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1. Introduction 

As they say: 
 

Time is money. 
 
Many scientific research topics aim to save time in one form or another. 
Researchers around the world strive to solve questions such as, how to speed up 
a reaction rate, how to increase the acceleration of a car, and how to decrease 
the downtime of a plant. This doctoral dissertation takes a step back and asks, 
how could we save the researcher’s time.  

1.1 Background 

Scientific researchers use a considerable amount of time searching for and 
comparing journal articles. In other words, they are looking for information that 
is useful to them. However, the usefulness of a certain piece of information 
depends greatly on the context, i.e. the related goals, costs, constraints, etc. 
Three different levels of contexts have been defined: general, group, and 
individual (Richter, 2009). The more specific the context, the more effort is 
needed in order to find the relevant information in that context. Since the aim 
of scientific research is to create new knowledge about a certain topic, the 
context of each researcher’s interests is often very specific to that individual 
researcher. At most, the context is shared with a small group of researchers 
working on the same topic, but most often the details of the specific context 
differ from researcher to researcher and from project to project.  

Various types of tools have been developed to aid researchers in finding and 
retrieving information, some more specific than others. Search engines for 
scientific publications, such as Google Scholar, and databases of scholarly 
articles, such as Scopus, act as information retrieval tools. Their search options 
allow for some definition based on authors, title, content, date, and publishing 
journal, however, the retrieval of articles within these services is still based 
either on exact matches, synonyms, or different forms of wording (e.g. leach, 
leaching, leached). Therefore, the users often receive lots of results that do not 
cater to their specific context and they might miss relevant literature sources 
simply because there is a difference in wording. For example, if one conducts a 
literature search for “cyanide-free”, the articles using the alternative phrase 
“non-cyanide” are likely to be left out from the top results and opposite 
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meanings, such as “free cyanide” or irrelevant bits of text, such as “…poisoning 
from generated cyanide. Free aid was sent…”, might be favored in the retrieval 
process. 

The task of the retrieval tools is made even more difficult by the continuously 
increasing number of scientific articles. It is estimated that the global research 
article output exhibits 3% annual growth and that the 50 million mile mark of 
published articles was reached somewhere during 2009 (Jinha, 2010). The 
annual increase in published articles keeps climbing due to the relative elevation 
of research and development funding compared to gross domestic products, 
growth of knowledge-intensive industries, and simply the increasing number of 
people conducting scientific research (4-5% increase per year) (Ware and Mabe, 
2015). 

In circumstances where the amount of information is too large for people to 
process, different knowledge modelling techniques can be utilized. In the field 
of computer science, artificial intelligence (AI) methods are being used to 
categorize, process, and manage all sorts of information and documents. In 
respect to the topic of this dissertation, there are several projects that are 
working towards intelligent retrieval of scientific articles.  

For example, Iris.ai is an online service that retrieves scientific articles from 
the Core database based on a given research question or an already published 
article (Iris.ai, 2018). The retrieval is performed with word-importance based 
similarity of documents metric (WISDM) (Botev et al., 2017) along with many 
other natural language processing methods and neural topic modelling (Iris.ai, 
2018). The freely available retrieval function of Iris.ai provides the user with a 
few hundred search results grouped based on their research topics. In essence, 
these articles constitute an interdisciplinary reading list, that can help 
researchers in the beginning of their research to get a grasp of the different fields 
that are related to their topic.  

Other AI-based search tools are being developed continuously (Gargiulo et al., 
2017; Wu et al., 2015; Liu et al., 2014) sparking general discussion about the 
topic (Extance, 2018; Kaput, 2018; Jones, 2016), but to the best of the author’s 
knowledge, the tools still lack the precision of content details. An article might 
be discussing the same topic, but when there are a hundred articles on the very 
same topic, it is still a tedious task to sort through them. For example, when one 
wants to know which of the hundred articles had the lowest reagent 
consumption, while maintaining mild temperatures and, of course, good end 
results, one has to read through all of them.  

This dissertation approaches the described problem by first formalizing the 
relevant literature so that it can then be retrieved efficiently based on the 
contents. The aim is to model the detailed knowledge contained in research 
articles discussing a very narrow research field, namely cyanide-free leaching of 
gold from naturally originated raw materials. This approach has enabled the 
construction of a highly specific retrieval tool that is able to sort through the 
articles and rank them according to the detailed research parameters and 
achieved results. The knowledge modelling method used in this research is 
called case-based reasoning (CBR). 
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The purpose of this CBR tool is not to be used as a creator of a reading list. The 
reading list is already gathered within the model and the purpose of the tool is 
to find the most relevant articles for each situation. The specific needs of 
researchers vary depending on the stage of their research, or even over the 
course of one productive day of writing. As an example, first they want to find 
the articles with the best end results, then the articles that are most feasible 
industrially speaking, and finally the articles that utilized leaching parameters 
most similar to the laboratory experiments they have conducted themselves. 
The tool is designed to speed up the process of finding the most relevant 
literature at each given moment. 

The remainder of this chapter will shed light on the framing of the topic and 
how the research was conducted. This dissertation is built upon four published 
research papers and therefore, their relation to each other and to this 
compilation is explained thoroughly.  

1.2 Objectives and scope 

 
This dissertation explores the possibility of utilizing CBR for retrieving scientific 
articles based on a given research interest. In order for this type of task to be 
feasible, the articles need to have common characteristics that could be 
compared against each other. Consequently, the topic of the articles needed to 
be clearly defined and limited to a certain type of experimental set-up. The topic 
was defined to be cyanide-free leaching of gold from naturally originated raw 
materials, such as ore, concentrate, or tailing. The choice was based on the 
topicality of cyanide-free gold leaching methods, which are being developed due 
to environmental and social concerns regarding the usage of conventional gold 
processes (Gökelma et al., 2016).  

In order to explore the possibility of modelling the knowledge in scientific 
research papers handling emerging cyanide-free gold leaching, and to 
demonstrate the operating principles of such a tool, the aims of this dissertation 
were defined as follows: 

1. to validate the utilization of CBR in the context of retrieving information 
about gold ores 

2. to define which leaching and raw material attributes of cyanide-free gold 
leaching are considered most important by the research community 

3. to implement the defined attributes in a CBR retrieval tool that is able to 
compare and rank formalized scientific articles concerning cyanide-free 
gold leaching. 

These aims are addressed in the publications of this doctoral dissertation and in 
this compilation. The first aim is addressed in Publication I by validating the 
CRB approach in cyanide gold processing compared to expert interviews. The 
second aim is addressed in Publications II, III, and IV, by conducting interviews 
of gold experts from both academia and industry. The third aim is mainly 
carried out in publications III and IV in the form of developing the final 
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knowledge model utilized in this dissertation. The main contributions of each 
publication and their relation to each other is illustrated in Figure 1. 

 
 

 

Figure 1. An illustration of the publications in this dissertation with the segments of the final 
knowledge model marked off with a dashed line.  

Figure 1 shows what type of attributes - raw material vs. treatment and results - 
are implemented as similarity models in each publication. The tests conducted 
for this compendium are performed with a knowledge model that consists of the 
segments within the dashed line.  

Publication I initiated the research by validating the CBR approach in this 
project. This was conducted through a performance study of a CBR retrieval tool 
built for cyanide-based industrial gold processes. As a consequence of the study, 
relevant improvements could be made to the knowledge modelling of ore 
similarity in the final knowledge model.  

Publication II presented a preliminary form of the retrieval tool developed for 
cyanide-free leaching techniques. This version was utilized as a starting point 
for further development of the knowledge model. Several issues were identified 
during this prototype stage and addressed in the subsequent publications III 
and IV. Both of the publications III and IV introduced segments of the finalized 
model in the following manner:  

 Publication III developed a new calculation method for assessing the 
similarity of ore mineralogy and chemical composition, and then 
combined the developed calculation with other attributes describing gold 
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ores into a model called the OreSim model, which could compare scientific 
articles based on the utilized gold ore, concentrate, or tailing.  

 Publication IV presented the other half of the knowledge model, i.e. the 
attributes related to the pretreatment, leaching conditions, and extraction 
results, which was named the LeachSim model. 

This compendium combines the OreSim and the LeachSim models by 
demonstrating a knowledge model that encompasses the segments within the 
dashed line in Figure 1. 

1.3 Dissertation Structure 

As said, this doctoral dissertation consists of four publications and the present 
compendium. The publications entail one peer-reviewed conference paper [II], 
two scientific peer-reviewed journal articles [I, IV], and one submitted 
manuscript [III].  

The chapters of this compendium are organized as follows. Chapter 2 lays 
down the theoretical foundation of CBR and the very basic terminology of gold 
raw materials and their processing through leaching. Chapter 3 describes the 
research process relevant to the final knowledge model, including utilized 
software and interviewing processes. Chapter 4 presents the final knowledge 
model that was created during this research. First, the way in which the different 
parts of CBR translate to the current application is defined through concrete 
explanations. Then, the chapter goes through the structure of the built 
knowledge model.  

A demonstration of the final CBR tool is presented in Chapter 5. The 
implications of this dissertation and directions for future developments are then 
discussed in Chapter 6. Finally, Chapter 7 summarizes the dissertation along 
with some final words from the author.  
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2. Theoretical foundation 

This chapter will go through the very basics of CBR and present concepts related 
to gold hydrometallurgy most relevant to this dissertation. More thorough 
discussion on these topics, when needed, is provided in Chapter 4, which 
explains how the theory was applied in the built knowledge model.  

2.1 Case-based reasoning 

Due to several reasons (Rintala, 2015; Rintala et al., 2011), the knowledge 
modelling method selected for this research is CBR. The most advantageous 
features are that CBR can function with incomplete input data and that exact 
matches are not needed for comparison and ranking (Kolodner, 1992). 
Furthermore, CBR was shown  to function well in comparing gold ore deposits 
for recommendation of cyanide-based process flowsheets [I], which indicated 
that it might be a suitable methodology also for cyanide-free leaching methods. 
This subsection introduces the CBR methodology on a general level and 
showcases some of its possible applications.  

2.1.1 Basic concepts of CBR 

CBR is often considered similar to human decision making in the way that it 
solves problems. The basic assumption is that similar problems have similar 
solutions. Not unlike humans, CBR compares a newly emerged problem to 
previously encountered problems and considers whether the solutions that 
worked before can be applied in the current situation (Aamodt and Plaza, 1994; 
Kolodner, 1992). The CBR method consists of four steps; retrieve, reuse, revise, 
and retain, which are presented in Figure 2.  
  
 
 
 
 
 
 
 
 
 



Theoretical foundation 

7 

General Knowledge

Query 
Case

Query 
Case
Q y
Case

Retrieved 
Case

Solved 
Case

Tested/
Repaired

Case

Learned
Case

Previous 
Cases

Suggested
Solution

Confirmed
Solution

Problem

Retrieve

Revise

ReuseRe
ta

in

Case base

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Figure 2. The CBR cycle (modified after Aamodt and Plaza, 1994).

