile of material

with water or aqueous liquid.

The probe(s) may be capable of measuring gaseous oxygen concentration, and
optionally they may also be capable of measuring temperature, and optionally also other
parameters of relevance to the operation of the pile of material. Alternatively, separate
probes for measuring gaseous oxygen concentration, temperature and optionally the other
parameters may be located close to each other in a group. There may be between 2 and 70
or more of the probes or groups of probeg within the pile. The number of probes will
depend on the size of the pile and the chosen digtance between probes, In particular there

~

may be between 2 and 50 or more of the probes or groups of probes within the pile. More
particularly there may be beiwesn 2 and 30 or more of the probes or groups of probes
within the pile. Even more particulacly thare may be hetween 2 and 20 or more of the
pinbes o groups of probes within ihe pile, Sl wore particolarly ithere may be between 2
and 10 or more of 2uch peobes or groups of probos within the pile. Preierably, any ong
location within the pile at which oxygen concentration is measured will be between 0.5
and 10 metres or more from any other such location. More preferably any two such
locations will be between 0.5 and 7.5 metres apart, still more preferably between 0.5 and
5 metres apart, even more preferably between 1 and 4 metres apart, even more preferably

between 1 and 3 metres apart and still more preferably between 1 and 2 metres apart.

The means for providing air or other gas to the pile may be capable of providing the
air or other gas selectively to different portions of the pile at different rates. Similarly the
means for providing water or other aqueous liquid to the pile may be capable of providing
the water or other aqueous liquid to different portions of the pile at different rates. The
system may also include means for adjusting other parameters of relevance to the
operation of the pile in response to the determined IOR or spatial distribution of the JOR
in the pile. The means for determining the IOR or a spatial distribution of the IOR may be
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a computer. The means for controlling the provision of air or other gas and of water or
other aqueous liquid to the pile may comprise a series of valves connected to the
computer. The means for controlling the provision of air or other gas and/or water or
other aqueous liquid to the pile may comprise means to control the provision of the air or
other gas and the water or other aqueous liquid selectively to different portions of the pile

at different rates.

Similar mathematics to that shown above has been derived for piles of sulfidic materials
by Bennett and Ritchie (Hydrometallurgy, 72 (2004), 51-57). The oxygen concentration,
u'(x", v, 1), in the gas phase in the pore space of a heap of sulfidic material may be

calculated using:
d(egu’)

+div[u*ag§g —DOVu*]=-Bg S*(08,05,T) 5)

where
D, = the oxygen diffusion coefficient;

Swg.02,T) = the intringic oxidation rate of the sulfidic material;

)

Py = the ratio of the mass of oxygen used to the mass of sulfur consumed in sulfide

T = the igmperaturs at the point (i,

oxidaiion;

¥ =g horizonial axis;

S TP I
yo=iha veriical o

ihe dimenzion of ihe heap in the ofher horzonial divection iz large comparsd 1o ine

%,y dimengions.
The mass fraction of oxygen, w§, in the gas phase and the mass fraction, of, of sulfide
sulfur in the solid phase are also functions of %,y andt.
Using the dimensionless variables:
x=x /X0, =y /h, S=8%s3 and v=u'/u,;
where
X, = the width of the heap (m);
h = the height of the heap (m);
U, = the oxygen concentration in air (kg m?); and

S8 = the maximum value of the intrinsic oxidation rate (kg (Oz) m?s™)

Equation 5 may thus be written as:
D, 6u+ h Ou :| Bgsg

= S(O)%,(D:,T). (6)

(o]
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Examination of Equation 6 shows that, in order to achieve a high oxidation rate at
all points in a pile of sulfidic material, the second term in the square brackets must be |
much smaller than the first. Thus the specific gas discharge rate, &, v, should be much
greater than Dy/h. For a typical pile the latter term is commonly about 5 x 107 m/s. This
value of specific discharge rate is readily achievable in practice. It can be shown that for
the oxidation rate throughout the heap to be near the maximum value, the specific
discharge rate should be about 10 m/s. The gas discharge rate should be high enough for
the second term in Equation 6 to balance the third term. Such discharge rates can be
achieved by providing air to the base of the pile. The pressures required are quite modest
(between about 100 and 10,000 Pa) for a gas permeability of greater than about 10" m?,
When the supply of air is switched off, the gas specific discharge rate decreases sharply.
In most large waste rock piles, gas transport is dominated by diffusion at locations
sufficiently far from the sides of the pile. This is likely to be the case for most
biooxidation and bioleach heaps az well, When aeration is ceased, the first term in the
square brackets of Equation 6 can be neglected, and Equation 6 becomes,

