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RECENT ADVANCES IN THE TREATMENT OF REFRACTORY GOLD ORES

A.J. MONHEMIUS 1

ARSTRACT

After a century of overwhelming dominance in the extractive
metalluray of geld, the cyanid process ls comlng under pressure.
Increasing importance of refractory gold ores, together with the
growing concern about the environmental impact of oyanid -
containing discharges, hawve given reneweé impetus to research
and development into alternative leaching methods of gold ores.
A wide variety of methods are under investigation, with some
already being in industrial use. This paper reviews the current
situatisn and deacribes, inter aliz, recent progress made in

the uze of thisurea, in the application of pressure leaching
techniques and in the use of bacteria for the preocxidation of
gold ores. Experimantal results on the application of some of
these new methods to different types of gold cores delected from
Roval School of Mines. Extensive ore collection are desoribed.
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1. INTRODUCTION

The past decade has seen a renascence in research and development
into new gold extraction processes. This has been brought about primarily
by the increase in the price of gold since the abolition of the gold standard at
the beginning of the nineteen seventies, The consequent rise in the price of
metal was sustained throughout the decade and peaked at over S800 per
punce in 1980, In recent years, the price has dropped back to the
S300-400 range, but gold mining remains a financially attractive proposition,
especiallly in comparison with most other metals, where producers are
barely able to survive al present price levels.

Much of the development aetivity in gold extragtion has been directed
towards reducing the capital investment required in the application of the
standard cyanide process to free-milling gold ores. The development of
carbon-in-pulp processing has had a major impact on costs in agitation leach
plants by eliminating the expensive liquid-solid separation requirements of
the traditional Merrill-Crowe zine precipltation process. The introduction of
heap leaching inte gold metallurgy is a2 major innovation which has lowered
economic cut-off ore grades to 1 g Au/T or leas in some cases.

However it 1s the treatment of refractory gold ores that the greatest
diversity of new developmentis is evident., Because ol the overwhelming
dominance of the cyanide process for gold extraction over the past 100
yvears, the term "refractory” applied to a gold ore simply means that a high
gold recovery 1s not attainable by cyanide leaching. There are various causes
of refractoriness in gold ores, which include: inclusions of submieren gold
in sulphide minerals. in partlcular pyrite and arsenopyrite; the presence of
iron, copper or lead minerals which consume cyanide by the formation of
metal-cyanide complex ions: the presenee of arsenic and antimony minerals
which act as oxygen scavengers; the presence of tellurium which alloys with
gold and silver; and the presence of either carbonaceous materials of crganic
origin, or clays, capable of reabsorhing gold cyanide complex ions from the
leach solution [the American term is “preg-rebbing”],

A comprehensive review of methods which had been tried over the
years to treat thiese various types of difficult gold ores was published twenty
years ago by workers atl the National Institute for Metallurgy in South Africa
{1). This remained wirtually the only authoritative account of work on
refractory gold ores untll 1980, Since then several other review articles
have been published (2-5), the last of these appearing in 1983. The pace of
developments in this area {s increasing and it is the purpose of this paper to
bring up to date the situation as it pertains in late 1986, Various different
technologles are reviewed, namely: pressure oxidation, pressure cyanidation,
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bivoxidation, thiourea leaching and some quite recent work on nitric actd
leaching. Several of these have moved from the development stage into
commercial use in the past few years.

2. PRESSURE OXIDATION

An excellent detailed historical aceount of the development of pressure
oxidation as a pretreatment melthod for refractory gold ores has been
published by Berezowsky and Weir {8). According to them, the first patent
an the use of pressure leaching for preoxidation of arsenical gold ores was
granted to the Chemical Construction Company (Chemico) in 1955 (7). Two
years later, the parent company, American Cyanamid, was granted a second
patent (8] which taught that pressure oxidation could be successfully applied
to a range of refractory gold ores, Including pyritic, anttmonial and
carbonaceous materials, in addition to arsenical ores,

In 1956 Sherritt Gordon Mines Ltd, purchased the rights to the Chemico
patents and "know-how" in the metallurgical field. This purchase was
primarily motivated by Sherritt's requirement (o use Chemico technology Tor
pressure hydrogen reduction to produce nickel and cobalt metal powders
from pentlandite concentrates, a process which was pul inte operation at a
new refinery in Fort Saskalchewan.  Sherritt subsequently continued
development of pressure exidation for refractory gold ores in the late fiftles
but, although the metallurgical results were very good., the low price of gold
at that time precluded commercial development on economic grounds.
Interest in the application of pressure hydrometaflurgy to gold ores then
died out and has only revived in the last few years, when the increase in the
price of gold has made capital Intensive recovery methods economically
interesting.

Perhaps not surprisingly, in view of their current dominating position in
the technology of pressure hydrometallurgy, Sherritt Gordon have carried
out much of the recent pressure oxldation work on refractory gold ores.
They clalm to have tested nearly one hundred ores and concentrates since
starting work in this area in 1980 (%), In batch pressure oxidation tests, the
standard eonditions used by Sherritt are temperatures in the range of 170 to
190°C at total pressures of 1500 to 2000 kPa and reaction times of 2 hours
{10). Under these conditions, sulphide sulphur in the feed material is totally
oxidised to sulphate and much of the iron and arsenic Is precipitated as
hematite, jarosites and arsenates. The total disruption u? the sulphide
crystal lattice caused by this drastic attack virtually ensures that any
occluded or locked gold is released and reports in the leach residue in a
form which {s easily amenable to subsequent cyanide leaching. Sherritt
report results obtained from nearly 70 different gold ores and concentrates

and show gold recoveries by cyanidation improving from the range 5 to 75%
hefore pressure oxddation to 85 to 98% after oxidation,

Although pressure exidation is very effective for liberating gold associated
with sulphides, extraction of silver Is usually adversely affected and
cyvanidation gives lower recoveries after oxidation than before. This
behaviour is generally attributed to the inecorporation of silver In
argentojarosite in the leach resldue, which is refractory to cyanide leaching.
Sherritt have developed a post-treatment which Is sald to liberate the silver.
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This inveolves atmospheric conditioning of the oxidised leach residue in a
slurry of lime at an elevated temperature (9], In a recent paper, Tourre et
al (11) showed that silver losses could be prevented either by oxidising at
190°C or higher, where jarosites become unsztable and hematite s formed,
or alternatively by leaching under under high acid conditions or adding
excess potassium, to form preferentially potassium jarosite instead of silver
jarosite, Of these methods, the first, i.e. inereasing the reactlon
temperature, was considered to be the most economically feasible.

