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ABSTRACT

Mining industry literature commonly refers to an archetypical curve that describes how 

the share price of an exploration mineral property changes as the property is advanced 

from exploration to development. This curve is commonly referred to as the Value 

Curve. Most depictions of the Curve have the share price increasing then decreasing 

and increasing again. This suggested pattern of change is peculiar and warrants 

investigation because at the first glance if investors are rational then the persistence of 

such a pattern should not occur. In this thesis, I develop a real options model to solve 

for the fundamental value of an exploration mineral property and develop a method to 

forecast the most likely share price of the company that owns the property through time 

contingent on the property going into production. Historical market data is collected on 

mining companies whose value is primarily dictated by one mineral property. I analyze 

this data through the lens of the real option model and determine if the model can 

explain the market data. I also determine if the Value Curve pattern is present in the 

stock price series of these companies. The findings show that the market data does 

provide evidence of the Curve. The real options model demonstrates that the Value 

Curve pattern could result from rational pricing.
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Chapter 1

INTRODUCTION

Mining industry literature frequently refers to an archetypical Value Curve. The 

Value Curve is the path that a company’s share price will most likely follow as the 

company advances a mineral property from exploration to development. The Value 

Curve is typically illustrated by showing the share price first increasing, then decreasing, 

and then increasing again, although there are many variations of this general pattern. 

This suggested up-down-up pattern is unusual because financial theory suggests that 

the value of an asset is expected to rise at the rate of return required for holding a given 

risky asset. Industry participants use their interpretation of this curve to develop 

business strategies. While the curve is commonly referenced in industry literature, and 

multimillion-dollar strategies are allegedly predicated on the attributes of this curve, there 

is no empirical proof that the curve exists. Also, there is little written that explains the 

peculiar shape of the curve and most references to the curve refer to the waxing and 

waning of speculative interest in a company as the company advances a property 

through the various stages of exploration. I have found no literature, mining or academic, 

explaining the curve from a fundamental valuation perspective. My research addresses 

the following question: Is there an archetypical Value Curve, as reported in the industry 

literature, and, if it exists, does its shape conform to the fundamental market value of the 

underlying asset as it moves through exploration to development and production?

To address whether or not the Value Curve pattern exists I have collected a 

sample of publicly traded mining companies that have the unique characteristics 

necessary to observe the pattern in the stock prices. This sample is composed of six 

single asset companies that have advanced a property through defined stages of the 

exploration and development process. The influences of the mineral price and market 

an removed from the stock price series. The resulting adjusted stock price series are 

analyzed to determine if they are consistent with the Value Curve pattern.

To determine if the Value Curve can be explained by changes in the fundamental

value of a company through time I have developed a financial model of the mineral

exploration and development (E&D) process. The model is based on a Real Options

model developed by Cortazar, Casassus and Schwartz (CCS) (2003). The model

developed in this thesis extends the CCS model to allow for tracking the most likely

property value and share price through the stages of E&D. I explain the change in the

property value and share price by deconstructing the net change in value into the
1



positive and negative influences on value. Because my explanation is predicated on the 

model being an accurate representation of how value evolves in a mineral property I test 

the model against the market using a heuristic approach to determine if the model is a 

good representation of reality. This is done using six single case studies that allow me 

to judge the explanatory power of the model.

The second chapter of the thesis is an introduction to the history and role of the 

Value Curve in mining literature. In Chapter 3 I analyze the stock price series of six 

companies to see if there is any indication of the Value Curve pattern. Chapter 4 is a 

discussion of the techniques that are commonly used for valuing developed mines, as 

well as the more difficult valuation of exploration properties. In this chapter I explain 

why I choose to use a Real Options model for valuing exploration properties as opposed 

to the other techniques commonly used. This is followed by a discussion of the mineral 

exploration and development process and an explanation of how I model this process. In 

chapter 5 I explain the techniques I use to solve the model. The results of the model are 

discussed in chapter 6, with emphasis on the interpretation of the hypothetical Value 

Curve generated by the model. The shape of the Value Curve produced by the model is 

explained by examining the competing negative and positive forces on value through 

time. In Chapter 7 I present the empirical portion of the research, which consists of case 

studies designed to test the effectiveness of the model at explaining the change in 

mineral property value through time. The chapter is followed by the conclusion in which 

I include suggestion of potential future research.
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Chapter 2

UNDERSTANDING THE VALUE CURVE: THE ORGINS, THE INTERPRETATIONS

AND THE EXPLANATIONS 

In this chapter I present a short history of the Value Curve and provide examples 

of how the Value Curve is presented in industry literature and used by industry 

participants. I go on to provide a critique of the common explanations of the Value 

Curve.

2.1 An Explanation and History of the Value Curve

Mining industry literature purports that the share price of a company typically 

follows an archetypical price path as the property, the company’s primary asset, is 

advanced from exploration to development. This archetypical curve is commonly 

referred to as the Value Curve. The Value Curve plots time on the x-axis and a metric of 

value, normally the share price, on the y-axis (see Figure 2.1, Figure 2.2, and Figure 

2.3). References to the Value Curve are ubiquitous in the mining industry. It is more 

common than not to see the Value Curve in a mining company’s prospectus explaining a 

company’s strategy. In general, industry participants characterize the curve with an up- 

down-up pattern with the following salient characteristics: the share price is lowest prior 

to discovery; the share price is highest after production has commenced, and, at some 

point, the price decreases before increasing again. This pattern is demonstrated in 

Figure 2.1 and Figure 2.3. The earliest published example of the Value Curve is in 

Pierre Lassonde’s book, The Gold Book: The Complete Investment Guide to Precious 

Metals (Lassonde 1990).

In the mining community it is commonly believed that the Value Curve does exist, 

but there are numerous opinions as to what the Curve looks like as well as numerous 

explanations of the shape of the Curve. Industry participants use their interpretation of 

the Value Curve to develop or justify their investment strategies. For example, Malachite 

Resources explains in the strategy section of their corporate update:

Malachite’s core business is the steepest part o f the mining industry 
Value Curve, as illustrated in the diagram below (see Figure 2.2). Please 
be assured that as we move Malachite up the Value Curve by discovery 
success we will also be very conscious o f the need to fund our future 
growth by becoming a miner in our own right, at a scale that matches our 
technical and financial capacity (Malachite Corporate Update, July 2006,
13).

3
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Most industry explanations of the Value Curve involve the waxing and waning of 

speculative demand. People tend to explain the first up as over exuberance about a 

discovery, the down as boredom because the production is far off, and the final up as 

the realization of the cash flows from production. In the “Handbook of Canadian Security 

Analysis” (Kan and Freeman 1997) is the following explanation of the Value Curve seen 

in Figure 2.3:
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Following the departure o f the speculative money as the company moves 
from the glamour o f exploration to the donkey work of evaluation and 
engineering, and in anticipation o f an equity issue for production 
financing, the stock price becomes depressed. Shortly before start-up of 
the mine the stock price starts to rise, reaching full value six to nine 
months after start-up once it has seen that the operation is working as 
planned (Kan and Freeman 1997, 48).

80f*

Figure 2.3 This is the interpretation of the Value Curve presented in the Handbook of 
Canadian Security Analysis (Kan and Freeman 1997).

2.2 Critique o f the Industry Depictions and Explanations o f the Value Curve

The industry explanations and depictions of the Value Curve are conjecture. 

There has been no research done to prove the existence of a persistence pattern in the 

share price of mining companies like the one depicted in Figure 2.3. Also, the shape of 

the Curve is peculiar from the perspective of asset pricing because of the hump in the 

middle of the Curve. If the Value Curve represents valuation expectations the hump 

would be an interesting phenomenon from the perspective of financial theory. Asset 

pricing dictates that such a price curve cannot be sustained, as investors would sell at 

the peak and buy at the trough, causing the curve to converge towards one that has 

price increasing at the required rate of return of a fully diversified investor, similar to the 

curve shown in Figure 2.4.

The most common industry explanation of the Value Curve is based on the 

emotional attitude of investors toward the stock. This indicates that over the course of
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the exploration and development of a mining property there are investors with different 

risk preferences. The rise in the stock price during early exploration is described by “the 

hot money” (see Figure 1.3). The hot money alludes to the investors who take large 

chances of a small loss for a small chance of a large gain.

Stock Price Increasing at the Required Rate of Return

2.4

2.2

1.8

1.6

1.4

1.2

Days

Expected Stock Price Path

Figure 2.4: This is the expected return on a stock that has a beta of one when the 
required rate of return for holding a unit of market risk is 8.3% annually.

Although this can be a fundamentally sound investment strategy if the probabilities of 

the potential cash flows are accurately estimated, it is suggested in the explanation of 

Figure 2.3 that some investors might overweight low probability events that have a large 

payoff. In behavioral finance literature it has been shown that investors often exhibit a 

preference for stocks with positive skewedness and do commonly overweight low 

probability events (Barberis and Huang 2008). The prevailing explanations for the 

period of low stock prices prior to development are boredom, anticipation of an equity 

offer and the realization that production is far in the future. This explanation of the Value 

Curve may be an accurate explanations of the Curve but I remain skeptical for several 

reasons: boredom is an emotional state and has nothing to do with value of something; 

selling shares because there is going to be an equity offering assumes that those selling 

do not expect that the company will generate the required rate of return on the money 

raised, but if this is the case, than why would anybody buy the newly issued shares; and, 

the realization that productions is far in the future is an odd explanation because before
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discovery investors knew that it would take a long time for the mine to go into production. 

For these reason I am skeptical of the common industry explanations of the Value Curve 

and, therefore, in the following sections I will determine if such a pattern could result 

from rational pricing.

2.3 Developing a Definition of the Value Curve

Prior to this paper there was not a definition of the Value Curve, it was just a 

common term used in the parlance of the mining industry. To develop a definition of the 

Value Curve I looked at many examples of the Value Curve in industry literature and 

determined the implied definition from the context of how the Curve is presented. 

Because the Curve refers to a single instances of a company’s share price path I have 

concluded that the curve is not the average over all paths of single asset companies that 

successful develop a property from exploration to development. Rather, the Curve 

refers to the mostly likely path that the share price of a single asset company might take 

as a company advances a property from exploration to development. I believe the idea 

of the Value Curve arose from industry practitioners seeing a particular pattern in share 

prices of exploration mining companies. And it is this pattern that is referred to as the 

Value Curve.

To understand this pattern it is helpful to know how patterns are recognized. 

Patterns that people recognize are sometimes nothing more than random events. This 

is analogous to seeing cloud formations that look like an identifiable form. Other times 

the recognized pattern is the mean, median and mode. This is the case when an event 

is generated from a normal probability density function. When the underlying process is 

generated from a skewed distribution the pattern observed is the most likely or mode.

To understand why this is the case it helpful to think of a state lottery. If we were to 

observe the results from a sample of people who participated in a lottery we would say 

there is a pattern to this process; the pattern is everybody loses. That being said, we 

know that the mean over all the results is not zero, someone wins, and therefore the 

mean is positive. As is demonstrated in this thesis, the distribution of expected payoffs 

on a mining asset is positively skewed. From this logic I define the Value Curve as the 

most likely share price path of a single asset mining company that advances a property 

from exploration to development.

7



This definition stipulates that the Value Curve can only been seen in the stock 

price of a single asset mining company. A single asset mining company is a mining 

company that only has one mineral property. The reason the company must have only 

one property is because if the company has two properties it would be impossible to 

decouple the effect of each property on the share price. Another requirement to see the 

Value Curve is that one company must advance a property from exploration to 

development. The implication of this is that Value Curve is contingent on successful 

exploration.

2.4 Defining the Stages of the Mineral Exploration and Development Process 

and their Relationship to the Value Curve

The Value Curve is a function of the stage of development of a mineral property. 

Therefore, a crucial element to observing the curve is to define the stages. In the mining 

industry literature the relationship between the stage of development and the Value 

Curve is not clearly defined. Therefore, to characterize the Curve I looked at several 

examples of it and defined the stages and change in share price based on a consensus 

of the Curves presented in the industry literature. This curve is shown in Figure 2.5. As 

shown in Figure 2.5 the following are the relationships between the stage of 

development and the share price: the share price rises through the initial drilling (stage 

1) and initial resources estimate (stage 2); the share price falls through the prefeasibility 

study (stage 3) and feasibility study (stage 4) and the share price rises through 

construction (stage 5) and early production (stage 6). Figure 2.6 shows the Value Curve 

seen in Figure 2.5 on natural log scale. This is provided to allow easier comparison to 

other data presented on a natural log scale. In the next chapter market data in analyzed 

to determine if there is evidence of the Value Curve.

8



Inferred Industry Consensus of the Value Curve

Stage of Development

■  Intial D rilling (stage 1) ■  Resource Estimate (stage 2)

■  Prefeasibility Study (stage 3) ■  Feasibility Study (stage 4)

■  C onstruction (stage 5) ■  Production (stage 6)

Figure 2.5: This Figure shows what I believe to be the inferred industry consensus of the 
Value Curve.
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C onstruction (stage 5) ■  Production (stage 6)

Figure 2.6: This is the same data presented in Figure 2.5 but I have presented the data 
on a log scale. I have included this graph to allow for easier visual comparison to other 
data presented on a log scale.
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Chapter 3

IS THERE EVIDENCE OF A VALUE CURVE?

This chapter investigates whether there is evidence of the Value Curve pattern in 

the share price of publically traded mining companies. To do this I collect the share 

price data of six single asset mining companies that have developed a property through 

one or more of the defined stages of exploration and development. Then the influence 

of the overall market and the metal price from the company share price series is 

removed. This is done because the Value Curve pattern is a schematic that depicts the 

influence of stage on the share price, so the observed share data should not include the 

isolated influences of the change in metal price and the change in the market. The 

adjusted share price is then examined for the characteristic up-down-up pattern of the 

Value Curve.

3.1 Single Asset Companies and Finding them

One of the challenges in determining if there is a Value Curve is finding the 

necessary data. To observe the Value Curve in the market requires share price data on 

single asset mining companies. I define a single asset mining company as a company 

whose share price is overwhelmingly determined by the status of a single mineral 

property. Single asset companies are necessary to observe the Value Curve because it 

is not possible to decouple the effects of different assets on a share price when a 

company has more than one asset. In order to track the property value through time it is 

also necessary that the single asset companies be publicly traded, thereby ensuring a 

competitive market price through time. Publically traded single asset properties are 

difficult to find for a host of reasons, which include: many early stage mining companies 

are not publically traded; mining companies typically have a portfolio of properties they 

are working on at the same time; and most of the time a single company does not 

advance a property through all the stage of exploration and development. The typical 

evolution of a property is that the early exploration is done by a junior mining company 

and when the company finds a property with good prospect they will joint venture with a 

major miner and eventually the major mining company will buy out the junior miner. This 

course of evolution is not conducive for observing the Value Curve.

I searched through hundreds of companies list on the NYSE, the TSX and the 

ASX, and received lists of potential single asset companies from three career mining

10



analyst and I was only able to find six single asset companies that could be used in my 

research. The six companies I found are: Osisko Mining, Detour Gold, Guyana 

Goldfields, Discovery Mining, Ivanhoe Mines and Ventana Mining.1 Of the six only one 

company, Osisko Mining, has developed a property from exploration to development. 

This is a small sample, and therefore precludes performing statistical analysis on the 

data, but does allow me to observe the share price data and determine if there is any 

indication the Value Curve in this unbiased sample of six single asset mining companies. 

This sample is unbiased because the companies were chosen strictly because they are 

the only single asset companies I could find; I did not select the companies based on the 

pattern of their share price path.