| -7 )
d(z5u) D,|d°u  h 8°u
R B e
E) { h» L % (‘;7} L

-}
- P

ngi 3 [ -
Sob,og Ty, (/)
u

Lo,

) oy SRy

ol

diffugion coetfficient may be sloul 5 1 mT g and 100 For the heighi of the pike. Thug
the multiplier outside the square brackets may commonly be about 5 x 10% 5. To ensure
that a large fraction of sulfide sulfur is oxidised in a biooxidation heap in a typical time of

about 6 months, the intrinsic oxidation rate should be high, for example about 5 x 10° kg

L

g . .
(O) m™ 5. The multiplier [B” OJ will then about 7 x 10™ s, Thus the IOR dominates

U,

the behaviour of the oxygen concentration in the pore gas over time as the system relaxes
from the pseudo steady state after aeration has been stopped. Consequently, measurement
of the rate of decrease of the oxygen concentration at a point in the heap provides a
measure of the IOR of the sulfidic material at that point. Measurement of the rate of
change of the oxygen concentration at a variety of locations throughout the heap provides
a distribution of sulfide sulfur oxidation rates through the heap, since the stoichiometry of

the sulfide oxidation reactions is known.
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Waste rock dumps are typically much higher than bioheaps, commonly being up to 25m

or more, but the oxidation rate of the sulfidic material is typically much lower, commonly
s

S
about 1x 10 kg (0,) m™ s, The multiplier [Bg °] at about 7x10°® is still greater than

Uy

(Do/h%) at 8x107. Thus it is still probable that immediately after cessation of drilling the
time dependence of the oxygen concentration near the probe hole may described by a

simple rate equation.

A preferred mode of carrying out the invention is described below with reference to
Figures 1a, 1b, 2a, 2b and 3. In this description, the numbers of the following: probes,
collections of probes, groups of probes, strings of probes, holes, outlets for water and air,
and other components described; are shown by way of example only and should not be

taken as in any way limiting the invention.

In the cage of a waste roclk pile, illustrated diagrammatically in Figure 1a, holes
102, 104 and 106 are drilled vertically (or alternatively they may be drilled at some
different angle) info a pile of wasts rock 101. A typical waste rock pile may be between

100 and 3000 meires wide and between 10 and 100 meires or more high. The drilling of

holeg nio the pile iz shown in gieater detail in Fignre 2. Collections of probes 112, 114

conceniration, opitonally i

the operation of the pile, are located into holes 102, 104 and 106. Collections of probes
112, 114 and 116 comprise groups of probes at different depths within the holes 102, 104
and 106. This is shown in greater detail in Figure 3. The probes of collections 112, 114
and 116 are located sufficiently far from the surface of the pile that diffusion of oxygen
from outside the pile is negligible during the period of a measurement. Although this
depends on a number of factors (Equation 4) a typical minimum distance to the surface of

the pile may be about 0.5 to 1 metre. Collections of probes 112, 114 and 116 (which
include collections of tubes 152, 154 and 156) send electrical data to computer 140 by

means of collections of electrical cables 122, 124 and 126 and send gas samples to
oxygen detectors 142, 144 and 146 by means of collections of tubes (probes) 152, 154
and 156. It should be noted that certain types of probe, for example thermistors, require a
device such as a signal transducer, to convert a signal from the probe to a signal suitable