2.1 Commercial Developments

The first commercial pressure preoxidation plant to be put into operation
is at Homestake Mining Company's McLaughlin mine in northern California
112,13). The McLaughlin ore body, which was discovered in 1980, is
estimated to contain about 18M T of ore with an average grade of 5.2g Au/T
(0,152 ozfst). The total development costs of the project were 2280
million, to build the mine with a production of 2700 T/d of ore and a
trealmeni plant invelving pressure preoxidation with an annual gold
production capacity of about 5.5 T Au, The first bar of dore metal at
McLaughlin was poured on March 4th, 1985,

The MceLaughlin ore is sulphidic, the major mineral being pyrite., with
smaller amounts of chalcopyrite, sphalerite and einnabar. The gold occurs
typically as a fine-grained electrum (18-26% Ag, approx.20pm), associated
primarily with silver-antimony sulphosalls, such as miargyrite (Ag5hS,) and
pyrargytite |Ag.5hS5,). The ore also contains some clays and carbonaccous

matter which reabsorb disselved gold. The ore body is guite heterogeneous
and 12 different ore types are identified. Gold recoveries from these various
ore types by direct cyanidation vary from 5 to 809,

During process development and selection, various pretreatment
methods were investigated, with a number of different laboratories being
involved at that stage. This work led to the conclusion that pressure
preoxidation was the preferred route and consequently Sherritt Gordon
were contracted to run a continuous pilot plant simulation of the whole
pProcess.

The flowsheet of the commercial plant is shown in Figure 1. Crushing
and grinding of the ore |8 carried out atl the open pit mine site to preduce a
feed material sized al 80% -200 mesh, This Is transported as a sluwry by a 5
mile pipeline to the metallurgical plant. There the ore pulp enters the
preoxdation tanks where it is mixed with recycled acidic leach lguer from
the autoclaves. Acid-soluble material in the ore, e.g. carbonates, help to
partially neutralise this liguer. which {s then sent for complete neutralisation
with lime, to remove dissolved metals, prior to recycle within the process.
Thickened pulp Is first pre-heated in heat exchangers, using steam from the
flash tanks, and is pumped Into one of the three continucus, horizontal,
oxidation autoclaves, which operate in parallel. The autoclaves are 4.2m In
dlameter and 16m long, cach with four, Independently agitated
compartments, and are constructed of mild steel. lined with lead and
acid-proof brick, Ore slurry enters the autoclaves at 90 - 120°C and pH 1.8
to 1.9 at a pressure of 320 psi (2.2 MPa). The residence time of the ore In
the autoclaves s 60 minutes and oxygen is supplied at the rate of 40-50kg
0,/T ore. Due to the exothermic nature of the oxidation of the sulphide
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minerals to metal sulphates and sulphuric acid, the temperature and acidity
rise along the autoclave and. at the exit, the pulp contains 10 - 20g/L free
actd and the temperature is 170 - 180°C. This is discharged to atmospheric
pressure in flash tanks, the steam being recycled to heat incoming feed, and
is then thickened and washed in a 2-stage counter-current decantation
circuit. Lime is added to the thickened pulp to raise the pH to 10.8 prior to
cvanide leaching, which is carried out in two 540 m? agitated tanks. This Is
followed by gold extraction by carbon-in-pulp absorption in a series of eight
similar-sized tanks, Activated coconut-shell carbon Is added at 20 g/L and Is
loaded to about 3000g Au/T before passing to a hot elution and thermal
regeneration cireult. Gold Is recovered from the pregnant eluate by
electrowinning on steel wool cathodes. The loaded cathodes are first heated
in retorts to recover mercury and are then smelted to dore bullion. Gold
recovery at MceLaughlin is reported at 92% in early 1986, with a throughput
of 2900T ore/day, which exceeds the design capacity. Operating costs are
quoted at 322 /o2 Au (13)

3. PRESSURE CYANIDATION

A pressure technigue with considerably older origins than pressure
oxidation Is pressure cvanidation. In a paper entitled, "Some studies in the
gold-dissolution rate In cyanide solutions” published In 1939, Fahrenwald
and Newton (14) investigated the effect of oxygen pressure on cyanide
leaching, reasoning that according to the Elsner equation,

4Au + BON + 2H,0 + O, = 4AuiCN),~ + 40H"

the dissolution rate should be a function of both oxygen pressure and cyanide
concentration. Their apparatus consisted of a pressure-tight steel cylinder,
lined with paraffin, a%ltated by being slowly rotated on rollers. Partal
pressures of oxygen of up to 120psi %Ei?kPa,} were Investigated, Initially
dissolution of specimens of gold foll was studied by measuring the weight
loss after various times of leaching. [t was shown that, in the presence of
exeess cyanide, the rate of dissolution of gold was directly proportional to
the partial pressure of oxygen. Tests were then carried out In the same
apparatus using samples of a free-milling siliceous gold ore. The leach
solution was a 0.3 g/L KCN =solution and the liquid to solid ratio was 7. It was
shown that the rate of leaching of gold from the ore ¢ould be increased by up
to about seven times by Increasing the oxygen partial pressure from 3 psi
[l.e. atmospheric air] to 30 - 40 psl. At higher oxygen pressures the
dissolution rate started to decrease,

Perhaps due to the imminent second World War, this work, together with
Soviet work on the same subject, published a little earlier (15), lapsed into
obscurity and it was over 40 years before the concept of pressure cvanidation
was revived and re-examined. In 1983 a paper from Lurgl in Germany (16)
reported results obtained with a free-milling gold ore containing 17.6 g Au/T
and 1.5 wi% Fe, mostly as pyrite. Leaching with 0.5kg NaCN/T ore at pH
11.5 with air at atmospheric pressure resulted in a gold extraction of about
95% In 24 hours. Using pressurised oxygen at 20 bar, however, it was found
possible to extract the same amount of gold in only 30 minutes. In addition
to Increasing pressure the effects of increasing temperature were also
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examined, The stability of cvanide towards decompositien by hydralysis or
oxidation was first examined and was shown to be adequate up to about 75°C.
At higher temperatures, decomposition occurred rapidly. It was found that
the rate of gold dissolution was slightly increased by temperatures up to
TOC, but it was considered that the advantage was not sufficlent to warrant
the more elaborate and expensive equipment that would be required for
elevated temperature operation.

