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With the increasing concern of the sustainable approach of gold mining, thiosulphate has been
researched as an alternative lixiviant to cyanide since cyanide is toxic to the environment. In
order to investigate the possibility of thiosulphate leaching application in the coming future, life
cycle assessment, is conducted to compare the environmental footprint of cyanidation and
thiosulphate leaching. The result showed the most significant environmental impact of
cyanidation is toxicity to human, while the ammonia of thiosulphate leaching is also a major
concern of acidification. In addition, an ecosystem evaluation is also performed to indicate the
potential damages caused by an example of cyanide spill at Kittil& mine, resulting in significant

environmental risk cost that has to be taken into account for decision making.

From the opinion collected from an online LinkedIn discussion forum, the anxiety of
sustainability alone would not be enough to contribute a significant change of conventional
cyanidation, until the tighten policy of cyanide use. International Cyanide Code, therefore, is
crucial for safe gold production. Nevertheless, it is still thoughtful to consider the values of

healthy ecosystem and the gold for long-term benefit.
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1. INTRODUCTION

Gold is extracted from gold ore which is relied on leaching process using leaching agent or
physical separation. The gold-bearing leaching agent is then concentrated and the gold is
furthered recovered and purified to become gold bar. From the past experiences in gold mining
industry, recovery of gold is usually well done by leaching, and cyanide has been the most
common leach reagent for over 100 years due to its high gold recoveries, robustness and
relatively low costs. Cyanide, however, is highly toxic to human and environment, and some
serious tailing dam accidents happened in Europe causing catastrophically damaged the
environmental and economic losses. This has also accelerated the development work of seeking
less toxic alternatives to replace cyanide. The cyanide leaching process actually is highly risky
from environmental prospect. Mining companies perhaps are not prepared for the worst case
scenario and once disasters occur, companies cannot ignore the effects properly. Furthermore,
cyanide use in gold production is banned in some countries, and the development of other
alternatives to replace cyanide was raised up, in which thiosulphate was regarded as one of the

most realistic substitutes towards sustainable mining.

There are several criteria that should be considered for good gold lixiviants, from economic
considerations, toxicity and process applicability. Add to that, Stephen Gos and Andreas Rubo
in Mudgal &Slater, 2010 suggest that good lixiviant should be capable on most ore types, safe
to transport, handle and detoxify or recycle. Thiosulphate has lower toxicity and greater
efficiency with gold deposits regarding preg-robbing ores, comparing with cyanide. Moreover,
European Union (EU) might also tighten the use of cyanide in the near future. Mining companies
or other related industries using cyanide have to prepare finding the most suitable alternative to

high-toxic cyanide in gold processing.



1.1. Research Background

The study is done with the department of chemical engineering of Lappeenranta University of
Technology. Certain quantity of thesis, researches, laboratory experiments were done from the
technical view regarding thiosulphate leaching. This study, thus, focus merely on environmental
perspectives to support the on-going research in order to provide a more comprehensive

assessment for this leaching method.
1.2. Aim of the Study

The goal of the thesis is to study the prospect of thiosulphate as an alternative of conventional
cyanide leaching in gold mining industry, based on environmental perspectives, as well as taking
the ecosystem evaluation into account. With the increasing awareness of sustainability, cyanide-
based gold extraction method could be an obstacle for sustainable development. In this study,

questions are raised by the following:

e What is the current development stage of thiosulphate leaching?

e  Whether thiosulphate is comparable or inferior/superior to cyanide?

e Would the sustainable concern get more attention in the future that will encourage the
mining companies to start a new leaching technology?

e What are the factors to drive the application of non-cyanide leaching technology?

1.3.  Structure of the Study

The thesis is divided into three parts, in order to investigate the proposed questions above. The
first part is the literature review of general background of gold mining process, current status of
cyanidation and thiosulphate leaching, as well as the toxicology of cyanide in general. European
Union (EU) plays a crucial role of cyanide regulation, the regulation framework of cyanide use
in worldwide, therefore, will be reviewed as well. The second part is the empirical study of
cyanidation and thiosulphate leaching by conducting life cycle assessment (LCA) according to
EN ISO 14040 and EN 1SO 14044 standards. The life cycle of cyanide and thiosulfate leaching

processes will be compared with the defined system boundary, in order to support decision



making. Ecosystem evaluation regarding the risk of cyanide spill is then discussed based on the
example of Kittild mine in which is located at northern Finland. From this evaluation, the
ecosystem services of that specific region will be identified with the estimated economic values,
giving a better decision consideration factor of the cyanide leaching systems. The final sector is
the interpretation of the results obtained from different chapters that leads to the discussion of
sustainable mining regarding the balances between economic, environment and society.
Moreover, part of the opinions and comments will be collected from the worldwide professional
LinkedIn discussion. Lastly, conclusion will be drawn based on the outcomes from the

discussion.

In this study, the main focus is the criteria of gold lixiviants in toxicity. The process applicability,
such as recyclability, detoxifiability, technical and leaching performances with cyanide and
thiosulphate correspondingly, however, is not included, as a limitation. The economic

considerations is partly discussed in the sector of ecosystem evaluation.
2. GOLD EXTRACTION

2.1. Sustainable Mining

The mining activity itself is usually considered as ‘unstainable’ because of the gold in metal is
a finite resource, which fails to ‘meet the needs of the present without compromising the ability
of future generations to meet their needs’, a common definition of sustainable approach
proposed by the World Commission on Environment and Development in 1987. The concept of
sustainability to mining, is practically about applying the best practices that ensure the society
maximize its utilization of gold, as finite resource, in the most sustainable way or using the least
resources to produce gold, since the demand of metal and gold will only keep increasing. The
long-term aspects of economic mineral resources are critical in sustainability debate as it
concerns the needs of the present generation for metals and minerals, and additionally it usually
brings a boom of economic growth at the mining region, European Union (EU) in particular.
(Mudd, 2008) In EU, mining industry is playing a crucial role that provides jobs, export markets
of products and services, expertise to enhance economic growth, according to the opinion of

Euromines, a recognized representative of the European mining industry. (Drielsma, 2013)



The nature of environmental impacts regarding gold mining are usually linked to mining cycle
of exploration, development, mine wastes, mining technique, closure and rehabilitation. It was
not until 1970s, the concerns of community expectations and legislation evolved with a high
standard of environmental management throughout the mining cycle. In other words,
environmental and social costs of extracting mineral resources are essential factors, while gold
mining is further complicated with the connection of intricate global financial system. It

becomes a concern of whether future mining will cost more than at present. (Mudd, 2008)

In addition, for the long-term trends and environmental costs of gold mining, it is greatly
affected by the amount of gold remain, gold ore grades, consumptions of energy, water and
cyanide, greenhouse emissions, waste rock and tailing, as well as economic gold resource. It is
crucial to assess the potential for a gold ore to be mined economically with potential
environment costs, such as the amount of cyanide use and emissions for mining 1 ton of gold
ore. Rehabilitation is also challenging regarding the managements of waste rock and tailings,

and again additional cost will be charged if there are any problems occurred.

On the other hand, a landmark in the sustainability debate was held at the Rio de Janeiro Earth
Summit of United Nation in 1992, and was followed by Earth Summit (Rio+10) in Johannesburg.
During that time, many mining companies recognized the importance of environment and social
aspects of mining and proactively adopted policies on sustainability and released cooperate
social and environment reports with their financial performance. As part of the contribution
from Rio+10, a project of ‘Mining, Minerals and Sustainable development’ was also launched
by the global mining industry that critically assessed the variation of complex matters and
drivers for sustainability in mining. (Mudd, 2008)

In 2013, the Mining Industry and Research projects held a seminar in Helsinki. Finnish
authorities and international organizations presented their researches on green technology and
mining towards sustainable mining. In the seminar, it addressed different perspectives of green
mining, such as mine waste, water monitoring, green economy, recycling, mining biotechnology
and environmental management. During the seminar, the Finnish Ministry of Employment and
the Economics stated that their vison 2030 to have Finland as a leader in sustainable extractive

industry from the perspectives of environment, social and economic. The action plan includes
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measures in three different group with industry, public sectors and all parties in cooperation.
(Uusisuo, 2013) Strong authorities and regulations, such as environmental impact assessment

directive and Water Framwork Directive, therefore, are essential to fulfill the target.

Environmental issue, all in all, is challenging, but also an opportunity since nowadays it
becomes daily operation of business. The risk prevention and waste recovery could lead to
benefit if companies invest their own environmental know-how and cooperate with other

enterprises to save and to share.

2.2. Gold Ore

Gold is extracted from the gold bearing ore with different mineralogical and historical
characteristics that affect their leaching process and method of extraction. Copper and ion are
the most common minerals found in gold ore as impurities. In average, the concentration of gold
in the crust of the earth is 0.005g/t of ore that is much lower than other metals, comparing with
silver of 0.07g/t of ore and copper of 50g/ton of ore. Gold could also occur as a trace element in
few common sulphides and sulpharsenide minerals as complex ore, such as pyrite ore (FeS2)
and arsenopyrite ore (FeAsS), that complicates the gold separation from the ore itself, and they
are termed as “ refractory” gold ore which is naturally resistant to recovery by standard leaching
process and is required to have pre-treatments. It is because the sulphate minerals and organic
carbon bounded in refractory ore that affect the leaching process. Alternatively, non-refractory
also named as free-milling ore that does not need extra treatment prior to leaching stage.
However, the reservation of the high grade ore that has high gold concentration and non-
refractory ore in earth is progressively depleting. Extraction from low grade ore that contain
0.5-1.5g/t of gold ore will be the major focus of gold production trend. (Haddad et al., 2003;
Srithammavut, 2008)
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2.3. Processing Routes

Gold Mining processing could be open-pit mining which is on the surface and underground
mining regarding to gold ore exploration. The open-pit mining is relatively cheaper, easier and
quicker method comparing with underground mining, but with shorter life-span. The mining
work includes intensive transportation and man power to transfer tonnes of rock ore for
processing every day. There are low grade ore and high grade ore, meaning that the high grade
ore has more gold concentration than low grade ore. The grade of ore determines how the ore is
mined and processed.

The rock ore is first processed with mechanical grinding, so to create smaller particle size to
increase surface area to react with leaching chemicals with faster reaction time. Pre-treatment is
further applied to enhance the amount of gold in ore body to the acceptable limit for leaching
processes. The pre-treatment methods could be done by flotation or gravity concentration for
instances. As mentioned before, pre-treatment for gold concentrate is necessary for refractory
ore that associates with carbonaceous matter or sulphidic matrix minerals. These kinds of ore
can be treated by roasting, pressure oxidation, chemical oxidation or bio-oxidation to enhance
gold recovery level. After the pre-treatments, ore concentrate is formed by removing the major
component of gangue. Typically, before the pre-treatment, the concentration of gold content in
ore is less than 10g /t of ore (<10ppm). After the pre-treatment, the concentration could improve
to 20-30g /t of ore (>10pm). (Gradov, 2011; Neuovonen, 2013)

Leaching is the most common metallurgical process for gold extraction used worldwide that
allows gold to dissolve in an aqueous medium, followed by separation of the gold bearing
solution from the residues. Gold is a noble metal and it is not soluble in water. Leaching agent
is desirable for an efficient leaching performance, but water is not. Acid or base is commonly
worked as leaching agent. Cyanide and thiosulphate both are alkaline leaching agents. The

leaching method also varies, depending on the characteristics of ore and the desired components.

Recovery takes place after the leaching stage. The recovery procedures vary with different
leaching processes and agents. The common methods are carbon-in-pulp (CIP) which is the

adsorption on activated carbon or carbon-in-leach (CIL), resin adsorption, solvent extraction,
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electrowinning or precipitation. The detailed leaching processes and corresponding recovery
methods of cyanidation and thiosulphate leaching will be discussed in the following chapter,

and the schematic gold extraction process route is given in figure 1 below.