In a CBR knowledge model, the previously solved problems and their 
corresponding solutions form problem-solution pairs. Each problem is 
formalized using a number of defining attributes, such as temperature, time, 
mass, or any other qualitative or quantitative feature that affects the solution. 
The description of a problem, expressed through the attributes, and the 
corresponding solution form a case. All the cases are stored in a case base within 
the knowledge model, illustrated in the center of the CBR cycle in Figure 2. 
(Aamodt and Plaza, 1994)  

The CBR cycle begins when a problem is formalized into a query case utilizing 
the defined attributes. The query is compared against the cases in the case base 
and the most similar cases are retrieved. The solutions of the retrieved cases are 
reused to solve the current problem, producing one or more suggested solutions. 
Typically some revision is needed to completely solve the problem, which leads 
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to a confirmed solution to the problem at hand. Consequently, the original 
problem and the new solution now form a new case that can be stored, i.e. 
retained, in the case base, thus enhancing the knowledge model further. 
(Aamodt and Plaza, 1994)  

The retrieval of cases is based on their similarity with the query case. For 
quantifying the similarity, each attribute value in the query is compared against 
corresponding values in the stored cases. A similarity model defined for each 
attribute determines the local similarity value between the query value and the 
case value. These local similarity values are utilized in calculating a global 
similarity for each case according to a weighted sum in Eq. (1).  

 
 

 ( , ) = 
( , ) 

(1) 
  

  

 
Here, Sim is the global similarity value of a case c when compared to a query q, 
the number of attributes in each case is n and each attribute i has a weighting 
factor i. The weights represent the importance of each attribute while simi 
equals the local similarity value between the query’s attribute values qi and the 
case’s attribute value ci (Richter and Weber, 2013; Stahl and Roth-Berghofer, 
2008). The global similarities of the cases range from 0 to 1 where 0 corresponds 
to not at all similar and 1 corresponds to equal or entirely similar with the query. 
The global similarities are compared against each other and the cases with the 
highest global similarities are considered for the following phase; reuse. 

2.1.2 Application of CBR 

One of the first commercial CBR application was developed during 1987-1990 
(Watson and Marir, 1994). The application was called CLAVIER and it was 
developed to suggest loading schemes of an autoclave used for heat treating 
airplane parts (Hennessy and Hinkle, 1992). Ever since, CBR has been applied 
in hundreds of commercial applications and countless academic demonstrative 
models in various fields, such as helpdesk and customer support applications 
(Cheetham and Watson, 2005), health sciences (Blanco et al., 2013; Begum et 
al., 2011), engineering (Agwu et al., 2018; Nasiri et al., 2017; Hu et al., 2016; 
Shokouhi et al., 2014; Cheetham and Watson, 2005), and design (Maher and 
Pu, 2014). 

CBR can also be enhanced by combining it with machine learning or data 
mining methods. For example, a recent study combined CBR with artificial 
neural networks (ANN) to create a cost estimation tool for one-of-a-kind 
product development (Relich and Pawlewski, 2018). In the system, ANN was 
used to adjust the weights within the CBR knowledge model. Another example 
is a system where a constant stream of environmental data was automatically 
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converted into cases within a dynamic CBR system to manage the data stream 
mining process (Cabrera and Sànchez-Marrè, 2018). 

2.2 Gold 

Gold has been a desirable material since the earliest human civilizations for 
ornaments and decorative purposes. In recent decades it has become more and 
more a functional raw material, while still retaining its high importance as a 
monetary medium. Since the knowledge model built in this research is 
constructed specifically for gold raw materials and their leaching, this section 
gives a brief introduction of this field. 

2.2.1 Primary sources of gold 

Gold is a highly noble metal, which has a density of 19 300 kg/m3 and  a molar 
mass of 196.97 g/mol. In nature, it is often found as so called native gold 
(~15 000 kg/m3), which is typically an alloy of silver and gold. Due to the high 
specific gravity of native gold particles, they are relatively easy to separate from 
other particles with various gravity concentration methods (Marsden and 
House, 2006). 

Aside from native gold particles, other natural sources of gold are called ores. 
By definition, an ore deposit is a rock formation that holds enough valuable 
metals to be financially beneficial for mining and metals production. Gold is also 
often produced as a by-product of other metals, such as copper (Ferron, 2016), 
but only those ore types that have gold as the primary product are within the 
scope of this research.  

One way to categorize gold ores is based on their processability. From this 
point of view, ores are either free-milling or refractory. Free-milling ores are 
significantly easier to process while refractory ores don’t respond as well to 
conventional processing techniques (Vaughan, 2004). The refractory nature of 
an ore is often caused by the fine dissemination of gold as tiny inclusions, as 
solid solution, or as compounds within the host minerals (Harris, 1990). Due to 
the difficulties of treating disseminated gold, the utilization of such deposits 
started as late as the 1930s (Henley, 1975). Also other factors, such as the 
presence of process hindering materials, including sulfides and carbon, often 
cause an ore to be refractory (Marsden and House, 2006). 

2.2.2 Gold leaching 

The process of leaching, like other extraction processes, aims to separate certain 
materials from others. The principle of selective leaching is that only certain 
metals/elements of the treated raw material dissolve into the leaching solution 
leaving a solid residue. Subsequent recovery and enrichment methods then 
depend on the materials in question and the wanted end result. In gold leaching, 
gold (and silver) is dissolved into the leaching solution and typically this is 
followed by carbon or resin adsorption, elution, and electrowinning (Marsden 
and House, 2006). Ore deposits are never identical with each other, so the 
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process flow sheet needs to be tailored for the deposit in question. Typically, 
experts analyze the ore body and make all processing decisions based on various 
characteristics of the ore.  

Since the late 1800s, cyanide has been the predominant gold leaching method 
due to its high selectivity towards gold and silver (Marsden and House, 2006). 
Different industrially applied process flowsheets have been collected in the case 
base of Publication I. Cyanide, however, is highly toxic and the risk of 
environmental catastrophes, such as the one in Baia Mare (Cunningham, 2005), 
and other safety concerns have sparked scientific discussions about the hazards 
of cyanide (Nyamunda, 2017; Johnson, 2015; Donato et al., 2007) and the 
possibilities of alternative lixiviants (Aylmore, 2016; Gökelma et al., 2016; 
Konyratbekova et al., 2015; Hilson and Monhemius, 2006; Senanayake, 2004).  

Without going into the depths of the leaching chemistry of each gold leaching 
method, generally the dissolution of gold requires a complexant and an oxidant. 
The oxidant enables the dissolution of gold into the solution, where it forms a  
gold complex with the complexing agent and therefore, remains in the solution. 
This leaves the dissolved gold available for subsequent enrichment and 
processing into the final gold product. In conventional gold leaching processes 
cyanide acts as the complexing agent, whereas alternative cyanide-free methods  
utilize some other complexant, such as thiosulfate, chloride, bromide, or iodide. 
(Marsden and House, 2006)  

As the most free-milling gold deposits are being depleted and therefore, gold 
producers are seeking profitable ways of utilizing also refractory deposits, there 
is a financial drive for finding reliable technologies that can reach efficient 
recoveries from refractory gold ores.  
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3. Research process 

Due to the cross-disciplinary topic of this dissertation, the research process 
entails a combination of several methodologies. The following sections briefly 
describe the utilized software, its testing procedures, the method of review 
article analysis, and the protocol for interviews and workshops for publications 
II-IV and this dissertation. The methods discussed in this compendium and 
their relations to each other are illustrated in the end of this chapter. 

The utilization of CBR in modelling knowledge related to metallurgical 
processing of gold was validated in Publication I. However, the methods of 
publication I are not presented in this compendium, but are available in the 
publication itself. Additionally, the development stages of the CBR tool for 
recommending industrial gold process flowsheets has been published 
previously in literature (Rintala et al., 2011; Sauer et al., 2014; Rintala, 2015). 

 

3.1 Utilized software 

A Java based open source software called myCBR 3 (myCBR, 2015) was utilized 
for implementing and testing the different segments and the final knowledge 
model. myCBR is a tool for rapid testing of CBR applications, that has a 
graphical user interface (Stahl and Roth-Berghofer, 2008; Bach and Althoff, 
2012). A novel similarity measure was developed and programmed as an 
extension to myCBR [III] to allow for comparison of an ore mineralogy or a 
chemical assay to another.  

3.2 Software testing procedures 

Each time a knowledge model was implemented within the myCBR software, 
the basic functionality of the model was tested with random searches, i.e. 
queries. This rudimentary systematic testing was performed to make sure the 
knowledge model functioned correctly and corresponded to the way it was 
defined before implementation. First the queries consisted of only one attribute 
and then more of the model’s functionalities were added in a random manner. 
For all of these testing rounds, the values calculated by the software were 
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verified with manual calculations. Additionally, while conducting the actual 
retrieval tests, at least one of the results was verified manually for each test. 

3.3 Review article analysis 

For defining the preliminary knowledge model [II], three review articles 
(Senanayake, 2004; Hilson and Monhemius, 2006; Konyratbekova et al., 2015) 
from three different peer-reviewed scientific journals were selected for analysis. 
The analysis was performed in order to define the shared topics of focus within 
scientific discussion concerning cyanide-free gold leaching methods. This 
information was then utilized as a basis for selecting the attributes to be 
modelled in the preliminary knowledge model. The information in the articles 
was formalized using the following 6 questions and listing the answers to them:  
 

 What cyanide-free gold leaching methods are mentioned in the article? 
 What leaching methods are discussed further than a single mention? For 

example, the reaction mechanism of the method is described in detail. 
 What method attributes, such as temperature, are mentioned in the 

article? 
 What method attributes are discussed further? For example, an exact 

value is mentioned or the effect of the attribute on the leaching process is 
specified. 

 What ore attributes are mentioned in the article? 
 What ore attributes are discussed further? 

 
The answers to the questions were quantified and the results partly determined 
the structure of the preliminary knowledge model [II].  

3.4 Interviewing and workshop techniques 

Two series of interviews were conducted to answer the first aim of this 
dissertation and to lay the grounds for the second aim. The interviews were to 
determine which raw material and leaching attributes are considered most 
important by the research community, which of them should be included in the 
knowledge model, and how they should be weighted. Then, a set of workshops 
was organized to further define the weights determined by the interviews. This 
section explains the methods used in the interviews and the workshops. 

3.4.1 Interviews 

The interviews utilized a semi-structured interviewing technique (Rogers et al., 
2002), meaning only predefined questions were asked and always in the same 
order. The questions were formulated in an open way, so the subjects answered 
them in their own words (Burgess, 2001). The preliminary model [II] was based 
on 7 interviews and 16 more were conducted for the OreSim [III], the LeachSim 
[IV], and consequently the final model presented in this compendium, leading 
to altogether 23 interviews.  
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In these interviews, the purposive sampling of interviewees consisted of 
experts in the field of gold hydrometallurgy from both industry and academia. 
The interviewed professionals possessed varying levels of expertize, as the 
developed tool should serve both senior and less experienced users. The 
objective of the interviews was to find out which attributes the interviewed 
experts consider first when conducting research on cyanide-free gold leaching. 
The interview questions were as follows: 

 
 
 
 
“ 

 Imagine you were designing an experiment series for chloride leaching. 
If all information from previous research articles was thoroughly 
organized, what knowledge and parameters would you compare for 

o free-milling ore? 
o refractory ore? 