One of Lurgl's motives for carrying out this work was to investigate new
applications for the VAW tube digester, or pipe reactaor, which had been the
subject of an earlier agreement between Lorgl and Vereinigte Aluminium
Werke (VAW], who originally developed and applied tube digestor technology
for bauxite leaching. Following the laboratory work outlined above, a
continuous test in a pllot-scale tube reactor was carried out. In this 10T of
ground ore assaying 10.2g Au/T were slurried with water at a solid-liguid
ratio of 1 and the pH was adjusted to 115 Sodium cyanide at 1 kg/T ore
was added and the slurmy was pumped through the tube reactor at a flow rate
of 2.5m*/hr. The pressure in the tube was 25 bar (2.6MFPajand the flow
velocity of the slurry was 2.5 mys. Oxygen was added at the rate of 6kg O,/T

ore. The pilot-scale tube reactor wsed for the test was 1200m long which
gave a residence time of only 8 minutes. However the discharged sclids were
found to have a residual gold content of only 0.2g Au/T, Indicating that 98%
extraction of gold had been achieved,

3.1 Commercial Developments

Pressure eyanidation in a tube reactor is in commerctal use for treating
an auriferous stibnite coneentrate at the Consolldated Murchison mine near
Gravelotte in South Africa, The experimental work which led to this
development is described in a paper by Muir, Hendriks and Gussman (15]).
Three arsenical and one stibnite concentrate were tested. Bateh cyanide
leaching experiments were carried out in a 5L stirred autoclave at various
temperatures and pressures, “Low-alkalinity” conditions, e, terminal pH's
of 10 or less, were used, since alkali attack on the sulphide minerals and
consequently cyanide consumption was greatly reduced at these pH values.
It was shown that the stibnite concentrate responded very well to pressure
cyanidation with gold recoveries of about 30% being achieved. With the
arsenical materials, lower recoveries, in the 80 - 70% range, were obtained,
Optimum leaching conditions were found to be 1 to 2 hours residence at
20°C with 50 (o B0 bar [5.3-8.4MPa) oxygen overpressure and cyanide
additions of 10 to 20kg/T ore. although cyanide consumptions were
considerably lower, Following the laboratory work, a full-scale continuous
leaching test was carried out in a 4 km long, 100 mm diameter. Lurgl tube
reaclor which was available at one of JCI's uranium mines. The test was
carried out on a 250 T sample of arsenical flotation middings, A residence
time of two hours in the tube with an inlet pressure of 48 bar (5MPa) and a
eyanide addition of 10kg NaCN/T ore gave a gold extractlon of 90%. This
extraction value was a marked improvement over that obtained for the same
material in the laboratory-scale stirred autoclave, where less than 70%
exlraction had heen achleved. The superior performance of the tube reactor
compared with the stirred autoclave, which had also been found by Lurgl in
their pilot-scale work, noted above, was confirmed in the production plant
built as a result of these test results for the treatment of stibnite
concentrates at the Consolidated Murchison mine. The heart of this plant 1s
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a 1.5 km length of 50 mm steam plpe, through which a slurry of stibnite
concentrate is pamped at 80 bar (8.4MPa) pressure. With a retention tme of
only 13 minutes, up to 85% gold extraction is achieved, compared with only
about 65% obtained in autoclave tests,

4. BACTERIAL OXIDATION

The use of the sulphide-oxidising bacterium, Thiobacillus ferrooxidans.
has been actively explofted In the leaching of sulphide minerals for at least a
guarter of a century, It has alsp been known for a similar lenglh of time that
T. ferrcoxidans is capable of oxidising arsenical minerals such as
arsenopyrite (17,18). However the practical application of this knowledde to
the problem of oxidation ef refractory gold ares is of more recent origin,

Omne of the first published investigations into the bacterial oxidation of a
gold ore was by Pinches in 1975 {19], who [nvestigated the action of T.
ferroaxidans on an auriferpus pyrite/arsenopyrite concentrate, He showed
that, in common with the bacterial oxidation of other sulphide minerals.
attack on the pyrite/arsenopyrite concentrate could be initiated only within
the pH range 1.8 to 4.0, with the optimum temperature being 32-35 ¢, The
rate of leaching could be inereased by increasing the available mineral
surface area, either by reduecing particle size or increasing the leach pulp
density, up to a certain point, above which the rate became Independent of
surface area. This was thought to be due to some unidentified
growth-limiting factor and was taken as an indieation that long reaction
times would be required to achieve extensive oxidation. The effects of
bacterial oxidation on gold extraction from the ore were not reported by
Finches.

Following this work, little was published on the subject until 1983,
when several papers appeared. Lawrence and Bruynesteyn (20) described
wark on refractory gold ores that had been carried out at B.C. Research in
Vancouver, Canada, an Institution where much ploneering work on hacterial
leaching of sulphides has been undertaken over the years. The resulis of the
Bacterial oxidation of three refractory pyritic gold concentrates were
reported. One of the concentrates came from Porgera In Papua New Guinea,
the other two from the Cinola property in Britlsh Columbia. Experiments
were carried out in batch stirred tanks at 20% pulp density, held at 35°C
and sparged with CO, enriched (1%) air. With the Porgera concentrate;

biooxidation improved gold recovery by cyvanldation from 24% with the
untreated ore to 81% In ore where 84% of the sulphur had been oxidised.
Using a continuous leach liguor replacement technique to prevent excessive
levels of acld and dissolved iron from accumulating, they were able to
achieve this level of sulphur exidation in 400 hours (17 days]. Iron
concentrations of 13-15 g/L and a pH of about 1 were maintained. For this
concentrate it was found that the amount of geld extracted by cyanide was
directly proportional to the extent of sulphur oxidation in the mineral. The
Cinola concentrates were found to be more amenable to bacterial attack,
with over 80% sulphur oxidation occurring in 6 days. Gold and silver
recoveries increased to over 90% and 98%, respectively, compared with
60-78% and B80-86% before bicoxidation. The Porgera ore has a very
complex mineralogy and is particularly refractory. This is well illustrated in
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a paper by Robinson, also published ln 1983 (3). which compared the results
obtained with many different gold recovery processes and clearly showed
that only extensive distuption of the sulphide minerals by either biooxddation
or pressure oxidation resulted in high gold recoveries.

South Africar experience with bioleaching is described in a paper from
GENCOR [21) in which a financtal comparisen |s made between binoxidation
and roasting for the treatment of an arsenopyrite/pyrite gold ore. Two
binleaching schemes were investigated.,  In one. the run-of-mine ore was
treated directly: in the other, Hotation was first vused to produce a
concentrate which was subjected to biooxidation. An economic comparison
was made of the three options, each sized to treat 4507 ore per day. It was
found that the gold recovery and hence revenue wag higher for both bacterial
leaches than for reasting, bul that the capital and operating costs of the
bacterial treatment of rooon. ore were too high to be compensated by the
higher gold recovery. These high costs were largely due to the high volume
throughput requirements of the r.oam. treatment method.  Prior Qotation
concentration reduced the weight of material to be treated, by either
bioleaching or roasting, by twenty times. Under these circumstances, it was
found that the bioleaching operating costs were still higher than for roasting
the concentrate, but the capital costs were about 13% less. It was concluded
that flotation and bieleaching of the concentrate was potentially a wviable
process and It was stated that a pilot plant was Lo be bullt to test the process
at a larger scale,

Bicleaching pilot plants have been run by other companies and several
have published their results recently. In the United Kingdom, Davy McHKee
have carried out engineering studies based on bioleaching work done at
University College, Cardiff [22) and in Canada, two consulting companies,
both based in Vancouver, have both carried out pllot plant work, P.M.
Mineral Leaching Technologles have described their proprietory
"Biotankleach” process [(23.24) and Coastech Hesearch have described the
hinleaching pilet plant at Equity Silver Mines in British Columbia [25,26).