Gold refining and parting is the last stage of gold bar production to increase the purity of gold
by removing silver from gold. Different techniques have been practiced in commercial scale,

such as chlorination using Miller process and electrolysis using Wohlwill process. (Norgate &
Haque, 2012)
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Figure 1 Basic gold extraction process route (Modified Neuvonen, 2013)
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3. CYANIDATION & THIOSULPHATE LEACHING
3.1. Cyanidation

The technology to extract gold from ore with cyanide is called cyanidation. It has developed
early as in late 19th century, and it is still one of the commonly used methods for gold mining
industry because of its good effectiveness for gold dissolution and relatively low cost. It is
estimated that 80% of the gold production utilizes cyanide in gold extraction. (Australian Gov.,
2008)

Cyanide is a chemical compound with carbon and nitrogen. Simple cyanide salts, potassium
cyanide (KCN) and sodium cyanide (NaCN), can occur naturally or by man-made, and many of
them are harmful. From the worldwide production of hydrogen cyanide, about 6% is used for
gold processing while the remaining 94% is used in other industrial applications. (Australian
Gov., 2008) Industries of steel, electroplating and mining, for instances are the main users of

cyanide. (EU Parliament Committee, 2010)

After the pre-treatment, the free milling ore and treated refractory ore, together with the diluted
sodium cyanide (NaCN) solution, usually in the range of 0.01% to 0.05%, are introduced to the
stacks or heaps, which is called heap or dump leaching. Other leaching methods include
percolation at leaching, agitation or pulp leaching. The cyanide ion dissolves the gold in the ore
and forms pregnant leach slurry for later extraction of gold and it is collected in a collection
tank. In other words, the gold is oxidized and forms the stable complex ion [Au(CN2)]. The
process requires alkaline medium with the addition of alkali, such as lime and the use of oxygen
as an oxidant to increase the leach rate and decreases cyanide consumption. The pregnant leach
slurry with gold content is further concentrated by adsorption onto activated carbon, zinc
precipitation or ion-exchange reins. (Australian Gov.,2008; Neuvonen, 2013; Srithammavut,
2008) The schematic flow diagram example of cyanide leaching with selective pre-treatments
and recovery processes is shown in Figure 2 and the overall chemical reaction is shown as

following:

4Au + 8CN™ + 0, + 2H,0 — 4Au(CN); + 40H"™ 1)
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Cyanide chemistry is complex, however, numerous researches have been done concerning
leaching mechanism and chemistry, such as various variables affecting gold cyanidation;
temperature, pH, dissolved oxygen concentration, free cyanide concentration, particle size.
Therefore, the leaching technique can easily reach the optimal gold conversion. Moreover, for
the treatment of the tailing, meaning the solid waste or slurries remain after the treatment of
minerals by separation processes, there are also several approaches for detoxification, for
example alkaline chlorination. (Gradov, 2011) The European Commission Reference Document
on Best Available Techniques (BATs) for Management of Tailings and Waste-Rock in Mining
Activities also includes a cyanide destruction step. Prior to discharge to the tailing dam, the
cyanide has to ensure that it is reused or destroyed. Other BATSs for gold leaching using cyanide

consist of reducing the use of cyanide and applying safety measures. (Mudgal & Slater, 2010)

Cyanide destruction can be performed by natural degradation or chemical treatments. The
former applies to the combination of physical, chemical and biological processes, and the latter
is depended on the nature of cyanide compounds for choosing the oxidants. As noted earlier,
chlorine dioxide could be used at moderately basic pH levels and destroys cyanide complexes
with various metal ions. Besides, hydrogen peroxide is another common oxidant that can be
catalysed by the presence of copper. Other oxidants could be using sulphur dioxide or alkaline
chlorination. Furthermore, it is possible to recycle cyanide by using membrane technology, but
it is still lacking of researches and experiments. (Mudgal & Slater, 2010)
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Figure 2 Flow diagram of Cyanidation and thiosulphate leaching processes (Copper-Ammonia-thiosulphate)
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3.2. Thiosulphate Leaching

Thiosulphate (S203%) is a chemical used in photography, as well as in pharmaceutical sector,
and it is proposed to be one of the most potential alternative lixiviants, a liquid medium used in
hydrometallurgy to selectively extract the desired metal from the ore, to replace cyanide for gold
recovery (Cyclopaedia, 2013 & Gradov, n.d.). Numerous researches already have been studied
for this leaching technology regarding the complex system chemistry and the mechanisms with
minerals. (Breuer et al., 2012; Hadad et al., 2003) After long period of laboratory researches,
the commercial application is going to set up in this autumn 2014 by an Australian research

centre.

The pre-treatment of thiosulphate leaching is similar with cyanide leaching. Also in alkaline
medium, the leaching is performed in thiosulphate-ammonia-copper system with the presence
of air. The gold dissolves in alkaline thiosulphate with copper ions as catalytic, to form gold

thiosulphate as the basic mechanism reaction below:
4Au + 0% + 85,02 + 2H,0 — 4Au(S,05)3 + 40H" (2)

In the adsorption stage, due to the poor adsorption ability of gold thiosulphate on activated
carbon, the use of ion exchange resins has been introduced. The recovery process from
thiosulphate leach solution by polymeric resin can be carried via resin-in-pulp (RIP) or resin-
in-column, followed by resin elution. Elution process is to elute the gold off the resin and restore
it for recycling back to the adsorption circuit. So as the copper, oxidant for leaching, does not
be adsorbed on the strong base resin, and is thus recycled with the leach solution. (Breuer et al.,
2012)The example flow diagram of resin-in-pulp is given in figure 2 with selective pre-

treatments and recovery processes.

The benefit over cyanidation from the environmental perspective is that thiosulphate is less toxic
than cyanide. The chemical substances used in the leaching processes, ammonium thiosulphate
and ammonium sulphate, are the fertilizers that might benefit the possibility of recycling the
tailing solution in agricultural applications. The potential acute health effects of ammonium
thiosulphate is slightly hazardous in case of contacting with skin, eye or through ingestion, or

inhalation. In general it is not toxic to the environment and the disposal considerations are done



18

simply by following general local governmental control regulations. (ScienceLab, 2013)
Presence of ammonia could be a disadvantage of thiosulphate leaching since it can readily
escape from the open leaching vessels and exposure to the environment. However, there is no
significant threat to environment of the presence of ammonia. The toxicology of cyanide is
further discussed in the next chapter, with the comparison table of ammonium thiosulphate.

3.3. Alternatives to Cyanide

Many researches have been done aimed at identifying and developing less toxic leaching agents
due to the environmental damages resulting from its mismanagement. The most widely —
researched alternative lixiviants for gold ore are thiosulphate, thiocyanate as well as thiourea,
and most of the researches or reviews done in the past were mainly focused on the complex
system chemistry on the leaching of gold from ore. Also, none has yet been significant put into
the dominant trend of cyanide as leaching agent in gold mines worldwide. There was a
commercial application of thiourea in New South Wales of Australia that was commissioned in
1982. The recovery rate was 50-80% of gold from a stibnite concentrate, followed by the

recovery of activated carbon. (Hilson & Monhemius, 2006)

In the comparison of cyanide leaching, thiosulphate has an advantages of better efficiency and
versatility with lower environmental impact performance (Haddad et al., 2003) Thiosulphate
leaching is more suitable for carbonaceous ore (preg-robbing ore) than cyanidation, since the
gold thiosulphate leach is not absorbed by carbonaceous matter, which is not amenable for
cyanidation. (Gradov, n.d.; Gradov, 2011; Haddad et al., 2003) Despite all technical challenges
of thiosulphate leaching, reagent consumption remains a major difficulty. The high consumption
1s mainly due to its decomposition in solution, and thiosulphate also be lost with tailings. It is
also because higher reagent concentration of thiosulphate leach solution than cyanide leads to
higher thiosulphate consumption. (Gradov, n.d.) In addition, Aylmore, 2001 mentioned also in
Haddad et al, 2003, ammoniacal thiosulphate is less sensitive than cyanidation to contamination
by undesirable cations, since the presence of ammonia affect the dissolution of unwanted ions,
carbonates and silicates for instance. Gradov 2011 also concluded the comparison of gold

leaching processes of cyanide, thiosulphate and other agents, in which table 1 below shows the
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competitive advantages of these two leaching methods, serving as a reference.

Furthermore, Australian science agency CSIRO (Commonwealth Scientific and Industrial
Research Organization) is going to put thiosulphate leaching process full-scale production at
Nevada Goldstrick mine later this year, and the gold will be recovered without toxic cyanide.
This is a very first commercial operation in which this new technique is being applied and
definitely it will influence the on-going development and research on non-cyanide based
leaching solutions. The significant technique found by CSIRO in effective leaching gold was
adding sulphite to the resin elution process, so to make the gold recover from resin much easier.
Dr. Breuer, metal research leader at CSIRO, said the thiosulphate leaching currently is a niche
application only. However, the new technique will make inroads when cyanide is banned or not

viable. (CSIRO, 2014)

Table 1 Comparison of gold leaching processes (modified Gradov, 2011)

Gold Comparison Criterion

Leaching Reagent Dissolution | Toxicity Required Exploration

Process cost kinetic medium degree

Cyanidation | Low Slow High Strongly High
alkaline

Thiosulphate | Moderate Moderate Low Moderately | Moderate
alkaline
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4. ENVIRONMENTAL & HEALTH EFFECTS OF CYANIDE

The cyanide has a chance to release to the environment from operations through the leakages,
such as the tears and punctures in heap leach liners, overflowing of solution ponds and the
tailings storage. At high exposure level, cyanide is a rapidly-acting, acutely toxic to human,
faunae and florae. (Australian Gov., 2008) In the comparison of toxicity, regarding to the data
from material safety data sheets, table 2 provides several comparable health concerns of sodium
cyanide and ammonium thiosulphate, indicating that cyanide causes more serious impact than
thiosulphate to human and ecological system, also it has more tighten regulation for usage than

thiosulphate.

To identity the persistence and toxicity of a chemical, cyanide complexes could be scaled from
‘weak’ to ‘strong’. Weak cyanide complexes, is also referred as ‘weak acid dissociable’ (WAD)
that breaks down and releases cyanide ions when the pH is low. WAD may include cyanide
complexes of cadmium, copper, nickel, silver and zine for instance, and all of them can
disassociate in acid conditions and gives significant amount of toxic cyanide ions. While the
strong cyanide complexes work more stable than WAD containing gold, cobalt and iron, it
degrades slower under natural conditions. In general, free cyanide is the most toxic comparing

with cyanide complexes being less or non-toxic. (Hilson & Monhemius, 2006)

Table 2 the comparison of sodium cyanide and ammonium thiosulphate (Mudgal & Slater, 2010; SciencelLab, 2013)

Sodium Cyanide Ammonium Thiosulphate
LDso 6.4mg/kg 2890mg/kg
Potential acute | Very hazardous in case of skin contact | Slightly hazardous in skin &
health effects | (irritant), of ingestion, of inhalation. eye contacts, of ingestion, of
Hazardous in case of skin contact inhalation
(permeator).
Product of Less toxic than the product itself Not toxic

biodegradation

Transport Poisonous material — Marine Pollutant | Not controlled (United States)
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4.1. Cyanide Toxicology

Human

Cyanide is not considered as a powerful toxin, nevertheless, it is poison in high concentration
that causes serious health threat to the environment and human. The toxicity in humans
commonly happen from inhalation of cyanide gas, ingestion or absorption through eyes and skin
with cyanide salts. Once the cyanide in the bloodstream, it forms a stable complex with a form
of cytochrome oxidase to affect the cells to utilize the oxygen, resulting in suffocation of body.
The human system will shift from aerobic to anaerobic metabolism that causes the accumulation
of lactate in blood, making serious damage of nervous system and maybe to death. Small
exposures (20-40ppm) can lead to a symptoms that typically evolving over minutes to hours,
for example headache, vertigo, weak, rapid pulse, deep and rapid breathing, nausea and
vomiting (ICMI, 2014). A practical measurement is a teaspoonful of 2% solution of cyanide can
kill an adult. (SERC, 2004)

Through the test of lethal doses fifty (LDso), a toxicity of a substance expresses as the
concentration or dose that is lethal to 50% of the exposed population, for gaseous hydrogen
cyanide is 100-300ppm. In halation of 2000ppm can lead to death in a minute. (EU parliament,
2010; ICMI, 2014)

Environment

Cyanide, indeed, can be found naturally but generally at low levels from different bacteria, algae,
fungi and various species of plants, including bean, fruit, nut, and vegetables of cabbage family.
The major man-orientated source of cyanide in soil and groundwater comes from industrial
processes, such as metal mining industries, iron and steel production, as well as wastewater
treatment facilities. Also, the environmental source of cyanide is believed to be the incomplete
combustion during forest fires. Once the cyanide releases in the environment, the route of
exposure and the cyanide bioavailability varies with the form of cyanide, through different

pathways for its degradation and attenuation. (ICMI, 2014; Australian Gov., 2008)
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Cyanide does not accumulate in the food chain, since it undergoes rapid metabolism in exposed
animals. It will be also broken down into less toxic chemicals by sunlight and air in the
environment. The weak acid dissociable (WAD), as mentioned earlier, is considered as the
common measurement of cyanide that poison to both terrestrial wildlife and aquatic organism.
(ICMI, 2014)