 
 What parameters would you like to use for excluding cases from the 

comparison? 
 

 If you were designing a thiosulfate experiment instead, would it change 
your answers to question 1 and 2? 

 
 There is a preliminary model that compares previous research cases 

based on attributes in this example: 
 

Method Mineral 1 Mineral 2 Gold Content [g/t] 
Chloride Ankerite Muscovite 1.5 
Thiosulfate Arsenopyrite Pyrite 56 
Thiosulfate Pyrite  94.63 

 
What attributes would you add to the list, in order to better describe the 
ore? 

“ 
 

The sample size, i.e. the number of conducted interviews, was assessed based 
on the concept of data saturation, which states that enough data has been 
gathered from interviews when new ideas or concepts no longer emerge from 
additional interviews (Guest et al., 2006; Glaser and Strauss, 2006). In the 
beginning of the research [II] data saturation was not achieved, but later on [III, 
IV] as more interviews were conducted, saturation was achieved.  

3.4.2 Workshops 

In order to select default settings for the knowledge model in this compendium, 
a series of expert workshops was organized. Two workshop events were 
organized face-to-face for 7 participants and 10 participants completed the same 
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workshop remotely via e-mail. Therefore, altogether 17 gold hydrometallurgists, 
from various expertize levels and from both industry and academia, took part in 
the workshops. 

In the workshops, the experts were given descriptions of 9 scientific journal 
articles about cyanide-free gold leaching covering the utilized raw materials and  
methods, and the achieved results (cases 3, 11, 13, 14, 27, 34, 57, 61, and 63, in 
Appendix 1). The participants were asked to rank the article descriptions from 
most similar to least similar compared to a “Test case” (reference in Appendix 
1) in a non-parametric manner. Initially, the first 7 participants were given 60 
minutes for the task, but since all used less than 15 minutes, the following 
participants were suggested a timeframe of maximum 30 minutes. The 
following clarifications were also given to the participants either verbally or in 
written form:  
 

 “We are looking for your opinion based on the knowledge you have now. 
Don’t search for any additional information.  

 Some information is missing from the cases, just try and make your best 
decision without the information. 

 The importance of different attributes is up to you. If you think some 
aspect is more important, then the results should reflect this.  

 You can also say that a case can’t be compared. 
 There is no right answer, just give your gut feeling on the order of the 

articles.” 
 
In the last point, the informal phrase “gut feeling” was used deliberately, so that 
the participants would not think too much about their answers, but rely on their 
intuition. This approach has been shown to produce better results in complex 
decision making and ranking tasks (Dijksterhuis et al., 2006; Wilson and 
Schooler, 1991). 
 
 
Figure 3 illustrates with a yellow background the contributions of the above 
mentioned methods and tools along with the application of metallurgical 
knowledge on the process of developing the final knowledge. The knowledge 
models, including the intermediate versions, i.e. the preliminary, the OreSim, 
and the LeachSim models, are indicated with blue background. The software 
myCBR, in which the knowledge models were implemented and tested, is 
represented by a dashed line and the modified version of the software, which 
included an additional similarity measure is indicated with a green background. 
Additionally, the publications that discuss or present these parts, are indicated 
with their roman numerals and the parts published in this compendium are 
marked with [D], which stands for dissertation. 
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Figure 3. Illustration of the research process of Publications II-IV and this dissertation. The 
knowledge models are indicated with a blue background, the inputs/basis of the models with 
a yellow background, the utilized software with a dashed line, and upgraded software with a 
green background.  
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4. The model 

This chapter introduces the knowledge model in its entirety - in the form that it 
is used for the retrieval tests in this compendium, i.e. the “Final knowledge 
model” in Figure 3. In the first section, the different terms used in CBR are 
defined in relation to the specific application. The results from the expert 
interviews that determine which attributes were included in the knowledge 
model are discussed in the second section. In the third section, the compilation 
of the case base is explained step by step. The fourth section then presents the 
similarity models chosen for each attribute, followed by two possible weight sets 
of the attributes to be tested in the next Chapter 5. Finally in this chapter, the 
entire knowledge model is summarized in the sixth section.  

4.1 CBR in retrieval of scientific articles 

The traditional terminology of the CBR methodology needs to be clearly defined 
in relation to the specific application. In the context of this study, the terms 
problem, solution, case, retrieve, reuse, revise, and retain, already discussed in 
Section 2.1.1, actualize in various ways.  

In the application at hand, the “problem” is not as clearly defined as it might 
be in other applications. For example, in maintenance support applications, the 
customer has a malfunction in their equipment and the problem is therefore the 
malfunction description. In the present research, the problem is in essence the 
research interest of the user. For example, the research interest can be a certain 
raw material, a general type of material, a defined leaching method, specific 
leaching parameters, certain type of result, or a combination of these. The scope 
of the problem varies depending on the motivation and objective of the user and 
one user will most likely have several different interests over the course of their 
project.   

The term “solution” refers to the most similar scientific article/articles when 
compared to the “problem”. For example, if the research interest is a specific 
raw material, then the solutions are the scientific articles that utilized a similar 
raw material. Then again, it is up to the user’s individual context, which 
information in these articles is most useful for them.  

When talking about a “case”, typically, it means a problem-solution pair that 
has been formalized into the case base. In this study, since the problem is not 
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clearly defined, the relationship between the terms “problem”, “solution”, and 
“case” is slightly different. When referring to a “case”, here the term means the 
formalized version of a gold leaching series, acquired from a scientific article. 
Reference to the given said article is also part of the case, thus directing the user 
to the literature source. The “problem”, i.e. the part that is entered as a query, 
can be any applicable part of the case depending on the needs of the user. The 
method of extracting cases from articles is disclosed in more detail in Section 
4.3.  

As discussed, the common representation of the CBR procedure is the CBR 
cycle, see Figure 2. The practical equivalent of the CBR cycle in the context of 
this dissertation is presented in Figure 4. 

 
  

 

Figure 4. The equivalent of the CBR cycle in the context of this dissertation. 

 
Within the CBR cycle, this dissertation focuses heavily on the retrieval step. As 
stated, the aim is to retrieve the most similar cases, i.e. formalized scholarly 
articles, from the case base. The reuse and revise steps would be where the 
retrieved scientific articles are used as a basis for new research, leading to 
discovery of new (gold leaching) information, possibly published in the form of 
a new scientific article. If the new research is made on a topic that corresponds 
to the structure of the cases, i.e. cyanide-free gold leaching of natural raw 
materials, then the retain step can actualize when formalizing the results in the 
case base as a new case.  

4.2 Selected attributes 

The first aim of this dissertation was addressed by conducting interviews, which 
were described in Subsection 3.4.1. During these interviews, the interviewees 
mentioned altogether 51 attributes about gold ores and leaching processes. The 
number of interviewed professionals that mentioned the same 
concept/attribute, determined if the attribute would be included in the 
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knowledge model. Interviewing results concerning the selected attributes are 
presented in Table 1.  

Table 1. Most mentioned attributes and the number of interviewees that mentioned them.  

Attribute Number of mentions 
Complexant concentration 13 
Detailed mineralogy 12 
Extraction percentage 11 
Preg-robbing tendencies 11 
Temperature 11 
Particle size 10 
Oxidant concentration 8 
Reagent consumption 8 
Refractoriness 7 
Extraction rate 6 
Solution characteristics 6 
Pretreatment 6 
Solid-liquid ratio 6 
Location 5 
Mineral ratios 5 
pH 5 
Chemical assay 4 
Materials of construction 4 
Ore/material type 4 
Pressure 4 
Redox potential 4 

 
The threshold for including the attributes was that they should be mentioned by 
15% or more of the interviewees, i.e. 4 interviewees. It must be noted that some 
of the answers were overlapping, such as detailed mineralogy and mineral 
ratios. Also, the leaching method and the gold content of the ore were already 
mentioned in the interviewing questions, leaving no reason for the interviewees 
to mention them again. After making these considerations, altogether 22 
attributes were implemented in the knowledge model.  

The chosen attributes included 15 attributes related to the pretreatments, 
leaching parameters, and achieved results: Pretreatment, Overall method, 
Complexant source, Oxidant source, Complexant concentration, Oxidant 
concentration, Temperature, pH, Redox potential, Pressure, Materials of 
construction, Reagent consumption, Solid-liquid ratio, Extraction, and 
Extraction rate, which were first implemented in the LeachSim model [IV]. The 
raw material, i.e. the ore/concentrate/tailing, was the topic of 7 selected 
attributes: Mineralogy, Chemical assay, Particle size, Gold content, Ore type, 
Material type, and Location, which were first implemented in the OreSim 
model [III]. The nature of each attribute dictated the appropriate data type and 
similarity model. The defined similarity model for each attribute is presented in 
Section 4.4 and a summary of the attributes and their respective similarity 
models is presented in the final section of this chapter. 

4.3 Case base 

The case base consisted of formalized cases of gold leaching articles. When 
formalizing, also called extracting, the cases from the case sources, the raw 
material characteristics and the most successful leaching parameters/results 
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were transferred into the knowledge model. In other words, each formalized 
case consisted of a list of gold ore’s features and the applied leaching parameters 
that produced the best results.  

Some consideration was needed in how many separate cases could be derived 
from each scientific article. For example, if more than one type of leaching 
solution (Xia et al., 2003) or raw material (Feng and Van Deventer, 2007) was 
used, a case was created for each scenario. Altogether 68 cases were extracted 
from 45 journal articles, conference papers, technical notes, short 
communications, and dissertations. One of the cases was selected as a Test case 
while 67 cases were stored in the case base for retrieval tests (Appendix 1). 

4.4 Similarity measures  

This section gives a brief overview of the similarity measures defined for the 
attributes. The similarity model of each attribute defines the local similarity of 
that attribute, which is then used in aggregating the global similarity for the 
case. The reasoning behind the selected similarity models is presented in more 
detail in the publications of this dissertation [III, IV]. The models are similar to 
the ones in the OreSim and LeachSim models, except for the attribute Gold 
Content, which was improved for the final knowledge model. 

4.4.1 Leaching and result attributes [IV] 

Overall method, Oxidant Source, and Complexant Source 
The Overall method attribute implies what is the leaching method. Typically 
this indicates the complexing agent, which can be introduced into the solution 
as different compounds, i.e. different Complexant sources. For example, if the 
overall method is thiosulfate leaching, the thiosulfate can be added into the 
solution as sodium thiosulfate (Feng and Van Deventer, 2007) or ammonium 
thiosulfate (Hashemzadehfini et al., 2011). The oxidizing agent and the Oxidant 
source can similarly vary within one overall method. Additionally, dual lixiviant 
systems combine overall methods and more than one complexant/oxidant 
source can be used simultaneously. Therefore, these three attributes were 
modelled as symbol type attributes that could have more than one values in each 
case.  