as input for a computer. It will be understood that such devices, although not shown in the
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Figures, are in fact present when necessary. Oxygen detectors 142, 144 and 146 are also
connected to collections of electrical cables 122, 124 and 126 and transmit data through
them to computer 140. Alternatively, signals may be sent from collections of probes 112,
114 and 116 and oxygen sensors 142, 144 and 146 to the computer 140 by means of
transmitters or other convenient method. Optionally there may be more than three or less
than three oxygen detectors connected to collections of oxygen tubes 152, 154 and 156.
For example, there may be 1, 2, 4, 5 or 6 or more oxygen detectors. During the drilling of
holes 102, 104 and 106, air is provided to the holes as shown in Figure 2 (for a typical
hole 215). This creates a zone of aeration 235 in which the oxygen concentration is
approximately the same as in the outside atmosphere. As soon as is convenient after
insertion of probes into holes 102, 104 and 106, the holes are sealed by backfilling with
backfills 132, 134 and 136, and data acquisition from collections of probes 112, 114 and
116 is commenced. The data acquired over a period of approximately 10 to 12 hours is
gent to the computer 140 which then determines a rateof change in oxygen concentration
for each oxygen probe. From that and from other data the computer 140 can then
defermine a spatial distribution of the [OR. and opiionally also of other parameiers,
Alternatively, raw data may be stored in the compuier for subsequent off line analysis.
Thiz aligrative may be commonly used inihe case ol wasie rock piles,

Draring congiruciton of a bioosidation/ioleach pile, illugivared diagrammaiically in

Figuie Th, oir papes 2472, 244 and 246, coch ol which may have ane or mors air ouileis,

are initially laid on the site. The pipes are fAited with air flow control valve 252, 254 and
256, which are connected to computer 220 by cables 262, 264 and 266. Alternatively,
signals may be sent from the computer 220 to the valves 252, 254 and 256 by means of a
transmitter or other convenient method. Rock is then laid on top of pipes 242, 244 and
246 to form pile 201. Strings of probes 202 (including tubes 223, 225, 227), 204
(including tubes 229, 231 and 233) and 206 (including tubes 235, 237 and 239) are
located in pile 201 as it is being constructed. Strings of probes 202, 204 and 206 contain
individual groups of probes 222 (including tube 223), 224 (including tube 225), 226
(including tube 227), 228 (including tube 229), 230 (including tube 231), 232 (including
tube 233), 234 (including tube 235), 236 (including tube 237) and 238 (including tube
239). Each of these groups of probes contain individual probes which are capable of
measuring gaseous oxygen concentration, and optionally temperature and/or other

parameters relevant to the operation of the pile. The strings of probes in Figure 1b are
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each similar to the collection of probes shown diagrammatically in Figure 3, although
they are located at an angle in the pile, and are located in the material of pile 201 rather
than being located in a backfilled hole. The groups of probes 222, 224, 226, 228, 230,
232,234, 236 and 238 are located sufficiently far from the surface of the pile that
diffusion of oxygen from outside the pile is negligible during the period of the
measurement. Although this depends on a number of factors (Equation 4) a typical
minimum distance to the surface of the pile may be about 0.5 to 1 metre. Probes 223, 225,
227,229,231, 233, 235, 237 and 239 within groups 222, 224, 226, 228, 230, 232, 234,
236 and 238 respectively are designed to measure oxygen concentration and comprise a
tube for conveying air samples to oxygen detectors 247, 248 and 249. Alternatively, there
may be more than three or less than three oxygen detectors connected to collections of
oxygen tubes 223, 225,227,229, 231, 233, 235, 237 and 239. For example, there may be
1,2, 4,5 or 6 or more oxygen detectors. The oxygen detectors are located externally to
pile 201, This is shown in greater detail in Figure 3. Groupes of electrical cables 212, 214
and 216 transmit data from probes 202, 204 and 206 and from detectors 247, 242 and 24%
o computer 220, Alfernatively, data inay be sent io the computer 220 by means of a
transmitier or other convenient method, Water pipes 272, 274 and 276 are located on or

above the iop of pile 201, Each of pipes 272, 274 and 276 may have one or imore outlets

for waier, The flow of waler throngh pipes 272, 274 and 276 may be controlled by valves

s Y22 DR L

222, 284 and 280, which are commecied to compuior 220 by elecivical cables 297, 224 and

290, Alieroaiively, gignals may be geni from the compnier 220 to valves 282, 784 and

by means of a transmitter or other convenient method. The water supplied fo pipes 272,
274 and 276 may have various materials, for example acid, ferric ions and/or other ionic
species or other chemicals dissolved in it for the purpose of improving the operation of
the pile.