3.2 Removing the Influence of the Market and the Metal Price from the Share 

Price

The Value Curve is believed to be a function of the stage of development of a 

single asset company’s mineral property. In order to observe the curve the noise 

associated with fluctuations in the share price that are attributed to the mineral price and 

market volatility must be removed. To remove the influence of the market and metal 

price on the stock price series I estimate the influence of the market and the metal price 

on the stock price series for each company using regression analysis. The regression 

equation includes the following data: the daily return of the company, the daily returns of 

the S&P, the daily return on the metal price, dummy variables for the stage of 

development, and a financial crisis dummy variable. The stage dummy variables are 

used as slope dummy variables to control for changes in the relationship between the 

company stock price and both the market and the metal price as the company advances 

its property through the stages E&D. The financial crisis slope dummy variable is 

included in all the case studies that span the 2008 financial crisis. The movement of 

stock prices during the 2008 financial crisis is characterized by higher volatility and 

higher correlation among all equities. The market activity during this period is an outlier, 

and, therefore, I control for it using a slope dummy variable. The regression equation I

1 These companies are discussed in more detail in the case studies presented in chapter 7.
2 1 primarily used this regression model, but in some cases I added lag values of the metal price 
and the S&P to the model because the regressahtl's response to these variables may be lagged



use to estimate the influence of the market and the metal price on the each security is 

the following:2
s = 5  k = 9

ri,t = < *,+  P jJ m t+ P jJ m t0 '*  + & , i rn,t +  + Z E A > D=Zm,( +
5= 1  k = S

5 = 5  k = 1 4

+ Z !  X  P i M D s , t r n , t  +  U j , t
5=1 fc=10

where :
E{Uj t ) = 0,
co\/{rmt,u l ! ) = 0,and  

cov(rn,t ,uj t ) = 0.

rjft = daily percent return on security j at time t.
rn t = return on the metal price at time t, measured by the percentage change in 

day-to-day closing metal prices. 
rm t = return on the market at time t, measured by the percentage change in day-to-day 

closing values of the S&P 500 industrial index, adjusted for dividends.
DF t = a dummy variable to control for the effects of the 2008 finacial crisis.
Ds t = slope dummy variables to control the effects of the stage of exploration and 

development of company j's mineral property at time t. 
aj>Pj,i-iM = intercept and slopes, respectively, of the log linear realtionship between

the returns of security j and the returns of the market and the metal price. 
ujt  = the error term for security j. This component of the security's return is 

independent of rm tand rn t . 
s = index for the stage slope dummy variable, 
k = index for the beta term.
Using the estimated coefficients from this regression, a series of the daily percentage 

change for each company is created with the influence of the market and metal price 

removed:
5=5 k~9

U j , t  ~ r j , t  ~ ( P j , i r m , t  ^  F , t +  P l , j r n , t  +  F ,t P j  , k ^  s . / m . t  " * " • • •

(31)
• • •  P j , k ^ s , t r n , t ) -

2 1 primarily used this regression model, but in some cases I added lag values of the metal price 
and the S&P to the model because the regressand’s response to these variables may be lagged 
due the stock being thinly traded.
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The Uj t for a particular t represents the company-specific portion of the security’s

returns that remains after the estimated effects of the general market movements and 

metal price changes have been removed. The method used to remove the effects of the 

market is similar to the method employed by Brown (1978).

Using û j t , a new stock price path is generated for security] beginning with the

stock price of security] at time zero.

S j ,0  -  S j ,0  ’

S j \ 0  +  w / , 0  =  S j , \  ’

S j \ l  +  ^7,1 '  <S/,2»

Sjj + û j j  = Sj,t+\ »

where:

SJQ = the log o f  security j's  stock p rice  at tim e  0,

S j , = the log  o f  the adjusted stock price  fo r security j  at tim e  t.

Pj., = e "

where:

Pj t — the adjusted stock price  o f  security j  at tim e  t.

The Pj t series are then plotted and the stages of development are indicated on the

graph. I present these plots on a log scale to enable the viewers to see the relationships 

between the different series and compare the relative changes.

3.3 Graphs of Company Share Prices Adjusted for the Market and the Metal 
Price

In this section I present the adjusted share price graphs. In each of the six

Figures there are five series plotted. These series are: the S&P 500, the daily price of

the relevant metal, the share price of the company, the share price of the company

adjusted for the S&P 500, and the share price of the company adjusted for the metal

price and the S&P 500. All of the series have been normalized so they start at a value of
13



one. The presented graphs are plotted on a natural log scale so that the change in each 

series is visible. I have included the five series in the graphs to allow viewers to see the 

effects of the market and the metal prices have on the stock price. In these graphs I 

look for evidence of the Value Curve in green curve, which is the stock price series that 

has been adjusted for the S&P 500 and the metal price.

04 05 06 07 08 09 10 11

Years

 Osisko Share Price
 Osisko Share Price Adjusted for the Market
 Osisko Share Price Adjusted for the Market and the Metal Price
 S&P 500 Level
 Gold Price Level

Figure 3.1 : This is a chart of the adjusted share price of Osisko Mining.

Osisko Mining is the only example I found of a company that advanced a 

property from exploration to development. The trend of the green line in this graph does 

show similarities to the Value Curve pattern. The share price rises through the first two 

stages, then falls through stage 3 and 4 and then rises through stage 5 and is flat 

through stage 6. The decline during stage four is probably amplified because this stage 

coincides with the 2008 financial crisis, but it is also evident that the decline started while
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the S&P was still going up. I used slope dummy variables to remove the effects of the 

market and the metal price during the financial crisis but the behavior of assets during 

this period, particular gold companies, was highly erratic. The stock price of gold 

companies was particularly odd because the correlation of gold companies with the S&P 

and the price of gold varied dramatically during this period. For this reason I presume 

the slope dummy variables did not completely remove the effect of the financial crisis on 

the stock price.

4.0
Stage 3

2.0

S 12
q I 1 .0  |  0.8

^  0.6

0.4

0.2
IV IV III IV

2007 2008 2009 2010

Years

 Detour Gold Share Price
 Detour Gold Share Price Adjusted for the Market
 Detour Gold Share Price Adjustedforthe Market and the Metal Price
 Daily Gold Price
 S&P 500___________________________________________________

Figure 3.2: This is a chart of the adjusted share price of Detour Gold.

The chart of Detour Gold is not consistent the Value Curve pattern. The adjusted 

share price (see the green line in Figure 3.2) rises slightly through stage 3 and then rises 

consistently through stage 4.
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Figure 3.3: This is a chart of the adjusted share price of Guyana Goldfields.

Figure 3.3 shows that the adjusted share price of Guyana Goldfield (see the 

green line) is similar to the Value Curve pattern. The adjusted share price rises 

dramatically through stage 2, falls through stage 3 and is relatively flat through stage 4. 

Like Osisko, the decline in the share price is most likely exacerbated by the financial 

crisis, but is evident that the decline in the share price started well before the decline in 

the S&P.
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Figure 3.4: This is a chart of the adjusted share price of Discovery Metals.

Figure 3.4 is not consistent with the Value Curve pattern. The adjusted share 

price rises through stage 3 and then declines through stage 4. Notice that over the two 

stages the adjusted share price remains fairly even.
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Figure 3.5: This is a chart of the adjusted share price of Ivanhoe Mines.

Figure 3.5 is somewhat consistent with the Value Curve pattern. The adjusted 

share price (the green line) drops slightly through stage 3 and 4. Notice that the 

adjusted share price drops radically at the beginning of stage 4 and this could be a 

delayed reaction of the Value Curve pattern.
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Figure 3.6: This is a chart of the adjusted share price of Ventana Mining.

Figure 3.6 is consistent with the Value Curve pattern. The adjusted share price 

increases dramatically through stage 2, as the Value Curve pattern would predict.

3.4 General Observation about the Share Price Series

Although there is not enough data from the six companies presented in this 

chapter to verify the existence of the Value Curve, from this minimal data there is 

evidence of the pattern. Three of the graphs exhibit trends that are consistent with the 

pattern. Of the sixteen stages presented in these graphs the stock movements in three 

of the sixteen, 19%, move in the opposite direction to that suggested by the pattern. 

Since the Value Curve is the most likely path we would not expect all the share price
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paths to follow the Value Curve. Although this data does lend some credibility to the 

existence of the Value Curve pattern, it does not conclusively show any pattern, and 

therefore this data should not be taken as anything more than an indication that this is 

an issue that warrants further investigation.3

The adjusted share price series presented in this chapter shows some evidence 

of the Value Curve. In order to understand if there is justification for the proposed Value 

Curve pattern based on fundamental valuation I will develop “real options” model of the 

exploration and development process. Using this model, I will generate a most likely 

share price path and determine if this share price path is consistent with the proposed 

Value Curve pattern.

3 An interesting pattern that is visible in these graphs is that the share price of the companies are 
not greatly affected by the market or metal price in the early stages, but as the property is 
advance to the later stages the market and metal price have a relatively greater impact on the 
share price. To state this another way; early in the developed of exploration mining properties the 
value of the property is primarily influenced by factors specific to the property and as the property 
is advanced the impact of the metal and the market on the value of these properties becomes 
relatively more influential than it was earlier in the project. This is also evident in the results of the 
model presented in chapter 5.
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Chapter 4

UNDERSTANDING THE EXPLORATION AND DEVELOPMENT PROCESS AND 

DEVELOPING A MODEL OF THE FUNDAMENTAL VALUE OF A MINERAL

PROPERTY

In this chapter I describe how an exploration mineral property is developed into a 

producing mine to identify the appropriate aspects of this process to model. I identify the 

characteristics and the sources of uncertainty in this process that have the greatest 

effect on the value of the property. I go on to describe the different methods that are 

used to value mineral properties. The chapter concludes with a description of the model 

of the exploration and development process I employ in this paper to value mineral 

properties.

4.1 The Fundamental Perspective of the Value Curve

In this research the fundamental value is defined as the present value of 

expected future benefits and costs. In the case of an exploration mining company the 

future benefits are the cash flows from the mine that could result from exploration. The 

future costs are the necessary costs to explore for the ore body, develop the mine and 

operate the mine. The expectation of the cost and benefits is a combination of the 

probability of incurring the cash flows and, given that the cash flows are incurred, the 

mean of the distribution of possible cash flows. These expected cash flows are then 

brought to the present using appropriate adjustments for time and systematic risk.

To describe the Value Curve, given this definition of fundamental value, I use the 

following logic. The Value Curve is based on the share price of a company. The share 

price represents a claim on part of a corporation’s assets. The Value Curve describes 

single asset companies; therefore, to model the share price I need to model the value of 

the underlying asset. The underlying asset is an exploration mineral property. To 

generate a hypothetical Value Curve requires a model for the fundamental value of an 

exploration mineral property that enables me to track the most likely value through the 

stages of exploration and development. Using the information on the property value 

through the stages, in conjunction with the capital expenditures, I generate a 

hypothetical most likely share price path through the stages based on a fundamental 

valuation. To create this model of the exploration and development process, I 

incorporate into the model the attributes of this process that have the greatest influence
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on the value of a mineral property into the model. To determine which attributes to 

include in the model requires an understanding of the exploration and development 

process.

4.2 An Overview of the Mineral Exploration and Development Process

The mineral exploration process occurs in stages. Each stage narrows the land 

area of exploration. The exploration process begins with identifying the mineral an 

exploration team is looking for. Then, given a regional area, the exploration team 

studies the large geologic features of the region and defines a model of ore genesis that 

is consistent with the regional geology (Moon, Whateley and Evans 2006). To find a 

“target” within the region that could yield an ore body, large scale geophysical studies 

are done. These studies narrow the search area, allowing for more detailed sampling 

studies and further geophysical studies. Once the search has been sufficiently 

narrowed, drilling is conducted to determine if an ore body exists. If the drilling indicates 

that there is high probability of an economic ore body a scoping study is conducted to 

help define the dimensions of the ore body and metallurgical process required to 

process the ore. Given good results from the scoping study, a prefeasibility and 

feasibility study are conducted. These studies determine if the ore body can be 

developed into an economically profitable mine. The following are some of the issues 

the feasibility study addresses: the mining method, processing the ore, infrastructure, 

permitting and licensing, tailings and water management, manpower, environmental 

issues, finances and the geology of the resource (Nethery 2003). Following the 

feasibility study the necessary permits are acquired and the required capital is raised to 

develop the mine. After the mine is built it is put into production. Full production is 

normally not reached for six months to a year following the beginning of production.

The probability that a producing mine will result from exploration has historically 

been staggeringly small. Enders and Leveille provide the most data driven estimate I 

could find and they determined that the probability of successfully advancing a copper 

project from initial drilling through a feasibility study to be .14% (2004). Exploration in a 

given region may result in a handful of targets where exploration drilling is actually 

conducted. The probability that early exploration drilling is successful and leads to a 

resources estimate is small; I would estimate the probability to be between 5% and 20%. 

The stages following drilling have a progressively high probability of success, but the
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cumulative probability of success of all the stages is small; a ballpark estimate of this 

probability would be between 8%-30%.

4.3 The Uncertainty of the Exploration and Development Process

The exploration and development (E&D) process is rife with uncertainty. The 

uncertainty primarily stems from the following sources: the mineral price, the ore grade, 

the ore tonnage, the metallurgical viability of the ore, the political risk, taxes, the time 

required to develop the mine, capital overruns, the production cost, natural disasters and 

labor strikes or shortages. As explained in section 4.1, the E&D process occurs in 

stages. Each stage requires a progressively greater capital investment and in return the 

uncertainty of the project is reduced. The uncertainty that is reduced is associated with 

factors specific to the project, such as geology, metallurgy, infrastructure, and permitting. 

Throughout this thesis I refer to these factors as geotechnical factors. The reduction of 

the uncertainty can either be value creating or value destroying. For example, a drill 

hole with significant mineralization would make the property worth more because the 

chances of the property resulting in an economic ore body are greater following the drill 

hole. The converse is also true; a drill hole with no mineralization will make the property 

worth less because the chances of the final outcome being a profitable mine are less 

following this drill hole. At each stage, the exploration manager has the choice to 

continue to the next stage and incur the capital cost, abandon the property, or wait for 

market conditions to change. A property will progress to the next stage of exploration if 

the expected future benefit of continuing exploration is greater than the cost. When a 

project makes it through the feasibility stage, the majority of the geotechnical uncertainty 

has been resolved. The major sources of uncertainty following the feasibility study are 

attributed to the mineral price, political risk, capital overruns, social issues, or production 

costs.

4.4 Methods for Valuing Developed Mining Properties

To value an exploration property requires a method for valuing the result of 

successful exploration, which is a developed mine. Traditionally, there have been two 

methods for valuing developed mining properties: the market approach and the income 

approach. The market approach utilizes market information from arm’s length 

transactions that have taken place in the recent past for comparable properties (Roscoe
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2010). The property value in question is determined by using the sale value of the other 

properties and adjusting the price according to the varying characteristics between the 

properties. The major limitation of this approach is that it is very difficult to find 

comparable property sales, because mineral properties vary greatly and sales are 

infrequent (Roscoe 2010). The most commonly used valuation method is the income 

approach. This method values properties based on the expected future income. This 

method is often referred to as discounted cash flow (DCF) analysis and results in a 

metric of value called the net present value (NPV) (Stermole and Stermole 2009). Using 

this approach, the time value of money and the risk of the cash flows are accounted for 

in one term, the discount rate. The DCF model provides a good framework for valuing 

mines, but the values are very sensitive to the discount rate, which is subjective (Smith 

2000). The discount rate for a specific project is not easily calculated, and the same 

discount rate often is assigned to all projects when clearly the risks are different between 

projects (Davis and Samis 2006). An underlying assumption in using a single discount 

rate is that the cash flow risk is increasing through time. This is because of the 

exponential discount function in the DCF model. This is probably not a realistic 

interpretation of the evolution of risk in a mining project (Davis and Samis 2006).

A modern method for valuing mining properties is the real options (RO) 

approach. The RO approach takes DCF a step further and adjusts for risks inherent in a 

specific project and allows for operational flexibility (Samis, Laughton and Poulin 2003). 

These adjustments are made by accounting for risks at the source of the uncertainty 

affecting future cash flows. To account for the sources of risk, a RO practitioner utilizes 

market information, such as forward rates, or models uncertainty using historical data. 

Financial theory suggests that, if the sources of risk are accounted for and the risk is 

non-systemic, then the cash flows need only be discounted at the risk free rate. If the 

risk is systemic, then the relevant risk premium that an investor would pay in equilibrium 

is directly given by the beta or covariance of the cash flows with the market (Trigeorgis 

1996).

A significant source of risk affecting cash flows in mining projects is the price of 

the mineral being mined. To account for this source of risk, RO practitioners typically 

model the movement of price. This model is used to calculate the expected values for 

the future cash flows. Modeling price uncertainty with operational flexibility allows for a 

mine to be shut down if the price drops to a point where it is no longer economically 

profitable to operate the mine. Operational flexibility is the ability of an operator to
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capitalize on price increases and mitigate losses upon price decreases. This is reflective 

of the asymmetric payoff structure inherent in such projects. The first application of RO 

modeling to valuing a mine is in the paper “Evaluating Natural Resource Investments” by 

Brennan and Schwartz (1985). In this RO model price uncertainty and operational 

flexibility are accounted for. The framework of this model will provide the theoretical 

foundation for the model of RO model I employ in this paper.

4.5 Methods for Valuing Exploration Properties

Valuing exploration properties is more difficult than valuing developed mines.