The Biotankleach process Is carried out in agitated, air-sparged tanks,
operated in serics In condinuous mode. with total residence limes of 1 to 5
days, depending on the sulphide content of the feed. The pH is maintained
al not less than 1, by partial neutralisation of the leach liquor If necessary.
Dissolved arsenic and antimony levels are also controlled, but the bulk of
these metals are fully exidised and precipitated during leaching as ferric
arsenates and antimonates. The leach residues. which contain all the
precious metals, are washed, neutralised and subjected to standard cyanide
leaching. Estimated capital and operating costs of the Biotankleach process
are given for varicus plant capacities (24), These range from a capital cost of
US£233/annual T for a 50 T/d plant, with a corresponding operating cost of
S60.50/T feed, to 8148 /anmual T and $40.50/T leed, respectively, for a 200
T/d plant.

The pilot plant operated at Equity Silver Mines has been described by
Marchant [25,26). The flowsheet of this pilot plant is shown In Figure 2.
The feed to the plant was an arsenical bulk sulphide concentrate scavenged
from floation tailings. Direct cyanidation of this concentrate resulted in an
extraction of about 10% for both gold and sliver. The blooxidation pliot plant
was sized (o treat 2T of concentrate per day. Bioleaching was carried out In
a series of Sm? air-sparged agitated tanks. The concentrate was ground to
8¥a -TOum and was biooxidised at 13% w/w pulp density with a residence
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time of 40 hours in the leaching system. The temperature in the leaching
tanks was maintained at 30°C and air was added at 0.05 L/min/L pulp.
Mulrients were added to malntain biological activity at steady state at the
rate 0.6 kg (NH,1,80,/T and 0.12 kg KH PO, /T concentrate and the pH and

Eh in the leach tanks were 1.2 and 520mV, respectively. Following
bioleaching, the leach residue was filtered, neotralised and then leached
with cyanide to recover the precious metals. Recoveries of 70-75% lor gold
and 30-35% for silver were obtained. It was concluded from this work that
the biohydrometallurgical and subsequent cyanidation response would be
insensitive to the effects of scale-up, but that carcful engineering design
would be required to ensure adeguate asration, agitation and heat removal
from large bioleaching tanks., A summary of the estimated capital and
operating are given for a full-scale plant to treat 800 T/d of Equity
voneentrate containing 5.5 g Auw/T and 90 g Ag/T,

Receni Soviet cxflertencc with bioleaching of gold ores is described in a
paper by Polkin et al. (27) in which detalls of a pilot plant treating an
arsenical gold flotation concentrate are given, The concentrate contained
B.4% As, 24.1% Fe and 26.6% 5. The pyrite to arsenopyrite ratio in the
concentrate was 2 to 1 and the gold was predominantly contained in the
arsenopyrite, The bioleaching pilot plant consisted of nine pachuca tanks.
made of acid-proof steel, used in two banks. The pachuca tanks were
constructed with external casings through which hot water was cireulated to
maintain the required temperalure in the tanks. The first stage of leaching
was carried out In four pachucas used in series to give a residence time of 48
hours with 78% oxidatlon of arsenopyrite nccurring, A further 80 hours of
residence time In the remaining five pachucas Increased the oxidation of
arsenopyrite to B6%. TFollowing solid liguid separation, the leach residuce
was sent to cyanidation while the Icach solution was neutralised with lime
suspension o precipitate iron. arsenie and sulphur.  Raising the pH to
2.9-3.3 precipitated at least 90% of the dissolved arsenic. Afier removal of
the precipitate and reacidification to pH 2.0 (o 2.2, the liquor was returned
to the head of the bioleaching cirewil. It was found that gold recovery from
the oxidised Icach residue was 88-92% compared with only 7-10% from the
untreated concentrate.

5. NITRIC ACID-BASED PROCESSES

Mitric acid reacts rapldly with arsenopyrite to form either soluble fron
salts,

3FeAsS + 17THNO, = Fe,(SO,), + Fe[NO,), + SH,ASQ, + 4H,0 + 14NO
or insoluble ferric arsenate,
3FeAsS + 14HNO, + 2H,0 = 3FeAs0,2H,0,, + 31,50, + 14NO

The nitric oxide, NO, ean be regenerated to nitrie acid by reaction with
oxygen and water,

4NO + 30, + 2H,0 = 41IND,
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Oxidation of NO by oxygen to NO, is very fast, bul the exothermic absorpton
of NOy in water to give HNOQ, is much slower, In nitric acid plants. many
stages of adsorption are used with interstage cooling of gases and Hoguids,
However two recent refractory gold ore treatment processes have shown
that It is possible to carry out the above leaching reactions under conditions
where the readsorption of NO, into the leach slurry Is very rapid, so that the
nitric acid Is continuously regenerated and effectively acts as an oxidation
catalyst, with the primary oxidant being oxygen.

In the Arseno process (28-31), nitrie acid attack on the sulphide
miinerals is carrled out at B0-100°C under an oxygen overpressure of 50-100
psi (345-690kPa). Under these conditions, the reactions are extremely fast,
with complete decomposition of the sulphides occurring within 15 minutes
for bateh reactions. On a contnous basis, two stages of leaching with
residence times of 15 minutes each are sufficient (32). One of the main
design preblems in this process is the short tme over which the exothermic
heat of the decomposition reacltions is released. In order to prevent
excessive temperature excursions, the leaching autoclaves have to be fitted
with extremely efficient cooling syvstems, Following leaching, the slurry is
thickened and fltered o give a gold-bearing leach residue for cvanidation
and a leach liguor which contains disselved iron, sulphur and arsenic. This
Is sent to a precipitation clreudt where it s heated to 100°C and limestone is
added to precipitate sulphate as gpyvpsum and (o raise the pH to cause the
precipitation of ferric arsenate -

2FelNOgls + 2HaAR0, + FoplS0y), + Hp50, + 7OaC05, = 2FeAs0yy +
Feglhy o+ 40a50, + ?"E.-‘Clg_w + 3Ca{NO,), + 4H,0

Solld-lquid separation of the slurry from precipitation glves a nitrate
solution which is recycled to the head of the leach circuit to conserve the
nitrate catalyst. and a precipitate lor dispesal. For pyrite feeds to the
process, the precipitate consists of anhydrite and hematite which can be
disposed of with the tailings from eyanidation. With arsenical concentrates
it is said that the forric arsenate precipitates as crystalline scorodite,
FeAs0,. 2H,0. Normally there is cxcess iron in solution which coprecipitates

as hematite and it s claimed that scorodite in the presence of excess
hematite is soitable for dumping without hasard to the enviconment. The
capital and operating costs of an Arseno process plant with a capacity of 250
T/d of concentrate have becn estimated at CANS 25M for the process plant,
with an operating cost of CANS 4015 /T concentrate [(32),

The primary oxidant in the Arseno process is pure oxygen and thus a
tonnage oxygen plant is a necessary part of the overall investment. In the
caplial costing guoted above, the turnkey oxyvgen plant accounted for nearly
30% of the cost of the whole plant. A recently announced, nitric acid-based
process which avoids the use, not only of pure oxygen, but also of pressure,
Is the Nitrox process, developed by Prochem Lid in Canada (33). A
Oowsheet of this process, which s designed to treat arsenieal and pyritic
coneentrates, is shown in Figuore 3, In principle the process is very similar
to the Arseno process, the essential differences being the conditions under
which the oxldising leach 15 carried outl.