Terrestrial wildlife

The bird and other wildlife, including mammal, reptile and insect are also exposure to cyanide
if they contact or drink at the tailing ponds or other waste storage areas. For bird, if they drink
the water containing cyanide may break down the acidic condition in the stomach and produce
high cyanide concentration which is toxic. An acceptable level that recognised by the mining
industry of weak acid dissociable (WAD) cyanide in waster to wildlife is 50mg/L (Australia
Gov.,2008) For mammals, the reported oral LDsg is from 2.1mg/kg of body weight (a small wild
dog) to 6-10mg/kg of body weight (laboratory white rat). (ICMI, 2014)

Agquatic Organisms

Hydrogen cyanide that has ionized or photochemically decomposed from substances containing
cyanide, causing the toxicity to aquatic life, especially fish that is extremely sensitive to cyanide.
At a low concentration level of cyanide (5-7.2ug/l) could already disturb the swimming
performance and inhibit reproduction in many fish species. If the concentration of free cyanide
reaches 20-76ug/l in water, it will cause death for fish. In addition, algae and macrophytes, the
conspicuous plants that dominate wetlands, lake and stream (Herbert & Ontario, 2010), has a
higher resistant environmental concentration of free cyanide than fish and invertebrate. These
aquatic plants can survive at the cyanide concentration that is lethal to many species of marine
fish and invertebrates. The plant community structure, however, might get changed because of
differing sensitivities of plants to cyanide, leaving a plant community that is dominated by plant
species that are less sensitive to cyanide. (ICMI, 2014)
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4.2. Risk Management — Cases of Accident Spill

Managing the usage of cyanide to minimize risks to the health of human and environment is
challenging for the mining industry. According to United Nations Environmental Programme
(2002 cited in SERC, 2004), the major accidents of cyanide releasing into the environment from
mining processes included tailings-dam mishaps (76%), pipeline failure (18%) and
transportation accidents (6%). Also, 1 out of 10 trucks that carry cyanide on average had an
accident each year. Australia government, 2008 stated that although the environmental incidents
of cyanide declined after the implementation of the International Cyanide Management Code,
accident still continue happen in Australia. Hence, the accidental exposure to the environment
can happen during any operational processes, and any time. Still, the gold mining companies
have to continuously update and improve the environmental monitoring, also to report and to
train the employees, regarding the development of a global code of practice for cyanide

management.

International Cyanide Management Code is an example of a standard developed after several
serious cyanide spills, especially the Baia Mare Spill in Romania in 2000. The code was
established for the purpose of monitoring and giving standard guideline for manufacture,
transport and the use of cyanide in the production of gold. Also it provides the cyanide
management practices and other relevant data to cyanide use in gold mining industry. Operator
in gold mining sector could conduct an audit and get code verification and certification from the
institute. By practicing the management code, the amount of cyanide used should be reduced,;
proper measures have to protect surface and groundwater; good wastewater treatment to

minimize the cyanide levels in effluent and to prevent spilling. (ICMI, 2014)

Similar with other risk management procedures, the risk assessment process provides the means
to develop management and communication tools for safe cyanide use. The assessment begins
with identifying different risks, and to analyse the significant level of these risks, so to
development a risk management plan, such as implementation plan of editing environmental
policy on cyanide. Review and improvement are done during the whole cycle of the assessment.
The ultimate goal of the assessment is to successfully avoid, transfer, reduces consequences and

reduce likelihood of any accidents caused by cyanide use, in this case.
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The Baia Mare Spill in Romania 2000

Risk management is extremely important, and disaster could happen without proper
consideration of it. As mentioned above, the Baia Mare spill in Romania in 2000 which was one
of the biggest cases in the past history. It happened from the dam failure that spilled about 100
000 m?® cyanide-contaminated water containing up to approximately 100 tonnes of cyanide and
heavy metal into the rivers Somes and Tisza, resulting in 40 km long flow of cyanide wide
spreading of contamination to environment, aquatic life, economic lost to the country, and more
than 1400 tonnes of fish died. The chemical also got into neighbouring areas of Hungary and
Yugoslavia, greatly poisoning the drinking supplies in all these countries. The test showed the
concentrations in river Somes was 700 times higher than the permitted level. ““The river Tisza
has been killed. Not even bacteria have survived. This is a total catastrophe’’ said Branislav
Blazic, the Serbian Environment Minister. Biologists stated that it would take up 5 years and
10-20 years for the fish and river to recover respectively. (BBC News, 2000) The picture 1
below is the highlight of the spillage.

The mining corporation, a joint-venture between Esmeralda Exploration of Australia and
REMIN, the Romanian state owned mining company, undoubtedly has the unshakable
responsibility regarding this spill accident. The regulatory authorities in Romania also
contributed to it by accepting these failure tailing management facilities, inadequate monitoring
and operation of the dams. Although there are no human health impacts were recorded, the
immediate impacts of environmental and tourism sector were significant and serious.
Consequently, recommendations for the strengthening of the regulatory framework is necessary.
(Garvey et al., 2000)
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BAIA MARE GOLD MINE, Romania

- Operated by an Australian and

Romanian mining companies.

- In January 2000, 30 cubic yards
of mine waste contaminated with
cyanide and heavy metals spilled
in the Tisza River.

- Result was disruption of drinking
water supplies of 2.5 million people
in 24 locations and Killing tons of

fish and other wildlife species.

Picture 1 Disaster of cyanide Spill in Romania 2000 (Castlejune 2012)

In additional to the case above in EU, other serious tailing dam accidents in EU are; Spain in
1998, 4 to 5 million cubic meters of toxic tailings slurries released, Italy in 1985, 269 deaths
and tailings flowed up to 8 km in the river (Mudgal, 2010) Nevertheless, the earliest recorded
cyanide spillage was happened in Japan 1980 due to natural hazard. A massive amount of
cyanide contaminated slag entered a stream from the reservoir of a gold mine because of an
earthquake. The 10 km stream with cyanide from the discharging point killed all stream biota
within few days, and it took about half a year for the environment to recover. (Ronald and
Wiemeyer, 2004) This spillage was not man-caused, yet there was a possibility to happen which
cannot be absolutely predictable. The spillage cases happened all around the world in which
United State, Australia and Ghana had the highest number of accident that were reported and
recorded. Also, it is believed that there are still certain amount of cases have not being
discovered and reported. From the 30 cases collected from the internet over 27 years (1980-
2007), the reported amount of cyanide leakage is roughly estimated to be 3.1 million litres and
130 tons of cyanide, discarding their concentration. Based on the assumption of WAD cyanide
concentration to 100mg/I for cyanide solution and 50% for cyanide pellet, the preliminary
estimation of total leakage amount could lead to the death of 80 million adult of 80kg oral dose,
similar with the country population of Egypt. (Lethal dose of an adult of 80kg is assumed to be
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81.929) (Table 2). It is even more horrific to count the amount of aquatic life and animal death

from the past incidents. The list of the spillage with references can be found from appendix I .

Reviewing the spillage accidents regarding to the risk management, the mining companies did
not aware the health, safety and environmental risks of using cyanide, and had not taken all the
necessary precautions to reduce those risks to the extent practicable. Majority of the accidents
happened under dam failure, overtopping of tailings dams for example and some of them were
unusual weather condition, such as high precipitation and rapid snowmelt for the case of
Romania in 2000. The residues of cyanide stored in tailing dams for several years without any
detoxification procedures is like placing a bomb in the environment, which is unacceptable in
risk management and in EU Mining Waste Directive that will be discussed in next chapter. A
comprehensive risk assessment, therefore, should be taken into account to avoid potential risks.

A cause reviews of the cyanide related spillage for last 20 years include:

e Lacking of comprehensive water management plan from risk analysis
e Lacking of or improper implementation of water treatment capabilities, especially no
cyanide destruction stage within the process plant

e Weak local/ national governance monitoring, e.g. mining law

In order to minimize the number of accident, the mining companies should be integrity and be
responsible to themselves and to the public by well developing and implementing spill
prevention and emergency response plans with International Cyanide Management Code.
Alternatively, it could also replace cyanide with other less-toxic leaching agents regarding the

criteria of good gold lixiviant.
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5. LEGAL FRAMEWORK OF USING CYANIDE
5.1. European Union

EU Mining Waste Directive

EU Mining Waste Directive (2006/21/EC) of March 2006 was adopted after the Baia Mare

accident, and article 13.6 stipulates that

“In the case of a pond involving the presence of cyanide, the operator shall ensure that the
concentration of weak acid dissociable cyanide in the pond is reduced to the lowest possible
level using best available techniques and, in any case, at waste facilities which have previously
been granted a permit or have already been in operation on 1 May 2008 that the concentration
of weak acid dissociable cyanide at the point of discharge of the tailings from the processing
plant into the pond does not exceed 50 ppm as from 1 May 2008, 25 ppm as from 1 May 2013,
10 ppm as from 1 May 2018 and 10ppm at waste facilities which are granted a permit after 1
May 2008. If the competent authority so requests, the operator shall demonstrate, through a risk
assessment that takes site-specific conditions into account, that those concentration limits need
not be further lowered.”

In the case of cyanide spill at Baia Mare in Romania, the cyanide concentration in the tailing
ponds was 12 times higher than the requirement of Mining Waste Directive. The article also
emphasizes the adoption of major-accident prevention policy for waste, such as to deliver a
safety management system, emergency plan in case of accidents, as well as the dissemination
of safety information to related persons. In addition, Best Available Techniques (BATS) should

be applied while open leaching is not. (Mudgal & Slater, 2010)

Besides the directive mentioned above, EU also has certain specific regulations for trade,
transportation and for control, based on the International Cyanide Management. There are also
regulations for environmental and human health regarding the quality of water intended for
human consumption, and quality standards in the field of water policy. (Water Framework
Directive, 2006; Mudgal & Slater, 2010)
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General ban on the use of cyanide in mining

In relation to a complete ban on the use of cyanide in mining, some EU member states have
banned cyanide leaching processes; Hungary had cyanide bans in 2009 with the overwhelming
majority of vote to against the use of cyanide in gold mining; Germany in 2002 also prohibited
cyanide leaching; Czech Republic in 2002 made decisions to forbid gold production through
cyanide leaching. In 2010, with the implementation of the Mining Waste Directive and raising
concern of cyanide to environmental and human effect, the EU Parliament called for a general
ban of cyanide use in mining before the end of 2011. Hungary, in particular urged a Europe-
wide ban on cyanide mining technologies, especially if water is the priorities of the presidency.
The Commission noted that “over the past 25 years more than 30 major accidents involving
cyanide spills have occurred worldwide”, and that "there is no real guarantee that such accidents
will not occur again, especially taking into account the increasing incidence of extreme weather
conditions”. (EU Parliament, 2010)

The Commission was rejected at last, considering the reasons of the limit values for cyanide
storage as defined in the Mining Waste directive are extremely low, and lacking of affordable
alternative technologies. Nevertheless, other legal developments applicable to cyanide rose in
the EU latter as they recognized the dangers of cyanide-based mining technologies, for instance
Directive of control the major-accident hazards consisting of dangerous substances and the
Water Framework Directive indicates that cyanide is the main pollutant under Annex VIII.
These regulations could reduce the cross-border effects of cyanide spillage accidents, especially
for countries that are sharing the same riverbank, and groundwater supplies. Besides, citizens
in Europe organised public protests to against on-going cyanide mining projects, including local
communities, state organisations, NGOs and politicians. (Szilagyi, 2011)

Controversy

EU shared approximately 1% of world gold production. The high gold prices attracted
increasing investment in gold production throughout the EU. Canadian company Gabriel
Resources is going to explore the largest gold mine in Europe that is located in Rosia Montana,

Romania, in 2016. The project aimed to extract 300 tonnes of gold and to create 2300 job
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opportunities. To gain the full authorization became extremely challenging since civil right
groups, environmental organisations, and local citizens are all opposing the project. (EU
Parliament, 2010) A civil society initiative ‘Coalition for a Cyanide Free Romania’ is an
example to support a legislative proposal to ban cyanide use in Romania. Therefore, using
cyanide based mining technology appeared that it will just become more difficult in the future.