The attributes Overall method, Complexant source, and Oxidant source were 
made discriminatory, meaning that if the user defines a value for these 
attributes, only exact matches are considered for similarity comparison based 
on other leaching and ore attributes. This eliminated the need for similarity 
measures between different methods and sources.  

Attributes modelled with a linear distance function 
A common similarity measure in CBR is the linear distance function. It 
calculates the similarity simi between the query value qi and the corresponding 
case value ci based on their difference and the range of possible values for the 
attribute i, according to Eq. (2). 
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 ( , ) = 1  (2) 

 
Here maxi is the maximum value for the attribute and mini is the minimum 
value. The linear distance function can be illustrated by plotting the difference 
qi-ci on the x-axis and the resulting similarity simi(qi,ci) on the y-axis. An 
example of such a function is presented in Figure 5, where the value of maxi-
mini is set as 10. 
 

  

Figure 5. An illustration of a linear distance function.  

The linear distance function, was chosen as the similarity measure for the 
attributes Temperature, Complexant concentration, Oxidant concentration, 
Solid-liquid Ratio, Reagent consumption, Extraction, and Extraction rate. For 
each attribute, the value range on the x-axis needed to be defined separately. 
The mini value was most often set at zero and the maxi value varied based on 
the values of the attribute in the case base. The ranges for all the attributes are 
listed later in Section 4.6, but the shape of the similarity function is the same for 
all.  

Redox potential and pH 
The similarity models for Redox potential and pH were modelled with the so-
called “smooth-step” distance function readily available in the myCBR software. 
The shape of the distance function is presented in Figure 6.   
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Figure 6. Illustration of the smooth-step distance function, example for attribute pH.  

The user of the software defines the point on the x-axis where the similarity is 
0.5, which defines the placement of the smooth-step curve on the x-axis. The 
default setting for these points were defined as ±0.2 V for Redox potential and 
±1 for pH.  

Pressure 
The matter of utilizing a pressurized leaching reactor was seen as a binary 
situation, where the leaching either is or isn’t commenced in pressurized 
conditions. In other words, the utilization of elevated pressure was seen as a 
more defining factor than the degree of pressurization. Therefore, the attribute 
Pressure became a binary type, also called Boolean, with two possible values for 
the attribute: “Ambient/mild vacuum“ vs. “High pressure”. The binary 
similarity table is presented in Table 2. 

Table 2. Binary similarity table for the attribute Pressure. 

Attribute value Ambient/mild vacuum High Pressure 
Ambient/mild vacuum 1 0 
High Pressure 0 1 

 

Pretreatments 
The following pretreatments were included as possible values of the symbolic 
attribute: “Roasting”, “Pressure oxidation”, “Nitric acid pretreatment”, 
“Biological oxidation”, “Preaeration”, “Acidic pressure oxidation”, 
“Chlorination”, “Any”, and “None”. The similarities between pretreatment 
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methods were calculated by comparing the methods based on the following 
characteristics: 

 
 pH: acid vs. neutral/alkaline  
 hydrometallurgical vs. pyrometallurgical 
 suitability for refractory vs. mildly refractory ores 
 suitability for high sulfur content 
 suitability for high carbon content 

 
Each pretreatment type was assigned values for these characteristics (Marsden 
and House, 2006) and then the number of similar characteristics between two 
pretreatments was divided by five. These calculations resulted in a similarity 
matrice for the attribute Pretreatment, presented in Table 3.  

Table 3. Comparative table defined for the attribute Pretreatment. 

Pretreatment Preaeration 

A
cidic pressure oxidation 

Pressure oxidation 

A
cid pretreatm

ent 

C
hlorination 

B
iological oxidation 

R
oasting 

A
ny 

N
one 

Preaeration 1.0 0.4 0.6 0.4 0.4 0.2 0.0 1.0 0.0 
Acidic pressure oxidation  0.4 1.0 0.4 1.0 0.6 0.8 0.4 1.0 0.0 
Pressure oxidation  0.6 0.4 1.0 0.4 0.8 0.6 0.4 1.0 0.0 
Acid pretreatment 0.4 1.0 0.4 1.0 0.6 0.8 0.4 1.0 0.0 
Chlorination  0.4 0.6 0.8 0.6 1.0 0.8 0.4 1.0 0.0 
Biological oxidation 0.2 0.8 0.6 0.8 0.8 1.0 0.6 1.0 0.0 
Roasting 0.0 0.4 0.4 0.4 0.4 0.6 1.0 1.0 0.0 
Any 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.0 
None 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 1.0 

 

Materials of construction 
The attribute Materials of construction indicates the type of materials and 
equipment required for the leaching experiments. It was merely visible in the 
cases after they had been retrieved from the case base. The user couldn’t 
therefore conduct a query based on the attribute and no similarity model was 
required.  

4.4.2 Ore attributes [III] 

Mineralogy 
The minerals that make up an ore and their respective ratios form the 
mineralogy of the ore. Therefore, the value of the Mineralogy attribute is a two-
part set, meaning it contains the minerals and their respective ratios.  

The Nickel-Strunz classification of minerals was first published in 1941 
(Strunz and Nickel, 2001) and is nowadays freely available online covering 4,714 
known minerals (Ferraiolo, 2018). In the built knowledge model, the Nickel-
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Strunz classification was used as the basis of modelling the similarity between 
two mineralogy descriptions. The Nickel-Strunz classification was utilized for 
defining the similarity between individual minerals in Publication I, but it was 
noted that the query and case structures should allow for sets of minerals to be 
compared. Additionally for the final knowledge model, the aim was that the 
user’s query is not restricted by the minerals already in the case base and that 
the mineral ratios are also taken into account in calculating the similarity.  

To meet these needs, a weighted set similarity (WSS) calculation was 
developed [III] for calculating the local similarity of the attribute Mineralogy. 
The Nickel-Strunz classification code was used for defining the similarity 
between individual minerals and those values were used in the WSS to define 
the similarity of the case set with the query set. The way in which the Nickel-
Strunz classification was utilized was based on the encoded knowledge 
representation in the code of each mineral, revealing the minerals position in 
the taxonomy of all the minerals in the classification. The structure of the code 
is illustrated in Figure 7 through the example of chalcopyrite. 

 
 

 

Figure 7. Illustration of the Nickel-Strunz classification code modified from Publication III, 
example mineral: chalcopyrite (Ferraiolo, 2018). 

In the default settings of the knowledge model, the similarity between two 
minerals is defined according to the following rules by comparing their 
classification codes: 
 

 If the class is different, the similarity is 0.0 
 If only class is the same, similarity is 0.0 
 If only class and division are the same, similarity is 0.1 
 If only class, division, and family are the same, similarity is 0.5 
 If only class, division, family, and group are the same, the similarity is 

0.9 
 If only class, division, family, group, and add-on letter are the same, sim 

value is 0.95 
 If the whole code and mineral name are the same, similarity is 1.0 
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Based on the similarity between each mineral and the ratios of the minerals, the 
overall similarity between the query mineralogy and the case mineralogy is then 
calculated according to Eq. (3) [III].  
 

 

( , ) = 
max = 1 , 1 | |× |max( , )| [ + ]  

(3) 
 ( + )   

The meanings of the symbols are as follows:  
 
simWSS weighted set similarity, local similarity of the attribute  
qset  query set 
cset case set 
v number of minerals in the query set 
u number of minerals in the case set 
simmk maximum similarity available for kth query mineral  
qk the kth mineral in the query set 
cj the jth mineral in the case set 
Rk ratio of the kth mineral in the query set 
Rmk ratio of the case mineral that has the maximum similarity 

available for the kth mineral in the query set 
z suppressing coefficient, [ 1], utilized value: 2 

 
The logic of the WSS calculation is further clarified through a visualized example 
calculation for two hypothetical mineralogy descriptions in Figure 8 on the next 
page. 

In the example in Figure 8, first (step A) the highest available similarity for 
the first query mineral. i.e. pyrite, is identified as simm1 = 1.0 , since pyrite is also 
present in the case. Then a similar procedure is done for the rest of the query 
minerals quartz and muscovite (step B). None of the case minerals are similar 
to quartz, resulting in simm2 = 0.0, and the Nickel-Strunz comparison (see 
Figure 7) leads to muscovite being paired up with kaolinite, having only a small 
similarity: simm3 = 0.1. After the query minerals have been paired up with the 
most similar case minerals the similarities of their respective ratios are 
calculated (step C). The whole WSS similarity calculation for this example (step 
D) then takes the product of the mineral and ratio similarities and weights them 
with the combined ratios of the mineral pairs. In the example, this results in the 
attribute Mineralogy  having a local similarity of 0.44. 
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Case mineralogy
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Figure 8. Visualization of the WSS calculation for hypothetical query and case.  
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Free gold Placers 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Free-milling Quartz vein-lode 0.00 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Oxidized 0.00 0.00 1.00 0.75 0.50 0.25 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Silver-rich 0.00 0.00 0.75 1.00 0.75 0.50 0.25 0.00 0.00 0.00 0.00 0.00 0.00

Copper sulfide 0.00 0.00 0.50 0.75 1.00 0.75 0.50 0.25 0.00 0.00 0.00 0.00 0.00

Iron oxide copper-gold 0.00 0.00 0.25 0.50 0.75 1.00 0.75 0.50 0.25 0.00 0.00 0.00 0.00

Refractory Iron sulfide 0.00 0.00 0.00 0.25 0.50 0.75 1.00 0.75 0.50 0.25 0.00 0.00 0.00

Arsenic sulfide 0.00 0.00 0.00 0.00 0.25 0.50 0.75 1.00 0.75 0.50 0.25 0.00 0.00

Antimony sulfide 0.00 0.00 0.00 0.00 0.00 0.25 0.50 0.75 1.00 0.75 0.50 0.00 0.00

Bismuth sulfide 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.50 0.75 1.00 0.75 0.00 0.00
Telluride 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.25 0.50 0.75 1.00 0.00 0.00

Double-refractory Carbonaceous sulfide 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.00 0.00
Unknown 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Ore type 
The attribute Ore type was modelled as a symbolic attribute. Different gold ore 
types ordered according to their refractoriness level from more free-milling to 
more refractory are the following (Zhou and Gu, 2016):  

 
 Placers 
 Quartz vein-lode ores 
 Oxidized ores 
 Silver-rich ores 
 Copper sulfide ores 
 Iron oxide copper-gold ores 
 Iron sulfide ores 
 Arsenic sulfide ores 
 Antimony sulfide ores 
 Bismuth sulfide ores 
 Telluride ores 
 Carbonaceous sulfide ores 

 
The comparative similarity table for the attribute Ore type was compiled with 
an increment of 0.25 with a drop to zero when going from preg-robbing (double 
refractory) to refractory, and to free-milling. The comparative table of the 
similarity measure is presented in Table 4. 