Concentrate is slurried to 40-50 wit% solids with recyeled caleium
nitrate solution, The pH of the slurry is then adjusted from about 5 to less



than 1 by recyeling about two thirds of the oxidised slorry leaving the Nitrox
reactor. Suiphate in the oxidised slhummy reacts with the calecium and gypsum
is precipitated in the pH adjustment tank, the recycled slorry particles
acting as nuelel for precipitation. This helps to prevent unwanted gypsum
precipitation on vessel walls and pipelines, The slurry then enters the
Nitrox reactor where it is mixed with air In a specially designed agitation
gystem, Oxldation of the pyrite and arsenopyrite ocears in the presence of
the nitrate catalvst and the temperatare of the slurry rises until there is a
thermal balance betwern the exothermic sulphide oxidation and nitric acld
regeneration reactions and the endothermic evaporation of water. The
equilibrivm temperature s aboul B5°C. The oxidation reactlons occur
rapidly. usually within minutes. O gases from the oxidation reactor contain
approximately 5% NOx, which are serubbed out with lime slurry beflore the
gases are discharged to atmosphers. The remainder of the process Is then
similar to the Arseno process, consisting  of the addition of limestone to
cause precipitation of ferric arsenate, hydrated iron oxides and gypsum. The
mixture of leach residue and precipitate is then filtered off and washed, the
pH is adjusted with lme and then the solids are cyanided to recover goid.
The filtrate which is essentially caleinm nitrale solution at pll 5 is recyeled
to e mixed with incoming feed in the slurry make-up tank. The overall
recovery of nitrate is claimed to be better than 989% per pass through the
process.

6. THIOUREA

It has been claimed [34.35) that the use of thiourea as a leachant for gold
was first reported by Russian workers in 1941, In fact the potential of
thiourea for gold dissolution was recognised much earlier by Moir, whe in
1906, read a paper to the Chemiecal, Metallurgical and Mining Society of
South Africa entitled, "Thicrarbamide - a new solvent for gold.” (36). Moir
describes experiments in which he dissolved pieces of gold leaf in
thiscarbamlde [thiourea) solutions. These experiments enabled him to
establish the essential features of the reactions between gold and thiourea.
Thus he showed that acld conditions were necessary and (hat the reaction
was very rapid in the presence of suitable oxidants. reporting that
dissolution fimes could be reduced from a few hours In the absence of an
oxidant tn a few seconds with the addition of ferric chloride, chromie acid
or hydrogen peroxide. e recognised that, in contrast to the negatively
charged gold cyanide complex ton, the geld thiourea complex was positively
charged, He showed that gold metal could be precipitated from thiourea
solutions by cementation with zine or ifron metal. Moir also carried oul
experiments on the recovery of gold from ores, concentrates and tailings
with thiourea solutions, He aobtained extractions of up to 66% and remarked
that the reagent was promising for vse in the retreatment of residue dumps.
Its main drawback fer technical use at the time was cost, which was
reported (o be 25 shillings per th. In thanking Dr. Moir for presenting his
paper, the President of the Seeiety is guoted in the Proceedings as saying
"o we cannot tell what value this new solverd may have, fen, twelve, or
perhaps a lesser number of years hence, and the paper moy be of the
greatest inderest aport from ifs scientific value” History has shown that the
President's words were premature. The use of cyanide, which by the time of
Mofir's experiments was well established as an Industrial process for gold
extraction, inereased its dominating position and became virtually the only
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reagent used for gold leaching for at least the next half century. In the
Western world, thiourea remained in obscurity until the 1970's when
interest was revived in this reagent, eulminating in 1982 in Australia when
the first commercial gold leaching plant to wse thlourea was commissioned
{37). In the Eastern block, interest in thiourea began earlier, with laboralory
test work being carried out in the 1960°% and, it is believed, industrial use
beginning in the 1970,

6.1. Chemistry of thiourea

Unlike cyanide, which s thermodynamiically siable over wide ranges ol
Eh and pH. thiourea has to be used under relatively restricted conditions. [t
i= fairly stable in acld and neutral selutlons, bot decompeses rapidly in basic
aolutions. In sirong acid solutions, however, thiourea hydrolyses to form
urea and hydrogen sulphide:-

H,N - CS-NH, + H,0 = HN-CO-NH, + H,8

Gold ore leaching with thiourea Is normally carried out in the pH range 1 - 2.
In the presence of oxidising agents, thiourea oxidises [first to formamidine
disulphide. An example of a suitable oxidant is ferric iron:-

2CS(NH,); + 2Fe™ = NH,INHICSSCINHINH, + 2H* + 2Fe?

The standard reduction potential of the thiourea/formamidine disulphide
half-cell is 0.42 volts (38), Formamidine disulphide can then arct as an
oxidant for gold:-

2Au?+ 2CS(NH), + NH,(NHICSSCINHINH, + 2H* = 2AulCS(NH,),1,*

Thus the formation of formamidine disulphide is a necessary precursor
for successful gold leaching, but at the same time it provides another route
for reagent deceomposition. since it 15 less stable than thiourea and can
decompose to eyanide, elemental sulphur and thiourea:-

Tmz Em NH,, N,
|
rﬂ‘.-sﬁs-c = ?I + 8" + C=5
I
NH NH, N NH,

Ameng the advantages claimed for thiourea over cyanide in gold leaching
are the following (39):-

= dissolution rates are ten to twelve times faster than cyanide;

* thiourea i{s non-toxic;

= consumption of thiourea by base metals is far less than that of cyanide;

* a variety of oxddants can be used to oxidise thiourea to formamidine
disulphide including: Fe?*, H,0,, 0,, O, KMnO, and NaOCL
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Sucecessful use of thiourea requires careful optimisation and control of
pli, redox potential, thiourea concentration and leaching time. (40,41).
Details of recent experimental (nvestigations into thiourea leaching,
Including ore types. leaching conditions, gold extractions and reagent
consuimptions, are collected in Table 1. Also shown, where available, are
gold extractions obtained by conventional cyanide leaching. It is evident that
gold extractions with thiourea at least mateh, and in some cases exceed,
those achievable with cyanide.