This is because there are many more influential sources of uncertainty. The traditional 

DCF approach has severe limitations in its ability to value exploration properties 

because the risk throughout an exploration project is highly variable, the operational 

flexibility is significant, and the long time span of the project makes the present value of 

future cash flows negligible when using a constant discount rate. Traditionally, 

exploration properties have been valued using the cost method. This method values a 

property based on how much money has been put into exploration on the property. The 

cost method relies on the intuition that the amount of expenditures on exploration is 

warranted by the property’s inherent value, or more specifically, the properties potential 

for an economic deposit (Roscoe 2010). The disadvantage of this approach is that it is 

difficult to differentiate the past expenditures that were productive in advancing the 

property from those that were not (Roscoe 2010). In some cases, money spent on 

exploration can make a property worth less. This occurs when exploration takes place 

which reveals that there is less mineralization than expected. Due to the limitations of 

DCF and the cost method I will, like others (Davis and Samis 2006), (Cortazar,

Casassus and Schwartz 2003), use a RO approach to model the value of exploration 

properties. The value derived using the RO approach is a fundamental value based on 

the financial theory of option pricing. This method allows for characterizing and 

incorporating the uncertainty and operational flexibility associated with E&D into the 

valuation process.

4.6 Modeling the Exploration and Development Investment Decisions

As described is section 4.1, the E&D process has many stages. Each stage 

requires a capital expenditure and has an associated probability of success. I model the
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stages of E&D using a decision tree framework (see Figure 4.1 ). In this model the E&D 

process in represented by seven stages, each with a defined time horizon and 

investment schedule. At the beginning of each stage there is the choice to proceed to 

the next stage by investing the necessary capital. The decision to abandon the project is 

available throughout all seven stages. The choice to delay the decision, to go to the next 

stage or abandon the project, is only available during the first stage, “waiting/ lease”. 

Following the waiting period there are four stages of exploration. Each exploration stage 

has an associated probability of failure. The exploration stages represent the following 

exploration activities: exploration drilling, resource estimate, prefeasibility study and 

feasibility study. The associated probability of failure at each stage represents one of 

two ways that geotechnical uncertainty is included in this model (the second way is 

explained is section 4.6.2). The probability of success at each stage reflects 

uncertainties that, more or less, have binary outcomes. The binary outcomes include 

scenarios such as: there is an ore body or there is not an ore body, the ore can be 

processed or the ore cannot be processed, the company is able to attain a permit to 

mine or the company is not able to obtain a permit to mine. In the first two stages of 

exploration the success probabilities are primarily associated with the chances of finding 

an economic ore body. Much of the uncertainty related to issues that have binary 

outcomes are resolved in the early stages of exploration. This is reflected in each 

exploration stage having a greater probability of success.

Contingent on the successfully completing four stages of exploration the project 

can then be developed by investing the required capital during the construction stage. 

The investment and production schedules are consistent with the expected mine that 

could result from exploration. The cash flows during exploration are determined by 

uncertain metal prices and uncertain ore grade.

4.7 Modeling the Sources of Uncertainty

This model has three sources of uncertainty: mineral price uncertainty, 

geotechnical uncertainty and expropriation uncertainty. The following section explains 

how these sources of uncertainty are integrated into the model.
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Figure 4.1: This is a diagrammatic representation of the available operational options in 
the model.

4.7.1 Modeling Price

There many sources of risk inherent in the mineral exploration process, as 

described in section 4.1. A significant source of the total risk is a result of both the 

output price and output quantity being uncertain. The output price, or mineral price, 

uncertainty is modeled using a Geometric Brownian Motion (GBM) with drift:

dS = Ctc H----- <7 r2
Sdt + <JsSdco (4.1)

where :

S = the current mineral price;

as = the short-term growth rate of the median price (annualized), set equal to zero;

<j s = the the short-term price volatility (annualized); and 

d<y = is a standard W einer increment = ë^fdt.

£ = is a normal random variable with E [£ ] = 0 and Var [ë] = 1.

A GBM process is a common model for mineral prices (see Brennan and Schwartz 

(1985) and CCS (2003)). This process generates a lognormal distribution of prices. In
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this model the drift in the median is set equal to zero, which results in a drift of the mean

of -ScTg. CCS (2003) also have a positive drift in the mean, but the drift in their model is

the risk free rate minus the convenience yield.

3.6.2 Geotechnical Uncertainty

The geotechnical risk is manifest in the model in two ways: (1) the probability of 

success associated with each stage of exploration, which is explained section 4.5 and; 

(2) the uncertainty associated with the possible mines that could result from developing 

the property, which is conditional on successful exploration. The uncertainty associated 

with the possible mines is modeled using the stochastic process

f  . 1dG  = a G + — o-G Sdt +  crGGd(DG, (4.2)
V 2 J

where :
G = the geotechical outcomes;
aG = the short-term growth rate of the median of geology (annualized), which is set 
equal to zero;
<tg = the the volatility associated with the possible mine types (anualized); and 

d<y = a standard Weiner Increment = ësfdt. 
ë = \s a normal random variable with E [£] = 0 and Var [ë] = 1.

This process can be thought of as modeling ore grade uncertainty. The dG process 

accounts for all the uncertainty associated with the possible mines that could be 

developed given successful exploration. The resulting distribution of this process is 

lognormal. This is convenient because the distribution of the possible mine values is 

positively skewed and can be approximated with a lognormal distribution. I have set the 

median drift in the dG process equal to zero because geologic projections tend be of the 

median and not the mean. The reason for this is because it has been anecdotally 

observed that human estimates of the mean a lognormal distribution, which this is, tend 

be closer to the median than the mean. The implication of this is that the mean ore

grade of the project is drifting up at an annualized rate of 0.5crG. The geological

expectations (G) are updated as new information from exploration become available.

While price risk is present throughout E&D, the geotechnical risk is only present 

during the exploration stages. Following exploration, all geotechnical risk is resolved, 

but price risk remains present. In this model, as exploration advances, geologic risk is 

progressively reduced and mineral price risk becomes comparatively more important;
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this is because the dG is not present following exploration. Figure 4.2 illustrates the 

evolution of mineral price uncertainty and geotechnical uncertainty in the model from the 

perspective of the beginning of exploration.

Mineral Price Uncertainty

Geotechnical Uncertainty

Mineral Price Uncertainty

E xploration Construction and Production

Figure 4.2: This is a diagrammatic representation of price and geotechnical uncertainty 
from the beginning of exploration through production. Notice that the total volatility is 
greater during exploration as a result of geotechnical uncertainty, as mentioned in Figure 
4.1

4.7.3 Reducing the State Space

In the model there are two state variables: the mineral price, S, and the 

geotechnical uncertainty, G. Solving a dynamic optimization problem, which this model 

is, with two state space variables is a computation much more difficult than solving a 

similar model with one state space variable. To avoid this trouble, the state space of the 

model is reduced by collapsing the S and G into one state variable Z. This assumption 

is reflective of reality because S and G are independent. The mineral price does not 

have any effect on the geotechnical risk; that is S and G are orthogonal to each other:

d a >s• dco =  0 . (43)

The value of the mine that results from exploration is modeled as a function of 

the output price, S, and the geotechnical variable, G. This allows me to define a new 

state variable, Z, such that

V{Z) =  V{S,G). (4 4 )
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Therefore,

Z = F{S,G). (4.5)

Using the equations that define dG and dS (equations 4.1 and 4.2), I apply Ito’s Lemma 

to solve for dZ:

dZ = F5 S ~ <Jl  + ^ G 5 “ CrG + ~ FGGG 2 ( J G + ~ FSSF>2<JS d t + FsS<7sdû)s +FGG<JGdcoG. (4.6)2 j  u ^  u 2 2

In this model, price volatility and geotechnical volatility have the same impacts on the 

expected cash flow:

Cash Flow(+r = MinProd, xSH1 xGt+1 -OpCost,

where:
Cash Flowt+l. = operating cash flow at the end of the year t 
OreProdt = quanity of ore (tons) produced in time period t;
St+1 = mineral price per unit at time t+1 ($/lb);
Gt+1 = the geologic factor at time t+1, interpeted as units per quantity (lb/ton); and 
OpCostf = operating cost required to produce the ore.

Given the relationship between S and G defined in the previous equation, I define

Z = S G . (4.8)

To solve for the dZ process equation 3.8 is substituted into equation 3.6 with 

Fs =1, Fg = 1, Fgg =  0 and Fss = 0 ; therefore,

c/Z = -  (cr52 + a 2 )Zdt + Zcrzdcoz. (4.9)

The new state variable Z has the combined drift of S and G with increased volatility. The 

volatility of dZ is the combined volatility of (Js and <JG :

a z = J ( t 2s + a l .  (4.10)

The dZ process has a volatility of az during exploration stages, during non-exploration 

stages the volatility is o s.

4.7.4 Modeling Expropriation Risk

In this model expropriation risk is modeled by increasing the discount rate by the 

probability of expropriation. Expropriation is a binary event, so it might seem odd that it 

is modeled in the continuous setting of a discount rate. It can be shown that a Poisson
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process can be expressed in the discount rate (Dixit and Pindyck 1994, 272). Including 

expropriation risk in the model allows me to incorporate the effect of the political setting 

on the value of a mineral property.

4.8 The Decision Making Process Inherent in the Model

The decisions made during the exploration process are based on the current 

value of the property. If the capital expenditure to proceed to the next stage of 

exploration is greater than the value of the expected rewards from doing so, the property 

is abandoned. The value of the property is the value of a compound option that can be 

exercised on the property at each decision point to invest in further exploration or 

development (Davis and Samis 2006) (Cortazar, Casassus and Schwartz 2003). Stated 

in the verbiage of financial options, each investment decision is an option to buy a call 

option on the future value of the project. The cost of the call is the investment required 

to get to the next option/stage of exploration. If the expected future value of the 

property, “the strike price”, is greater than the cost of the next exploration investment,

“the cost of the call” , then the prior option is exercised and a new call is purchased. This 

theoretical framework dictates how decisions are made throughout the decision tree 

given the uncertainty in the model.

4.9 The Model Presented in Partial Differential Equations

I do not solve this model using partial differential equations (PDEs), but I provide 

a description of the model using PDEs in this section. I do so because PDEs provide the 

most accurate and concise description of the model.

In my model there are twelve possible mine types that could result from 

successful exploration. I chose to use twelve mine types because I am following the 

work done in CCS. Successful exploration is defined as exploration that results in an 

economic ore body. Each mine type has a specific mine plan and an associated 

probability of occurrence, 4J|, contingent on successful exploration, such that:
M

(4.11)
i = l
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4.9.1 The Value of a Developed Mine

Each of the twelve mines are valued using a derivation of the Brennan and 

Schwartz (1985) model. In this model I do not allow for the mine to close and reopen, as 

is the case in the Brennan and Schwartz (1985) model. When it is no longer optimal to 

continue running the mine, the mine is abandoned. The value of each mine, i, must 

satisfy the following equation:

I use the following notation:

V' is the value of mine i when it is optimal to be open.
Q' is the reserves of mine i. 
q is the production rate of mine i, q' c(q max, 0).
S is the price of the metal.
S*' (Q) is the critical Price below which it is optimal to abandon.
K is the cost to abandon mine i.
X is the probability of expropriation.
o is the average cash cost of producing at the rate q '.
p  is the risk-adjusted discount rate caluclated using the CAPM model.
Y  is the annual drift rate in the median metal price.

4.9.2 Value of an undeveloped mine

The first step in valuing an undeveloped mine is to assume the capital 

expenditures to develop the mine have been made. The value of the undeveloped mine 

after the capital expenditures must satisfy the following equation:

max i
(4.12)

Subject to:

\/'(S0',Q') = -/<', 

V '(5,01 = 0, 

\/'(0,Q') = 0 and 

Mm
V55(S,Q') =  0.

(4.13)

(4.14)

(4.15)

(4-16)

max i  .
U'ssS2 + aSU‘s — (p  + X)U' — if/ UK — if/ — 0, (4.17)

Subject to:
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(4.18)

(4.21)

(4.20)

(4.19)

I use the following notation:

/' is the required development investment for mine i.
7' is the time of development stage for mine i after investment has been made.
S*' is the critical price below which it is optimal to abandon mine i during development. 
A' is the cost of abandoning mine i before development.

is the rate of investment experture for mine i, where ^[V'max'0]

K1 is the remaining investment expenditure to develop the mine.

Once all the twelve mines have been valued as undeveloped mines the expected mine 

value is generated by multiplying the value of each mine, U1 {S,K‘), by the probability, o', of 

that mine resulting from exploration.

4.9.3 Value of an exploration property

In my model once exploration has begun, it cannot be stopped and restarted; the 

exploration either continues or the property is abandoned. Prior to exploration there is 

the option to defer exploration for four years, after which time exploration must begin or 

the property is abandoned. The value of the project during exploration is X. Notice that 

during exploration the volatility used to calculate the value of X  is oz- az is an increased 

volatility that reflects the geotechnical information obtained through exploration. During 

the waiting stage the volatility is as, which only accounts for the metal price volatility.

The volatility is lower during waiting because there is no information influencing the 

geotechnical understanding of the property.

In my model there are four stages of exploration denoted as j. Each stage has an 

associated required investment, f, and an associated probability of success, pi. To solve 

for the value of the mineral property before exploration begins, I first solve for the value 

of the property after the last stage of exploration, y=4, and work backwards to solve for

12

U(S) = ^ a iUi (S,Ki ).
(4.22)
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the value of the property at y=1. The value of the property after the required 

development investment has been made aty=4 must satisfy the equation:

1 X ^ Z 2cr* + a Z X jz + X ' - ( p  + Z + y j )XJ = 0  (4.23)

subject to:

X W M ,  (4.24)

Mm
X1 7 ,7  = 0  and 

= (4.25)

X i (Z,Q) =  H(Z). (4.26)

Then, I define Y as the value of an exploration property before the development 

investment is made, which must satisfy:

^YIzZ2ct2z + ccZY> -Go + A )/7 = 0  (4.27)

subject to:

H ° )  = 0, (4.28)

Mm
Y1 (Z) = 0 and

Z —> oo zz (4.29)

v , ( z > - (4 -3o>

This boundary condition (equation 4.30) connects the value of the property at the last 

stage of exploration to equation 4.23. For all stages of exploration y c (1,2,3), equation 

4.30 is replaced by

t f 0 if Z < Z*y

' - \ y^(Z )M Z>Z->  (4.31).

This boundary condition connects the value of the property at each exploration stage to 

the following stage.

Before exploration begins there is the option to defer exploration for four years. 

The value before exploration begins must satisfy the following equations:

- W zzZ 2cj2s + a Z W s + W t - { p  +  A)W  = 0  
2 (4.32)
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subject to:

W ( 0 , T )  =  0,

W(ZEF(T),T) = Yj (Z), (4.34)

(4.33)

im
Z oo

w b (z , t ) = o,

\A/{Z, 0 ) =  Y(Z).

(4-35)

(4-36)

I use the following notation:

Y j is the value of the exploration property at the begining of stage j prior 
to the exploration investment.

XJ is the value of the exploration property after the exploration investment.
1/ is the expenditure required to conduct exploration for stage j. 
ctz is the annual volatility during exploration. 
o s is the annual volatility when waiting. 
yJ is the probabiliy of failure during stage j.
W is the value of the property while waiting.
Zlj is the Z value above which it is optimal to invest lj in exploration and move to 

the next stage of exploration or conntinue to the H(Z) if j=4.
Z7e is the Z value above which it is optimal start exploring.

4.9.4 Comparing the Model to the CCS Model

The model presented in this chapter builds off the model presented in the paper 

“Optimal Exploration Investment Under Price and Geological and Technical Uncertainty: 

A real options model” (Cortazar, Casassus and Schwartz 2003). The model presented 

here is different than the CCS paper in the following ways: my model does not allow 

waiting between stages, where the CCS model does; in this model the commodity price 

is a GBM process with drift, where the CCS model uses a one-factor constant- 

convenience-yield model for risk-neutral prices. Also, in the CCS paper the model is 

solved using a numerical method for solving a system of partial differential equations, 

which I solve the model in this thesis using a binomial lattice. This process is explained 

in the next chapter.
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Chapter 5

SOLVING THE MODEL 

In this chapter I describe the numerical technique I use to solve the model that 

was presented in the previous chapter. At each stage I solve the model for three 

different values: the current value of the property at the beginning of the stage given a 

combined resource grade and price (the Z value); the expected value of the property at 

the beginning of the next stage; and the mostly likely value (mode) of the property at the 

beginning of the next stage contingent on successful exploration. I also calculate the 

most likely share price based on the property value and the required capital to advance 

the property. Each of the four metrics provides the necessary data to generate a Value 

Curve with the model and interpret the Curve.