Table 4. Comparative table for the attribute Ore type.  
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However, reality isn’t as clear cut as the values of the attribute, since an ore will 
typically hold the characteristics of several of the categories. A set similarity 
function already available in the myCBR software was used. The local similarity 
between the query set and the case set was calculated according to a known set 
similarity measure where the local similarity is the average maximum similarity 
available for the query items (Richter and Weber, 2013), presented for the 
attribute Ore type in Eq. (4).  

 

  ( , ) = 
 = 1 { ( , )} 

(4) 
  

 

Here v is the number of ore type values in the entered query set qset, while u 
represents the number of ore type values in the case set cset, qk is the kth type in 
the query set, and cj is the jth type in the case set. The maximum similarity 
available for qk is represented with simmk, which is defined through the 
similarity matrice in Table 4. This set similarity measure is asymmetrical, 
meaning that simOre type(a,b) might not be equal to simOre type(b,a). 

 

Particle Size 
In the case sources the particle size of the raw material was reported in two 
different ways: 

 
 Some percentage of particle mass is smaller than a certain diameter. For 

example, d80 = 75 μm means that 80% of the particle mass has a smaller 
diameter than 75 μm. 

 Particle size range, for example 45  75 μm. 
 
Because the type of reporting varied, the attribute Particle size was modelled as 
a symbol type attribute with six possible values. The defined values were 
“Ultrafine < 10 μm”, “Superfine < 20 μm”, “Fine < 50 μm”, “Typical < 100 μm”, 
“Coarse < 500 μm”, and “Supercoarse > 500 μm”, which were based on several 
different literature sources (Orumwense and Forssberg, 1992; Ellis et al., 2003; 
Marsden and House, 2006; Partyka and Yan, 2007; de Bakker, 2014; Wills and 
Finch, 2015; Fornasiero and Filippov, 2017). Table 5 presents the comparative 
table used as a similarity measure for Particle size. 
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Table 5. Comparative table for the attribute Particle size. 

Attribute 
value 

Ultrafine 
< 10 μm 

Superfine 
< 20 μm 

Fine 
< 50 
μm 

Typical 
< 100 
μm 

Coarse 
< 500 
μm 

Supercoarse 
> 500 μm 

Unknown 

Ultrafine 
< 10 μm 

1.0 0.67 0.33 0.0 0.0 0.0 0.0 

Superfine 
< 20 μm 

0.67 1.0 0.67 0.33 0.0 0.0 0.0 

Fine 
< 50 μm 

0.33 0.67 1.0 0.67 0.33 0.0 0.0 

Typical 
< 100 μm 

0.0 0.33 0.67 1.0 0.67 0.33 0.0 

Coarse 
< 500 μm 

0.0 0.0 0.33 0.67 1.0 0.67 0.0 

Supercoarse 
> 500 μm 

0.0 0.0 0.0 0.33 0.67 1.0 0.0 

Unknown 0.0 0.0 0.0 0.0 0.0 0.0 0.0 

 
For defining the matrice, the similarity value was varied from 0 to 1 by three 
even steps. The cases were divided into the categories based on their reported 
or estimated d80 particle sizes, or in the cases where a particle size range was 
reported, the size class where the majority of the range was situated in [III]. 

Material type 
The attribute Material type describes, if the material is an untreated ore, a 
concentrated ore, or something else. 7 possible values were defined for the 
attribute: “Ore”, “Concentrate”, “Flotation concentrate”, “Gravity concentrate”, 
“Tailing”, “Flotation tailing”, and “Gravity concentration tailing”. The 
comparative table for the attribute is presented in Table 6. 
 

Table 6. Comparative table for the attribute Material type. 

Query\Case Ore C FC GC T FT GCT Unknown 
Ore 1.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
Concentrate 0.0 1.0 1.0 1.0 0.0 0.0 0.0 0.0 
Flotation 
concentrate 

0.0 0.5 1.0 0.0 0.0 0.0 0.0 0.0 

Gravity 
concentrate 

0.0 0.5 0.0 1.0 0.0 0.0 0.0 0.0 

Tailing 0.0 0.0 0.0 0.0 1.0 1.0 1.0 0.0 
Flotation 
tailings 

0.0 0.0 0.0 0.0 0.5 1.0 0.0 0.0 

Gravity 
concentration 
tailings 

0.0 0.0 0.0 0.0 0.5 0.0 1.0 0.0 

Unknown 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
   C = Concentrate, FC = Flotation concentrate, GC = Gravity concentrate, T = Tailing, FT = Flotation tailing,    
   GCT = Gravity concentration tailing 

Gold content 
The similarity model that was used in the OreSim model for the attribute Gold 
content, was concluded to be too mild in its effect, having too high similarity 
even at substantial differences in the value [III]. Therefore, the attribute Gold 
content was modelled similarly to the attributes Redox potential and pH, by 
utilizing a smooth-step distance function, see example in Figure 6. The default 
setting for the function was defined so that a difference of 10 g/t results in a local 
similarity value is 0.5.  
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Chemical assay 
Similarly to the Mineralogy attribute, Chemical assay was modelled with the 
WSS calculation. However, unlike in the attribute Mineralogy where the Nickel-
Strunz classification determined a range of similarity for individual minerals, 
the similarity of chemical elements was set as either one (1) with itself and zero 
(0) with all other chemical elements. The calculation was then weighted with 
the percentages of each chemical element, according to Eq. (3). When 
formalizing the cases, gold was left out of the Chemical assay value sets, since 
it is considered in its own separate attribute Gold content. 

Location 
The location of the ore body was reported with varying detail in the case sources. 
The attribute Location was stored in the knowledge model as a string of text. 
The attribute was available to the user in the retrieved cases, but it was excluded 
from the query options and therefore, could not be used for retrieval. 
Consequently, no similarity measure was required for the attribute. 

4.5 Attribute weights 

The weight of each attribute determines how influential the local similarity of 
that attribute is when the global similarity of the whole case is aggregated. For 
the final knowledge model, the attribute weighting was based on the expert 
interviews that determined the attribute selection in the first place (Table 1). 
Two sets of weights were tested with a smaller case base to see how the results 
compared to the ranking produced by human experts in the workshops 
described in Subsection 3.4.2. The first set of weights, called “Direct weights”, 
was directly the number of interviewees that mentioned the individual attribute 
during the initial interviews. The second set of weights, called “Combined 
weights” was formulated by taking into account overlapping terminologies and 
the fact that certain attributes affect some of the other attributes. The two sets 
of tested weights are presented in Table 7. 

Table 7. The attributes used in similarity calculations and the two sets of weights tested for the 
knowledge model. 

Attribute Direct weights Combined weights 
Complexant concentration 13 19 
Mineralogy 12 17 
Extraction percentage 11 11 
Temperature 11 11 
Particle size 10 10 
Oxidant concentration 8 14 
Reagent consumption 8 8 
Extraction rate 6 6 
Pretreatment 6 24 
Solid-liquid ratio 6 6 
pH 5 11 
Chemical assay 4 4 
Gold content 4 4 
Material type 4 4 
Ore type 4 22 
Pressure 4 4 
Redox potential 4 10 
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When determining the combined weights, the changes in the weights came 
about through the following considerations. Detailed mineralogy was 
mentioned 12 times and mineral ratios was mentioned 5 times, leading to the 
attribute Mineralogy having a combined weight of 17. For the attribute 
Pretreatment: pretreatment (6 mentions) on its own does not mean the same 
thing as refractoriness (7 mentions) or preg-robbing tendencies (11 mentions), 
but a pretreatment is most often performed to remove refractory and preg-
robbing characteristics from an ore. Therefore, the fact that a pretreatment has 
been applied indicates the presence of these characteristics and furthermore, 
the pretreatment itself has most probably altered these characteristics of the ore 
by oxidizing sulfidic and organic materials within the ore. This consideration 
led to the attribute Pretreatment having a weight of 24. Additionally, 
refractoriness and preg-robbing tendencies are inherent parts of the ore type, 
leading to the combined weight of 22 for the attribute Ore type. Solution 
characteristics was mentioned 6 times during the interviews and therefore the 
weights of Complexant concentration, Oxidant concentration, pH, and Redox 
potential are all increased by 6. Since the attribute Gold content was already 
given to the interviewees, it was not mentioned by them during the interviews. 
For the default settings of the model, a weight of 4 (lowest within the other 
assigned weights) was used for Gold content.  

4.6 Summary of attributes 

Table 8 summarizes the attributes in the final knowledge model and their 
respective similarity measures. The first fifteen were implemented in the 
LeachSim model [IV] and the rest in the OreSim model [III], except for Gold 
content, which was improved for this compendium part. 
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Table 8. Attributes, their type, similarity measure, unit for numerical attributes, value range for 
numerical attributes, and number of possible values for symbol attributes.  

Attribute Type of 

attribute 

Similarity 

measure 

Unit Value 

range 

Number of 

symbols 

Overall method Symbol Discr.   6 

Complexant source Symbol Discr.   7 

Oxidant source Symbol Discr.   13 

Temperature FPN LDF °C 0.0 – 250.0  

Complexant 

concentration 

FPN LDF mol/l 0.0 – 7.0  

Oxidant concentration FPN LDF mol/l 0.0 – 2.0  

Solid-liquid ratio FPN LDF mso./msl.-% 0.0 – 66.0  

Reagent consumption FPN LDF kg/t 0.0 – 130.0  

Extraction FPN LDF % 20.0 – 

100.0 

 

Extraction rate FPN LDF %/min 0.0 – 5.0  

pH FPN SSDF 

± 1  

-> sim=0.5 

- 0.0 – 12.0  

Redox potential FPN SSDF 

± 0.2  

-> sim=0.5 

V vs. SHE 0.0 – 

1200.0 

 

Pressure Boolean Binary (0/1)  atm, pres  

Pretreatments Symbol Com. table   9 

Materials of construction String -    

Mineralogy TP set WSS m-% 0.0 – 100.0 4714 

Ore type Symbol Com. table   12 

Material type Symbol Com. table   7 

Particle size Symbol Com. table   6 

Gold content FPN SSDF,  

± 10 

-> sim=0.5 

g/t 0.0 – 419.0  

Chemical assay TP set WSS m-% 0.0 – 100.0 118 

Location String -    

Discr. = Discriminatory, FPN = Floating point number, LDF = Linear distance function, mso. = mass of solids, 

msl. = mass of slurry, SSDF = Smooth-step distance function, SHE = Standard hydrogen electrode, TP = Two-

part, WSS = Weighted set similarity,  Com. = Comparative 
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5. Results 

This chapter presents the expert workshop and retrieval test results performed 
for this compendium. The first section of this chapter compares the results from 
expert workshops to a retrieval test conducted with the described knowledge 
model. This comparison determines which set of default weights is selected for 
the model. The second section then demonstrates a retrieval test done with the 
full case base and with the default weights in place.  