5.2. Gold Mining in Finland

Finland is one of the main EU gold producers after Sweden and Bulgaria. The Finnish gold
exploration activity is booming currently because of geological potential, well developed
infrastructure, progressive mining legislation, and qualified labor force. At present, the main
gold mines are operating in Kittild, Orivesi, Pahtavaara, Pampalo and Vammala and major of
them are using cyanide based technology. (Mudgal & Slater, 2010) Majority of the mine owners
are not Finnish ownership. Kittila mine (Suurikuusikko) in Lapland is one of largest gold mine
in Europe with annually extraction of more than 1.1 million tonnes of ore and yielding over
5000 kg of gold. It is expected the production will last until 2037. (Agnico Eagle, 2014)
According to Hassi and Pietikainen questioning the EU Commission on the use of cyanide in
mines, they mentioned that cyanide spills from the Kittila gold mine are suspected based on the
environmental permit. It was tested the waste water of the Kittila mine, cyanide content
exceeded the permitted level. Indeed, the tailing waste containing cyanide from the mine is
poisoning the rivers. The other Finnish mine Raahe is also dumping the mining waste to Baltic
Sea. (Natunen, 2013)

According to the report of the Impact of Gold Extraction in EU 2010, from the industry
perspective of cyanide usage, Finland and Sweden were actively seeking for foreign investment
to their mining area and definitely the ban of cyanide would result in little or no investment
remain. In addition, Finnish environmental institute in 2011 published the Best Environmental
Practices in Metal Ore Mining to address the main stream technologies used, relevant legislation
and administrative procedures associating the environmental matters throughout the life-cycle
of mine. The leaching method indicated from the publication was cyanidation with the example
case of Kittila mine. The best environmental practice in metal ore mining plays a crucial role in

obtaining environmental and water related permits. (Kauppila et al, 2011)
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In Finland, granting the gold panning permit and other licenses according to the Mining Act
(621/2011) is responsible by the Economy to the Finnish Safety and Chemical Agency (TUKES).
The obligations of operators shall prepare a waste management plan for extractive waste.
Relevant documents and notices also have to be submitted to the Sami Parliament in the Sami
homeland area and to the corresponding local reindeer owner associations if the mining site is
located at their concerning regions. (TUKES, 2012) Certainly, the environmental impact
assessment of mining is important to obtain the mining-related permits by clarifying the

evaluation of environmental impacts from the construction and the operation of the mine.
5.3. Other Parts of the World

Internationally, other non-EU countries also banned cyanide leach technology in gold mining,
including Turkey, Greece, Costa Rica, Argentina, Ecuador and some states in the United States.
In Korea, this leaching operation is fading out gradually due to high labour costs and

environmental concern.

Like in many other countries, Australia state also has restriction on the cyanide use and waste
disposal in mining by reviewing legislation, jurisdictions and licensing. The Australian Waster
Quality Guidelines provides a standard of concentration of free cyanide in water to protect
aquatic life. A significant reduction of incidence of environmental impacts showed complying
with the International Cyanide Management Code and the Minerals Council of Australia’s

Enduring Value.

Some African countries, Ghana for example as one of the major gold producers after South
Africa, after frequent spillages, people were aware the concern of using cyanide. The lives of
the villagers are especially closely linked to the river health that provides them drinking water.
Unfortunately usually only unfair compensation was delivered for displaced communities or no
compensation after the spillages. (MAC 2001) At the present, mining law exists in Ghana, but
it is silent of addressing cyanide spillages and chemical pollution of water-bodies, and public
participation in decision-making processes. The law does not give enough protection for
community rights, and the successive governments lacked the political will to reform the mining
laws, which is sad. (Ekow, 2014)
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6. LIFE CYCLE ASSESSMENT

Life Cycle Assessment (LCA) is a compiling and evaluation of the input and outputs, and the
potential environmental impacts of a product system during its lifetime, such as cradle-to-grave
or cradle-to-cradle approach. In this case, it concerns only part of the gold production process,
referring as gate-to-gate studies. Through the analyses of materials flows and processes, LCA
could determinate in which phases of life contribute the largest harm to the environment or to
compare different options and approaches based on the levels of environmental impact
indicators. Moreover, LCA only address the environmental aspects and impacts of a product

system, but the economic and social aspects are excluded from the scope. (EN ISO 14040:2006)

LCA is a well-known and compressive methodology to access the environmental sustainability
of metal production. In LCA framework, there are four essential phases to conduct the study
with the guideline of EN ISO 14040: 2006. (Figure 3) All compartments are essential and crucial
to evaluate and communicate the environmental impacts of is processes. The goal and scope
definition provides all the background information and clear direction to start the assessment
with system boundary and level of detail. The next phase is inventory analysis involving all the
modelling processes relevant to the system and collection of the necessary data, for calculating
the life cycle inventory (LCI). In LCI, it consists of all inputs/outputs of energy, material and
emissions. With the analysed data, the life cycle impact assessment (LCIA) identifies the
significance of the potential environmental impact of the product system. Lastly, it is important
to interpret the data, which gives a critical review of putting the result in a meaningful way
associating with the goal of the study, and, in this case it is included in the discussion section
with the entire research as a whole. (EN ISO 14040:2006)

All in all, data availability always be a major concern in conducting LCA, since the high quality
data for the work is confidential to companies without public access, limited information is
available in the public domain in a way which is suitable for LCA usage. The limitation might
cause inability to adequately address the site-specific impacts and thus to obtain the real spatial

and temporal dimension of the LCIA.
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/ LCA framework \

Goal and scope
definition

§4.2 1SO 14034

Figure 3 Stages of an LCA (EN 1SO 14040:2006)

The assessment is done with GaBi 6.0™ LCA software which is a product sustainability
programme, according to 1ISO 14040/14044. 1t contains databases with life cycle inventory
profile that allow the users to analyse the whole life cycle based on the data of each unit process
and material flow, indicating comparable impact categories and indicators. Metal and mining
is one of the major industries using this software that address the great importance of resources
and energy efficiency. Mining industry has a larger demands and more sensitive on ecological
performances, and considering life cycle and bearing responsibility beyond the single product

are particular important. (GaBi Software)

In this study, the goal of the assessment is to compare the leaching systems of conventional
cyanidation and thiosulphate leaching, accounting for environmental impacts over a gate-to-
gate life cycle from leaching to recovery stage. The leaching process is a chemical treatment of
extracting gold from gold ore. The result of the study will address the energy consumption along
with its different environmental indicators, giving a reference for decision consideration to
achieve better sustainable gold mining between these two leaching methods. The comparison is

based on daily operation. The target audiences could be govern sectors, gold mining companies,
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international legislation parties, non-government organisations (NGOs), researchers related to

gold mining industry or any social group who have interest on sustainable gold mining.

With variety of ore characteristics and mineralogy, ore grade for instance, the processing route
could be different. For this study, based on numerous research papers and practical operation in
Kittila mine, the selected main process for cyanidation are cyanide leaching, followed by
carbon-in-Pulp while for thiosulphate leaching are ammonium-thiosulphate-copper leaching,
followed by resin adsorption. The defined unit process of thiosulphate leaching is based on the
discussion with academic researchers who have experimental experiments. The leaching
systems should be comparable with vital process units taken into account. Also, considering the
practical condition, refractory ore is used as an example for this analysis. Both leaching process
assumed to have the same pre-treatments and the recovery of electrowinning and smelting
processes after chemical leaching stages. The system boundaries of both leaching systems are

defined in the section 6.2.

The function unit which is the quantified performance of a product system for use as a reference
unit, and in this study, the measurement of the data is accounted for 1 ton of gold ore. It means
that the entre of input/output flows is based on 1 ton of gold ore. As noted earlier, the data
availability also becomes a significant concern of this study. Estimation is taken place especially
when there is not yet a large-scale application for thiosulphate leaching, and for other data, most

of them are found from literatures or based on calculation.

Therefore, the expected result of the assessment might not be directly reflected to any site-
specific impacts, but works as a general reference for further investigations and researches.
Regarding the assumptions, it is expected that cyanidation may have a higher impact to human
toxicity and aquatic, and it is also relevant to investigate what kinds of concern thiosulphate

leaching should be noticed, for example terrestrial toxicity, land use and resource depletion.
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6.1. LCA Assumptions & LCI

Gold is the main metal product

Functional Unit

1 ton of gold ore with standard ore concentration.
Refractory gold ore

Data from GaBi database: Copper-Gold-silver ore (0,6g/t Au)
Extraction processes

Cyanidation —tank and heap

Thiosulphate leaching — ammonia-thiosulphate-copper
Recovery processes

Carbon adsorption - cyanidation

Resin adsorption- thiosulphate leaching
Gold recoveries

Cyanidation —-95%

Thiosulphate — 95%

Carbon adsorption — 99.5%

Resin adsorption — 99.5%
Other processes

Cyanide destruction —INCO process —97.7%

Oxygen plant —cyanidation

The LCA was conducted using GaBi 6.0™ software programme.
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Unit Process Item Source
Oxygen plant - GaBi database
Cyanidation Oxygen Literature
Lime Literature
Sodium cyanide Literature
Gold ore -
Electricity* Literature
Carbon-in-pulp Activated carbon Literature
Electricity* Literature
Activated carbon elution Sodium hydroxide Literature
Electricity Estimated
Cyanide destruction Sulphur dioxide Calculated
Copper sulphate Calculated
Lime slurry Calculated
Electricity* Estimated
Gaseous oxygen Calculated
Activated carbon Activated carbon (used) Calculated
thermal reactivation
Electricity Estimated
Thiosulphate leaching Sodium thiosulphate Literature
Copper sulphate Literature
Ammonia Literature
Gold ore -
Electricity* Estimated
Resin adsorption lon exchange resin Calculated
Electricity* Estimated
Resin elution Potassium thiocyanate Literature
Electricity* Estimated
Pre-elution Ammonia thiosulphate Calculated
Electricity* Estimated

*Electricity is produced from biomass —wood

- Not applicable

Water consumption is not included due to data availability
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6.2. Unit Process Description

This assessment is a gate-to-gate study, both leaching systems treat the same type of refractory
ore and the pre-treatments should be the same. System boundary (Figure 4 below), therefore, is
defined after the pre-treatment, meaning that the energy and material flows from pre-treatment
stage is not taken into account. After the corresponding leaching and recovery processes of
cyanidation and thiosulphate leaching which are described in the next two sub sections, the
concentrated gold eluant is transferred for electrowinning which is a recovery of metal ions from
solution, by the application of direct current. Previous researches (Haddad et al., 2003; Breuer
2012) indicated the copper loading could greatly reduce the process efficiency and to
contaminate the metallic product. Therefore, a pre-elution is applied for thiosulphate leaching
to remove majority of the copper, thus to maintain the gold grade of the doré bar. After getting
the doré bar that consists of silver impurity, further refining processes are applied to obtain the

pure gold. The refining processes are not included in the assessment as a cut-off criteria.

6.2.1. Cyanidation - carbon adsorption & cyanide destruction

After the pre-treatment, ore concentrate in the form of slurry is dissolved by means of diluted
cyanide solution, and then it is adsorbed onto granules of activated carbon. The gold-bearing
carbon is furthered stripped off in elution process at high temperature and pH, since the gold
will only adsorb to carbon at low temperature, hot caustic aqueous cyanide solution for instance.
The carbon is then recycled and returned to the adsorption circuit through carbon reactivation
unit that involves heating the carbon in the presence of steam in a gas fired reactivation kiln.
The gold concentrate is then further electroplated loosely onto steel wood by electrowinning,
however the refining stages are not included in this LCA study as a boundary. Finally, the gold
bearing sludge is mixed with fluxes and melted in a furnace and to form doré metal which
consists of more than 90% of gold. The system flow of cyanidation and recovery is shown in

figure 3.

Carbon adsorption is the capture of [Au(CN).]" (equation 1) , on to activated carbon which is
the most common methods used in cyanidation due to its high efficiency and relatively low cost.

The porous granules of carbon contact with gold bearing cyanide and it is recovered with the
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adsorbed gold. The reaction takes place with the presence of mineral pulp, which is called

carbon-in-pulp, and maybe happens with clarified liquor — carbon-in-leach.