As indicated in Table 1, Schulze (45.46) has used 50, in combination
with thiourca. It Is clalmed that additon of S0, during thiourea leaching

avoids passivation of the precious metals and prevents chemical degredation
of the reagent. resulling in low consumptions of thiourea. It is further
claimed that maximum leaching rates are obtained when half the initial
thiourea is converted to formamidine disulphide, although little evidence is
presented to substantiate this assertion (45} The use of 50, has been

re-cxamined recently (47) in a detailed study into the application of thiourea
leaching to a typical South African gold/uranium ore from the Witwatersrand,
It was found that under oplimised conditions, gold exlractions approaching
those ohtained by cyanide leaching in 18 hours could be obtained with
thiourea in 6 hours. with thiourea consumptions in the region of 1 kg/T ore.
Control of solution redox potential was found to be important to prevent
excessive degredation of thiourea, the optimum reglon being 200 - 250 mV
[wvs SCE). It was further found that addition of sulphur digxide did not give
any savings in thiovurea consumption and gold extraction was not improved.
An interesting part of this investigation was a simulated heap leach of gold
ore with thiourea, where 10 was shown that its performance in terms of gold
ulr&fjt.iun over 25 days was similar to that achieved by heap leaching with
cyanide,

6.2, Commercial Developments,

The first gold leaching plant to use thiourea in the Western world is
located al the New England Antimony Mines (NEAM) in northern New South
Wales, Australia (37). The gold-bearing mineralisation consists primarily of
stibnite [Sb,5,) with associated pyrite/pyrrhotite and arsenopyrite.  The

current ore grade averages 4.5% Sb and 9 g Au/T, This is put through a
gravity ciremit to recover free gold, followed by flotation to give a stibnite
concentrate grading 68% Sb and 30 - 40 g Au/T. This concentrate Is
treated for gold recovery in a thiourea leach plant which was commissioned
in March, 1982, A flowsheel of the plant is shown in Figure 4. The plant s
run as a batch operation with a capaeity of about 8T concentrate per 8 hour
shift. Leaching time is less than fiffeen minuies and the eritical eperating
parameters are pH, redox potential and thiourea coneentration.  Dissolved
gold Is recovered from the leach solution by adsorption on activated carbon,
Desorption is nol practiced: instead a carbon coneentrate is sold, containing
6 - 8 kg/T Au. Following gold adsorption, the barren thiourea solution is
recycled after Eh adjustment with hydrogen peroxide. Owverall gold
recoveries range between 50 and 80%. depending on the gold liberation in
the antimony concentrate,

The second commercial thiourea plant is likely to be at the Jamestown
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mine in northern California [48). This mine, which has reserves of 30M T
with an average grade of 2.1g Au/T, Is due to start production in the first
guarter of 1987, Initial production will be 6000 T ore per day. Gold will be
recovered Into a flotation concentrate which will contain about 55g Au/T
and 40g Ag/T. The concentrate will be leached with thiourea and a gold
extraction of 87% Is expected. Recovery of gold from solution will be by
cementation with aluminium dust. The reason for using thiourea rather than
cyanide at Jamestown is primarily environmental, since the ore responds at
least as well to cyanide leaching. California's strict environmental laws make
the obtaining of permits for cyanide leaching so time consuming and
expensive that the balance is swung In favour of thiourea, in spite of the
anticipated slightly higher operating costs. However, before final decisions
are made it is intended that a thiourea pilot plant will be operated using
fresh concentrate from the mine. The projected cost of the mine and mill at
Jamestown, including the thiourea leaching system is $£45.6M, with an
operating cost of $184/0z gold. The leach plant itself will cost about $2M.

7. DISCUSSION

The varlous processes discussed above can be classified in two groups;

(i) those invalving extensive oxidatlon of sulphide minerals. namely,
bioexddation, pressure oxidation and the nitric acld processes; and {11} those
where there is little or no attack of the sulphides, i.e. pressure cyanidation
and thiourea leaching. For either of the latter two processes to be successful,
gold In the refractory ore must be physically accessible to the leaching
solutions. This implies that the refractoriness of the ore 1s lkely to be due
to the presence of either oxygen-scavenging elements, such as arsenic or
antimony, or cyanicides, such as copper or lead minerals.

Pressure cyanidation increases the sclubility of oxygen In cyanide
solutions and thus is likely to be most successful with oxygen-consuming
ores. Fine grinding s often necessary to achieve access to the gold. Fast
rates of reaction ¢an be achieved with sultable ores and in order to prevent
cyanide diffuston becoming rate limiting, higher cyanide concentrations may
be required, compared with conventional cyanide leaching. In spite of the
higher concentrations, cyanide consumptions can be kept at low levels by
leaching at amblent temperature and minimising reaction times, since loss
of cyanide by hydrolysis and oxidation is relatively slow.

Thicurea should also be a sultable leachant for ores with high oxvgen
consumptions, since condensed phase oxidants can be used for gold
dissolution, which can be supplied in much greater concentrations than
dissolved oxygen. However since thiourea itself is susceptible to
decomposition by oxidation, careful control of Eh, pH and concentration is
required to prevent excessive losses. With many ores, providing the gold is
accessible, gold extractions at least as good as with cyanide can be achieved,
with the advantages that thiourea |8 non-toxic and Its rates of leaching are
very much faster than cyanide. Thiourea also shows to advantage over
cyanide for ores containing copper and lead, since its complexes with these
metals are weaker than cyanide and hence its gold leaching capability is less
affected. The main disadvantages of thiourea are that its chemistry is less
straightforward than cyanide and, to date, there is very little available
experience In its use on an industrial scale.

With many sulphidic refractory gold eores. however, an oxidative



pretreatment to disrupt the sulphide crystal lattice and to release the gold is
a necessary precursor for successful gold leaching, The Sherritt Gordon
approach to this problem, namely pressure oxuidation using high
temperatures, high oxygen overpressures and relatively long residence times
of one hour or more, 18 the most drastic solution. These conditicns assure
total oxidation of any sulphidic or arsenical components in the ore, and
Sherritt Gordon have shown that the method is applicable to many different
types of ores and concentrates, with very high gold extractions achleved In
most cases by cyanide leaching of the oxidised residues. The price to be
pald for this success is the capital and operating costs of the pressurised
process plant which is comprised of large acld resistant autoclaves and
assoctated support equipment such as heat exchangers, flash tanks and
[pressure pumps.

In the Arseno process, total oxidation of the ore is achicved at lower
reaction temperatures and total pressures by the use of nitrie acld as a
catalyst to Improve the effective reactivity of cxygen. Very fast reaction rates
can be obtained, 15 minutes or less on a batch basis, and the nitrie acid is
recycled within the process as a nitrate salt. Low losses of nitrate are
claimed, although some production of inert nitrous oxide N,0 is highly

likely., The very fast reaction rates lead to-low reactor volume reguirements.
but en the other hand, the large heat lux caused by the rapid exothermie
reactions mean that very effective cooling systems are necessary for the
autociaves In order to control the proacess.