Prior to determining the IOR or a spatial distribution of the IORs, air is passed
through pipes 242, 244 and 246 in order to provide oxygen to the parts of the pile in
which probes 223, 225, 227, 229, 231, 233, 235, 237 and 239 are located, such that the
oxygen concentrations at those locations are approximately the same as the oxygen
concentration in the atmosphere outside the pile. The air flow through pipes 242, 244 and
246 is then stopped by closing valves 252, 254 and 256. These valves remain closed
throughout the period in which data is acquired for determining the IOR or a spatial
distribution of the IORs. Alternatively, air flow may be controlled by turning on or off

blowers, fans or other means for providing the air to pipes 242, 244 and 246. Either
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before the stopping air flow or immediately after it, a measurement of oxygen
concentration is made by each of the probes in the pile, using detectors 247, 248 and 249
to measure the oxygen concentration of samples of gas taken by probes 223, 225, 227,
229, 231, 233, 235, 237 and 239. At the same time, measurements of temperature and any
other desired parameters are made by detectors in strings of probes 202, 203 and 204. The
data so acquired is sent to the computer 220 by means of groups of cables 212, 214 and
216. Measurements of oxygen concentration, temperature and optionally other parameters
are then made at a number of times over a period of approximately 10 hours. Data from
these measurements are transmitted to the computer 220. The computer then processes
that data to determine the IOR or a spatial distribution of the IORs, and optionally also
other operating conditions of pile 201 or spatial distributions of the other conditions. It
may then determine what changes need to be made to the operating conditions of pile 201
to improve its operation. The computer may then send signals to valves 252, 254, 256,
282, 284 and 286, and optionally to other devices capable of influencing the operating
conditiong of all or part of pile 201, in such a way as to improve the operating conditions
in all or pari of the pile 201,

With reference to Figure 1c, pile 405 comprises first part 407, with sirings 410, 412
and 414 and second part 402, wiih girings 416, 418 and 420, Air pipes 430, 432 and 434

A2 and 440

are located helow Qs part 405 for gerating (et part 405, and air pipes 436,

are tocared below the secorsd part 407 for soraiing

cond part 407, These air pipes are
fiikea with air How control valves 450, 452 and 454, and air low control valves 556, 458
and 460 respectively. These valves are connected to computer 470 by cables 420, 482,
and 484, and 486, 488 and 490 respectively. The individual probes in strings 410, 412 and
414 are connected to oxygen detector 415 by a collection of tubes 422, and the individual
probes in strings 416, 418 and 420 are connected to oxygen detector 425 by a collection
of tubes 427. Oxygen detectors 415 and 425 are connected to computer 470 by cables 490
and 492 respectively.

In constructing pile 405 air pipes 430, 432 and 434, fitted with valves 450, 452 and
454 and cables 480, 482, and 484 are initially laid on the site of the pile. As the material
of first part 407 is deposited on the site, strings 410, 412 and 414, connected to computer
470 by collection of cables 422, are incorporated in pile 405. In a subsequent
construction step, air pipes 436, 438 and 440, fitted with valves 456, 458 and 460 and

cables 486, 488 and 490 are laid on or in the top of first part 407. As the material of
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second part 409 is deposited on top of first part 407, strings 416, 418 and 420, connected
to computer 470 by collection of cables 427, are incorporated in second part 409. Once
pile 405 has been constructed, IOR of the pile, or a distribution of IORs, may be
determined in a manner similar to that described for Fig. 1b. IOR, or a distribution of
IORs, may determined separately for first part 407 and for second part 409, or it may be
determined for pile 405 as a whole. In order to determine a distribution of IORs for pile
405 as a whole, the pile is initially aerated through air pipes 430, 432, 434, 436, 438 and
440, by opening valves 450, 452, 454, 456, 458 and 460, under control from computer
470 via cables 480, 482, 484,486, 488 and 490, and subsequently the valves are closed to
stop the aeration. Either before the stopping air flow or immediately after it, a
measurement of oxygen concentration is made by each of the probes strings 410, 412,
414, 416, 418 and 420, using detectors 415 and 425 in to measure the oxygen
concentration. The data so acquired is sent to computer 470 by means of cables 490 and
492, Measurements of oxygen concentration, temperature and optionally other parameters
are then made at a number of times over a period of approximately 10 hours. Data from
these measurements are tranzmitted to the computer 470, The computer then processes

that daia io determine a spafial distribution of the IORs,

Figure 2 shows a diagranimaiic represeniation of g cavity 2152 lormed in the porous