5.1 Methods for Solving the Model

To solve for the value of an exploration property given the model described in 

chapter 4 requires a numerical method for valuing compound American options. There 

are two types of numerical techniques for solving such problems: those that approximate 

the resulting partial differential equation and those that approximate the underlying 

stochastic process (Trigeorgis 1996). The first category includes numerical integration 

and implicit or explicit finite difference schemes (Cortazar, Casassus and Schwartz 

2003). The second category includes the lattice approach, as used in Cox, Ross and 

Rubinstein (CCR) (1979), and Monte Carlo techniques, such as that used in Longstaff 

and Schwartz (2001). In this research I use the CCR binomial lattice method to model 

the uncertainty and dynamically solve the model. I have chosen this method for a 

variety of reasons: the lattice method is intuitive and visual; the method enables the user 

to see how the solution evolves through the model; and the method allows for tracking 

values through the lattice, which is necessary for the construction of the hypothetical 

Value Curve and the expected path of value.

To solve the model using the CCR binomial lattice I build on work done by Dr. 

Michael Samis. Dr. Samis developed a VBA Excel addin for valuing mining properties 

using the binomial method with operational options. This program forms the back bone 

of the method I use to solve the model. I have manipulated the code of Dr. Samis’s 

program to allow for time varying volatility and the success probabilities for the stages of 

exploration. Throughout the explanation below I will point out where I have made
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change to Dr. Samis code, otherwise the described method is same as that used in Dr. 

Samis’s program.

5.2 Generating a Lattice of Z Values

This section introduces the lattice method I use to simulate the Z values. I also 

explain how I incorporate time varying volatility into a recombining binomial lattice to 

account for the increased volatility during exploration.

5.2.1 Lattice Method

A lattice of Z values is generated using the CCR (1979) method.

Z UD = e (|n (Z o )+ (U -D ))fc ( 5 .1 )

where:
ZU D= the Z value at the node that is U up steps and D down steps;
Z0= the Z Value at the begining of the lattice;
U=the number of up steps;
D=the number of down steps; and 
k =  the log step size.

where:
cts= the annual mineral price volatility and 
co=the number lattice steps per year.

Notice that in equation 5.2 a s is used as oppose to g z . g s is used because o z is 

only present during exploration. The augmented volatility during exploration is not 

integrated into the model explicitly in the volatility term. The increased volatility is 

incorporated by making the stages with increased volatility longer, thereby allowing for 

the volatility in the binomial tree to stay constant.

5.2.2 Modeling Time Varying Volatility in a Binomial Lattice

Equation 5.1 produces a recombining binomial lattice when the sigma term is

constant. When the sigma term changes throughout the lattice the up step and the

down step are no longer the same size. The differing step size causes the lattice not to

recombine. A non-recombining lattice, known as a binary tree, is not numerically

desirable because the number of nodes grow exponentially with the number of steps

(Mun 2006). There are techniques that deal with this problem. The approach that is
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closest to the technique I employ in this thesis uses variable-sized steps to ensure 

recombination (Amin 1991). Amin states, “the basic trick is to allow varying step sizes 

such that the variable time step sizes "cancel out" the variable volatility term” (Amin 

1991, 478). Unfortunately, this method is not sufficient to solve this model because 

Amin’s model requires that the time to expiration be fixed and this is not the case for the 

compound options inherent in this research.4 The model could be solved using a non

recombining lattice but it would be computationally more intensive than the approach I 

employ and no more accurate (Mun 2006).

I adjust Dr. Samis’s code to account for the changes in volatility by increasing the 

number of lattice steps during exploration to reflect the increased volatility. To do this I 

solve for a “stage multiplier”. For periods in which exploration is being conducted the 

volatility is greater, so the time length of that period is multiplied by the stage multiplier. 

The stage multiplier is solved for by setting

=  Q<yS'Ĵ 2  and solving for Àt2 while At1 =1.

■V^tT

•z = £TS J A t2.

-  yjAt2 .

• A tx = At2.

V y 
2

= A t, , and therefore

y
= the Stage Multiplier (SM) (5.3)

where:
o z= the joint price and geotechnical volatility;
A t1 =the length of time in year that a z is active; and
At2 =the number of years with volatility o s needed to reflect the volatility of one year 

with volatility o z.

4 The model could be solved using this technique but each path of operational options would 
have to be adjusted individually.
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The number of years for each exploration stage is multiplied by SM and the 

resulting number is rounded to the closest integer.56 Following this adjustment, the 

price lattice is constructed using equation 5.1. As a result of the time adjustment to the 

exploration stages other adjustments must be made to appropriately discount the cash 

flows through the lattice (see section 5.3). Everywhere the stage multiplier is included 

denotes an adjustment that I made to Dr. Samis’s code.

5.3 Calculating the Cash Flow Consequence at each Node

This section describes how the cash flow at each node is calculated. In this 

model the probability of success at each stage is modeled through adjustments to the 

cash flows.

5.3.1 Solving for the Cash Flows

The operating cash flow for end of year “t” is calculated as7

CF+i. = OreProd,>ZM - OpCost,,

where:
CFt+r =operating cash flow at the end of the year t;

OreProd, = quanity of ore (tons) produced in time period t;
Zt+1= Z value with units price per quanity ($/ton) at time t+1 ; and 
OpCost, = operating cost required to produce ore with units ($/ton).

The investment cash flow at the start of the year is given by

CF+ = —CPX,

where:
CFt+ = cash flow at the end of project year t and 
CPX= capital expenditure.

The investment cash flows and the operating cash flows are calculated for a given year 

at each price node in the binomial tree. “Note that, given a particular year, the operating 

cash flows will be evaluated at a greater number of nodes than the investment cash

5 The rounding results in a slight error in both the modeling of the volatility and the discounting of 
the cash flows back through the lattice. This error is small and I track the error.
6SM is equal to 1 when exploration is not occurring and during exploration is the result of 
equation 5.3.
7 The negative sign in cash flow subscript, "t+T“, indicates the cash flow occurs immediately prior 
to project year t+1.
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flows because the operation cash flows comes at the end of the year, therefore, later in 

the lattice” (M. Samis 2007, 20).

5.3.2 Adjusting the Cash Flows for the Probability of Success

The probability of success at each stage is incorporated into the cash flows by 

adjusting the cash flows by the probability of reaching the cash flows. For example, if 

there are two stages, stage 1 and stage 2, stage 1 must be successfully completed 

before stage 2 may occur. If stage 1 has a 50% probability of success and requires $100 

to begin the stage, stage 2 has 50% probability of success and also requires $100 to 

begin the stage, and if stage two is completed successfully the reward is $400, then 

adjusting these cash flows by the probability of reaching them results in: -$100 to begin 

stage 1, 0.5(-$100) = -$50 to begin stage 2 and .25($400) = $100 for the cash flows 

following stage 2, for an expected payoff o f -$50.00. The same method is employed for 

adjust the cash flows in the lattice by the probability of reaching them, I have integrated 

the ability to adjust the cash flows by the probability of reaching them into Dr. Samis’s 

code.

5.4 Calculating the Up and Down Step Probabilities

In a binomial lattice the price drift and the discounting are accounted for in the up 

and down step probabilities. This section details how I solve for: the true up and down 

probabilities, the risk adjusted up and down probabilities, and the discounted risk 

adjusted up and down probabilities.

5.4.1 Calculating the Expected Z Value

The first step in calculating the up and down probabilities is solving for the 

expected Z value at each node. To solve for the expected Z value requires the median 

and associated variance at each node. The median price accounts for the drift of the Z 

value. In this model the drift in Z is the same as the drift in the mineral price, S. The 

median price at each node is calculate by

M ed
i a  A t \

z, =z_1-e SM , (5.4)

where:

Z t =the median Z value at time t for latice node; (i+1, j) and (i, j+1 ); 

Z t1=the Z value at node (i,j);
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CC* = is the short term growth rate in the metal price;
At = the change in time given one step in the lattice; and
SM= the stage multiplier. This term is only present in the equation when the volatility 

of the period is <rz.

To reflect the increased volatility during the exploration stages, when <7Z is active, the

length of the stage is multiplied by SM. This results in a greater number of lattice steps 

during the exploration stage than is justified by the actual time length of the stage. As a 

result, the drift term, a * , must be adjusted to reflect the actual length of time each lattice 

step represents, and thereby preserving the drift.

The associated variance is calculated as

Var(t) = a s • V Â f • (5.5)

Notice that At is not divided by SM because the time adjustments made to the 

exploration stages are done to manipulate the variance of the system.

Given equations 5.4 and 5.5 the expected price is solved for using the following 

equation:

f 0[z (] = M ed[zt] -e <a5V‘,r<'». (56)

Equation 5.6 calculates the mean price of the next two nodes that follow a given 

node using the median price and associated variance. This value is used to solve for 

the true up and true down probabilities of reaching the next two nodes. This equation is 

a function of the variance and increases as the variance increases, thereby exhibiting 

the properties of a right skewed distribution.

5.4.2 Calculating the True Up and Down Probabilities

The true up and down probabilities at each node are solved for using the 

expected Z value (equation 5.6) at a node and the Z values one step up the lattice and 

one step down the lattice. The probabilities are calculated as follows:

trueU P  =  °  — > tru eD W  =  (1 — trueUP) (5.7)
( 4 , - z j

where:
trueUP = the true probability of advancing one step up the lattice; 
trueDW= the true probability of advancing one step down the lattice;
ZD= the Z value given an up step in the lattice; and 
ZD= the Z value given a down step in the lattice.
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5.4.3 Calculating the Risk-Adjusted Up and Down Probabilities

The risk-adjusted probabilities account for the systematic risk inherent in the 

mineral price. The first step in solving for these probabilities is to solve for the risk 

discount factor (RDF).

one _ J -^ W A to .s -O s 'A t /S M )
' (5.8)

w h e re :
P R isk  = the required rate of return for exposure to one unit of market risk; 
pMkt s = the correlation between the market and the mineral price;

Gs = the volatility of the mineral price; and

At = the change in years given one step in the lattice.

Equation 5.8 is derived from the capital asset pricing model (M. Samis 2007). The next 

step is to solve for the forward price, which is the risk adjusted expected price. The 

forward price, Kt, is given by

= F 0 RDF.

The forward price is used to solve for the risk adjusted up and down probabilities.

Qu = !_/ _ /I 90 = 1 -  % ,
'  U  D '

where;
qu= the risk adjusted probability of of advancing one step up the lattice;
qD= the risk adjusted probability of advancing one step down the lattice;
Zu= Z value given an up step in the lattice; and 
ZD= Z value given a down step in the lattice.

5.4.4 Calculating the Discounted Risk Adjusted Up and Down Probabilities

The discounted risk adjusted up and down probabilities are calculated by

DradjUP= qu • Dis -At /  SM and 

DradjDW = qD - Dis - At /  SM
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where:
DradjUP= the discounted risk adjusted up probability;
DradjDW= the discounted risk adjusted down probability;
Dis= the risk free rate plus the probability of expropriation; and 
At= The change in years between lattice steps.

DradjUP and DradjDW are used to bring the cash flows back through the lattice. The 

stage multiplier is only included in the equation during periods of exploration. The SM 

term adjusts At to appropriately account for the time value of money (the risk free rate), 

the probability of expropriation, and the RDF.

5.5 Modeling Waiting with Multiply Lattices

The choice to wait during the waiting/lease stage is modeled with nested lattices. 

At each year in the waiting/lease lattice a new lattice for the stages of E&D is generated. 

The E&D lattices originate from the nodes at the beginning of each year in the wait/lease 

lattice (see Figure 5.1). In this model there are four years in the waiting/lease stage, so 

there are six lattices in this model: one lattice for the waiting/lease stage and an E&D 

lattice for each year of waiting plus an additional lattice because exploration can be 

undertaken immediately.

5.6 Bringing the Cash Flows Back through the Lattice Using a Dynamic 

Programming Process

The preceding steps provide the necessary information at each node to bring the 

cash flow back through the lattice to solve for the value of the mineral property. The 

algorithm I use to solve the model starts by searching for the end of the combination of 

lattices with the most lattice steps and begins solving backward from there. The path 

with the most lattice steps is the end of the lattice that originates from the end of the 

fourth year of the waiting/lease lattice. Then, using equations 5.9 and 5.10, the 

algorithm works backwards through the lattice optimizing the value at each node.
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Figure 5.1 : A graphical explanation of how the choice to wait is modeled using multiple 
lattice.

When the algorithm reaches a step in the lattice where there is a choice to follow 

an alternative policy the algorithm goes to the end of the alternative policy lattice and 

brings the cash flows back to the decision point and then uses equation 5.10 to solve for 

the value given the available choices.

Valuev,i) = DradjUP^ ■ Valuem j) + DradjDW{il) ■ Value{i J+1) + CFV J) (5.9)

where:
Value(ij) = the value of the project at node (i,j);

Value(ij+1) =the value at node (ij+1);

Value(j+1j) = the value at node (i+1,j); and 

CF(ij) = the cash flow incurred at node (i,j).

Equation 5.9 calculates the value of the project at node (i,j) given that the current stage 

is continued. This is a no-flex value, meaning it is the value if the current stage is forced 

to happen. The flex value (FlexVal^)) is the present value at node ( i j)  when the value is

44



optimized over all available decisions. Equation 5.10 is used to solve for the flex value 

at every node in a given time step of a lattice.

FlexValM  =  max[Valueiu), AltPolvn,..., AltPoltij), ABD{lj) ), (5.10)

where:
Value^ = the project value at node ( ij)  if the current policy is followed;
AltPoln= the present value of the property at node ( ij)  in policy n is followed; and 
ABDt= the present value of the property if the property were abandoned at node (ij).

Then, given those values, the equation is used on the preceding lattice step. This 

process continues until the cash flows have been brought back to the beginning of the 

lattice.

Section 5.7 and 5.8 describe additions that I have made to Dr. Samis code for 

tracking the following values through the lattice: the expected, most likely contingent on 

successful exploration and the most likely share prices contingent on successful 

exploration.

5.7 Tracking the Expected Value through the Lattice and Solving for the 

Expected Rate of Return

Once the lattice has been solved using the backward iterative process described 

above the resulting information at each node is used to solve for the mean values or 

expected values at each step in the lattice. These values are solved for by working 

iteratively forward through the lattice. To solve for the mean values, the first step is to 

calculate the probability of reaching each node. Using the true probabilities from 

equation 5.7, I solve for the true probability of reaching each node by

P(/v,y) = P(/v,_iy ).p(/v,._1L 

where:
P(/v0,0) = 1;
P(A/,.y) = the true probability of reaching node (ij);
P(N,j i) = the true probability of reaching node (i-1 j); and 
P(/V,._iy) = the true probability of reaching node (ij-1).

I cannot use the binomial formula to solve for these values because the probabilities at 

each node change throughout the lattice as a result of the time-varying volatility.

The mean value at each stage in the lattice is the sum-product of the value and 

probability at each node at a given step in the lattices.
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v n =  (P(W„,0) ■ K„.o, ) +  (PCV. W ) • V U  ) +  ... +  (P(A/„_„,„) • ),

w here:

\/n =  the m ean value a the nfh step in the lattice;

P(A/n 0) =  the probability o f n up steps and zero down steps; and

V(n 0) = the value of the property given n up steps and zero down steps.

During the waiting/lease period it is more difficult to calculate the mean value because it 

must be calculated across the five lattices that originate from the waiting/lease lattice. 

Also, the steps in the lattices are not consistent with time, so real time must be tracked 

through the lattices as well. I track the mean value at the beginning of each stage.

Using the mean value through time, in conjunction with the starting value, the required 

rate of return for each stage of the project is:

R Mc[Xz])-ln(l/0,z)
t

where:

E [V t,z ]  = the expected (mean) value at time t conditional on Z;

Voz = the value at time zero conditional on Z; and 
R = the required rate of return.

The calculated required rate of return accounts for the following factors: the time value of 

money; the success probabilities for each stage; the expropriation risk; and, the volatility 

associated with geotechnical factors and price.