The primary oxidant in both the Sherritt Gordon and the Arseno
process |s pure oxygen, Thus the capltal nvestment required for either
process includes the cost of a tonnage oxygen ﬁlant. This 18 a major ftem of
expenditure which can account for more than half the total Investment cost.
in the cost estimates made for the application of pressure oxddation to the
Porgera deposit In Papua New Guinea, the oxygen plant accounted for two
thirds of the capital cost of the leaching plant and for 80 % of the operatin
costs of the process (6). The traditional method of T.IEH.U.\'A% sulphidie an
arsenical ores is by roasting, which of course utilises the cheapest oxddant
available, namely alr. Two of the processes discussed in this paper are also
designed to use air, while avoiding the atmospheric pollution problems
assoclated with roasting processes.

The Nitrox process ls very similar in principle to the Arseno process
with the important difference that alr at atmospheric pressure is used as the
primary oxidant. This is achieved by the vse of a highly efficient proprietary
gas-liquid-sclid mixing system. The process, which tnvolves recycle of up to
two thirds of the oxidised slurry back into the oxidation reactor to control
gypsum precipitation will require larger reactors than the Arseno process
for a given throughput, but the compensating factor s that the Nitrox
reactors are not pressurised, Temperature control s also much easier as
heat generated by the oxidation reactions (s balanced by evaporation of water
during cxidation. This evaporation also alds the water balance in the process
circuit. Reported results (33) indicate that the process works very well, but
as yet it has only been run at laboratory or small pilot scale. The key
guestion 18 whether the proprietary mixing system can be successfully
scaled-up to industrial scale, If this can be achieved, the Nitrox process
should be a technically attractive method for treatment of suitable refractory
gold ores.



294

Biooxidation also uses alr as the primary oxidant for sulphidic gold ores.
The catalytic effect of the bacleria is, however very much slower than that of
nitric acid. Residence times of days and low pulp densities are required and
thus large reaction tanks are necessary. Power consumption for agitation
and air dispersion will be significant, A recently published cost study
comparing pressure oxidation with bicoxidation for sulphidic concentrates
indicated that the capital costs of the two processes would be quite similar,
but that the operating costs of biooxidation would be signficantly lower [49),

8, REFERENCES

1. MNagy, 1., Mrkusic, P. and McCulloch. HW. Chemical treatment of
refractory gold ores. Literature Survey. NIM Report No. 38, June 1966,
2. Acton, C.F, and Charles, W.I3. Cwrrent gold and silver recovery practice.
Paper presented at 14th Int, Min, Proc. Cong., CIM, Toronto, Oct. 1982

a. Addison, R. Gold and silver extraction from sulphide ores. Min, Cong.
Jo. et 1980, 47-54.
4. Avraamides, J. Prospects for alternative leaching systems for gold; a

review. In: Carbon-in-pulp technology for the extraction of geld. Aus. IMM
July 1982, 379-308,

a. Robinson, P.C. Mineralogy and treatment of refractory gold from the
Porgera deposit, Papua New Guinea. Trans. IMM. 22, Section C, 1983,
CE3-CE9.

G, Berezowsky RM.G.5, and Weir, DR, Pressure oxidation for treating
refractory uranium and gold ores. Paper presented at 22nd Ann. Conf.
Metallurgists of CIM, Edmontorn, Aug. 1983,

7. MeGauley, Pl and Swainson, S.J. Improvements in or relating to the
recovery of precious metal content of arsenic bearing ores and concentrates
thereof. Brit.Pat. 728,135 (April 13, 1955),

8. Hedley, M. and Tabachnik, H. Process for recovering precious metals
from refractory source materials. US Patent 2,777,784 (Jan 15, 1957).

9. Welr, D.R. and Berezowsky, RM.G.5. Gold extraction from refractony
concentrates. Paper presented at the 14th Ann, Hydromet. Meeting of CIM,
Timmins. Oct. 1984,

10, Berezowsky, RM.G.5. and Weir, D.R. Pressure oxidation pretreatment
of refractory gold. Minerals and Met. Proc., May 1984, 1-4.

11, Tourre, J.M., Bull, W.R. and Spottiswood, [.J. Oxidative acid pressure
leaching of sulphldic ores and concentrates - the control of silver losses,
ll"gfégr presented at Int. Symp. on Complex Sulphides, AIME, San Dicgo, Nov,
12, Anon. Homestake's McLaughlin mine. Mining Eng., Jan 1986, 24-26,
13. Argall, G.O. Perseverance and winning ways at MeLaughlin gold. E &
Md, Oct. 1986, 26-32.

4. Fahrenwald, AW. and Newton, J. The gold disselution rate in cyanide
solutions, B & MJ, 140(1), 1939, 44-47.

15 Mulr, C.W.A., Hendriks, L.F. and Gussmann, HW. Treatment of
refractory gold-bearing flotation concentrates using pressure leaching
technigues. In: Precious metals; mining, extraction and processing, Eds. V.
Eudryk, D.H. Corrigan and W.W. Liang. AIME New York, 1984, 308-322,

18.  Pietsch, H.B., Turke, W.M. and Rathje, G.H. Research of pressure
]ﬂeéafl'aigﬁg of ores containing precious metals. Erzmetall 36(6], 1983,

17. Ehrlich, H.I.. Bacterial action on orpiment. Econ. Geol. 58, 1983,
4991-4.



297

18. Ehrlich, H.L. Bacterial oxidation of arsenopyrite and enargite. Eeon.
Geol, 59, 1964, 1306-1312,

19.  Pinches, A Bacterial leaching of an arsenic-bearing sulphide
concentrate, In: Leaching and Reduction in Hydrometallurgy, Ed. Burkin,
AR, IMM, London, 1975, 28-35.

20, Lawrenee, RW. and Bruynesteyn, A, Biological pre-oxidation to
enhance gold and silver recovery from refractory pyritic ores and
concentrates. CIM Bull, 76, 1983, 107-110.

21. Livesey-Goldblatt E., Norman, P. and Livesey-Goldblatt, DR, Gold
recovery [rom arsenopyrite /pyrite ore by bacterial leaching and cyanidation.
In: Hecent Prog. in Biohydromet., Ed. Rossi G and Torma, AE., Ass. Min.
Sarda, 1983, 627-641.

22, Renner, CW., Errington, M.T. and Pooley, F.D. Economics of bacterial
leaching .  Paper presented at 23rd  Conlerence of Metallurgists. CIM.
Quebec. Aug, 1984,

23, Anon.  Bioleaching method developed for sulphidic gold and silver,
Min. Eng. Dec. [984, 1626,
24, Bruynesteyn., A. and Hackl, R.F. The Biotank process for the

treatment of refractory gold/sllver concentrates.  Paper presented at 114th
Annual AIME meeting. New York, February 1985.