AICILE

air may move through ihe porous maierial of pile 2052 az shown by ihe arrows in Figure
2, such that the aerated region 235a has an oxygen concentration approximately equal to
that of ambient air. The radius of aeration is represented by the radial distance from the
hole to the boundary of the aerated region. In order to provide sufficient time over the
length of a 10 hour measurement of the IOR, the radius of aeration should be preferably at
least 5 metres.

Figure 3 shows a diagrammatic representation of one of the holes 102, 104 and 106
of Figure 1a, containing probes and backfill 340. As noted previously, this shares many
features in common with the strings of probes 202, 204 and 206 of Figure 1b. In Figure
3, a plurality of probes is inserted into hole 350, which is located in pile 301. The probes
are organised in groups of probes 352 and 354 which are located at different depths
within hole 350. Each of groups 352 and 354 comprise probes for measuring gaseous

oxygen concentration (302 and 304), temperature (306 and 308) and another relevant
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parameter (310 and 312). Probes 306, 308, 310 and 312 are connected to computer 320 by
electrical cables 326, 328, 330 and 332. Alternatively, signals may be sent to the
computer 320 by means of a transmitter or other convenient method. Oxygen
concentration probes 302 and 304 comprise tubes 322 and 324 which can transmit
samples of gas from the vicinity of groups 352 and 354 to an oxygen detector 318, which
is conveniently located outside the pile. Oxygen detector 318 comprises pumps 314 and
316, which pump gas samples from tubes 322 and 324 to the oxygen sensor 319 located
within detector 318. Valves 315 and 317 (controlled by computer 320 using a means not
shown here for reasons of simplicity) select which of the probes is in service at a
particular time. Signals from oxygen sensor 318 are transmitted to computer 320 using
electrical cable 323, or using a transmitter or similar convenient means. Temperature

probes 306 and 308 are preferably thermistors or thermocouples.

Figure 4a chows the dependency of oxygen concentration upon time within a
biooxidation/bioleach pile for two different examples of the operational conditions of the
pile (pile 1 and pile 2) as obtained from numerical modelling, Figure 5a shows the
dependency on time of the relative deviation [y of the approximaie value of the 10F. from

ifs more precise value o (caloulated Grom Equation 1)

[ T i | f o
£ o= (»"1;'- b, )[ I -

2 (3

The estimated value of the 10R, obtained using Equatiion 2, agrees well with the
more precise value from Equation 1 if the measurements of oxygen concentration are
conducted within several hours of cessation of aeration of the pile and within the bulk of
the pile. Typically for a biooxidation/bioleach pile, measurements would commence
immediately following the cessation of aeration, or alternatively one or more
measurements may be made before the cessation. The condition for determining the
minimum distance of probes from the surface of the pile is given by Equation 4. These
conditions serve to ensure that diffusion of oxygen from outside the pile is minimal
during the period of the measurement. Curves 5, 9, 11, 10 and 1 in Figure 4a correspond
to locations which are close to the pile surface, and consequently which violate the
conditions described above. The other curves, 2—4 and 6-8, correspond to locations
within the bulk of the pile. The time period within which reliable measurements may be

obtained depends on the location of probes from which the measurements are taken.
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Consequently in Figure 4a, the locations within the pile corresponding to curves 5, 9, 11,
10 and 1 have oxygen concentrations that are higher than would be expected from
Equation 2, since the oxygen at those locations has been angmented by oxygen diffusing
from outside the pile. Figure 5a shows that the deviation of the calculated IOR from exact
value of the IOR increases with time, as the greater time periods allow more oxygen to
diffuse from outside the pile to the location(s) of the probe(s). Curves 2-4 and 6-8 do not
show these deviations from the theoretical values since the locations of the probes are
sufficiently far from the surface of the pile that the amount of oxygen that can diffuse to

those locations over the time of the test is insignificant.