5.1 Defining default weights 

As described in section 3.4.2, a group of 17 experts were asked to rank order 9 
cases from most similar to least similar in relation to a test case. The average 
placement of the cases from the expert workshop rank orderings are presented 
in Table 9.  

Table 9. Cases ordered from most similar to least similar in relation to the test case according to 
expert workshops along with their average placement, and corresponding standard deviations 
(SD) of the placements. 

Case number Average placement SD 

#34 1.41 0.62 

#61 2.65 1.69 

#13 4.12 2.09 

#14 4.65 1.90 

#27 4.76 1.09 

#63 5.41 1.18 

#3 5.94 1.89 

#57 7.94 1.25 

#11 8.41 1.70 

 
 
A qualitative notion from the test results is that cases 57 and 11 were ranked as 
the least similar ones with average placements of 7.94 and 8.41, respectively. 
Furthermore, 4/17 interviewees placed cases 57 and 11 on a “shared last place” 
due to the fact that a different leaching method had been used in the 
experiments. This indicated that a low placement, or exclusion altogether, as 
was the procedure in the LeachSim model [IV], of different leaching methods 
was a priority for the majority of researchers. However, within the same 
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leaching method, differing complexant or oxidant sources did not lead to any 
exclusions and all interviewees ranked these cases just like the other cases. 
Therefore, the following retrieval tests excluded cases 57 and 11 from the case 
base and the similarity calculations were performed for the 7 remaining cases.  

Retrieval tests were performed with myCBR having the 7 cases in the case 
base. Two tests were done by applying first the direct and then the combined 
attribute weights listed in Table 7. The resulting rankings and their Spearman’s 
rank-order correlations with the workshop results are presented in Table 10. 

Table 10. Order rankings of the cases according to the expert workshops and the two retrieval 
tests with myCBR along with the correlation of the myCBR rankings with the workshop ranking. 

Case number Ranking   

 Workshops myCBR retrieval  

  direct weights combined weights 

#34 1 1 1 

#61 2 5 2 

#13 3 4 3 

#14 4 6 6 

#27 5 2 4 

#63 6 3 5 

#3 7 7 7 

Correlation   0.428 0.892 

 
The correlation values show that the combined weights were able to produce a 
much better correlation  between the workshop results and the 
myCBR retrieval . In other words, the 
combined weights were able to produce a ranking more consistent with the way 
human experts would rank the cases. This would indicate that, at least in the 
case of this experiment, the combined weights are better at ranking the cases. 
Therefore, the combined weights were chosen as the default weights for the 
knowledge model.  

5.2 Retrieval tests with full case base 

The same Test case was used for a demonstrative retrieval test with the full case 
base. The default weights, i.e. the combined weights in Table 7, were used for 
the similarity calculations. Based on the workshop results, the attributes 
Complexant source and Oxidant source were not used for the retrieval, but the 
discriminatory Overall method attribute was, resulting in 24 cases of thiosulfate 
leaching being compared against the Test case. The Overall method used in each 
of the 67 cases is indicated in Appendix 1. Additionally, it needs to be mentioned, 
that since the Redox potential and the Reagent consumption values were 
unknown in the Test case, these attributes were not included in the query. 

The global similarities of the 24 cases ranged from 0.78 to 0.33. In both the 
small case base retrieval tests, in Table 10, and in the workshops, Case 34 was 
ranked as most similar in relation to the test case. When the full case base was 
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used, Case 34 was ranked as third most similar with a similarity of 0.73 while 
two cases, Case 4 (Sim = 0.78) and Case 12 (Sim = 0.76), were considered more 
similar with the Test case.   

Table 11 presents the attribute values of the Test case and the corresponding 
values in the best matching Case 4 along with the local similarity of each 
attribute and the resulting global similarity calculated with the default weights. 
For clarity, the chemical assay and mineralogy values that had a percentage of 
under 1% are not listed in the table, but they were included in the similarity 
calculations of the cases. 
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Table 11. The attribute values and the corresponding local similarity values of the Test case and 
the best ranked Case 4. 

Attribute i Test case Case 4 simi 

Pretreatment 24 none none 1 

Ore type 22 Copper sulfide Copper sulfide;  

Iron sulfide;  

Silver rich; Tellurides 

1 

Complexant concentration 

[M] 

19 1.5 0.5 0.86 

Mineralogy 17 Pyrite, 70%  

Sphalerite, 11%  

Quartz, 6%  

Barite, 3% 

Chalcopyrite, 2.5% 

Galena, 1.5%  

Anglesite, 1.5% 

Lead oxide, 1%  

Cerussite, 1% 

Calcite, 1% 

Pyrite  

Quartz 

Muscovite 

Chlorite 

Albite 

Ankerite 

Paragonite 

Rutile 

0.37 

Oxidant concentration [M] 14 0.19 0.05 0.93 

Extraction [%] 11 73.26 94 0.74 

pH 11 7 10.2 0 

Temperature [°C] 11 70 25 0.82 

Particle size 10 ultrafine ultrafine 1 

Redox potential [V vs. SHE] 10 unknown 0.13  

Reagent consumption 8 unknown unknown  

Extraction rate [%/min] 6 0.076 0.033 0.99 

Solid-liquid ratio [m-%] 6 0.091 0.294 0.69 

Chemical assay 4 S, 43.5% 

Fe, 33.4% 

Zn, 7.4% 

Pb, 4.2% 

Si, 2.61% 

Cu, 1.2% 

Fe, 31.9% 

S, 30.7% 

Al, 2.64% 

Ca, 1.96% 

0.86 

Gold content [g/t] 4 46 94.63 0 

Material type 4 concentrate concentrate 1 

Pressure 4 ambient/mild vacuum ambient/mild vacuum 1 

Global similarity, Sim    0.78 
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As might be expected, Case 4 has perfect similarity with the Test case in the two 
most heavily weighted attributes, Pretreatment and Ore type. It is to be noted 
that because of the way the Ore type similarity is calculated, if all the query 
values are present in the case, the similarity is 1, regardless of the additional 
values in the case, as is the situation here, since the case has the queried value 
“Copper sulfide” along with three additional values; “Iron sulfide”, “Silver rich”, 
and “Tellurides”. Overall, there was good or mediocre similarity among the 
attributes, except for pH and Gold content, which both had a local similarity of 
zero. Gold content had a low weighting factor of 4 and did not affect the 
calculation as much, while pH, having a weight of 11, was relatively influential, 
but not enough to make Case 4 rank lower. 

The attribute values of the second and third placed cases are presented in 
Appendix 2. When compared to the most similar case, Case 4, the second 
ranking Case 12 had a much higher local similarity regarding the Mineralogy at 
0.83, a Gold content of 33.89 g/t, which is closer to the value of the Test case, 
and many attributes that were equally similar to the Test case. However, Case 
12 had a Complexant concentration of only 0.1 and a Particle size value 
“Typical”, and since these are influential attributes with weights of 19 and 10 
respectively, its final placement was lower than that of Case 4.  

Similar to Case 12, the third ranking Case 34 differed from the Test case in 
Particle size and Complexant concentration. Additionally, the Chemical assay 
was “Unknown” in the Case 34, leading to a local similarity of zero for that 
attribute. Even though the Extraction value of Case 34 was closer to the Test 
case than that of the two better ranking cases, the differences in other attributes 
resulted in the final Sim value of 0.73.  
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6. Discussion 

This chapter sums up the implications of the study leading to some suggestions 
for future research.  

6.1 Theoretical implications 

The theoretical implications of this work concern the similarity calculations 
within CBR. In order to compare the mineralogy and chemical composition of 
ores, the WSS calculation was developed and applied in Publication III. The 
formulated WSS calculation method is able to assess the similarity of weighted 
sets, which  has several possible applications within the larger field of CBR. The 
WSS could be applied in comparing, for example, personality traits in people 
(trait – intensity) or the layout of large buildings (type of room – number of 
these rooms). Any set of more or less similar symbolic values, that are paired 
with a numerical ratio or the like, can be compared with the WSS.  

6.2 Practical implications 

The demonstrative retrieval test in Section 5.2 is not claiming that the best 
matching Case 4 is objectively the best match for the Test case. The result is 
completely dependent on the used weights and attributes, which reflect the aims 
of the retrieval. Realistically, a user would utilize several queries by performing 
retrievals based on only a few of the attributes at a time. For example, first 
looking for successful leaching tests of carbonaceous sulfide concentrates in 
mild temperatures and then a separate retrieval for high temperatures. Another 
example would be to make the leaching conditions as mild as possible by having 
the values of Temperature, Complexant concentration, and Oxidant 
concentration as zero and the value of pH at seven in the query. A similar 
hypothetical query was demonstrated in Publication III, where the aim was to 
find the ores that would be most difficult to treat with conventional gold 
processing techniques. From a practical point of view, such hypothetical queries 
might result in more informative results than realistic queries. 

The greatest benefit of the built knowledge model is that it is able to rank order 
a large case base according to the user’s needs, whatever they might be. In the 
scale of this research, the retrieval of cases takes practically the same amount of 
time regardless of the number of cases in the case base. The practicalities of the 
expert workshops, especially the allocated time, would have had to have been 
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considerably different, if the workshop task had been to rank 67 journal articles, 
conference papers, technical notes, and dissertations. The human experts would 
have taken a lot more time to perform the task than the under 15 minutes they 
used in the face-to-face workshops.  

While the construction of the knowledge model and the initial formalization 
of the cases takes a considerable amount of time, once the tool has been 
compiled, information retrieval, along with incremental expansion of the case 
base with new information, is substantially faster.  
 

6.3 Limitations of research 

The conducted research has some limitations. First of all, the number of 
interviews could have been larger. Even though data saturation was achieved, 
an increased number of interviews would have raised the statistical relevance of 
the answers. Also, different interview and workshop series could have been 
performed for defining the individual features of the model. In theory, every 
aspect of the tool could have been collectively decided among the research 
community, but such a large operation would be difficult to organize in practice. 

A practical limitation on the number of interviewees and interview series was 
the fact that the interviews and workshops were designed for gold 
hydrometallurgists who had at least some experience or knowledge about 
cyanide-free leaching methods. In other words, the target group was very 
carefully defined, limiting the number of people eligible for participation. Had 
the number of interviewees and interviews been larger, the first research aim, 
which was defining which attributes are considered most important by the 
research community, could have been answered in a more statistically relevant 
manner.  