25. Marchant, P.B., Commerical piloting and the ecconomic feasibility of
plant scale continuous biological tank leaching at Lguoity Sllver Mines
Limited, [n:  Process Metalluegy 4@ Fundamental and  Appl

Binhydrometallurgy., Lawrence RW., Branion RMR. and Ebner H.G. (Eds.)
Elsevier, Oxford, 1986. 53-76.

2, Marchant, P.B. Plant seale design and economic considerations lor
binoxidation of an arsenical sulphide concentrate. Paper presented at Int.
Symp, on Complex Sulphides. AIME. San Diego, November 1985,

7. Polkin, S.0. et al. Bacterial leaching ol metals in tanks., Non-ferrous
concentrate treatment; technology & Nowsheets,  Ing Int. Sem. Modern
Agpects Microbiol. Hydromet. Eds. Karavalke G.1. and Groudev, S.N. Centre
Int. Projects GKNT., Moscow, 1085, 238-256.

28. Anon. Gold recovery from arsenopyrite by the Arseno process,
Western Miner, March 1983, 21.

29, Anon.  Process for goeld recovery from arsenopyrile developed. E &
M.J, 184(4), April 1983, 35,

20. Anarn. New process for refractory ores. Mining Jor. 304 (781Z2) May
1985, 324.

31. Vreugde, M.J.A., Raudsepp. R. and Peters. E. Hydrometallurgical
arsenopyrite process, European Pat, Appl. 0119685, 18 Jan, 1984,

az. Beattie, MUY, Raudsepp, R., Sarkar, K.M. and Childs, AM. The

Arseno process [or refractory gold ores. In: lmpurity Control and Disposal.
CIM, 1985, 9-1 to 9-11,

a3 Van Weert, G., Fair, K.J. and Schneider, J.C. Prochem's Nitrox
process.  Paper presented at 88th Ann. General Meet. CIM, Montreal, May
1986.

34, Groenewald, T. The dissolution of gold in acidic solutions of thiourea.
Hydrometallurgy, 1, 1976, 277-200.

35. Groenewald, T. Potential applications of thiourea in the processing of
gold.” J.5. African IMM. 77, June 1977, 217-223.

36. Meir, J. Thiocarbamide - a new solvent for gold. J. Chem. Met.
Mining Soc. 5. Africa, May 1906, 332-336.

37. Hisshion , R.J. and Waller, C.G. Recovering gold with thiourea. Mining
Mag, 1513}, Sept. 1984, 237-243.

3s. Preisler, P.W, and Bergler, L. Oxidation-reduction potentia



208

thiol /dithiol systems: thiourea-formamidine disulphide. J. Am. Chem. Soc.
B2, 1047, 322

39. Charley. W.R. Hydrometallurgical extraction of precious metals using
thiourea. In: Practical Hydromet' 83, AIME 1984, 75-81.

40. Biliston D.W., La Brooy 5.R. and Woodeock J.T. Gold and stlver leaching
from an oxidised gold ore with thiourea under controlled conditions. In: Aus
IMM (Melbourne) Symp. Exiractive Metallurgy, Nov, 1986, 51-59.

41. Morrison, R.M. Thipurea leaching of silver-bearlng minerals 1.
Literature Survey, CANMET Report MRP/MSL 83-76(L3), June 1983.

42,  Chen Deng Wen. Studies and prospects of gold extraction from carbon
bearing clayey gold ore by the thiourea process. XIV Int. Min. Froc. Cong. Vol
IT Paper 8, Toronto, Oct. 1982,

43 Hiskey, J.B. Thicurea leaching of gold and silver - technology update
and additional applications, Minerals and Met, Proe., Nov, 1984, 173-179,
44, Gabra G. A kinetic study of the leaching of gold from pyrite
concentrate using acidified thiourea. In: Precious metals @ mining. extraction
and processing. Eds. V. Kudryk, D.H. Corrigan and W.W, Liang. AIME New
York, 1984, 145-172.

45, Schulze, R.G. New aspects of thiourea leaching of precious metals, J.
Metals, 36(6). 1984, 62-65.

46, Schulee, R.G. Thinurea leaching of preclous metals, Erzmetall, 29(2),
1986, 57-54

47, Momvalo, ZT. Thiourea leaching of Witwatersrand Cre. n: Gold 100
Froc. Int. Cenf. on Gold. Johannesborg, S.African IMM. Vol 2, 19RE.
565-577.

48, Chadwick, J. Jamestown to be the largest U5, gold milling operation.
Int. Mining, Sept. 1986, 24-26.
49, Mason, PG and 'Kane, PUT. Refractory gold-process optioms, Paper

presented at 24th Annual Confl. Metallurgists CIM. Vaneouver. August 1955,



1 PREGXIDATION
TANKS

2049

FEET}

:

Limi=

. |

PREOXIDATION e A r
THICKENER L

Acld Wik
iy =~ DECANTATION

th*“"—l FLART TANK ]

Lendod
Carke

Fingure 1,

—=|CARBON STRIPPING

- Sriiphuric noid

HEAT ﬂ!\{..HAWGFR I__" Hwhuw s
arm

Ll

AU rt:u:LAWb -

Wash
Whiter

COUNTER-CURRENT | i

-| NEUTRALISATION |

I
W LEACHING |
=il ip Carbia |

' CARBON
TAILINGE TSCHARGE REGENEKAJ."I"EUN

i EJ.FH.'-'I-'HO'n‘-'INNINﬂ

a3 A ng"

| MERCURY RETORT |—-r-.1nm~.uﬁ~r

'S

SEMELTING

CIOLT BELLION

The MelLaughlin pressure oxidation process



300

Feed

l r— Water

STOCK
TANK

[ Nutrient solution

-

¢ sulphuricacid

REGRIND
MILL

- !
=L=L. =L,=|= 40[%_%%
3571-%Y
e :
cL .
=l |L

BELT
FILTER

'

Oxidised sollds
to cyanidation

Filtrate

Figure 2 Bioleaching pilot plant at Equity Stlver Mines,



Goold-bearing
concentrate

301

. : Vent
co / ) @h i& &
—  SLURRY TANK i
it EDNDENSEE .
pH ADJUST eseasALT i
I--cptal i
T &
| Alr ;
. l
NITROX Olf gas sC i
e RUBBER]...
REACTOR (™7 )
_ My T F
Slurry recyc![le Ly l—u::ntﬂun:: et i
| i
PRECIPITATION oo iiitiiisiitiiinniaiiond
CO0, gas
1
Wazh water
Ca q,l_] FILTER -
sofulion
Y
STABILISATION lo _ fime
CYANIDATION
l L
Solutlon Lo Solids 1o
gold recovery taflings disposal
Figure 3 The Nitrox Process



Flgure 4.

302

— Sulphuric acid

MAKE-UP TANK le— Ferric sulphate

— Thiourea
"

LEACHING |+ Feed
FILTER Antimon
PRESS el

ADCSDRP?I?DN +— Carbon
L
FILTER Gold-loaded
PRESS carbon
1

BARREN

TANK

New England Antimony Mines thiourea process.