Figure 4b illustrates the dependency of oxygen concentration upon time as a
function of depth and of size of the acrated region, as obtained from numerical modelling
of a waste rock pile such as that shown diagrammatically in Figure 1a. Figure 5b shows
the deviation of the calculated oxygen concentrations of Figure 4b from the more precise
values obtained from Equation 1. In Figure 4b and Figure 5b, data iz shown for 5 different
depthe within a 20 metre deep pile: curves 1 fo 5 represent dafa at distances of 1.0, 5.5,
10.0, 14.5 and 19.0 metres respectively from the base of the pile. Three sets of such data
are shown: data represented by dazhes describes a hole with a 2 meire radius of the zone

zolid lines repregsii

of agration, daia represented by dash-dots iz for a 3 metre rading and

g & metre veding, Figoie 4b ahon amaller the

deciing in owyeen conceni
conceniration drops zubstaniially in only a few hourg, since there i a smaller reservoir of
oxygen in the surrounding material. By confrast, for a 5 metre radius of aeration, the
decline in oxygen concentration is much smaller and is approximately linear over time
during the 10 hour period described. Correspondingly, the deviation of the approximate
IOR from the more precise value of the IOR from Equation 1 is greater when the radius of
aeration is smaller. For a radius of aeration of 5 metres (solid lines), the relative deviation
is small and relatively constant. Figure 4b also shows that at a depth of only 1 metre from
the surface (curve 5), the oxygen concentration is higher than for the other four deeper
locations. This is due to augmentation of the oxygen due to diffusion from outside the
pile. For small radii of aeration (2 and 3 metres), the relative deviation of the IOR at 1
metre depth, shown in Figure 5, is less than for the deeper locations, since the diffusion of

oxygen from outside the pile partially offsets the depletion of oxygen due to the small size

of the oxygen reservoir. In the case of a 5 metre radius of aeration, location 5, near the
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surface, shows a slight positive relative deviation after some time, since the depletion is
small due to a larger region of aeration, and diffusion from outside the pile more than

compensates for it.

Figure 6 shows a graph of the normalised IOR as a function of normalised oxygen
concentration as described by the Monod formula (Equation 1). This graph describes the
behaviour of the IOR when the actual material being tested is the same. It shows that the
IOR depends on oxygen concentration, so that when oxygen concentration is below the
atmospheric level, the IOR will be lower than its maximum value. It further shows that
the deviation of the IOR from its maximum value is relatively slight for higher values of
oxygen concentration. For example, when oxygen concentration is only 50% of the
atmospheric level, the IOR is over 90% of its maximum level. However at low levels of
oxygen concentration, the change of the IOR in response to a relatively small change in

oxygen concentration is much larger.
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Claims:

1. A method of determining a rate of change in a gaseous oxygen concentration
within a pile of material, said pile of material comprising both solid phase and gas phase,

comprising the steps of:

5 1) altering the gaseous oxygen concentration in at least a part of the pile of
material;
(i1) measuring the gaseous oxygen concentration in at least one location

within that part of the pile of material altered by said gas containing
oxygen;

10 (iii) repeating said measuring a sufficient number of times at said at least
one location to enable determination of a rate of change in the gaseous
oxygen concentration, wherein the altering of step (i) is ceased at least
prior to said repeating; and

(iv) determining the rate of change in the gaseove oxygen concentration in

15 said at leazt ong location.

2. The method of claim 1 wherein gaid altering comprizes passing a gas

containing oxygen throngh said af leagt a part of zaid pils

20 G0 The meihod of claim 1, frther comprising ihe giep of delermiming an niringc

oidation raie (KOE) ai said o least one locaiion m the pile,

4. The method of claim 3 wherein the equation:
oo - _8"(0(1-2,) 0w,

’ 1-w,of o

25 is used to calculate an approximate value of the JOR of oxidisable material in the pile,

wherein:
S5 is an approximate value of the IOR;
£ is the volume fraction of the gas phase in the pile of oxidisable material; and

P"(0) is the intrinsic gas density of the gas at the location in the pile at which the
30 IOR is determined, immediately after the altering of the gaseous oxygen concentration

therein.
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5. The method of claim 2 wherein the concentration of oxygen in the gas
containing oxygen is sufficient to make the oxygen concentration in the at least one

location approximately equal to the concentration of oxygen in air.