Furthermore, since the purpose of the study was not to uncover some objective 
truth, but to test the concept of intelligent retrieval of scientific literature 
through the example of building a functioning tool for cyanide-free gold 
leaching, the results are not generalizable. Even increasing the number of 
interviews and workshop participants would not have corrected this. In the core 
of this limitation is the fact that the retrieval tool built in this study would differ 
from any retrieval tool a researcher would design for themselves. This research 
presents an example of how such a tool can be made through harnessing 
metallurgical knowledge into the use of intelligent retrieval. While the 
knowledge model built in this research functioned as intended, the specific 
needs of all researchers are different. Thereby, it is important that the similarity 
models and the attribute weights can easily be modified while using the retrieval 
tool. It is most likely that every researcher or engineering company that would 
adopt this method for organizing their information, would select a different set 
of attributes and weight them according to their specific needs.  
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6.4 Recommendation for future research 

The future of this research branches into several different directions. Primarily, 
the built knowledge model for metallurgy could be developed further. First steps 
would be to increase the adaptability of the knowledge model. In the current 
work, only one similarity model was defined for each attribute. Alternatives for 
these default models could easily be offered to the user, since this is an existing 
functionality in myCBR. Additionally, while the weights based on the expert 
interviews seemed to provide a good starting point, the influence of different 
well-known dynamic weighting methods (Wettschereck et al., 1997) could be 
studied in relation to the current application.  

Further improving the existing model could include addressing the bottle neck 
of searching and formalizing new cases. A brief look into the possibility of 
automated natural language processing was made in Publication II, but the 
topic was later left out of the scope of this study. While the compiled case base 
holds a decent amount of cases, surely more exist and are being published 
continuously. Automated identification of possible case sources would benefit 
the compilation of the case base significantly. In addition, the scope of the case 
base could be broadened. For example, (i) raw material attributes could be 
utilized in searching for articles about pretreatment methods, as opposed to 
only leaching methods, or (ii) articles about gold recycling from waste electrical 
and electronics equipment (WEEE) could be included in the case base. 

In order for the developed model to serve researchers in the field, it should be 
made public and available online. Copyright issues concerning the content of 
the case articles would be avoided, if the retrieval results were only reference 
links to the original literature sources. Simultaneously, the usability of the 
retrieval tool would greatly benefit from a customized user interface, that was 
specifically designed for the application in question.  

If the tool had many active users, one interesting topic might be to observe the 
way researchers utilize the tool and to analyze which functionalities become 
most popular. This information would indicate which parts of the tool are seen 
as most useful by the users. The performance of the tool could be dynamically 
enhanced by implementing machine learning where the choices of the users 
could continuously provide feedback for optimizing the similarity models and 
weighting of the attributes.  

Another direction of research would be constructing CBR retrieval tools for 
articles within other fields of scientific literature. If the field is relatively close to 
the one in this dissertation, some of the attributes, such as the Mineralogy 
attribute, could be applied directly as is. However, a thorough mapping of 
additional attributes would be required nonetheless. The fact that a tool like this 
can be built and tested with the graphical user interface of the myCBR software, 
without the need for any programming skills, makes the compilation of 
completely new knowledge models accessible for any professional.  
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7. Summary 

This study presents an information retrieval tool that can compare and rank 
formalized scientific literature sources concerning cyanide-free gold leaching. 
The tool utilizes CBR in finding the most relevant literature in relation to the 
user’s research interest. The comparison is based on raw material 
characteristics, applied leaching methods, and achieved results reported in the 
literature sources.  

As a prerequisite, a performance study was conducted on a previously 
developed CBR tool for recommending gold processing flowsheets [I]. The CBR-
based tool was able to compare gold ore descriptions and successfully 
recommend process flowsheets when compared to human experts. Several 
observations were made about the tools functions, especially related to 
modelling ore mineralogy, and these lessons were incorporated in the 
development of the final knowledge model.  

The CBR tool built for this doctoral dissertation was compiled based on expert 
interviews and metallurgical knowledge, with the default weighting defined 
through workshops conducted with hydrometallurgy professionals. When an 
initial knowledge model was drafted [II], several considerations were made 
regarding the requirements for the tool to function properly. Consequently, a 
novel similarity calculation method WSS was formulated for comparing the 
mineralogy of ores [III]. The development of the final knowledge model was 
done in two parts. One part addressed the raw material characteristics by 
building the OreSim model [III] and another part defined the similarity models 
for the leaching parameters via developing the LeachSim model [IV]. The 
OreSim and the LeachSim were then combined in this compilation part and, as 
mentioned, the default weights of the attributes were then chosen based on 
expert workshops. The final knowledge model was successfully demonstrated in 
a retrieval test consisting of a case base of 67 literature sources. 

The true value of this work is not in the demonstrative retrieval results in 
Section 5.2, but in that it provides the first road map to building a tailorable 
retrieval tool for scientific articles in a certain field. Efficient retrieval of 
information, whatever the domain, would save the valuable time of the people 
involved. While the individual retrieval results are not generalizable, the fact 
that such a retrieval tool is now operational, is a far reaching concept that has 
many possible outcomes.  
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Appendix 1. List of cases, the applied leaching method, and the publications 
used as case sources. 

 
Case Method Reference 

Test case Thiosulfate Hashemzadehfini, M., Ficeriova, J., Abkhoshk, E., Shahraki, B.K. (2011). 

Effect of mechanical activation on thiosulfate leaching of gold from 

complex sulfide concentrate. Transactions of Nonferrous Metals Society of 

China 21 (12), 2744-2751. 

1 
 

Thiosulfate Abbruzzese, C., Fornari, P., Massidda, R., Veglio, F., Ubaldini, S. (1995). 

Thiosulphate leaching for gold hydrometallurgy. Hydrometallurgy 39 (1-

3), 265-276. 

2 

 

Thiosulfate Aylmore, M.G. (2001). Treatment of a refractory gold—copper sulfide 

concentrate by copper ammoniacal thiosulfate leaching. Miner Eng 14 (6), 

615-637. 

3 Thiosulfate Aylmore, M.G. (2001). Treatment of a refractory gold—copper sulfide 

concentrate by copper ammoniacal thiosulfate leaching. Miner Eng 14 (6), 

615-637. 

4 Thiosulfate Aylmore, M.G. (2001). Treatment of a refractory gold—copper sulfide 

concentrate by copper ammoniacal thiosulfate leaching. Miner Eng 14 (6), 

615-637. 

5 Chloride Baghalha, M. (2007). Leaching of an oxide gold ore with 

chloride/hypochlorite solutions. Int J Miner Process 82 (4), 178-186. 

6 Iodide Baghalha, M. (2012). The leaching kinetics of an oxide gold ore with 

iodide/iodine solutions. Hydrometallurgy 113, 42-50. 

7 Iodide Baghalha, M. (2012). The leaching kinetics of an oxide gold ore with 

iodide/iodine solutions. Hydrometallurgy 113, 42-50. 

8 Chloride Cheng, Y., Shen, S., Zhang, J., Chen, S., Xiong, L., Liu, J. (2013). Fast and 

Effective Gold Leaching from a Desulfurized Gold Ore Using Acidic 

Sodium Chlorate Solution at Low Temperature. Ind Eng Chem Res 52 

(47), 16622-16629. 

9 Bromide Dadgar, A. (1989). Refractory concentrate gold leaching: cyanide vs. 

bromine. JOM 41 (12), 37-41. 

10 Bromide Dadgar, A. (1989). Refractory concentrate gold leaching: cyanide vs. 

bromine. JOM 41 (12), 37-41. 

11 Chloride 

Bromide 

De Michelis, I., Olivieri, A., Ubaldini, S., Ferella, F., Beolchini, F., Vegliò, F. 

(2013). Roasting and chlorine leaching of gold-bearing refractory 

concentrate: Experimental and process analysis. International Journal of 

Mining Science and Technology 23 (5), 709-715. 
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12 Thiosulfate Feng, D., Van Deventer, J. (2007). The role of oxygen in thiosulphate 

leaching of gold. Hydrometallurgy 85 (2-4), 193-202. 

13 Thiosulfate Feng, D., Van Deventer, J. (2007). The role of oxygen in thiosulphate 

leaching of gold. Hydrometallurgy 85 (2-4), 193-202. 

14 Thiosulfate Fleming, C., McMullen, J., Thomas, K., Wells, J. (2003). Recent advances in 

the development of an alternative to the cyanidation process: Thiosulfate 

leaching and resin in pulp. Minerals and metallurgical processing 20 (1), 1-

9. 

15 Chloride Ghobeiti Hasab, M., Rashchi, F., Raygan, S. (2013). Chloride–hypochlorite 
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16 Chloride Ghobeiti Hasab, M., Rashchi, F., Raygan, S. (2013). Simultaneous sulfide 

oxidation and gold leaching of a refractory gold concentrate by chloride–

hypochlorite solution. Miner Eng 50, 140-142. 

17 Chloride Ghobeiti Hasab, M., Rashchi, F., Raygan, S. (2014). Chloride–hypochlorite 

leaching and hydrochloric acid washing in multi-stages for extraction of 

gold from a refractory concentrate. Hydrometallurgy 142, 56-59. 

18 Chloride Ghobeiti Hasab, M., Raygan, S., Rashchi, F. (2013). Chloride–hypochlorite 

leaching of gold from a mechanically activated refractory sulfide 

concentrate. Hydrometallurgy 138, 59-64. 

19 Chloride Ghobeiti Hasab, M., Raygan, S., Rashchi, F. (2013). Chloride–hypochlorite 

leaching of gold from a mechanically activated refractory sulfide 

concentrate. Hydrometallurgy 138, 59-64. 

20 Thiourea Guo, Y., Guo, X., Wu, H., Li, S., Wang, G., Liu, X., et al., (2017). A novel bio-

oxidation and two-step thiourea leaching method applied to a refractory 

gold concentrate. Hydrometallurgy 171, 213-221. 

21 Thiourea Gönen, N. (2003). Leaching of finely disseminated gold ore with cyanide and 

thiourea solutions. Hydrometallurgy 69 (1-3), 169-176. 

22 Thiourea . (2007). Leaching and CIL 

processes in gold recovery from refractory ore with thiourea solutions. 

Miner Eng 20 (6), 559-565. 

23 Chloride Junnila, T. (2018). Batch leaching of gold in cupric chloride media. Aalto 

University, Master's thesis. 

24 Chloride Junnila, T. (2018). Batch leaching of gold in cupric chloride media. Aalto 

University, Master's thesis. 

25 Thiosulfate Kononova, O., Kholmogorov, A., Kononov, Y., Pashkov, G., Kachin, S., 

Zotova, S. (2001). Sorption recovery of gold from thiosulphate solutions 

after leaching of products of chemical preparation of hard concentrates. 

Hydrometallurgy 59 (1), 115-123. 

26 Thiourea Lacoste-Bouchet, P., Deschênes, G., Ghali, E. (1998). Thiourea leaching of a 

copper-gold ore using statistical design. Hydrometallurgy 47 (2-3), 189-

203. 

27 Thiosulfate Lampinen, M., Laari, A., Turunen, I. (2015). Ammoniacal thiosulfate 

leaching of pressure oxidized sulfide gold concentrate with low reagent 

consumption. Hydrometallurgy 151, 1-9. 
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28 Thiosulfate Langhans Jr, J., Lei, K., Carnahan, T. (1992). Copper-catalyzed thiosulfate 

leaching of low-grade gold ores. Hydrometallurgy 29 (1-3), 191-203. 