Cyanide destruction, as mentioned previously, is crucial in International Cyanide Management
Code. The additional cost of treatment cyanide represents a significant part of the total operating
costs during gold recovery. According to the example in Kittila mine, method of INCO cyanide
destruction process of sulphur/air is applied in this study, to treat the slurry tailings. The process
was developed by INCO Limited in the 1980’s that utilizes sulphur dioxide and air with soluble
copper catalyst to oxidize cyanide to less harmful substance cyanate. The typical performance
of this technique is capable to remover total cyanide to less than 2mg/l, with original
concentration of 50-200mg/l. (Botz, 1999) The image of the unit flow from GaBi software is

enclosed in appendix II .
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6.2.2. Thiosulphate leaching -resin adsorption & pre-elution

Instead of using activated carbon for recovery, resin adsorbent for thiosulphate leaching is more
effective. (Breuer, 2012 ;Haddad et al., 2013)However, the resin adsorbents are more expensive
than carbon in general. In the Resin-in-Pulp, the adsorbent is added after the leaching period.
The gold-bearing ion exchange resin then is stripped with chemical, sodium or ammonium
thiocyanate for example (Jay 1999 cited in Haddad et al, 2003) and recycled to the circuit.
(Figure 5) The resin selectivity for gold recovery is crucial to achieve high recovery rate.

Using the CSIRO patented elution process as mentioned in section 3.3, the pre-elution of copper
by introducing sodium thiosulphate and elution of gold are both very effective. The pre-elution
produces a good concentrated gold eluant for electrowinning. Furthermore, the copper is
assumed to be recycled back to leaching process without significant cleaning. (Breuer et al.,

2012) The image of the unit flow from GaBi software is enclosed in appendix II .
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6.3. Allocation

In LCA, allocation means to partition the input/output flows of a process or a product system
between the product systems under study. In another mean, the product system usually contains
several connected unit processes, and it is possible that several different products is produced
from single unit process. Consideration, therefore, should be given to the need of allocation
procedures when handling with systems involving multiple product systems, in order to divide
specifically the environmental impacts from the process between the products. The input/output
flows of these processes might not be included within the system boundaries, and in this case it
is necessary to either expand the boundaries of the system or to direct the used resources and
caused emissions to different input/output flows. Therefore, the allocation will reduce the
environmental load of the studied system. (EN ISO 14040:2006)

The most common methods used in LCA for co-product allocation, when the allocation is not
avoidable, are based on mass and economic value of the co-products. (EN 1SO 14044) In this
case, silver is a valuable by-product, silver and gold coming from the same product system,
since the gold ore also commonly contain fraction of silver. It is believed that part of the
environmental impacts of processing the ore should be allocating to silver. Gold has a higher
economic value than silver of approximately 40-50%, while the gold content in the gold rich
eluant is uncertain. Recording the aim of the assessment is to compare the leaching systems at
the same basis, therefore allocation is not necessary in this case to investigate the exact amount

of environmental impact contributing from the product system.
6.4. Life Cycle Impact Assessments (LCIA)

The environmental impact calculated is counted as 3000 ton of gold ore as a practical example
of the daily capacity of KittilA mine in Finland. The environmental quantities analysis is
calculated based on CML 2001- Nov, 2010 which is an impact assessment method to restrict
guantitative modelling in the cause-effect condition to limit uncertainties. It also contains the
characterisation factors for easy application. (GaBi Software) From the balance analysis from
GaBi of cyanide and thiosulphate leaching, with the defined boundary, the main comparable

result of the selected impact categories are given in figure 6 below with various units, which are



42

abiotic depletion, acidification potential, eutrophication and human toxicity. The other common
factors, such as global warming potential (GWP), ozone depleting potential, have not been
calculated in this study since the greenhouse gas emissions from electricity production and water
consumption of leaching process are excluded from the system boundary. It is assumed that
carbon dioxide, chlorofluorocarbons, nitrogen dioxide as such are the main contributors for
global warming and stratospheric ozone depletion. The emissions counted in the LCA mainly

came from the input of the unit process that left at the tailing pond or dam.

Assessing the results in general, the comparison indicated that thiosulphate leaching has a higher
levels of eutrophication and acidification potentials, and lower level in human toxicity than
cyanidation. (Figure 6) For the emissions to environment, cyanidation contributes the most to
the emissions to fresh water, air and partly to deposited goods. Thiosulphate leaching also
contribute mostly to fresh water and air emissions, but it has 23 times and 70 times less than
cyanidation to the emissions of fresh water and air respectively. In general, water pollution could

have devastating local and regional impacts on the biota of inland waters.

Both leaching processes should have the same values in abiotic depletion of 120kg of SO2-eq.
The main contributions came from leaching and elution of ion exchange resin for cyanidation
and thiosulphate leaching respectively. Abiotic resources relate to matter comes from non-
organic material, for example land, fresh water, air and heavy metals of gold, silver, copper.
Both non-renewable and renewable can be encompassed of abiotic resources. In this study,
massive amount of gold ore is explored every day, and the availability of the total reserve of
gold ore resource is decreasing to fulfil human needs, including the silver as well. Regardless
for the value of comparison, the problem for the depletion of abiotic resource on earth should

be considered.
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COMPARISON OF IMPACT CATEGORY

B Cyanidation  H Thiosulphate leaching

52.5
34.6
ABIOTIC DEPLETION (KG ACDIFICATION EUTROPHICATION (KG HUMAN TOXICITY
SO2-EQ.) POTENTIAL (KG SO2- PHOSPHATE-EQ.) POTENTIAL (KG DCB-
EQ.) EQ.)

Figure 6 LCIA result — environmental impact category

Acidification potential (AP) is based on the contributions of sulphate dioxide, hydrogen chlorine
and ammonia for instances to the potential acid deposition. For the detailing weighting of each
substance of the sulphur dioxide equivalent calculation, ammonia and hydrofluoric acid (HF)
are the major encounters. (Azapagic, Emsley and Hamerton, 2003)This is the reason to explain
thiosulphate leaching has much higher value than cyanidation, since ammonia was added to the
leaching and pre-elution processes. The tailing of thiosulphate leaching is possible to contain
metal sulphates, polythionates, polysulfides and insoluble sulphides for example. As mentioned
in chapter 3.2, there is no significant threat to the environment with the presence of ammonia.
For cyanidation, the acidification potential came from the emission to air from the unit process
of cyanide destruction. Tailing of the cyanide could contains for example WAD, sulphur dioxide

and copper sulphate as a detoxification chemical.

Eutrophication potential is described as the possibility to cause over-fertilisation of water and
soil, leading to increasing growth of biomass and affecting the aquatic health. The calculation
of the equivalent to phosphates mainly based on the contribution of mono-nitrogen oxides
(NOx), phosphates (PO4) and ammonia (NHz). (Azapagic, Emsley and Hamerton, 2003) The
programme converts LCI data to phosphate (PO4) equivalents. Figure 6 shows that thiosulphate
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leaching has a high value in eutrophication than cyanidation due to ammonia, similar case with
acidification potential. The contribution of eutrophication potential of cyanidation merely came

from cyanide destruction of the tailing.

The last comparable environmental impact indicator is human toxicity potential. The calculation
based on various substances and chemicals, in which sulphur dioxide (SOz), Hydrogen carbon
(HC), arsenic (As), mercury (Hg) are weighted most significant among the others. The toxicity
is counted to the total releases to air, water and soil that cause harm to humans with the
conversion of LCsp data to equivalents. The toxicological factors take the acceptable daily intake
level or the tolerable daily intake of the toxic substances in the calculation. (Azapagic, Emsley
and Hamerton, 2003) In this assessment, the human toxicity level of cyanidation is over 10 times
higher than thiosulphate leaching. The tailing from cyanide leaching is considered as hazardous
wastes that causes harm to human by inhaling or direct contacting, while the tailing of

thiosulphate leaching contains ammonia that makes the influence.

On the other hand, cyanidation consists of oxygen plant and cyanide destruction which are the
most significant unit processes causing different environmental impacts, and consuming energy.
Besides the factor mentioned above, the oxygen plant also makes emissions to marine aquatic
ecotoxicity potential, global warming potential, as well as water resource depletion. While
cyanide destruction contributes to acidification air, calculating based on the amount of hydrogen

ion moles, also the smog air and terrestrial acidification.

Finally, it should be noted that the result and figures presented in this study are partial and
preliminary and should serve as a basis for refinement since the flow data were collected from
various literatures, research papers with different setup conditions, thiosulphate leaching system
in particular. Wide range of estimations were applied into the GaBi model. It is also because of
data limitation, the life cycle assessment merely included the main leaching and recovery

processes.
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6.5 Normalization

Regarding the result obtained from previous section with different impact indicators, the data

could be also expressed in ways that can be compared among impact categories, using the

method of normalization as an LCIA tool. The procedure normalizes the indicator on a common

scale through relating them to a common reference value for facilitating comparisons across

impact categories. In this case, the reference values are taken from the GaBi data base of CML

that is accounted for the total emission factor of EU25. The compared impact categories are

acidification, nitrification and human toxicity with the reference values of 5.95 x 10711,5.4 x

1071tand 9.9 x 10~ respectively. The result is shown as following in the figure 7.
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Figure 7 Normalization of impact category

The normalized data shows that acidification is still being the most problematic impacts among

the others, in which the ammonia used in thiosulphate leaching remains a concern. Comparing

with other categories, human toxicity has the lowest value, referring the significance is minor
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under normal operation condition. The next chapter, the cost of the ecosystem will be discussed

if there is a cyanide leakage accident.
7. ECOSYSTEM EVALUATION

In this chapter, a principle of ecosystem valuation is discussed, and it will be applied to the
cyanide spill at Kittila mine, giving a preliminary model of extra environmental risk cost and
factors to concern once there is an accident. Ecosystem valuation is a decision making tool by
applying economic value to the ecosystem. It is powerful method to communicate value by
yielding estimation in common metric (monetary) and it is built on economic theory.
Nevertheless, some values, spiritual value in particular are rather difficult to measure and the

valuation outcome could be incomplete, based and uncertain. (Ma & Griffin, n.d.)

The objective is to demonstrate an example for an accidental cyanide spill to environment if the
gold production is cyanide-based leaching technique that the mining companies could not ignore
the possible environmental cost from accident. However, because of limited resource, the
identified environmental cost is just a preliminary estimation. The whole model of this study

could be severed a reference for future application and refinement.
7.1. Ecosystem Service

Ecosystem has a value, which could be viewed and expressed differently with different
disciplines cultural conceptions, philosophical views and school of thought. (Goulder and
Kennedy, 1997 citied in MEA, 2005) It maintains life, including animals, plants and micro-
organisms, on Earth and the service to satisfy human needs. The natural environment, indeed,
is having infinite value because it gives supports to all human activities. The service from the
natural environment gives benefit to people by providing food, fibre, fuel, and recreational
purpose for instance. (MEA, 2005) However, the services are not limited to the direct use benefit,
and also for regulating the climate, detoxification of water, flood protection, nutrient cycling for

example.
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To identify the ecosystem service, meaning the benefit people get from ecosystem, the
Millennium Ecosystem Assessment (MA) provide an international work program that facilitates
the process with standards and processes for it. The evaluation is for the purpose of meeting the
needs of decision makers and the public for professional information regarding the
consequences of ecosystem change for human well-bring and options for those changes
respectively. In addition, the human welling obtained from ecosystem services could be security,
basic material for a good life, health as well as good social relations because of living in a clean
and vulnerable environment. The MA was first launched by United Nation (UN) in 2001 and it
was completed in 2005 with a series of published reports and assessments, in which it identifies

the ecosystem services into four broad categories, as following: (MEA, 2005)

Provision Service; products obtained from ecosystems
Regulating Service; benefits obtained from the regulation of ecosystem processes

Cultural Service; non-material benefit

Supporting Services; necessary for the production of all other ecosystem services

There is no single solution or agreed method to categorize the ecosystem services due to
different perspectives and the complexity of ecosystem. The MA framework, therefore, is
widely adopted and considered as a useful starting approach. The table 4 below shows some of
the example of ecosystem services from each category. Practically, these services provided by
environment, however, is declining nearly two thirds worldwide in recent decades. The natural
resources and the global climate are under pressure, so it is necessary to make good decision

regarding the precious environment. (MEA, 2005)

Table 4 Millennium Ecosystem Assessment

Provision Service

Regulating Service

Cultural Service

Supporting service

Food e.qg. fish, crops
Fresh water

Wood and fibre
Fuel

Flowers

Climate regulation
Disease regulation
Water purification
Erosion control

Flood prevention

Aesthetic
Recreational
Educational
Spiritual

Social relations

Nutrient cycle
Primary production
Water cycling
Soil formation

Provision of habitat
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Furthermore, Human derives service from nature is considered as well-being. The ecosystem
services provide outputs or products that directly and indirectly affect human well-being, while
the change of services could be resulted from policy change, a decision made. In this case, the
decision of the leaching processes in gold production could possibly affect human well-being in
certain scales. The overview of correlation between policy change, ecosystem service and

economic values is given in figure 8.