5.8 Tracking the Most Likely Value through the Lattice

Solving for the mode requires defining which nodes are possible to reach given 

an optimal path because I am solving for the mode contingent on successfully making it 

through exploration. Since the lattice is solved backwards, a node may be given a value 

even though there is not an optimal path through the lattices that leads to the node. This 

occurs when all the paths that lead to a given node contain preceding nodes where it is 

optimal to abandon or choose a different policy. To track the mode Z value and mode 

property value, contingent on the property making it to a given point in the lattice, the 

nodes that can be reached need to be identified so that the proper probabilities can be 

calculated. This is done by working forward through the lattice and tracking which nodes 

it is possible to make it to. I track whether it is possible to make it to a given node in the 

following way:
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PolN,. j = <

//[P o lN ^ l y. =(Abn or altpol) & PolN, ^  =(Abn or altpol)] or OP/y=Abn]

then

Abn

otherwise
OR

where:
PolN. y = the policy at node (i,j);

Abn = abandon the project;
altpol = a policy different than the current policy; and
OP, ; = the optimal policy at node ( i j)  solved for initially using the backward iteritive 

process.
To solve for the probability of making it to each node, contingent on there being a 

viable path to the node, the algorithm references the preceding nodes to determine the 

probability of making it to that node. If it is not possible to make it to the node, then the 

probability is zero. If it is possible to make it to the node, the node has “survived”. If the 

only viable path to a node is by stepping down the lattice from the proceeding node then 

the probability contingent on survival is the true down probability times the probability of 

reaching the preceding up node. If it is possible to make it to a node from both 

preceding nodes then the probability of making it to that node is the probability of making 

it to the preceding up node times the true down probability plus the probability of making 

it to the preceding down node times the true up probability. Equation 5.11 explains this 

process.

If (N =noAbn & N =noAbn)i-ij /-i,;
then

P(/V i |sur)-trueDW-P(/V |sur) trueUP 

If [N =Abn & N =Abn)

P{/V |sur)=<| t/ie/7 
0

(5.11)

If (A/ =Abn & N =curpol)
- -1 ,7  ' , 7 -1

then

P(/V |sur)-trueDW
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where:

P(/V |sur) = the probability of reaching the node (ij)  contigent on survival;

P(/V | sur) = the probability o f reaching node (i-1 j )  contigent on survival; and 

P(A/ | sur) = the probability of reaching node (ij-1) contigent on survival.

To solve for the mode value through time requires an interactive process that 

works through each stage of the E&D process. The first step is to solve for the mode Z 

value contingent on survival at the end of the first stage. This is the node with the 

highest probability at the step in the lattice that corresponds to the end of the stage. 

Then, given the Z value at that node, I solve the model starting at the beginning of the 

second stage. When solving the model from stage two on, the probability weighted cash 

flows are adjusted because it is assumed that stage one was successfully navigated. 

The resulting property value at the being of stage two is the most likely value at the 

beginning of stage two contingent on the successful exploration during stage one and 

the given the Z value at the beginning of stage one. This process is repeated for each 

stage of exploration. Following the exploration stages, the mode property value at each 

step in the lattice is the value at the node with the largest probability contingent on 

survival. I use these calculated mode values to construct the most likely share price 
path.

5.9 Tracking the Most Likely Share Price

The share price is calculated by assuming that prior to exploration the company 

has issued one share and that share price is the value of property determined by solving 

the model. Before exploring the company must raise enough money to conduct the 

required exploration by issuing shares at the current share price. Following each stage 

of exploration, the share price is the most likely asset value divided by the number of 

outstanding shares. This process is repeated through the exploration and development 

to generate a most likely share price path or Value Curve.

5.10 Calibrating and Implementing the Model

In this section I outline the required inputs to solve the model and present how 

this data is obtained and calibrated. I also describe the software used to solve the 

model.
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5.10.1 Required Inputs

Table 5.1 describes all the inputs that are necessary to solve the model. The inputs are 

calibrated to reflect market and geologic conditions.

5.10.2 Calibrating the Geotechnical Volatility

To model the uncertainty of the mine values that could result from exploration, I 

follow the work done in the CCS model to define the geotechnical volatility. The premise 

of the approach is to define a stochastic process in such a way that the distribution of 

values resulting from this process are reflective of the distribution of possible mine 

values that could result from exploration. In the CCS model, the authors start by asking 

a mining engineer, prior to exploration, to provide twelve possible mines types that could 

result from an exploration copper property along with the associated probability of each 

mine type. The engineer provides total reserves, investment and production schedules 

with associated opening, closing and abandonment cost. Given these parameters, the 

Brennan and Schwartz (1985) model is used to value each mine. Given the probabilities 

of each mine-type and the expected mine value, an associated distribution of values can 

be determined. The expected mine value and distribution of values are a function of the 

initial mineral price. The natural distribution of mineral deposits is positively skewed and 

consequently the distribution of potential mine values is positively skewed and exhibits 

the properties of lognormal distribution.8 This is convenient because the stochastic 

process I use to model this uncertainty (see equation 4.2) results in a lognormal 

distribution for value.

In this model, exploration is fixed at eight years. Given a fixed time for 

exploration, a static mineral price, and the distribution of values for the potential mines I 

can calculate the volatility of the geologic term. The first step is to estimate the 

functional form for the value of a developed mine. When the value of a mine is modeled 

using traditional DCF the value of the mine is a linear function of the commodity price. 

When the value of a mine is modeled using stochastic prices with operational flexibility, 

as is the case in a RO model, the mine value is convex in the commodity price. The 

convex shape results from the operational flexibility to avoid negative cash flows and 

capitalize on higher prices; therefore, a good specification for the functional form is

M in e  V a l u e - ^  (M in e ra l P r ic e ^  . / r ao\

8 The USGS has a public database of several different ore deposit types. The distribution of the 
developed deposits (grade*tonnage) is positively skewed (Singer, Berger and Moring 2005).

49



Table 5.1 : Describes all the inputs that are necessary to solve the model

Definition of the 
Parameter

Symbol Data Needed to Calibrate 
the Parameter

Source

Mineral Price 
Volatility

<?s Historical price data Bloomberg

Mineral Spot Price So Current mineral price Bloomberg
Geotechnical

Volatility
Go The standard deviation of 

the distribution of values 
for the possible mines that 

could result from 
exploration in a given 

geologic setting.

I use the data in the 
CCS paper; one 

could use 
Minelnfo or USGS 
Using these two 

sources in 
conjunction with 
mine valuation 

software. 
Geologic reports are 

used once the 
project is advanced 

past the scoping 
study

Median Mineral 
Price Drift

a Historical price data Bloomberg

Mineral Market 
Correlation

Pmrk Historical price data and 
historical S&P data

Bloomberg

Price of Market Risk PRiskrnrk Historical S&P data Bloomberg
Annual Probability of 

Expropriation
Y OPIC insurance rates or 

the difference between 
yield of U.S. t-bills and the 
yield on an equivalent term 
bond in the country where 

the property is located.

Bloomberg or OPIC

Probability of 
Success at each 

Stage

none Industry expert opinions Steve Enders and 
Murray Hitzman 

(Enders and Leveille 
2004).

Exploration
Investment
Schedule

none Historical exploration data 
for a given deposit type

Bloomberg

Length of Stages none Industry expert opinion 
and a mineral exploration 

text book.

Steve Enders, 
Murray Hitzman and 

the book 
Introduction to 

Mineral Exploration 
(Moon, Whateley 
and Evans 2006)

The Risk Free Rate rfree US T-Bill Rate Bloomberg
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In equation 5.12 the parameters A-i and A2are estimated using regression analysis given 

the data on the value of the potential mines at different mineral prices provided in the 

CCS (2003) paper. In the model the mineral price and geologic term are perfectly 

substitutable. The G term can be thought of as a grade multiplier. The relationship 

between value and G is

V' = A1(S x G)a’ ; 

where:
V = the mine value,
S = the mineral price,
G = the geologic term.

To solve for the volatility of the geologic term the volatility of the mineral price, a s, is set 

equal to zero and Ito’s Lemma is applied. Since as=0, all the dispersion in value is 

attributed to the geologic term. I solve for the volatility associated with the geologic term 

as follows:

V =  A1 (S-G)^2 , and by Ito's Lemma, (5.13)

dV =

Since dS =  0  the  vo latility  te rm  o f dV is:

Vs5 : : crs + V g G ~ ° ' g + ~ Fg c G  a G + ~ V ssS  ° s
v ^ ^ ^ y

dt + VsS<Jsdcos + VGGcrGdcoc .

dV = FGGaGdcoG ->c/V = A2A1 (5 • G p  5 • GcrGdcoG. 

d V  =  A2A1 (5 • G p  crGdcoG  ̂=  A2crGdcoG

The value of the potential mine from exploration follows a GBM process. The volatility of 

the process is calculated from the distribution of mine values when S is held constant. 

The volatility term of the dV process can also be written as:

dV _
y — GvdCÔQ.

Since cjv is known from the data on the twelve mines presented in CCS,

cr..
Aj^çdcûQ (Jyd(i)G and cjg —

The dV process occurs over the exploration process, which is t years. Therefore,

‘T e = ~ S n
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The picture below graphically illustrates how the geologic volatility parameter is 

determined.

Time

Value

Figure 5.2: This is an illustration of how the geologic volatility term is calibrated using a 
distribution of possible mine values.

5.10.3 Software used to Solve the Model

The model is solved using a program written in VBA code. The program runs as 

an addin to Excel. The inputs to the program are entered through an Excel spreadsheet 

template, which are generated by the program. The output of the program is an Excel 

workbook with worksheets containing all the lattices for the different stages. The mode 

and mean outputs are solved for at the beginning of each stage and are included in the 

work sheets. The program also generates a graph of mode and mean values through 

time. Figure 5.3 shows a portion of the lattice produced by the program.
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Project time

Policy time 
Mineral price

0 .4 8

0 .4 0

0 .3 2

11.00 12.00 13.00

0.00 1.00 2.00

Mineral price 0.48 Mineral price 0.48

TrueUpProb 0.4559 T rueUpProb 0.4559

RAUpProb 0.4559 RAUpProb 0.4559

RO UState Prie* 0.4440 RO UState Price 0.4440

Revenue 0 .0 0 0 Revenue 0 .0 0 0

Operating cost 0 .0 0 0 Operating cost 0 .0 0 0

Net cash flow 0 .0 0 0 Net cash flow 0 .0 0 0

CAPEX 0.216 CAPEX 0 .0 0 0

Stage_4_1 0.549 Stage_4_1 0.366

N/A N/A N/A N/A

ABD 0 .0 0 0 ABD 0 .0 0 0

RO Value 0.549 RO Value 0.366

OpPolioy Stage 4 1 OpPolicy Stage 4 1

Mineral price 0.40

TrueUpProb 0.4559

RAUpProb 0.4559

RO UState Price 0.4440

Revenue 0 .0 0 0

Operating cost 0 .0 0 0

Net cash flow 0 .0 0 0

CAPEX 0 .0 0 0

Stage_4_1 0.162

N/A N/A

ABD 0 .0 0 0

RO Value 0.162

OpPolicy Stage_4_1

Mineral price 0.32 Mineral price 0.32

TrueUpProb 0.4559 T rueUpProb 0.4559

RAUpProb 0.4559 RAUpProb 0.4559

RO UState Pric< 0.4440 RO UState Price 0.4440

Revenue 0 .0 0 0 Revenue 0 .0 0 0

Operating cost 0 .0 0 0 Operating cost 0 .0 0 0

Net cash flow 0 .0 0 0 Net cash flow i 0 .0 0 0

CAPEX 0.216 CAPEX 0 .0 0 0

Stage_4_1 -0.144 Stage_4_1 0 .0 0 0

N/A N/A N/A N/A

ABD 0 .0 0 0 ABD 0 .0 0 0

RO Value 0 . 0 0 0 RO Value 0 . 0 0 0

OpPolicy Abandon OpPoliey Abandon

Figure 5.3: This is a snap shot of a portion of the lattice produced by the VBA program.

53



Chapter 6

RESULTS FROM THE MODEL

In this chapter I describe and analyze the results of the model. To investigate if 

the up-down-up Value Curve pattern could result from fundamental pricing I ran the 

model and observed the most likely property value through time contingent on 

successful exploration. I also computed the most likely share price through time 

contingent on successful exploration. The most likely share price through time is the 

models prediction for the shape of the Value Curve.

6.1 Calibrating the Model to Generate a Value Curve

The parameters of the model were calibrated to reflect historical market 

conditions. I set the metal price volatility equal to the historical volatility of the price of 

copper over the past 30 years. The risk-free rate is the average yield on a 10-year US 

bond over the prior 20 years. I assume that the project is a zero beta asset, so there is 

not a risk premium on the cash flow from the mining property. This assumption is 

reasonable for gold projects prior to 2008 based on empirical work done showing that 

gold has a market beta of zero or slightly negative (Blose 2010). Also, copper had a 

relatively low correlation with the market up to 2008. In fact, for the past 10 years the 

correlation of the change in copper price and the change in the S&P 500 has been close 

to zero. This simplifying assumption removes what might otherwise be complex 

valuation influences of systematic risk. I used the distribution of mine values presented 

in the CCS paper to calibrate the geotechnical volatility.9 The probability of failure at 

each stage was calibrated using the information given in the presentation “Meeting the 

Quarter-century Exploration Requirements in a Quarterly Business World” (Enders and 

Leveille 2004) and in conjunction with advice from Dr. Murray Hitzman and Dr. Steve 

Enders, who are both experienced exploration geologist and professors at the Colorado 

School of Mines. The starting spot price of the metal price was set in such a way that 

the expected metal price at the time of development would result in a breakeven 

property. This was done because historically most mining assets are marginal at the 

time of the investment decision. Table 6.1 lists the values used for the required 

parameters of the model.

9 This distribution of mine values in the CCS paper was generated from a sample of copper mines 
in Chile.
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Table 6.1 : Lists the values used for the required parameters of the model.

Definition of the 

Parameter
Symbol Value

Mineral Price Volatility 

(Annual)
Os 20%

Mineral Spot Price So 0.5 (at the money)

Geotechnical Volatility Og 30%

Median Annual Mineral 

Price Drift
a 0%

Mineral Market Correlation Pmrk 0

Price of Market Risk PRiskmrk 7.5%

Annual Probability of 

Expropriation
Y 0.5%

Probability of Success at 

each Stage

none 1st 10%, 2nd 22%, 3rd 80% and 4th 90%

The Risk Free Rate rfree 5.5%

6.2 Most Likely vs. Expected

To understand the Value Curve generated by the model it is important to 

recognize the difference between the most likely (mode) values and the expected 

(mean) values. In the model, the value of a property is determined based on the 

probability weight average of all possible outcomes discounted back to the present. The 

probability weight average is the expected value or mean value. The distribution of 

possible property values is a positively skewed distribution. The positively skewed 

distribution is a result of three factors: (1) the metal prices and geotechnical factor are 

modeled using an exponential process, (2) the value of the property is exponential in the 

mineral price (see equation 5.13) and (3) the distribution is limited on the down side 

because of the operational flexibility. Given a positively skewed distribution the mean is 

always greater than the median and the mode. The implication of this is that the most
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likely value of the property and the share price will change at rate less than the expected 

rate.10

6.3 The Most Likely Property Value through Time

The most likely property value through time generated by the model, given the 

parameter settings in table 6.1, is presented in Figure 6.1. The graph does have the 

characteristic up-down-up shape of the Value Curve, but the Value Curve refers to share 

price and this graph is of property value. The share price path through time is derived 

from the property values through time. The colored line segments coming off the blue 

curve (the mode property value) show the expect path of value for each stage. The 

slopes of these line segments are rising at the rate of return required by a fully 

diversified investor. The line segments have different slopes in the Figure, but the 

annual required rate of return is the same during all stages. The reason the slopes are 

different is because the stages span different amounts of time. The large increase in 

value seen in stage 1 and stage 2 represents the result of making it through the early 

stages of exploration that have large probabilities of failure and thereby reveal that 

expectations has been exceeded. The decline in value during stage 3 and stage 4 is a 

result of the metal price and geotechnical factor not meeting expectations, as well as 

there being less time remaining for the price and geotechnical factor to increase before 

the production decision. The increase in value during the construction stage (const.) is a 

result of the large capital injection required to build the mine. The decline in value during 

the production stage occurs primarily because the valuable portion of the property, the 

metal in the ground, is being removed. During the production stage the investor would 

be compensated with dividends from the property. The decline in value during 

production is also a result of the metal prices not meeting expectations and that there is 

less time for the mineral price to go up.

10 I am assuming that there are no capital injections within each stage that would increase the 
value of the property.
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Figure 6.1: The most likely property value through time generated using the parameters 
in Table 6.1. Const, is an abbreviation for the construction stage and 6 years denotes 6 
years into production.

6.4 The Most Likely Share Price through Time

To generate the most likely share price through time, I assume that prior to 

exploration the company who owns the property has only one share and the value of 

that share is the value of the property. To advance to the next stage, the company must 

go to the capital markets and raise the required capital to complete the stage. To raise 

the money, the company issues enough shares at the current share price to meet the 

financial obligation required to make it through the stage. The reason the company is 

able to raise the money without the share price decreasing is because the initial share 

price accounts for the fact that capital will be raised to advance the company’s property. 