5 6.  The method of claim 1 comprising the steps of aerating at least a part of the
pile of material and of ceasing said aeration before the step of measuring the gaseous

oxygen concentration.

7.  The method of claim 1 wherein the step of measuring comprises the steps of
10 1 transferring a sample of gas from the region surrounding the probe to a
location external to the pile;
(i1) passing said sample of gas to a device capable of measuring gaseous
oxygen concentration; and
(iit) using said device to measure a gaseous oxygen concentration of said
15 sample of gas.
2. The method of claim 1 whersin the time at which each of the stepz of
meaguring arc performed i3 recorded,

0 9, s oenimpiiaes o o

cavity i ibe pile of matens

cx dn sad caviiy
and in the surrounding region is substantially the same as the oxygen conceniration in the

ambient atmosphere outside the pile of material.

25 10. The method of claim 9 wherein a probe for measuring oxygen is inserted into

the cavity.

11. The method of claim 1 wherein the rate of change of oxygen concentration is
measured a plurality of times, and the change with time in at least one of the IOR and the
30 rate of change of oxygen concentration is used to estimate at least one of:
)] a change in the rate of conversion of metal substances in the pile to
metal substances from which the metal is recoverable, as a function of

time,
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(i1) a change in the rate of production of pollutants in the pile as a function
of time, and
(ii1) an effective lifetime of the pile.
5 12. A method of determining a spatial distribution of rates of change of gaseous

oxygen concentration within a pile of material, said pile of material comprising both solid

phase and gas phase, comprising the steps of:

(1) locating a plurality of probes in the pile;

(ii) altering the gaseous oxygen concentration surrounding at least two of
10 said probes;

(1ii) measuring an oxygen concentration in the gas surrounding the at least

two of said probes in the pile;
(iv) determining a rate of change in oxygen concentration of the gas
surrounding the at least two of said probes in the pile wherein said
15 determining comprises measuring the oxygen concentration in the gas
gurrounding at lzast two of the probes afier the altering of step (ii) has
been stopped; and
(%) determining a epafial distribution of rafes of change in gaseons oxygen
concentraiinn in the pile,

By

13, The method of claim 12 wherein ioahiering comprises passing

containing oxygen through the locations of the at least two of said probes.

14. The method of claim 12 additionally comprising the step of determining a

25 spatial distribution of IORs within the pile.

15. A method of controlling the operating conditions of a pile of material, said
pile of material comprising both solid phase and gas phase, comprising:
) determining information selected from the group consisting of an IOR
30 of oxidisable material in the pile and a spatial distribution of IORs of
oxidisable material in the pile; and

(ii) adjusting at least one operating condition of the pile.
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16.  The method of claim 15 wherein the step of adjusting comprises a process
selected from the group consisting of aerating at least one portion of the pile and
contacting at least one portion of the pile of material with a liquid selected from the group

consisting of water and an aqueous liquid.

17. A method for constructing, and controlling the operating conditions of, a pile
of material, said pile of material comprising both solid phase and gas phase, comprising:

) determining at least one property of the material;

(ii) using the at least one property in a model to determine a value of at least

one parameter of construction of the pile of material;

(iii) constructing the pile using the value of said at least one parameter of
construction;
(iv) determining information selected from the group consisting of an IOR

of oxidisable material in the pile and a spatial distribution of IORs of
oxidisable material in the pile; and

(v) adjusting the operating conditions of the pile.

18, The meihod of claim 17 wherein the at leasi one properiy of the maierial iz

selecied from the sronp conziaiing of morogtiv, permeatality, sulfine conient, 18, and
] 3 oy i o § o

el

@ coimbination of these.

19. The method of claim 17 wherein the model is a computer model based on a

deterministic formulation of multiphase flow through porous media.

20. The method of claim 17 wherein the step of adjusting includes a process
selected from the group consisting of aerating the pile and contacting the pile of material

with a liquid selected from the group consisting of water and an aqueous liquid.