, Changes in Impacts on Economic value of
Policy Impacts on ,
s eCOsystern ==  human == changes in
change ecosystem , ,
services welfare ecosystem services

Figure 8 Relationship of policy change and human welfare

7.2. Valuation of Ecosystem Value

From the Millennium Ecosystem Assessment (MA), one important aim is to analyse and
quantity the importance of ecosystems to human well-being, a good decision, thus, can be made
concerning the sustainable use and management of ecosystem services. Consequently, it is
essential to understand the impact of ecosystem management decision on human well-being,
such as the decision of different leaching systems and tailing treatments for gold production, as
noticed previously. In other words, the ecosystem along with its services provide economic
value to human societies as people derive benefit from their actual or potential use.

In order to compare the importance of different services, the economic valuation will be added
on using monetary unit as a metric. Therefore, different aspects of well-being can be compared
to incorporate into decision-making easily. The case for ecosystem service valuation contributes
towards better decision-making, so the policy appraisals take the costs and benefits to the
environment and the natural capital of society into account. The concept of utilitarian is applied
to this paradigm, based on the satisfaction of human preference (welfare) from direct or indirect
use (use value). This concept is one of the examples of ecosystem values and valuation
approaches. Furthermore, different methodologies have been developed to determine benefits
derived from ecosystem services using a utilitarian approach. Besides, private business could

also get benefit from environmental evaluation to make investment decision. An example in
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North-West England, the peat ecosystems provide a regulating service of supplying water and
purification as a natural filter. However, there was a significant losses of upland peat land and
it was estimated that annual benefit of 1.2 million pounds to 2.6 million pounds will gain if the
restoration of peat bogs was successful, in terms of improved water colour and quality, lower
long-term cost to customers, reduced flood risk enhanced aquatic biodiversity, and the avoided
cost of water treatment. (DEFRA, 2007)

Methods to evaluate the ecosystem are various to estimate dollar measure of economic values.
The choice of technique is indicated by the profile of each case and by data availability. The
key challenges in valuing ecosystem services is understanding the particular complexities of
how ecosystems interrelate to provide services and how to manage the issue of irreversibility,
and great uncertainty in how ecosystems function. (DEFRA, 2007) Data availability also is a
common constraint that restricts the choice of evaluation method. To estimate dollar measure of
economic values of ecosystems, the methods include; (JNCC, n.d.; King and Mazzotta, 2000;
DEFRA, 2007)

Market pricing: the price set in the marketplace reflects the market value of goods and services
being traded, such as timber and fish. The market price can be used as a minimum expression
of the willingness of and individual to pay for a particular service. The benefit of the approach
is the market data readily available, but it limits to those ecosystem services for which a market

exists;

Productivity method: evaluation of the environmental services that contribute to the
production of other marketed goods. For example, the water quality affects the productivity of
agriculture, or the cost of purifying municipal drinking water. The economic benefits of
improved water quality can be estimated by the enhanced revenues from better agricultural

productivity or the reduced costs of supplying clean drinking water;

Hedonic pricing: the reflection of the values of local environment attributes from the housing
prices. The estimation of economic benefits or cost associated with for instance, water pollution,

noise level, and aesthetic view;
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Travel cost method: the cost of the travel required for individuals to a recreation site. It is
assumed that the value of the site is reflected in how many people are willing to pay to travel to

the site;

Replacement cost: to estimate values of ecosystem service from the damage cost avoided,
replacement cost and substitute cost regarding either the costs of avoiding damages because of
lost services, the cost of replacing the ecosystem services or the cost of giving substitute services.
The application of cost-based approach can be applied with this method to estimate opportunity

cost for instance;

Contingent valuation method: a survey based method to ask people how much they would
pay for specific environmental services or in some cases; people are asked the amount of
compensation they would give up specific environmental services. For example, willingness of

people to pay for enhanced preservation of beaches and shoreline;

Choice modelling: similar with contingent valuation, with a hypothetical concept of asking

people to make choices or rank the alternative combinations towards a particular ecosystem;

Benefit transfer: an evaluation method of transferring available information from researches
already completed in another region, as reference estimation. For example, the economic benefit
estimation of installing a swimming pool in a recreational park by getting the data from another

park in another region with similar scale and characteristics.



51

7.3. Case- Cyanide Spill at Kittila Mine
7.3.1. Case background

The operation of the Kittila mine started since 2008 with open-pit mining from two pits, which
is the largest gold mine in Europe from a Canadian owned gold-mining company, Agnico Eagle
Finland Oy. The mine is located in the northern Finland of Lapland region, and is approximately
50 km northeast of Kittila town (6500 inhabitants) and 900 km north of Helsinki. Seurujoki
River is the water source nearby where the waste water discharged. The river is connected with
other surface water bodies to form a network. Furthermore, the weather condition is normal
within the Arctic Circle of 50-60cm annual precipitation, including snow fall. The average
temperate of the year is about 0 degree. (Doucet et al, 2009) In addition, the manning area is
naturally in the region of reindeer herding. Reindeer get contact with the water bodies of that
region. The number of reindeer in Kittilé town is about 12 000. (Reindeer Herder Association

in 2013) The regional geology map of Kittila min is given in figure 9.

Residential areas of Kiistala and Rouravaara are the nearby small villages with sparsely
population, approximately 40 households. Drinking water supply comes from the ground water.
Besides the household nearby, the mine site has a close cooperation with municipality Kittilg,
tourist office of Levi, authorities, and local people and associations. The company employ the
local people that cover half from Kittila. Since the operation of the mine site, the population of
Kittila has increased 7% from 2006-2011.Tourism and the mine are the two pillars of the
economy of Kittila municipality, such as different tax payments and sales income. The total
tourist industry sale revenue in 2012 is approximately 200 million euros, with one of the most
popular tourist spot is Levi Skiing Resort which is located about 20 km from the mine site.
(Agnico Eagle, 2014)

Kittila mine is commenced the underground mining now after 2012. With the annual production
rate of more than 1.1 million tonnes of ore extracted and about 5000kg gold production, the
reserves of the mine is expected to produce until 2034. In 2012, Kittila mine had a revenues of
184 million euros. Presently, the expansion is taking place from current rate of 3000tons ore/day
to 3750 tons ore/day.
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Figure 9 Regional geology map of Kittila Mine (Agnico Eagle, 2014)

The gold deposit from Kittila mine mainly is refractory ore that contains sulphide grains, and
thus cyanidation is adopted as the leaching technique. The ore treatment processing flow begins
with pre-treatments of crushing, grinding, carbon and sulphur floatation, pressure oxidization
followed by cyanidation, carbon-in-leaching of activated carbon adsorption, electrowinning and
smelting to complete the first refinery process of producing doré bar with gold content of 92-
95%. The tailing produced are mainly from sulphur flotation and cyanidation, and the tailings
from floatation is neutralized and cyanide is treated in cyanide destruction using INCO process.
The waste water is discharged to Seurujoki River through infiltration facilities. Furthermore, the

tailing area contain the cyanide tailings pond, and two neutralized precipitate ponds and final
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precipitate pond, which is about 15 million tonnes of tailing that cover 823 000meter square

installing at the site. (Doucet et al, 2009) The site pictures are given in picture 2.

Picture 2 Left: Site overview of Kittila mine. Right: Tailing area of Kittila mine

The mining company Agnico Eagle emphases the sustainable development policy towards
environment and people by setting four core values of safe production, protection of the
environment and respect for employees and communities of the company. The operation of the
company aims to influence and look after the local community by promoting social and
economic sustainable development. The industrial standard applied to the site include the
International Cyanide Management Code (ICMC) and Towards sustainable Mining in Canada.
(Agnico Eagle, 2014). From the sustainable report of 2012, Agnico Eagle indicated that the
quantity of water discharge to the environment is higher than the permitted level. 162 cases of
spill was reported from all the mine sites in Canada and in Finland, but the report did not indicate
what kind of spill and where the accidents happened specifically. (Agnico Eagle CSR report,
2012)

7.3.2. Ecosystem service identification

In order to identify the ecosystem service, environmental baseline is established to provide a
comparable phase, referring to the option of ‘do nothing’. In this case, the current situation with
cyanidation without accident is served as baseline, and the other scenario is the cyanide spill

occurs. The evaluation of the affected area is accounted as 50 km diameter from the mine site.



54

According to each service category, some of the ecosystem services supported by the area within
50 km from the mine site are identified as shown in the table 5 below. The purpose of this initial
step is to give a preliminary assessment of which services are likely to be affected by the cyanide
spill and the importance of these variations. Evaluation of each service will be scored based on
existing information and expert judgement, highlighting the negative impacts, and also
negligible impact and evidence gaps. The data was mostly collected and estimated from the
environmental impact assessment of iron ore mine Hannukainen (Mella, 2013), Finnish National
Land Survey, as well as the company news release from Agnico Eagle Finland Oy. The
Hannukainen mine is 60 km from the southwest of Kittila mine, with the major production of

iron and small amount of gold.

Besides the direct-use value obtained from provision services, the forest also give numerous
functions, carbon storage, pollination, flooding prevention for instance. Trees and forest store
carbon. The carbon market created the price for the carbon released to the atmosphere in
different emission trading schemes, EU emission trading scheme for example, the forest, thus,
has a high economic value. Besides, pollination is a crucial part of a healthy forest ecosystem,
as the pollinators, invertebrate species for example, helps plants to produce fruit and seed to

maintain a wide variety of habitat types as well as agriculture.
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Table 5 Initial assessment of ecosystem service

Category Ecosystem service Cyanide spill

- Potential negative effect

--Potential significant negative effect

0 Negligible effect

? Gaps in evidence

Provisioning Services Fish --
Berry -
Fresh water --
Timber: Pine and birch -
Reindeer herding --

Regulating services Air quality regulation 0
Flooding regulation 0
Pollination ?
Water purification --
Wastewater treatment -
Carbon storage -

Cultural services Levi- recreation & tourism --
Nature Forest view 0

Supporting Service Soil formation

Water cycling

Photosynthesis
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From the identified environmental damages of cyanide leakage, it helps to highlight the value
of services provide by the natural environment, as well as the impacts and cost due to reduced
or lost the ecosystem services. Cyanide does not accumulated in the food chain, but it is a
sensitive toxin to kill the fish and other aquatic lives in a short time, also the wildlife that make
a contact with the contaminated water. Therefore, the environmental services of fresh water,
fish, reindeer herring, and wastewater treatment of forest are scored as significant potential
negative effect. The tourist service of Levi is considered having a great impact from the cyanide
spill since public might worry the source of the water get contaminated in that region as well.
The plant community in general has a higher resistance of cyanide level than organisms (Chapter
4.1), so the terrestrial services are mostly scored as moderate negative effect. On the other hand,
pollination is considered as evidence in gaps since the information of the cyanide effect on

invertebrates or other pollinators is insufficient.

All in all, the most significant ecosystem services affected by the cyanide spill from Kittila mine
are fresh water, health of fish, reindeer herding industry, water purification of nature land, as
well as the tourism of Levi. The cost of the impacts are evaluated in the following section.

7.3.3. Cost of the impact

Due to the limited availability of data, the cost estimated in this section is preliminary. The
method demonstrated as a model could provide a framework for future assessment, since the
effort of obtaining data requires variety supports from public and private sectors, including

survey, data base assessment, professional financial calculation for example.
Fresh water

In this case, fresh water is identified as a significant impact from cyanide spill. Water is a
fundamental element to support the whole ecosystem as well as the human welfare. It is assumed
that the contaminated water may reach the households surrounding and may affect the drinking
water of people in Kittila town, thus, 6540 people are affecting water shortage and is forced to
acquire water from other alternative source. Yet, not all the inhabitants are connected to a water
distribution network, house in particular. They extract water from wells, surface water or from

private vendors. However, the water resource nearby becomes unreliable, people have to buy
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water from vendors that is delivered in trucks. In this case, usually the price of the water is

assumed to be increased by 50%.