The share price is calculated at the end of the stage by dividing the value of the property 

by the number of outstanding shares. The same process is used for all six stages in the 

model. The change in share price for each stage shows the most likely return on capital 

for that stage.

Most Likely Property Value

Stage_l Stage_2 Stage_3 Stage_4 Const. Production 6 years

"♦"m ode "•"expect stage 2 “ • “ expect stage 3 “ ^ “ expect stage 4

"♦"expect const "•"expect prodution “♦ *  expect year 6
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Most Likely Share Price

1 0

CT>

expect share price stage 2mode share price
o . i expect share price stage 4 

expect share price prodution
expect share price stage 3 

expect share price const, 

expect share price prod, year 6

Figure 6.2: The most likely share price through time generated using the parameters in 
Table 6.1. “Const.” is an abbreviation for the construction stage and 6 years denotes 6 
years into production.

The model of the most likely share price shows that the most likely path for value 

conditional on successful exploration is an up-down-up pattern. This demonstrates that 

there is justification based on rational pricing for the existence of the Value Curve 

pattern. Comparing the Value Curve generated by the model (see Figure 6.2) to the 

industry interpretation of the Value Curve (see Figure 2.6) reveals that they are very 

similar, except that the industry interpretation shows a large increase in the share price 

as the company is advanced to production. The Value Curve generated by the model 

shows a very small increase in value from the beginning of construction to the beginning 

of production. The small increase in value during this stage is a result of the cash flows 

becoming less discounted as the positive cash flows are approached. To create a 

dramatic increase in the share price with the model during this stage, as seen in the 

industry interpretation of the Value Curve, would require the stage to have a high 

probability of failure. I do not believe that the construction to production stage has a high 

probability of failure, but there might be some sources of risk that are not modeled here 

that would result in a greater increase in the most likely share price through this stage.
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These risks would include: financing risk, uncertainty about how long it will take to build 

the mine, and risk of capital expenditure overruns.

The model of the most likely share price path has the same general pattern as 

the most likely property value with the exception of the large increase in value during the 

construction stage. The share price graph does not have this dramatic increase seen in 

the construction stage of the most likely property value graph (Figure 6.1). The 

dramatic increase in property value is driven by capital being inject into the project to 

build the mine. The capital is raised through a share offering, so as a result the share 

price does not increase significantly, but the number share does, as does the resulting 

market capitalization of the company. Also, for all stages the magnitude of the changes 

in the most likely share price are much smaller than the changes in the most likely 

property value. This is also a result of share dilution. At each stage more shares are 

issued to raise the required capital to advance the property, and as a result each share 

represents a smaller fraction of the property.

6.5 Understanding the Competing Forces that Drive Value

In this section, I examine in detail the competing forces that influence both the 

value of a mineral property through time and the resulting share price of the company 

that owns the property. To look at these competing forces, I analyze the median 

property value and resulting share price through time, given different initial mineral 

prices. Although the Value Curve is the most likely value through time, observing the 

median price reveals all the competing forces that influence the mode value through 

time. All the forces described in this section would influence the mode value through 

time in the same way they influence the median value through time because median and 

mode are always less than the mean. In most cases, the effects of the forces described 

are more pronounced given the mode values than the median values. Table 6.2 

presents the six forces discussed in this section that influence value 11

11 I would like to have tracked the most likely value through time contingent on successful 
exploration, but it was very difficult to generate multiple most likely series with my model, and 
therefore time prohibitive.
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Table 6.2: This table shows the forces acting within the model that influences the value 
of a property through time. For all stage up to the production stage, when expectations 
are met the share price rises at the required rate of return. When expectations are not 
met the share price rises at a rate less than the required rate of return. When 
expectations are exceeded the share price rises a rate greater than the required rate of 
return.

Expected
Better than 

Expected

Worse than 

Expected

Forces that Increase Value
Approaching future cash flows X

Capital injections to advance the 

property
X

Avoiding expropriation X

Advancing through stages with a 

probability of failure
X

Forces that Decrease Value

Not meeting price or geologic 

expectation
X

Production X

Time value of option expiring X

6.5.1 The Time Value of the Option Decreasing through Time

As mentioned in chapter 4, an exploration property is an option on a producing 

mine, where the exercise price is the cost to develop the property and build the mine. 

The value of an option can be decomposed into two parts: the intrinsic value and the 

time value. The intrinsic value of an option is the current value of the underlying asset 

minus the exercise price. The time value is the value of the option minus the intrinsic 

value, this is often referred to as the option premium. The time value of an option results 

from the characteristics of the distribution of payoffs on an option. The distribution of the 

payoffs of an option has two salient characteristics: (1) the distribution is positively 

skewed and (2) the left side of the
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Figure 6.3: This is the graph of the distribution of possible payoffs from an out of the 
money European option.

distribution is truncated on the left side of the distribution. Figure 6.3 shows the 

distribution of payoffs from a simple European option.

The fact that the distribution is limited on the downside results in an option value 

always having a positive value. The right tail of the distribution represents the potential 

of the underlying asset to increase in value. The time value of the option is an artifact of 

these two characteristic. The standard deviation of the distribution of payoffs is a 

function of the volatility of the underlying asset over the life of the option. The volatility of 

an asset that is modeled using a GBM process, just as the mineral price is modeled in 

this thesis, over a given period of time is

gt = cj4 t (6.1)

where:

g= the annual volatility of the the underlying asset,
T= the time horizon and
o T =the volatility of the underlying asset over time horizon T.

Increasing the volatility of the underlying asset of an option results in the

standard deviation of the distribution of potential payoffs on the option to increase. The

increase in the standard deviation is accompanied by an increase in the mean of the

distribution. Because the volatility of the underlying asset is a function of the square root

of time, volatility decreases at an increasing rate as time expires. The implication of this

relationship between volatility and time is that the mean of the distribution of payoffs also
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decrease at increasing rate as time expires when the value of the underlying asset is 

held constant. The value of an option is the discounted mean value of the distribution of 

potential payoffs at the time of expiration, and therefore when the value of the underlying 

asset is held constant the value of the option decrease at an increasing rate as the 

expiration date is approached.

To show the decay of the time value of the real option, the mineral property, I 

need to remove the effect of binary exploration failure as discussed in section 4.6. To do 

to this I set the binary success rate to one for all four stage of exploration.12 Figure 6.4 is 

a graph of the results from the model. In this graph the value of the underlying asset, Z, 

is held constant in each of the four curves.13 The median Z value is constant through 

time as is evident from equation 5.4. Thus, by holding Z constant through time the

median value of the property is shown through time.

Property Value from Exploration through Production Contingent on Exploration  
Resulting in an Economic Mine

Production from the 
property decreases  
the value

1435

531

197
Injections of Capital 
for Exploration

73
Not meeting 
expectations and 
options diminishing J Project abandoned27

10
17 19 2214

Y e a r *

4 8  (Out of the M oney) - 65(A I the Money) 76 (in the M oney) 1 02 (In the Money)

Figure 6.4: This graph shows the median property value through time given that it is 
know from the beginning of exploration that the property will result in an economic 
orebody. Each curve traces the median of the property value through time given a 
different starting Z value.

12 All the properties presented in figure 6.4 have starting values that are economic except the .48 
curve in red. This curve is out of the money and as a result expires out of the money and the 
project is abandoned.
13 Z can be thought of as mineral price proxy. dZ is defined in equation 4.9. Z in the combined 
price and geotechnical parameter
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Figure 6.5: This is the graph shows the value of an at the money European option 
through time where the price of the underlying asset does not change. This graph also 
shows the partial derivative of the value of the option with respect to time (theta) at each 
point in time. The option shown above has the following parameters: strike price=$50, 
spot price=$50, risk free rate=5%, and volatility=50%. The option is priced using the 
Cox, Ross and Rubenstein method.

In Figure 6.4 there are four curves. Each traces the median value of the property 

through time given a different starting Z value. The starting values range from being a 

value that would result in a very profitable mine (1.02) to values that would result in an 

uneconomic mine (0.48). This is analogous to an in-the-money option and an out-of-the- 

money option. Just as is the case with financial options, real options that are out of the 

money (0.48) derive most of their value from the time value of the option, and therefore 

the value of out-of-the-money options decay faster with time than in-the-money options 

(1.02). Due to the compound options inherent in the project structure, the decay is most 

pronounced prior to the development decision starting in year ten.

Comparing this graph (Figure 6.4) to the graph of a simple European option (see 

Figure 6.5), where the price of the underlying asset is held constant while the time to 

expiration decreases, it is evident that the time value of the property and the time value 

of the European option decay in a similar manner. Figure 6.5 also shows a graph of the 

derivative of value with respect to time (theta) as the option approach expiration. This 

demonstrates that the time value of the option is decreasing at an increasing rate.
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6.5.2 Not Meeting Expectations

The decline in the value of the options seen in Figures 6.4 and 6.5 is not totally a 

result of the time to expiration decreasing or the time to the investment decision 

decreasing. The decline in value is also a result of the option value not meeting 

expectations. As mentioned before, the value of an option is the discounted mean of the 

distribution of potential payoffs. These graphs (6.4 and 6.5) follow the median value 

through time. As a result of the positively skewed distribution of payoffs on an option the 

median is always less than the mean. The mean path of value at each point along these 

curves is increasing at the required rate return (except where there capital injections), 

but the median path of value is increasing at a rate less than the mean or decreasing 

because at each point along the curve expectations were not met. The more skewed 

the distribution the stronger this effect is because the mean is further away from the 

median. This effect would be more amplified if the mode value was followed through 

time because the mode value is always less than both the mean and median value.

6.5.3 Investments Required for Developing the Property

To develop a mineral property, investments must be made in the exploration 

phase and the development phase. These investments drive up the value of the 

property by the amount invested. The effects of this can be seen in Figure 6.5. The 

large capital injection for development is represented by the large increase in value 

following year 10. The investment in exploration is harder to see because it is small 

relative to the value of the property.

6.5.4 Approaching the Positive Cash Flows and Avoiding Expropriation

As a property is advanced through exploration, the future positive cash flows are 

getting closer. As the cash flows get closer, they are less discounted, which increases 

the present value of the property. Because effects of discounting are exponential in 

time, this positive effect on value grows at an increasing rate as the cash flows are 

approached. The probability of expropriation is modeled with an augmented discount 

rate, so the positive effects of moving closer to the cash flows are pronounced when the 

expropriation risk is included. The increase in the property contributed by getting closer 

to the positive cash flows is an expected change in the value of the property, but 

avoiding expropriation is a better-than-expected result.
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6.5.5 Reducing the Value of the Property through Production

After the mine has been developed and production has commenced the value of 

the property decreases as the mineral resource is exhausted. This is expected and an 

investor in the property would be compensated with the cash flows resulting from the 

sale of the extracted mineral in the form of a dividend.

6.5.6 The Probability of Failure during Exploration

The most profound effect on the value of an exploration mineral property in this 

model is the probability of failure at each stage of exploration. To examine the effects of 

this I present a graph of the median property value through time contingent on 

successful exploration given the binary probabilities of successfully making it through the 

exploration stages (see Figure 6 .6 ). By advancing through an exploration stage the

Property Value from Exploration to Development Contingent on 
Exploration Resulting in an Economic Mine
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Figure 6 .6 : Median prices through time contingent on successful exploration

value of the property goes up by approximately the reciprocal of the probability of failure. 

For example, if the probability of failure for a stage is 0.1 by making it through that stage 

the property value goes up approximately 10 times.

Compared with Figure 6.4, Figure 6.6 shows an up-down-up pattern similar to Figure 

6.1. The Figures are not identical because Figure 6.1 tracks mode values at the end of 

each stage, where Figure 6.6 tracks the continuous median property value. Since 

median and mode value are close to each other in this model Figure 6.6 provide insight 

about the behavior of the mode values through time. Due to the high binary probabilities 

of failure associated with the first two stage of exploration, successfully advancing
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through these stage results in a dramatic increase in value. The fall in value during 

stages three and four is most pronounced for out-of-the-money properties per the 

discussion in 6.5.1.

6.5.7 Examining the Competing Forces through Time

By looking at the value through time of the four scenarios presented in Figure 6.6 

it is possible to decipher the forces that are dominant at any stage. During the early 

stages of exploration, year 0 to year 4, the positive effect on value of making it through 

the stages of exploration dominates the negative influence on value and drives the value 

up. During the later stage of exploration, year 4 to year 9, the negative forces of not 

meeting expectations and the diminishing of the time value of the option dominate the 

positive influences on value. From the end of exploration to the beginning of production, 

year 9 to year 12, the change in value is dominated by the positive effect of capital being 

injected into the property to build the mine. This increase is value is not realized in the 

share price because the capital going into the project is funded by issuing shares. From 

year 12 to year 23 the negative influences of depleting the resource, the decay of the 

time value of the option on the future reserves, and not meeting expectations leads to a 

decrease in value.
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Chapter 7

CASE STUDIES

The results from the model suggest that the most likely pattern for the evolution 

in property value as a property is advanced from exploration to development is an up- 

down-up pattern. The model also suggests that the most likely evolution in the share 

price of a single asset company as the company advances its only property from 

exploration to development is an up-down-(slightly) up pattern. As explained earlier, the 

model is built on fundamental financial theory, but there has been no empirical work 

done to show that such a model explains the value of a mineral property or the change 

in value of a mineral property through time. To understand the capabilities of this model 

in explaining actual market data I have conducted case studies to see if observed project 

value changes can be produced with the appropriately parameterized model. The case 

studies are a heuristic approach forjudging the explanatory power of the model.

7.1 An Overview of the Case Study Methodology in Academic Literature

I use the case study method for three reason: (1)1 do not have enough data on 

single asset companies to allow me to use statistical techniques; (2) the case studies 

provide a method for testing a theory with limited instances of an event of interest, and 

thereby providing indication of whether it is worth testing the theory over a larger number 

of cases; and (3) the case study allows for the integration of other possible theories to 

help further explain the events.

The case study technique employed in this thesis falls into the family of research 

design called “Single Case Design” (Odell 2001). The specific type of single case study 

used in this paper is “The Disciplined Interpretive Case Study” (Odell 2001). The 

disciplined interpretive case study interprets or explains an event by applying known 

theory to new terrain. The case studies in this thesis apply real options theory to 

understand the evolution in mineral property value and the evolution in the share price of 

the companies who own mineral properties. In employing this technique I make it more 

powerful by “keeping score of the theory’s hits and misses” (Campbell 1975).

Due to the qualitative nature of case studies there is a risk that the process can 

lead to biased results. For example, when a researcher has a favored theory, a specific 

instance of an event may be favored because it supports the theory, and then given a 

specific event the researcher may reconstruct the event to support a favored theory by
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underplaying events that are inconsistent with the theory (Odell 2001). I hope I have 

avoided this by selecting cases in an unbiased method and interpreting the data of each 

instance using a quantitative process that makes biasing the results difficult.14

7.2 Case Study Methodology

To observe the evolution in value of a mineral property through time I collected 

data on six publically traded single asset companies that advanced a property through 

one or more stages of development.15 These are the same companies used in the 

analysis presented in chapter 3. The following data was collect for each company: the 

daily share price series, the quarterly balances sheets, the news releases from the 

company about the property and the number of outstanding shares through time. Also, 

over the time of the study for each company I have collected data on the daily S&P 

levels and the daily mineral price. I use all this date to generate a series of property 

values for each company.

The first step in generating the property value series is to identify the stages for 

each property. The stages are defined by looking through the company news releases 

to determine when properties advanced from one stage to the next. Once I have 

defined the calendar time spans of interested for a company, I remove the effects of the 

market from the share price data for the given time period. Because the model does not 

include the influences of the market, the effects of the market are removed to be 

consistent with the model.

The process used to eliminate the effects of the market on the share price is the 

same as the technique used in chapter 3 to create the adjusted share prices. The only 

difference is that equation 3.1 is substituted with the following equation:
s=5 k= l

û i . t  = r i , l  - ( A y . l ' m , ,  + A . 2 W D ^ Z X A - . A , / , „ , < ) •
s = l k=3

14 The process used to select instances, the companies I use in the case studies, is discussed in 
chapter 2.
15 The stages are defined in the same way as they are in the model: stage 1 begins with initial 
drilling: stage 2 begins with a discovery of significant mineralization; stage 3 begins with a 43- 
101 resource estimate; stage 4 begins with a 43-101 prefeasibility study; stage 5 begins with a is 
43-101 feasibility study; stage 5 begins with construction; and stage 6 begins with commercial 
production.
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The resulting stock price series, Pj t , has had the effects of the market removed but the

adjusted stock price includes business activities that are unrelated to the development of 

the company’s primary mineral property. I remove the influences of extraneous 

business activities on the stock price by accounting for these effects on the stock price at 

book value.