29 Bromide Melashvili, M., Fleming, C., Dymov, I., Manimaran, M., O’Day, J. (2014) 

Study of gold leaching with bromine and bromide and the influence of 

sulphide minerals on this reaction. Proceedings of the Conference of 

Metallurgists (COM 2014), Vancouver, Canada. 

30 Bromide Melashvili, M., Fleming, C., Dymov, I., Manimaran, M., O’Day, J. (2014) 

Study of gold leaching with bromine and bromide and the influence of 

sulphide minerals on this reaction. Proceedings of the Conference of 

Metallurgists (COM 2014), Vancouver, Canada. 

31 Bromide Melashvili, M., Fleming, C., Dymov, I., Manimaran, M., O’Day, J. (2014) 

Study of gold leaching with bromine and bromide and the influence of 

sulphide minerals on this reaction. Proceedings of the Conference of 

Metallurgists (COM 2014), Vancouver, Canada. 

32 Thiosulfate Mohammadi, E., Pourabdoli, M., Ghobeiti-Hasab, M., Heidarpour, A. (2017). 

Ammoniacal thiosulfate leaching of refractory oxide gold ore. Int J Miner 

Process 164, 6-10. 

33 Thiosulfate Molleman, E., Dreisinger, D. (2002). The treatment of copper–gold ores by 

ammonium thiosulfate leaching. Hydrometallurgy 66 (1-3), 1-21. 

34 Thiosulfate Molleman, E., Dreisinger, D. (2002). The treatment of copper–gold ores by 

ammonium thiosulfate leaching. Hydrometallurgy 66 (1-3), 1-21. 

35 Thiourea Murthy, D., Kumar, V., Rao, K. (2003). Extraction of gold from an Indian 

low-grade refractory gold ore through physical beneficiation and thiourea 

leaching. Hydrometallurgy 68 (1-3), 125-130. 

36 Thiourea Murthy, D., Kumar, V., Rao, K. (2003). Extraction of gold from an Indian 

low-grade refractory gold ore through physical beneficiation and thiourea 

leaching. Hydrometallurgy 68 (1-3), 125-130. 

37 Thiourea Murthy, D., Kumar, V., Rao, K. (2003). Extraction of gold from an Indian 

low-grade refractory gold ore through physical beneficiation and thiourea 

leaching. Hydrometallurgy 68 (1-3), 125-130. 

38 Thiourea Murthy, D., Kumar, V., Rao, K. (2003). Extraction of gold from an Indian 

low-grade refractory gold ore through physical beneficiation and thiourea 

leaching. Hydrometallurgy 68 (1-3), 125-130. 

39 Chloride Nam, K.S., Jung, B.H., An, J.W., Ha, T.J., Tran, T., Kim, M.J. (2008). Use of 

chloride–hypochlorite leachants to recover gold from tailing. Int J Miner 

Process 86 (1-4), 131-140. 

40 Chloride Nam, K.S., Jung, B.H., An, J.W., Ha, T.J., Tran, T., Kim, M.J. (2008). Use of 

chloride–hypochlorite leachants to recover gold from tailing. Int J Miner 

Process 86 (1-4), 131-140. 

41 Thiosulfate Navarro, P., Vargas, C., Villarroel, A., Alguacil, F. (2002). On the use of 

ammoniacal/ammonium thiosulphate for gold extraction from a 

concentrate. Hydrometallurgy 65 (1), 37-42. 

42 Chloride Pangum, L., Browner, R. (1996). Pressure chloride leaching of a refractory 

gold ore. Miner Eng 9 (5), 547-556. 
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43 Chloride Puvvada, G., Murthy, D. (2000). Selective precious metals leaching from a 

chalcopyrite concentrate using chloride/hypochlorite media. 

Hydrometallurgy 58 (3), 185-191. 

44 Chloride Puvvada, G., Murthy, D. (2000). Selective precious metals leaching from a 

chalcopyrite concentrate using chloride/hypochlorite media. 

Hydrometallurgy 58 (3), 185-191. 

45 Thiosulfate Schmitz, P.A., Duyvesteyn, S., Johnson, W.P., Enloe, L., McMullen, J. (2001). 

Ammoniacal thiosulfate and sodium cyanide leaching of preg-robbing 

Goldstrike ore carbonaceous matter. Hydrometallurgy 60 (1), 25-40. 

46 Thiosulfate Schmitz, P.A., Duyvesteyn, S., Johnson, W.P., Enloe, L., McMullen, J. (2001). 

Ammoniacal thiosulfate and sodium cyanide leaching of preg-robbing 

Goldstrike ore carbonaceous matter. Hydrometallurgy 60 (1), 25-40. 

47 Thiosulfate Schmitz, P.A., Duyvesteyn, S., Johnson, W.P., Enloe, L., McMullen, J. (2001). 

Ammoniacal thiosulfate and sodium cyanide leaching of preg-robbing 

Goldstrike ore carbonaceous matter. Hydrometallurgy 60 (1), 25-40. 

48 Thiosulfate Schmitz, P.A., Duyvesteyn, S., Johnson, W.P., Enloe, L., McMullen, J. (2001). 

Ammoniacal thiosulfate and sodium cyanide leaching of preg-robbing 

Goldstrike ore carbonaceous matter. Hydrometallurgy 60 (1), 25-40. 

49 Thiourea ,  (2005)

ore with cyanide, thiourea and thiosulphate. Minerals Eng 18 (3), 363-365. 

50 Thiosulfate . (2005)

ore with cyanide, thiourea and thiosulphate. Minerals Eng 18 (3), 363-365. 

51 Chloride Torres, R., Lapidus, G.T. (2016). Platinum, palladium and gold leaching from 

magnetite ore, with concentrated chloride solutions and ozone. 

Hydrometallurgy 166, 185-194. 

52 Thiourea Tremblay, L., Deschenes, G., Ghali, E., McMullen, J., Lanouette, M. (1996). 

Gold recovery from a sulphide bearing gold ore by percolation leaching 

with thiourea. Int J Miner Process 48 (3-4), 225-244. 

53 Thiourea Tremblay, L., Deschenes, G., Ghali, E., McMullen, J., Lanouette, M. (1996). 

Gold recovery from a sulphide bearing gold ore by percolation leaching 

with thiourea. Int J Miner Process 48 (3-4), 225-244. 

54 Thiourea Ubaldini, S., Fornari, P., Massidda, R., Abbruzzese, C. (1998). An innovative 

thiourea gold leaching process. Hydrometallurgy 48 (1), 113-124. 

55 Thiourea Ubaldini, S., Fornari, P., Massidda, R., Abbruzzese, C. (1998). An innovative 

thiourea gold leaching process. Hydrometallurgy 48 (1), 113-124. 

56 Bromide Wahyudi, T., Bornhorst, T.J., Nesbitt, C. (1998. A comparative study of 

cyanide and bromine recovery of gold from a roasted Osikonmäki gold ore, 

Finland. Special Paper - Geological Survey of Finland, 111-119. 

57 Iodide Wang, H., Sun, C., Li, S., Fu, P., Song, Y., Li, L., et al. (2013). Study on gold 

concentrate leaching by iodine-iodide. International Journal of Minerals, 

Metallurgy, and Materials 20 (4), 323-328. 

58 Thiourea Whitehead, J., Zhang, J., McCluskey, A., Lawrance, G. (2009). Comparative 

leaching of a sulfidic gold ore in ionic liquid and aqueous acid with 

(98), 276-280. 
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59 Bromide Vukcevic, S. (1996). A comparison of alkali and acid methods for the 

extraction of gold from low grade ores. Minerals Eng 9 (10), 1033-1047. 

60 Thiosulfate Xia, C., Yen, W., Deschenes, G. (2003). Improvement of thiosulfate stability 

in gold leaching. Miner Metall Process 20 (2), 68-72. 

61 Thiosulfate Xia, C., Yen, W., Deschenes, G. (2003). Improvement of thiosulfate stability 

in gold leaching. Miner Metall Process 20 (2), 68-72. 

62 Thiosulfate Xu, B., Yang, Y., Jiang, T., Li, Q., Zhang, X., Wang, D. (2015). Improved 

thiosulfate leaching of a refractory gold concentrate calcine with additives. 

Hydrometallurgy 152, 214-222. 

63 Thiosulfate Xu, B., Yang, Y., Li, Q., Jiang, T., Liu, S., Li, G. (2016). The development of 

an environmentally friendly leaching process of a high C, As and Sb 

bearing sulfide gold concentrate. Miner Eng 89, 138-147. 

64 Thiourea 

Thiocyanate 

Zhang, J., Shen, S., Cheng, Y., Lan, H., Hu, X., Wang, F. (2014). Dual 

lixiviant leaching process for extraction and recovery of gold from ores at 

room temperature. Hydrometallurgy 144-145, 114-123. 

65 Thiourea 

Thiocyanate 

Zhang, J., Shen, S., Cheng, Y., Lan, H., Hu, X., Wang, F. (2014). Dual 

lixiviant leaching process for extraction and recovery of gold from ores at 

room temperature. Hydrometallurgy 144-145, 114-123. 

66 Thiosulfate Zipperian, D., Raghavan, S., Wilson, J. (1988). Gold and silver extraction by 

ammoniacal thiosulfate leaching from a rhyolite ore. Hydrometallurgy 19 

(3), 361-375. 

67 Thiourea . (2002). Reaction chemistry of gold leaching in thiourea 

solution for a Turkish gold ore. Hydrometallurgy 67 (1-3), 71-77. 
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Appendix 2. Attribute values of Case 12 and Case 34, which were the second 
and third most similar in relation to the Test case. 

 

Attribute Case 12 Case 34 

Pretreatment none none 

Ore type copper sulfide;  

iron sulfide; 

copper sulfide;  

 

Complexant concentration 

[M] 

0.1 0.2 

Mineralogy Pyrite, 79.2%  

Quartz, 9% 

Albite, 6.2% 

Dolomite, 3.4% 

Gypsum, 0.8% 

Chalcopyrite, 0.7% 

Calcite, 0.4% 

Arsenopyrite, 0.1% 

Pyrite, 76% 

Quartz, 7% 

Dolomite, 5% 

Calcite, 2.5% 

Chalcopyrite 1.6% 

 

Oxidant concentration [M] 0.006 0.0157 

Extraction [%] 58 84.4 

pH 10.4 10 

Temperature [°C] 25 35 

Particle size Typical unknown 

Redox potential [V vs. SHE] unknown unknown 

Reagent consumption 0.015 unknown 

Extraction rate [%/min] 0.04 0.23 

Solid-liquid ratio [m-%] 0.286 0.3 

Chemical assay S, 42.8% 

Fe, 33.6% 

Cu, 4.41% 

As, 0.2335% 

Ni, 0.0404% 

Zn, 0.006% 

Ag, 0.00108% 

unknown 

Gold content [g/t] 46 94.63 

Material type concentrate concentrate 

Pressure ambient/mild vacuum ambient/mild vacuum 

Global similarity, Sim 0.76 0.73 
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