In Finland, the average water consumption per person is 155 litres daily (Motiva, 2014) with an
average water price of 1.98 euro per m3. Therefore, the additional cost for the Kittil4 city is 26
000 euros in total for 1-month water shortage, as the people face price increase 50% to purchase

water from private vendors. The cost is increasing with the shortage duration.
Fish

From the general view of the rivers and lakes close to the mine site, it is assumed that there are
no significant salmon cub production and trout production, unlike Hannukainen mine. The
nearest major water body is Seurujoki River that might not be a significant place for recreational
fishing as well. However, the cyanide spill could also contaminate the downstream, including
small tributaries. Cyanide could give an acute effect occurred to where the Seurujoki River is.
Waster plankton, including plants and fish, would be totally killed when the cyanide plume
passed immediately or soon. After the spill, the plankton and micro-organisms could recover

within a few day time, because of the unpolluted water from upstream.

It is approximately estimated the affected population of fish from Seurujoki River is about 2000
kg with main species of Perch, Pike, Roach, pikeperch and E. whitefish. The estimation is
calculated from the statistics recreational fishery 2012, and the involved fish population of
Seurujoki River is accounted for 1% of the total amount of recreational fish catch for a month.
Applying the market price evaluation method, the market value of the fish to pay to fisherman
is about 3.4 euro per kg that is calculated by the average price of six most common species in
2012. (FGFRI, 2014) As aresult, the damage felt by public due to the contamination is estimated
to be 6800 euro for one month time. This estimation exclude the future damage prediction
regarding the lower reproductive capacity of remaining fish stocks that affects the local fishing

and angling sector.
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Levi Tourism

There are over 600 000 visitors every year to Levi, generating the income of about 200 million
euros and over 18 00 jobs, which is over 60% of the annual revenue amount. The vision of Levi
2020 is to reach the tourism revenue of 300 million euro and become a market leader in
Scandinavia. Since the operation of the mine, the tourism income has also enhanced in enabling
the region to retain its economic vitality and population. It is because of the new target tourist
group, such as visitors for conference and meeting. Levi ski resort in Levi is the biggest ski
resort in Finland with the current capacity of 1400 skiers per hour. It is popular place especially
with British, Russian and Norwegian tourists. Besides skiing in winter time, other activities such

as golf, hiking, reindeer ride, fishing and berry pick can be found as well. (KTT-Lapland, 2009)

From the experience of the cyanide spill in Romania 2000, the tourist resort near the Tisza River
that was not affected by the contamination, experienced still a 30 % drop. On the downstream
of the Tisza River, the number of visitor to the city of Csongrad reported as 80% declination.
Losses also accounted for other tourist businesses, hotel, retailing and catering in particular, so
those enterprises could only balance their yearly deficit from the profits of the peak seasons.
(Centre for Environmental Studies, 2000) Considering the case of Levi, the cyanide
contamination might cause a dramatic effect for Levi tourism although skiing as a major tourism
attraction is not directly related to water activity. Public, however, could have an image of
polluted area with serious wildlife killing and the security of drinking water to scare off tourists.
It is assumed that 80% drop of annual revenue to Levi tourism, with the reference of the case
2000 in Romania, because of the cyanide spill accident at KittilA mine. In other words, the
potential damage to the tourism sector, excluding the estimated future losses is about 160 million

euros.

Nevertheless, the continuing effects of the cyanide contamination into the future also is an
essential factor for damage evaluation since the contamination risk is introduced. Consequently,
it gives immense effect to the planned investment plan and opportunities of business, for
example, the expansion of Levi city towards 2020, reaching 300 million euro tourism revenue.
The decline in tourist turnover not only affects the tourism, but also have an overall effect on

the economy of entire Kittila town.
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Reindeer herding

The reindeer is scattering around the region, where they look for pastures and water. It is highly
possible for reindeer and other wildlife to get contact to the cyanide contaminated water by
drinking which is highly danger. As mentioned in the chapter 4, high concentration of cyanide
can kill human being and animals. In this case, the cyanide spill might contaminate the reindeer
that provide meat, blood and milk to the market. At Kittila town, 12 000 reindeers were recorded
in 2013. (Reindeer Herder Association, 2013) It is assumed that 20% of the reindeers, excluding
the season factor, would get contaminated that have to be abandoned, losing the market value
of the game meat supply. Accounting for 100 kg per reindeer (female size and 80% of the
population is female in Finland), 36 million euro would be loss based on the average market
price of 15euro per kg of frozen reindeer flake. (FGFRI, 2014)

The affected reindeer, yet, could be severed as tourism purpose as it is common for reindeer
owner to open reindeer farm or park for tourist activities, such as reindeer ride and souvenir
retailing. The hides and bone of reindeer still have valuable market value. Nevertheless, the
reindeer herding in Lapland is greatly depending on the health of the ecosystem, such as the

qualities of water, pasture, and climate.
Water purification

Forest provide us a regulating service of capturing, storing and cleaning the water by stabilizing
soils and filtering contaminants. It is important to recognize that the tailing from cyanidation
could also include heavy metal that persist in the environment, causing medium to long term
impacts. The value of water purification could be reflected in the costs of a communities or
government incur to protect their water. In order to estimate the cost of purifying the
contaminated water, replacement evaluation method is taken place by the cost of substitute
service. It is assumed that the polluted water would be purified by the wastewater treatment

plant instead of the nature.

According to the price list of Kittila water supply (Kittilan Vesihuolto, 2014), the wastewater
treatment price is 1.69 euros per m3, excluding the connection and service fee. The tailing pond

of Kittild mine covers the area of 823 000 m? as mentioned before, and it is assumed that the
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pond is 1m deep in average. Also, it is assumed that half of the tailing is leaked out, resulting
over 411 000m? of cyanide-containing wastewater contamination to the rivers, lakes and forest
nearby. The estimated treatment cost is approximately 290 000 euros, based on the leaked

amount and the wastewater treatment price mentioned above.
Summary

To summarize, the table 6 below gives an overview of the costs that are estimated regarding the
identified ecosystem services that suffered significantly from the cyanide spill accident of Kittil&a
mine. The estimation is only served as model for calculation and the data is needed for further
validation. In this case, the anticipated damage of spill is nearly 200 million euros, however, it
is not expected to be exaggerated. In certain sectors, the economic losses might surpass the
anticipated amount. The cost of the impacts calculated in this study are only the ecosystem
services that identified as potential significant negative effect (Table 5).

Table 6 Environmental cost estimation of significate ecosystem services

Ecosystem Service Euro Type of cost
Water (monthly) 26 000 Additional cost
Tourism (Annual) 160 million Loss

Fish 6800 Loss

Reindeer herding 36 million Loss

Water purification 290 000 Additional cost
TOTAL Over 196 million
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All in all, mining company should always beware of the worst scenario to happen, in order to
eliminate the negative impacts to the company, public as well as the environment. In case there
is an environmental damage of cyanide spill from the Kittila mine, it will directly affect the
whole economy and stability of the municipal, losing the business of reindeer husbandry,
tourism, also the local people will have problems for livelihoods due to the collapse of tourism.
Moreover, a substantial amount of money will be required to implement the clean-up actions
during and after the contamination, as well as the fine from Finnish governmental institutions.
In the case of 2005, Australian mining company that operated in Philippines got a fine of 300
000 USD, about 220 000 euros, because it released 5 mof cyanide contaminated water to the
nearby river. The ‘social license’ could also be affected since the company might loss the trust

from the local communities and even public from national level.

Besides the short-term impacts on the environment, fish, birds and mammals, there are
immediate remediation costs, direct unemployment, reporting and emergency responding

actions for example to take place.

8. DISCUSSION

Based on the research topic on sustainable gold mining, the discussion section is reviewed from
four aspects regarding the hard core of sustainability, which are environment, economic, society,
as well as the future prediction. The topics that are going to discuss also work as the data
interpretation from the previous chapters and serve as a provision for the following discussions.
In order to enhance the value of the study, an open question of ‘How would you consider
thiosulphate leaching replacing cyanidation in the future’, was put up in a close discussion forum
of The Gold Mining Group in LinkedIn, in which to connect professionals worldwide. In total,
18 comments were received from professionals across United States, Ghana and Spain as such
that gave a fresh insight of thiosulphate leaching techniques, role of cyanidation and other key
concerns of this topic. The result of the discussion, along with the data obtained from the life
cycle assessment could provide some valuable visions for especially investor in gold mining
industry, environmental non-government organisation (NGO), as well as researcher in green

mining.
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8.1. Environment — Can we ensure complete safe use of cyanide?

The LCA results of cyanidation and thiosulphate leaching obtained in this study are compared
with their different environmental impacts in figures 6 and 7. These figures show that the
environmental footprint of gold production in general, despite the leaching methods, with
regards to the environmental impacts, is significate to the emissions to fresh water, followed by
air. Although the data of water consumption is not included in the assessment, the amount of
water can be still be estimated. The extraction of ore causes the depletion of natural resource. In
the case of Kittila mine, 3000 tons of ore explores every day, which is a massive number of ore
waste generating day by day. Regarding to the water consumption estimation, data from Kittil&
mine, the water use indicated in the cooperate social responsibility (CSR) report 2012 was about
0.52 m®per ton of ore milled, while the discharging intensity of the waste water was 0.58m?® per
ton of ore. As a result, the water consumption of one Kittila mine approximately equals to the
water consumption of 3700 households every day. The data of the water consumption from the
CSR report could be only served as a reference but not capable for life cycle assessment because
it is unclear to distinct different sections of mining process for contributing the estimated
consumption. The estimation could include exploitation and pre-washing of the gold ores, which
is not included in the study of LCA.

From the same report, the company has urged that they are trying to reduce the use of fresh
water. On the other hand, the greenhouse gas emission of mine reported was about 0.029 ton
carbon dioxide (CO.) eg./ton ore milled. Accounting for 3000 tons of ore milled daily, it equals

the yearly emission of 8000 cars.

The fact is there is not enough clean water in the global, even though it is not significantly
happening in Finland. Mining activity could lead to unsustainable water withdrawals for
irrigation in global scale. In the global, it was estimated approximately 15%-35% of irrigation
withdrawals are to be unsustainable with low to medium certainty. The area with moderate to
high levels of unsustainable use are found over each continent and are known to be regions of
aquifer mining or water transfer schemes. (Millennium Ecosystem Assessment, 2005b)
Moreover, water-intensive industry is not limited to mining, but also other significant industries,

such as paper and pulp. Waste management and reduction of raw material consumption, thus,
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are truly important for long-term development. In case of cyanide tailing failure, it would not

be affordable to loss the precious clean water.

Reviewing the result of the LCA impact category of human toxicity potential, the greater level
with cyanidation is due to the tailing, containing cyanide complexes as residue. As noted earlier,
the toxicity of cyanide in high level could be danger to wildlife, environment, aquatic organisms,
as well as human being. Thus, the International Cyanide Management Code plays a key role in
monitoring and controlling the safe operation of cyanide by introducing standards, so to
minimize the likelihood of spill occurrence. One of the crucial factor of the code is the
emphasize of cyanide destruction, meaning the cyanide is destroyed or recycled in some cases
before discharging to the tailing area, since most of the spills happened from the dam failure
with standing cyanide-rich waste water. Add to the fact that now there is more than 60% of the
commercial gold produced is now done under the Cyanide Code. As such, the stakeholders also
raise concern if the company does not have the code certificate. The qualification of cyanide
handling also works as a communication tool to achieve a better relationship between company,
public and government. In other words, the Cyanide Code becomes the norm even it is only a

voluntary initiative.

Thiosulphate leaching has a higher acidification and eutrophication potentials than cyanidation.
This observation is largely attributable to the ammonia in the tailing. As mentioned before,
ammonia is the main resource of fertilizer and there is no significate health effects. However, it
is also important to develop a specific waste management to handle the tailing since the
accumulated ammonia could greatly affect the health of ecosystem, such as the eutrophication

that kill aquatic life directly and indirectly.

A strong opinion from the online LinkedIn discussion forum stated that cyanide is cheap, deadly
and it kills fish. (Wood, 2014) Thus, only from the environmental perspective regarding to the
result of LCA, thiosulphate leaching has a better environmental performance than cyanidation.
Although there is a Cyanide Code to control cyanide use, complete safe use is not ensure. Risk
is still exist even the possibility is small, meaning that cyanide spill is still potential to pollute
the fresh water, which is a precious resource on earth we are leaking of. Facing the ever

increasing extreme weathers and unpredictable natural hazards, company should prepare the
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worst scenario. The principle behind is similar with the Fukushima Daiichi nuclear disaster in
2011, which was operated under functional management system until it met the erratic tsunami
triggered by earthquake. In this case, it will be gradually shift to a less-toxic methodology for
gold production in term of sustainable development, thiosulphate leaching or bioleaching for
instances. At the same time, the recycling of metal resources are also essential to reduce the

level of abiotic depletion and the use of water and energy.