21. A system for determining a rate of change in gaseous oxygen concentration
within of a pile of material, said pile of material comprising both solid phase and gas
phase, said system comprising:

@) means for altering the gaseous oxygen concentration in at least a part of

a pile of material;
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(i1) means for measuring the gaseous oxygen concentration within the pile
of material;
(iii) means for repeating the measuring of the gaseous oxygen concentration

within the pile of material,

(iv) means for determining the rate of change in the gaseous oxygen

(%)

concentration.
22. The system of claim 21 wherein the means for altering comprises means for
passing a gas containing oxygen through said at least part of said pile, and means for

10  stopping said passing.

23. The system of claim 21 further comprising:

(v) means for determining the time at which the measuring occurred; and
(vi) means for determining an intrinsic oxidation rate at a location within the pile,

24, A gystem for deiermining a rate of change in gaseous oxygen congceniration
within of a pile of material, said pile of material comprising both zolid phase and gas

phase, said system compriging:

(i} L part of o
6 pile ol material;
(1} an oxveen mussiiing device jor mes yeen conceniration
within the pile of maierial;
(1i1) a controlling device for repeating the measuring of the gaseous oxygen
concentration within the pile of material;
25 (iv) a computer for determining the rate of change in the gaseous oxygen

congcentration.

25. A system for determining a spatial distribution of rates of change in gaseous
oxygen concentration within a pile of material, said pile of material comprising both solid
30  phase and gas phase, said system comprising:
@) a plurality of probes capable of being located in the pile;
(i1) means for altering the gaseous oxygen concentration surrounding at

least two of said probes;



10

30

WO 2004/072636 PCT/AU2004/000151

35

(1ii) means for measuring the gaseous oxygen concentration in the gas
surrounding the at least two of said probes in the pile;

(iv) means for determining the rate of change in gaseous oxygen
concentration of the gas surrounding said at least two of said probes in
the pile; and

) means for determining a spatial distribution of rates of change in

gaseous oxygen concentration in the pile.

26. The system of claim 25 wherein said means for altering comprises means for
passing a gas containing oxygen through the location of the at least two of said probes,

and means for stopping said altering

27. The system of claim 25 comprising means for determining a spatial
distribution of IORs within the pile.

23, The system of claim 25 wherein more than one probe 1z connected io a
particular means for measuring and ithere is additionally meang to selectively direct gas
fiom a probe connecied thereto io ihe pariicular means for measuring ai sy pariicular

tine,

i for delcimining a

xygen concentration within a pile of material, said pile of material comprising both solid
phase and gas phase, said system compriging:

(1) a plurality of probes capable of being located in the pile;

(ii) at least two aerators for altering the gaseous oxygen concentration
surrounding at least two of said probes;

(iii) an oxygen measuring device for measuring the gaseous oxygen concentration
in the gas surrounding the at least two of said probes in the pile;

(iv) a computer for determining the rate of change in gaseous oxygen
concentration of the gas surrounding said at least two of said probes in the
pile; and

) a computer for determining a spatial distribution of rates of change in gaseous

oxygen concentration in the pile.
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30. A system for controlling the operating conditions of a pile of material, said
pile of material comprising both solid phase and gas phase, comprising:

(1) means for determining information selected from an IOR of oxidisable

material in the pile and a spatial distribution of IORs in the pile; and
5 (ii) means for adjusting at least one operating condition of the pile.

31. The system of claim 30 wherein the means for adjusting comprises means
selected from the group consisting of means for aerating the pile and means for contacting
the pile of material with a liquid selected from the group consisting of water and an
aqueous liquid.

10
32. The system of claim 30 wherein the means for adjusting is capable of

adjusting the operating conditions selectively in different portions of the pile.

33. A system for controlling the operating conditions of a pile of material, said

15 pile of material comprising both solid phase and gas phase, comprizing;
(1) a syztermn according o claim 23 for deiermining information selecied
from an IOR of oxidizable material in the pile and a spatial disiribution

of TOERs in ihe pile; and

a device selected from the gronp conzisiing of an aeraior and an irigaicr Tor adjnsiin

w feast one operating condiiton of e pile.
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