MCj t MC t
 —  CAit -------- —— OA,,

V. = R  ° E>‘ + L ‘ > 0 E i . ' + L >.'
''' Shares lt Shares/t

where:

C A. ( = the book value of company j's current assets at time t;

O A.t = the book value of company j's assets that are not related to company j's primary 

mineral property at time t;
MC.f = the market capitalization of company j at time t, defined as the number shares times 

the share price;
OE; t = the market value of company j's owner's equity at time t;

L t = the book value of company j's liabilities at time t;

Sharesj t =  the number of shares outstanding for company j at time t; and 

Vj t = the share price of company j adjusted for the effects of the market and

the business activities unrelated to company j's primary mineral property.

The book values are taken from the company quarterly reports. Since there are 

four reports a year there are four Vj t values per year. The property values are

calculated by multiplying Vj t by the number of outstanding shares as reported in each

quarterly statement. Given these property values, the percentage change in the 

property value between stages is calculated. I use these percentage changes in value 

to test the model.

The real options model developed in this thesis has many inputs that influence 

the calculated value. In the case study, I only manipulate two factors—the geotechnical 

component and the metal price. All other factors are held. The metal price is calibrated 

by changing the index of the metal price used in the model by the percent change in the 

metal price observed in the market over a given stage of development. Then, for each 

stage a property goes through, I calculate the required change to the geotechnical
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component of the model to match the percentage change in the property value realized 

in the market. The change to the geotechnical component is recorded as the percentile 

change from the median of the distribution of outcomes that results from the 

geotechnical volatility. For example if the geotechnical component requires an 

adjustment from the 50th percentile to the 30th percentile this would be recorded as a -20 

percentage point change in the geotechnical factor. This change in the geotechnical 

component is compared to the geologic news for the property during that stage. If the 

news is consistent with the change in the geotechnical component, then the result 

suggests that the model is an accurate depiction of the change in value. If the news 

from the property is inconsistent with the geotechnical change in the model, then I 

conclude that the model is not an accurate depiction of the change in value and I look for 

influences not included in the model that may have affected the value of the property 

during the given stage. If I cannot find an explanation for the inconsistency between the 

news and the geotechnical factor, then I conclude that the model could be missing 

elements to describe the change in property value. The case studies do have the power 

to show that the model is wrong, but they do not have the power show that the model is 

right. The null hypothesis of the case studies is that the model is wrong.

Some readers may notice that there are inconsistencies between the number of 

stages for each company as presented in chapter 3 and the number stages for each 

company presented in the case studies. The discrepancy is because for some of the 

companies I was not able to find daily time series data for the early stages but I was able 

to find share price data in the quarterly reports. Using the share price data from the 

quarterly reports allowed me to analyze more stages. The drawback is that I could not 

remove the influence of the market and the mineral price from this data. I believe this 

will not distort the results too much because the influence of the market and metal price 

on the share price of the companies is negligible during the early stages of exploration, 

and it is during the early stages that daily share price data is missing

In each case study there are two tables of data presented, Table 7.1 explains the 

information present in the tables of each case studies.
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Table 7.1 : Explains the information present in the tables of each case studies

Case Study Table Line Item Explanation of Line Item

A Property value (%) The actual percentage change in the property 
value for a given stage.

A Share Price (%)

The percentage change in the share price for a 
given stage, adjusted for: splits, the influence of 
the market and assets not related to the property 
accounted for at book value.

A Mineral Price (%) The percentage change in the relevant mineral 
price for a given stage.

A Geotechnical factor (percentile 
change from median)

The percentile change from the median of the 
distribution of possible outcomes that result from 
the geotechnical volatility such that the change in 
value resulting from the model is consistent with 
the change in value realized in the market during 
a given stage.

Annual CCR on Property value The continuous compounded return on the 
property value over a given stage

Annual CCR on Share Price The continuous compounded return on the share 
price over a given stage

Length of Stage (Days) The length of the stage in days

Value of a dollar at the end of 
the stage

The value of a dollar invested share of the 
company that have been adjusted for the 
influence of the market and the book value of 
other assets on the company’s balance sheet not 
related to the property.

A in the number of shares 
outstanding

The change in the number of shares the company 
has outstanding during the stage.

Starting Value

This is price/geotech nical value that is used as the 
input from the beginning of the first stage. This 
value is calibrated based on the state of the 
property at that time. For example, if the project 
appears to be world class, a value is chosen that 
shows the expected mine will be very profitable. 
The values are categorized as “At the money” (the 
expected mine is breakeven), “Out of the money” 
(the expected mine is value negative), and “In the 
money” (the expected mine value is positive).

Metal Volatility The historic annual metal volatility

Discount Rate The base case discount rate is 6% and this is 
adjusted upward for political risk.

Exploration Volatility The exploration volatility is 30%. This value is 
taken from the CCS paper.
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7.3 Case Study: Osisko Mining

Table 7.2: Case Study Osisko Mining

Osisko Mining
Stage Transition________________  1 to 2 2 to 3 3 to 4 4 to 5 5 to 6
A Property value (%) 4310% 1597% 108% 172% 219%
A Share price (%) 3118% 1058% -16% 30% 172%
A in Au price (%) 20% 29% 40% 17% 38%

A in eotechnical factor 
(percentile change from median) 40 36 5 25 15
Annual CCR on property value 503% 227% 58% 67% 66%
Annual CCR on share price 461% 196% -14% 17% 57%
Length of stage (days) 275 455 457 549 638
Value of a dollar at the end of the 
stage $32 $372 $311 $404 $1,101
A in the number of shares 
outstanding 39% 47% 148% 108% 15%

Model Parameters
Starting value At the money
Metal volatility 22%
Discount rate 6%
Exploration volatility 30%

Summary of Osisko:
Osisko mining owns a 100% interest in the Canadian Malartic gold deposit in 

Quebec, Canada. The company purchased the property from Barrick for $80,000 on 

11/8/2004. Barrick retained a 2%-3% sliding scale net smelter royalty on the property, of 

which half could be purchased at any time for $1.5-million. There is a past producing 

mine on the property that was in production from 1935-1965 and 55,000 meters of 

exploration drilling was done on the property in the 1980s. Since purchasing the 

property Osisko has found a significant resource and has developed the property into a 

producing mine. The value of a dollar invested in shares of Osisko at the beginning of 

drilling would have increased to $1,102 by early production.

Stage 1 to 2: Initial Drilling to Discovery:
When Osisko purchased the Malartic property from Barrick the property had a 

dated resource estimate that was not 43-101 compliant. The initial resources estimate
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was 8.16 million metric tonnes of ore at an average grade of 1.98 g/t Au, for 

approximately 519,500 contained ounces of gold. Osisko started a drilling program on 

the property in March of 2005. The result from the first drilling campaign was consistent 

with the historic resource estimate and showed significant upside potential as many of 

the high-grade drill results were open at depth. The second drilling campaign started in 

June of 2005. The results from this campaign were above expectation and included the 

discovery of some new very high-grade areas. One drill hole produced 1.5 meters (m) of

62.3 grams/ton (g/t) Au.

The 4310% increase in the value of the Malartic property is consistent with my 

model of fundamental value. To generate the 4310% increase in value using the model 

requires that the geotechnical factor move from the 50th percentile to the 90th percentile 

given that the gold price rose by 20% through the stage. Given that the drilling 

campaign verified the 30 year old resource estimate and revealed some higher grade 

zones, I believe this justifies the jump in the geotechnical factor. The share price during 

this stage went up 3118%. The $1.1 million spent developing the property and the 39% 

increase in the number of outstanding shares can account for the discrepancy between 

the change and share price and the change in property value.

Stage 2 to 3: Discovery to 43-101 Resource Estimate:
This stage begins with Oskisko raising $5 million to conduct further drilling to 

produce a 43-101 compliant resource estimate and conduct metallurgical test work. The 

drill results during this phase were resoundingly positive. The highlights of the drill 

results were 1.35 g/t over 170 m, 1.88 g/t over 80m, and 6.57 g/t over 18m. The 

metallurgical test indicated that the ore is easy to process. Testing indicated a recovery 

of 86%. The inferred resource estimate at a cut-off grade of .5 g/t was 178,404,000 tons 

at a grade of 1.14 g/t Au. This resource estimate is 340 times the historic resource 

estimate on the property.

During this stage, the value of the property went up by 1597%. Given the 29% 

increase in the gold price during this stage, to generate the increase in property value 

with the model the geotechnical factor was increased from the 50th percentile to the 85th 

percentile. The stream of positive news justifies the geotechnical increase during this 

stage. The share price during this stage went up 1057%. The $10 million spent on the 

property and the 46% increase in the number of outstanding shares accounts for the 

discrepancy between the change in the property value and the change in the share 

price.
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Stage 3 to 4: Resource Estimate to Preliminary Assessment

During this stage, Osisko continued infill drilling, commenced an environmental 

impact statement, recruited a mine development team, released an updated resource 

estimate, acquired a mill complex, and completed a preliminary assessment study. The 

infill drill results from this stage were consistent with the first 43-101 resource estimate. 

Drill results from two areas, both about 2 km from the main deposit, did show positive 

results.

During this stage, the value of the property went up by 108%. Given the 40% 

increase in the gold price during this stage, to generate the increase in property value 

with the model the geotechnical factor was increased from the 50th percentile to the 55th 

percentile. Primarily the news during this stage was consistent with expectations, 

although there were some positive drill results that were unexpected. The $50 million 

spent on the property and the 148% increase in the number of outstanding shares can 

account for the discrepancy between the change in the property value and the change in 

the share price.

Stage 3 to 4: Preliminary Assessment to Feasibility Study
During this stage, the project was advanced as would be expected. The 

feasibility study was completed and the results were only marginally better than 

expected. To prepare for construction, the company raised a great deal of money during 

this stage, which is reflected in the 210% increase in the number of shares outstanding. 

The company did have positive drill results at another deposit within the same claim as 

the Malartic property, and this may have influenced the results of this analysis.

During this stage, the value of the property went up by 172%. Given the 17% 

increase in the gold price during this stage, to generate the increase in property value 

with the model, the geotechnical factor was increased from the 50th percentile to the 75th 

percentile. The news during this stage was better than expected. More than the inferred 

estimate was converted into proven and probable reserves. Although this news was 

positive, I do not think it justifies the magnitude of the increase in the geotechnical factor. 

Some of the increase in value may be attributable to influences from the positive news 

from other drilling close to the Malartic property or from the strong rebound in the market
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following the 2008 crash.16 The $420 million spent on the property and the 108% 

increase in the number of outstanding shares accounts for the discrepancy between the 

change in the property value and the change in the share price during this stage.

Stage 4 to 5: Feasibility Study to Commercial Production:
During this stage, the mine was built and put into commercial production. The 

company financed construction with one third debt financing and two thirds equity 

financing. During this stage, the company acquired the Hammond Reef property for 

$300 million. The news for the Malartic property during this stage was consistent with 

expectations.

During this stage, the value of the property went up by 219%. Given the 38% 

increase in the gold price during this stage the increase in market value during this 

period is 18% higher than what was predicted by the model. The model assumes the 

geotechnical nature of the project is not changing, so the increase in value cannot be 

explained through positive geotechnical outcomes. The geotechnical news about the 

Malartic property during this stage was as expected. The increase in value beyond 

expectations is most likely the result of the Hammond Reef property increasing in value 

due to the increase in the gold price. I have accounted for the Hammond Reef property 

based on the purchase price, but as the price of gold rises the value of property rises as 

well, which results in inflated value for the Malartic property. The $400 million spent on 

the Malartic property and the14% increase in the number of outstanding shares can 

account for the discrepancy between the change in the property value and the change in 

the share price.

161 tried to remove the influence of the market using regression, but I believe some of the market 
influence may still be in the data, especially during the period of the 2008 financial crisis.
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7.4 Case Study: Guyana Goldfields

Table 7.3: Case Study Guyana Goldfields

Guyana Goldfields
Stage Transition__________________ 1 to 2_______ 2 to 3_____  3 to 4 4 to 5
A Property value (%) 2742% 684% 5% 38%
A Share price (%) 1034% 322% -19% 8%
A in Au price (%) 48% 101.71% 32% 66%
A in geotechnical factor (percentile 
change from median) -10 -22 -23 -20
Annual CCR on property value 96% 63% -11% 16%
Annual CCR on share price 69% 44% 2% 4%
Length of stage (days) 1277 1187 731 730
Value of a dollar at the end of the 
stage $11.34 $47.83 $38.76 $41.86
A in the number of shares 
outstanding 206% 57% 28% 27%

Model Parameters
Starting value At the money
Metal volatility 22%
Discount rate 6.5%
Exploration volatility 30%

Summary of Guyana Goldfields:

Guyana Goldfields Inc. is a Canadian-based mineral exploration company 

primarily focused on the exploration and development of the Aurora gold deposit in 

Guyana. Guyana Goldfields began exploration drilling on the Aurora property in April 

2004 and since then has advanced the Aurora property from exploration drilling to the 

feasibility stage. The company also owns the Aranka property, on which they are 

conducting exploration drilling. This property became part of Guyana Goldfields in 2009 

when the company merged with Aranka Gold.

Stage 1 to 2: Drilling to Discovery:

The phase I drilling campaign on the Aurora property commenced on June, 30, 

2000. The drilling results indicated that the property had potential to be an open pit heap 

leach operation. Grades up to 9.5 g/t Au over 5.0 -  23.9 meters were discovered in a 

trenching operation that accompanied the drilling campaign. In 2002, the company
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raised more money to advance the Aurora and Peter’s Mine property. The Peter’s Mine 

property seemed to be the most promising property from the beginning, but drill results 

in late 2003 and early 2004 showed that the Aurora property had more potential than the 

Peter’s Mine property.

During this stage, the value of the property increased by 2742%. Given the 48% 

increase in the gold price and successful completion of this stage to generate this 

increase in property value with the model the geotechnical factor was decreased from 

the 50th percentile to the 40th percentile. This 10% decrease was reasonable because 

the early drilling suggested that this was a relatively small deposit. Also, the Peter’s 

Mine seemed to look less favorable than was first thought. The share price during this 

period went up by 1034%. The increase in share price was not nearly as significant as 

the change in property value because the company tripled the number of outstanding 

shares during this stage.

Stage 2 to 3: Discovery to Resource Estimate:
Guyana Goldfields started trading on the TSX at the beginning of 2004 and 

raised enough money to conduct a 30,000-meter drilling campaign on the Aurora 

property. The property was the site of an old underground mine and had been the 

subject of ongoing drilling for the prior four years, during which 39 DDH drill holes were 

drilled. The 2004 drilling campaign started at the end of February and by the end of April 

the company had produced some very promising results. The highlights of the drill 

results were: 41.83 g/t over 4 meters, 4.14 g/t over 15 meters, and 7.1 g/t over 5.5 

meters. These results were far superior to any of the prior drilling results on the 

property. For the following three years the company continued to drill on the property. A 

metallurgical test was conducted on the property and the testing demonstrated that the 

ore was not refractory and a recovery of 92% could be attained. A preliminary resource 

estimate of the property was released to the public in October of 2007. The report 

stated the indicated resource estimate at a cutoff grade of 1 g/t was 17,000,000 tons at a 

grade of 3.41 g/t Au for a total of 1,860,000 contained ounces. This showed evidence of 

an economic deposit given the gold prices of the time, but it was still a small gold deposit 

and would not be economic if the price of gold were to fall below $500/oz.

During this stage, the value of the property increased by 684%. Given the 101 % 

increase in the gold price during this stage to generate the increase in property value 

with the model the geotechnical factor was decreased from the 50th percentile to the 

28th percentile. The stream of positive news does not justify the geotechnical decrease
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during this stage. The share price during this stage went up 322%. The discrepancy 

between the change in the property value and the change in the share price can be 

accounted for by the 57% increase in the number of outstanding shares.

Stage 3 to 4: Resource Estimate to Prefeasibility Study:
During this stage, Guyana Goldfields spent two years completing a preliminary 

assessment of the property. The report showed an increase in reserves to a measure 

and indicated 3.2 million ounces of gold which indicated good economic potential for the 

project. The company continued infill drilling during this stage and the results were 

consistent with expectations.