8.2. Economic- Pay to replace the ecosystem services

Gold mining, including all kinds of mineral and metal mining industries are essential for
maintaining and stimulating the economic activities worldwide, including Finland and the
countries in EU. In Finland, the turnover of mining industry in 2011 was 7.8 billion euros that
importantly connect with employment, service, transportation, research and technology.
(Drielsma, 2013) Accordingly, the growth of the gross domestic product (GDP) also generate
and delivery human well-being. The demand driver of metal is linked with increasing world
population, and the material-intensive with human wealth. In other words, people tend to want
more if their wealth is improved. The globe is currently suffering from loss of biodiversity,
water contamination, fertile soil, massive greenhouse emissions, and deforestation for example.

The capacity of the earth is already saturated and it is sensitive to all kinds of pollution.

The environmental cost calculated from environmental evaluation in the case of cyanide spill at
Kittild mine is over 196 million euros, based on the identified significate ecosystem services,
which are water, tourism, fish, reindeer herding and water purification. The cost could be an
important consideration accounting for risk cost. Perhaps the cost calculated is not incredibility
massive enough for a multi-international gold producer that had a revenues of more than 180
million euros for a mine. Indeed it is just a value of money but not the true value of the precious
ecosystem. The money never replaces the life-supporting global ecosystem although cyanide is

not as toxic as mercury or as danger as the radiation from nuclear plant.

Furthermore, according to the financial study of Gradov 2011, sum of the total investment and
annual operation cost of cyanidation system actually was higher than thiosulphate even it has a

lower operation cost due to cheaper price of cyanide than thiosulphate. The estimated value,
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however, is only serviced as a reference, since the calculation is rather complex that involves

variety of estimations and uncertainties.

On the whole, mining is an extremely important growing industry, especially for regional
economic, such as Kittila mine bringing tourism, habitant and employment at Kittila town. The
company that are using cyanide-based leaching should beware of potential risk costs add to the
investment and operational cost for sustainable business development. The environmental cost
could be much more immense than what we could calculated and expected. Again, it is crucial

to move towards cyanide-free to avoid the risk.
8.3. Social Requirements- Factors of driving change

The awareness of sustainable development that concerns environment and society become well-
known in this 20 years. The companies try to evaluate the values of different stakeholders, and
take them into account of their business strategy and planning, mining company in particular as
their core business is sensitive with the environment. In other words, a good social license is
essential for the survival of a mining company as they recognise the importance to have a good
image from the public, also from the government. In the example of Kittila mine, Agnico Eagle
Finland Oy. issued cooperate social responsibility (CSR) report together with sustainable report
to show how they evaluate their stakeholders and keep a transparence communication channel
between each other. As noted earlier for the regional economic effect of mining activity, the
operation of the mine also brought positive impacts to the society by providing welfare, job,
population and municipal income. As a result, Agnico Eagle Finland Oy. would go totally
nosedive if there are any environmental mistakes since the public trusted the company with their
norm and standard. It takes certain effort to build up relationship, but it could be destroyed
through one accident in a day. The company should pay attention to their suspect of cyanide

leakage according to the permitted discharging level stated on the environmental permit.

On top of the society concern, FAIRTRADE™ also happens to gold and silver that gives
consumer information on the source of the metals. The Fairtrade gold is a ground breaking
initiative which provide lifeline to poor and exploited small-scale miners worldwide. Under this

certification, means the gold was mined responsibly and the miners received a Fairtrade
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Minimum Price and premium that assists social, environmental and economic development in
the communities. Also, the Fairtrade standard takes a concern of chemical use in gold production,
such as mercury and cyanide by providing outline procedure for safe handling and disposal.
(Fairgold org., 2014)

Certainly the concern of sustainable development regarding environment and social, in this case,
the aware of cyanidation and the environmental risk, is raised. However, in the near future,
sustainability alone might not be a driving force to push a change unless the regulations of
cyanide use is banned or further tightened. Cyanide is cheap, and resin beads in thiosulphate
leaching costs. In the current cost driven market, it is difficult to stay profitable with the more
expensive process. Therefore, the research work from multi-international mining companies and
from academic are necessary to experiment and to improve the leaching efficiency towards the

goal of sustainable development.

8.4. Future Prediction

Fair trade product, carbon footprint, renewable energy, recycling and other environmental
related issues are swamping worldwide, and these sustainable practices mainly based on three
aspects of environment, economy and society. In my opinion, environmental concern would be
the fundamental elements to sustain economy and society in certain circumstances, meaning to
give the environment as a priority to take into consideration. However, this concept is not
practically since this is the world of material driven. Taking the case of gold leaching techniques
of cyanidation and thiosulphate leaching, the largest motivation of shifting from conventional

system are regulation change on cyanide use, followed by public concern.

It is understood that building a mine site need few hundred million of euros to invest, and there
is always a risk be the first to apply new technology. Therefore it is imperative for Nordic
countries and other developed countries, which have resources and know-how to lead the role,
since the third world or developing countries might not have enough resource to invest, such as
corruption and weak authorities that is leaking of protection from cyanide contamination in gold

production. To provide a proper standards and working processes from developed regions, so
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the less developed countries could follow, indirectly resulting in less environmental spillage

accident as a whole in the global, protecting the workers and the environment as well.

As mentioned previously, Fairtrade gold could be also found from small mine, showing that all
mining companies are seeking the best solution for sustainable mining. Together with over 30
years technical researches, ever increasing environmental problems, and tight cyanide use
regulation, thiosulphate leaching or other less-toxic leaching techniques would take place in 20
years if a mining company have the same though. In this case, we have to react now.

Unfortunately, it is not going to happen as said.

Besides, technology is significantly important for the development of greener future of
increasing efficiency: using less resource of extracting greater amount of gold. For example,
bio-oxidation of gold concentrates (PreGold) for pre-treatment prior cyanide leaching, so to
reduce the amount of cyanide use. (Puhakka, 2013) For a large- scale application of thiosulphate
leaching of CSIRO in September 2014, it would become a breakthrough both in technically
efficient and economically attractive solutions if it comes to success for niche application,
especially for heavy sulphide ore and carbonaceous preg-robbing ore. Mr. Gaisie who is
working at a mineral process plant in Ghana left a comment in the LinkedIn forum about
changing the tanks of carbon-in-leaching into stainless steel could also improve the thiosulphate
leaching performance. Mr. Wood from the same discussion forum also raised a concern of
recovering free milling gold without dissolving the gold into a solution first. For sure, there is
no confirmation about the opinion or comments raised from the open discussion forum.
However, the international cooperation with active sharing definitely is another important
elements of the roadmap. To summarize, assuming the regulation of cyanide use remain
unchanged, the predication for the trend of non-cyanide leaching could be possible in 30 years,
regarding the vision of Finnish Ministry of 2030 but it might only limit to small-to-medium size
mining company. The replacement of cyanide over thiosulphate might not happen at any time

soon in practice.
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9. CONCLUSION

Cyanide is lethal in certain amount of doses, but we are still using it many tonnes every day to
extract 0,05g of gold from a ton of rock, since cyanidation is the best available practices in gold
production currently concerning recovery rate and profitability. The mining company, however
should beware of the massive fine and environmental risks, cost if lost, if there is an accident
spill. The environmental costs calculated might not be threaten enough for a multi-international
gold producer which has revenue over few hundred million euros. Nevertheless, the money pay
for recovering the economic loss and for environmental rehabilitation is not enough for life-

supporting ecosystem and precious clean water that it is declining now.

In order to avoid damaging the environment, the mining company have to ensure the use of
cyanide and its management reach community expectations and maintains a level of responsible
environmental and social stewardship consistent with the Cyanide Code, and leading
environmental management. Also, the lifecycle of the whole mining process, as well as the

rehabilitation is essential for sustainable mining.

Yet, only the tightened regulation will force the change of cyanide free leaching agent,
sustainability alone might not be convincing enough to make a pronounced change in the near
future. The successful large-scale application of thiosulphate leaching of this year would be part

of the driving force, but only limit to niche application.

In conclude, the cyanidation will remain the dominant solution of gold production even though
it is toxic, and gold is needed to maintain the economic in the world. Sometimes, it is thoughtful
for us and for the companies to reflect the long-term value of clean water and gold for our future
since complete safe use of cyanide is not ensure even under functional management system.
Also, development of alternative is a must. For the further development of this work, in order
to support a comprehensive investment decision making process, regarding the potential
benefits of cyanidation and thiosulphate leaching, life cycle cost (LCC) calculation could be

done in the future.
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Year Country Accidental Spill Amount
1980 Japan Earthquake resulted in cyanide entering
a stream from gold mine. The spill -
killed all life in the stream
89/90 USA Nevada 8 cyanide leaks over 2 years, releasing | 68300 |
900Ibs cyanide
USA South Carolina | Cyanide solution leakage under usual 3 million |
weather
1992 USA Colorado 3000 gallons of toxic/min Estimation
249001
1995 USA Guyana 80 gallons of cyanide laden tailings into | 221
river
Australia At the tailings dam, thousands of water
life were killed -
1997 USA Montana Contamination of groundwater
Substantial wildlife death -
1998 Kyrgywtan NaCN release to surface water from 2 ton
truck-4 deaths
USA ,South Dakota | Cyanide tailings spilled from 6-7ton
Homestake Mine
2000 Romania Cyanide spill to Tisza and Danube 100 ton
Papua New Guinea | rivers
Sodium cyanide pellets dropped from a
dome helicopter
2001 Ghana Spillage of thousands of cubic meters of | -
wastewater from mine with cyanide and
heavy metals to River Asuman. (Tailing
dam failure)
Ghana Second cyanide spillage in a swamp -
area
China Liquid cyanide leaked into Luohe River | 11ton
2002 Australia Cyanide solution was allegedly releases | -
on the roadside after a delivery truck
left a mine
USA Nevada Twin Creeks Mine spillage 67001
Spilled into an Arizona creek
2003 Honduras Cyanide solution was discharges into 1200l
Lara River
Nicaragua Cyanide Spill to Bambana River -
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Ghana Spillage from newly constructed -
pipelines
2004 Australia Cyanide released into Lake Cowal -
Papua New Guinea | Misima mine -
New Zealand Cyanide solution leakage 360l
Romania Cyanide contaminated to Siret River 10ton
Ghana Spill occurred from tailing dam, entered | -
to river Aprepre
2005 Laos The cyanide spill occurred at Phu Bia -
gold mine
Ghana Cyanide spill to River Kubekro -
Philippines Spilling of contaminated cyanide to 5m3
nearby water- Australian company of
Lafayette Mining
Romania Borsa mine -
2006 Ghana Failure of tailing dam caused spillingto | -
Ajoo stream
2007 Australia A road train tipped over the containers | -
of sodium cyanide to the roadside and
into a non-flowing watercourse

- No statement
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Appendix I GaBi Process Plans

Gold Ieachmg processes cyanidation
Gali process plan Mass [
Tha rames of the basic processes e shown,

EU-27: Oxygen PE | o8 v
m"mmﬂ Gold- cmge pxI*
3,21E003 ke leaching <u-s0

.s.srscosks

Gold cyanide

3,3E003 kg
5,226003 kg

. Al . Gold bearing
*F1: Activated carbon  pl® activated carbon
thermal reactivation <u-50>

activated carbon Nato: Etiongold  pli®*
(used) 67, 3kc contaning activated carbon

*#1: Cyanide Destruction IP

Activated carbon | iNato: Adsopton -
[ {recovered) ¥ activated carbon ouo) -Cymde taing I <Us0>

Gold Ieaching}processes thiosulphate leaching
kg

Gz2Bi process plan: Mass
The names of the basic processes are shown,

leaching <u-so>

5535004k
Gold thiosulphate

*FI: Adsorption resin =
<u-50>

Gold bearing resin

"FI: Pre Elution ion o
exchange resin <u-so>

-7.835004 kg

Gold bearing resin
(without copper)

"F1: Elution ion exchange "
resin <u-s0>

I 1 sse005 ke

'FI: Thiosulphate x*'

- Ion exchange resin

frecveled)
6,51E004 kg