During this stage, the value of the property went up by 5%. Given the 32% 

increase in the gold price during this stage to generate the increase in property value 

with the model the geotechnical factor was decreased from the 50th percentile to the 

27th percentile. The stream of positive news does not justify this decrease in the 

geotechnical factor. The share price during this stage went down by 19%. The 

discrepancy between the change in the property value and the change in the share price 

can be accounted for by the 28% increase in the number of shares outstanding. During 

this period, the 2008 financial crisis occurred and this may have adversely affected the 

value of the property, even though I have attempted to control for the effects of the 

market.

Stage 4 to 5: Pre-feasibility Study to Feasibility Study
During this stage, a bankable feasibility study was conducted on the property. 

The study was positive but did not meet the market’s expectations. The estimated cost 

of building the mine and the operating cost were higher than expected. Another negative 

factor was that the completion of the feasibility study was six months behind schedule. 

The report did show a moderate increase in reserves, to a measured and indicated 5.3 

million ounces.

The value of the property during this stage increased by 38% and the price of 

gold increased by 66%. Given the increase in the gold price and the negative news 

about the feasibility study, to generate the 38% increase in property value, the 

geotechnical factor was decreased from the 50th percentile to the 30th percentile. This 

seems reasonable given the bad news during this stage. The share price during this 

stage increased by 8%. The discrepancy between the change in the property value and 

the change in the share price can be accounted for by the 27% increase in the number 

of shares outstanding.
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7.5 Case Study: Ventana Gold Corporation

Table 7.4: Case Study Ventana Gold Corporation

Ventana Gold Corporation
Stage Transition________________  1 to 2 2 to 3 Model Parameters

A Property value (%) 3136% 1291% Starting value
At the 
money

A Share price (%) 1537% 726% Metal volatility 22%
A in Au price (%) 46% 51% Discount rate 7%
A in geotechnical factor 
(percentile change from median) 0 29

Exploration
volatility 30%

Annual CCR on property value 229% 113%
Annual CCR on share price 184% 90%
Length of stage (days) 555 853
Value of a dollar at the end of the 
stage $16.37 $135.21
A in the number of shares 
outstanding 31% 68%

Summary of Ventana Gold:
Ventana Gold Corp. was a Canadian-based company engaged in gold 

exploration in Colombia. The company’s flagship property was the La Bodega gold, 

silver, copper deposit in the California-Vetas gold mining district. The La Bodega 

property was the site of an old producing mine. Ventana was acquired on March 3,

2011, by Bike Batista, the wealthiest man in Brazil.

Stage 1 to 2: Drilling to Discovery:
The phase I drilling campaign commenced on June 30, 2006. The drilling results 

indicated that there were areas of high grade gold around the old Bodega mine. The La 

Bodega zone was tested with 38 drill holes that showed continuity in the mineralization. 

Also, a new area of mineralization was discovered in an area adjacent to the La Bodega 

claim. This area was tested with 22 drill holes and showed positive results consisting of

long intersections with grades of 7-8 g/t. This stage concluded with Ventana raising $11

million to conduct a scoping study and complete enough infill drilling to produce a 

resource estimate.

During this stage, the value of the property increased by 3136%. Given the 46% 

increase in the gold price and successful completion of this stage, the geotechnical 

factor was not changed, suggesting that this deposit was at the 50th percentile of
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economic gold properties. Although it is difficult to interpret at this early stage, the drill 

results are consistent with most economic gold deposits at this stage. The discrepancy 

between the change in the property value and the change in the share price can be 

accounted for by the 31 % increase in the number of shares outstanding.

Stage 2 to 3: Discovery to Resource Estimate:

During this stage Ventana conducted mostly infill drilling but also did some 

exploratory drilling. The infill drilling was very successful, showing good continuity in the 

ore body and revealing some pockets of high-grade mineralization. The exploration 

drilling identified a new area 500 meters to the south of the known mineralization. One 

of the drill results from the new area consisted of 37 meters at 5.71 g/t of gold. The 

metallurgical reports were positive showing that a conventional milling process could 

recover the gold, silver and copper. The 43-101 inferred mineral resource was 4 million 

ounces of gold. One of the most significant aspects of the project is that the cash cost 

per ounce is projected to be $322/oz. This project is one of the lowest cost-per-ounce 

projects projected to come online in the coming years.

During this stage, the value of the property increased by 1291%. Given the 51% 

increase in the gold price during this stage, this increase in value is consistent with my 

model of fundamental value. To generate the increase in property value with the model, 

the geotechnical factor was increased from the 50th percentile to the 79th percentile. The 

stream of positive news justifies an increase in the geotechnical factor. The results do 

suggest a better than average project, but this is not a world class deposit due to its lack 

of size. The share price during this stage went up 726%. The discrepancy between the 

change in the property value and the change in the share price can be accounted for by 

the 68% increase in the number of outstanding shares.
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7.6 Case Study: D iscovery Metals

Table 7.5: Case Study Discovery Metals

Discovery Metals
Stage Transition_______________  3 to 4 4 to 5 Model Parameters

A Property value (%) 381% -7%
Starting
value

At the 
money

A Share price (%) 150% -33%
Metal
volatility 20%

A in Cu price (%) 30% -26%
Discount
rate 6.5%

A in geotechnical factor 
(percentile change from median) 0 12

Exploration
volatility 30%

Annual CCR on property value 81% -7%
Annual CCR on share price 47% -39%
Length of stage (days) 711 383
Value of a dollar at the end of 
the stage $2.50 $1.66
A in the number of shares 
outstanding 56% 49%

Summary of Discovery Metals:
Discovery Metals Limited is primarily engaged in mineral exploration and the 

development of its Boseto Copper Project in Botswana. In 2006, the inferred copper 

resource of the property was 20 million tons at a grade of 1.2% Cu.

Stage 3 to 4: Resource Estimate to Prefeasibility Study:
During this stage, Discovery Metals spent two years completing a pre-feasibility 

study (PFS) on the property. The report showed an increase in reserves to an indicated 

49 million tons at a grade of 1.4% Cu gold. The size of this deposit is close to the 

median of the distribution of copper mines worldwide. The PFS suggests that the ore 

can be processed using a floatation circuit and can achieve a recovery of 90%. The 

PFS demonstrates that the economics of the project are sound at a copper price of 

$2.30/lb.

During this stage, the value of the property increased by 381%. Given the 31% 

increase in the copper price during this stage, the geotechnical factor did not need to be 

adjusted to generate a similar change in property value in the model. Although the 

resource was expanded, I believe this was expected because prior to drilling it was
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evident that the mineralization spread beyond the bounds of the first resource estimate. 

The share price during this stage went up by 150%. The discrepancy between the 

change in the property value and the change in the share price can be accounted for by 

the 56% increase in the number of shares outstanding.

Stage 4 to 5: Pre-feasibility Study to Feasibility Study

During this stage, a bankable feasibility study (BPS) was conducted on the 

property. The study was positive, demonstrating that the cash cost per pound is 

$1 23/lb. The company was able to expand the mineral resource of the property to 111 

million tons at a grade of 1.4% copper and 17.6 g/t sliver. The company also defined ore 

reserves of 21.8 million tons at a grade of 1.4% copper. The BPS outlines the 

development of an open pit mine at Boseto which will produce and process into a 

concentrate, 3 million tons of copper-silver ore a year for 5 years.

The value of the property during this stage decreased by 7% and the price of 

copper decreased by 26%. Given the decrease in the copper price and the positive 

news about the feasibility study, to generate the 38% increase in property value the 

geotechnical factor was increased from the 50th percentile to the 62th percentile. The 

increase in the geotechnical factor was a result of the increase in the resource and 

confirmation that the project was going to be a low-cost coppers mine. The share price 

during this stage decreased by 33%. The discrepancy between the change in the 

property value and the change in the share price can be accounted for by the 49% 

increase in the number of shares outstanding.
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7.7 Case Study: Detour Gold

Table 7.6: Case Study Detour Gold

Detour Gold
Stage Transition___________  3 to 4_________ 4 to 5 Model Param eters

A Property value (%) 171% 175%
Starting
value

A t the 
money

A Share price (%) 120% 94%
Metal
volatility 20%

A in Au price (%) 34% 25%
Discount
rate 6%

A in geotechnical factor 
(percentile change from 
median) 14 30

Exploration
volatility 30%

Annual CCR on property 
value 50% 135%
Annual CCR on share price 39% 89%
Length of stage (days) 731 273
Value of a dollar at the end of 
the stage $2.20 $4.27
A in the number of shares 
outstanding 42% 268%

Summary of International Detour Gold:
Detour Gold Corporation is a Canadian gold exploration and development 

company whose primary focus is to advance the development of its flagship Detour Lake 

gold project located in northeastern Ontario. In January of 2007, Detour Gold completed 

the purchase agreement with Pelangio and acquired all the Detour Lake assets.

Goldcorp retains a 1% NSR on the property, which Detour has the option to buy for $1 

million at any time. Detour has successfully advanced the property to construction and 

will start producing in 2013.

Stage 3 to 4: Resource Estimate to Pre-feasibility Study
In September of 2006, an Nl 43-101 resource estimate for the property was 

released to the public. The indicated resource of the property was 20 million tons at a 

grade of 2.14 g/t Au for a total of 1.38 million ounces of gold at a cut-off grade of .85 g/t. 

The inferred resource was 30.6 million tons at a grade of 1.82 g/t Au for a total of 

1,780,000 million ounces of gold at a cut-off grade of .85 g/t. Over the course of the next 

two years, Detour drilled 50,000 meters, which resulted in a new measured and
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indicated resource estimate of 4,831,000 gold ounces at cut-off grade of .64 g/t. Detour 

Gold conducted 74,000 meters of infill drilling and, in September of 2009, produced a 

pre-feasibility study that indicated an economic property with proven and probable 

mineral reserves of 8,819,000 million ounces of gold.

During this stage, the value of the property went up by 171%. Given the 34% 

increase in the gold price during this stage, to generate the increase in property value 

with the model the geotechnical factor was increased from the 50th percentile to the 64th 

percentile. The news during this stage demonstrates that the Detour Lake project is a 

significant gold deposit, larger than expected, and can be mined successfully. During 

this stage, the share price went up by 120%. The significant investment required to 

conduct the PFS and the 42% increase in the number of outstanding shares can account 

for the discrepancy between the change in the property value and the change in the 

share price.

Stage 4 to 5: Pre-feasibility Study to Bankable Feasibility Study
Over the course of the next year, Detour Gold worked toward the completion of 

the feasibility study. The feasibility contained a lot of good news: coarser grinding from 

70 to 105 microns with relatively no change to gold recovery; mill throughput increase 

from 45,000 tpd to 55,000-61,000 tpd; a 30% increase in mineral reserves from 8.8 to

11.4 million ounces; and procurement of long lead items that have secured delivery 

times and eliminated potential cost increase.

During this stage, the value of the property went up by 175%. Given the 25% 

increase in the gold price during this stage, to generate the increase in property value 

with the model, the geotechnical factor was increased from the 50th percentile to the 

75th percentile. The news during this stage was better than expected, which justifies the 

increase in the geotechnical factor. During this stage the share price rose by 94%. The 

company increased the number of outstanding shares by 268% in an effort to raise 

money for development. This increase in the number of outstanding shares justifies the 

difference between the increase in the property value and the increase in the share 

price.
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7.8 Case Study: Ivanhoe Mines

Table 7.7: Case Study Ivanhoe Mines
Ivanhoe Mines
Stage Transition 3 to 4 4 to 5__________ Model Parameters
A Property value 
(%) 77% 275% Starting value In the money
A Share price (%) 52% 143% Metal volatility 20%

A in Cu price (%) 106% 114% Discount rate 7%

A in geotechnical 
factor (percentile 
change from 
median) -15 35

Exploration
volatility

30%

Annual CCR on 
property value 33% 31%
Annual CCR on 
share price 24% 21%
Length of stage 
(days) 639 1552
Value of a dollar at 
the end of the 
stage $1.52 $3.69
A in the number of 
shares outstanding 16% 54%

Summary of Ivanhoe Mines:
Ivanhoe Mines in a Canadian mineral exploration and development company. 

The company’s flagship project is the Oyu Tolgoi project in Mongolia. Oyu Tolgoi is one 

of the world’s largest copper and gold porphyry deposits. Ivanhoe is currently 

developing the project with Rio Tinto.

Stage 3 to 4: 43-101 Resource Estimate to Pre-feasibility Study
In September of 2004, the resource estimate for the Oyu Tolgoi property 

consisted of 990,430,000 tons of measured and indicated ore at a grade of .68% copper 

equivalent ounces. These Figures demonstrate that this is one of the world’s richest 

copper deposits. Ivanhoe produced a pre-feasibility study in January of 2006 that 

confirmed earlier findings and delineated the potential for an underground operation, in 

addition to an open pit mine. The reported recoverable tonnage of the open pit portion 

of the deposit decreased by 7% from that of the resource estimate in 2004.

During this stage, the value of the property went up by 77%. Given the 106% 

increase in the copper price during this stage, to generate the increase in property value
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with the model the geotechnical factor was decreased from the 50th percentile to the 

35th percentile. This decrease is not consistent with the good geotechnical news 

coming out of the project during this stage. The reason for the discrepancy between the 

model and the market is probably the adverse effects of the collapse of the Mongolian 

government during this stage. The degradation of the political environment in Mongolia 

could be accounted for in the model by increasing the expropriation risk. If this were 

accounted for I would expect the model to be consistent with share price change.

Stage 4 to 5: Pre-feasibility Study to Bankable Feasibility Study
Following the pre-feasibility study, Ivanhoe spent the next four years completing 

a feasibility study for the open pit and underground operation at Oyu Tolgoi. During this 

stage, the engineering plans were made, infill drilling continued, and the Mongolian 

government’s interest in the property was negotiated. The measured and indicated 

mineral resource of the project, as reported in the feasibility study, was 1,387,430,000 

tons of ore at a grade of 1.65% copper equivalent pounds for a total of 45 billion 

contained pounds of copper. The increase in ore is primarily a result of the discovery of 

high grade copper, molybdenum and gold in deep exploration drilling below the planned 

open pit.

During this stage, the value of the property went up by 275%. Given the 114% 

increase in the copper price during this stage, to generate the increase in property value 

with the model the geotechnical factor was increased from the 50th percentile to the 85th 

percentile. The news during this stage was much better than expected: the Mongolian 

government resolved its internal issues and the geotechnical information from the project 

was exceptional. This positive news justifies the increase in the geotechnical factor. 

During this stage, the share price rose by 143%, and the number of outstanding shares 

increased by 54%. This increase in the number of outstanding shares justifies the 

difference between the increase in the property value and the increase in the share 

price.

7.9 Conclusions from the Case Studies

The direction of the actual quarterly share price movements for all six cases 

studies can be explained using the real options model through movements of commodity 

price and geology. As would be expected, none of the share price paths follow the most 

likely path due to random deviation in price and geology. The case studies results
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suggest that the model does properly model the major influences on the value of a 

mineral property. In the case studies, I observed the change in value of the exploration 

properties over seventeen stage transitions. A summary of the results of the case study 

are presented in Table 7.8. The model provided a good explanation for the change in 

value over twelve of the seventeen stage transitions, 70.5%. In five of the transitions, 

the model did not provide a good explanation although, even in these five, the model 

predicted value to move in the right direction. In three of the five transitions, I have 

identified factors that influenced the value of the properties, but these factors are not 

accounted for in the geotechnical term. The factors include: the influence of the market, 

which was not fully removed using regression analysis (Guyana Goldfields stage 3 to 4); 

a change in the political environment of the country where the property is located 

(Ivanhoe Mines stage 3 to 4); and the influence of another asset on the calculated value 

of the property (Osisko Mining stage 5 to 6 ).

Table 7.8:presents a summary of the results from the case study. The number in this 
table indicates the change in the geotechnical factor required to match the market data 
for a given stage transition. If the number in highlighted in green this indicates that the 
the model is consistent with the market information and if it is red it is inconsistent. The 
red numbers are followed by a +/-. A (+) indicates that the required geotechnical change 
is too great given the news about the project for the given stage and a ( - )  indicates the 
geotechnical change is too little.

StaqeTransitions
Companies_________  1 to 2  2 to 3_______ 3 to 4 4 to 5 5 to 6
Osisko Mining 40 36 5 25(+# 15(+)
Guyana Goldfields f lo -22(-) -ma -20
Ventana Gold Corp. 0 29
Discovery Metals 0 12
Detour Gold 14 30
Ivanhoe Mines -15(1 35

I did not have an obvious explanation for the discrepancy between the market 

and the model for Guyana Goldfield s transition from stage 2 to 3. During stage 2 

Guyana Goldfields reported resoundingly positive news from their exploration work. The 

company produced a resource estimate that indicated an economic deposit. Given all 

the good news, the value of the property did not increase as much as the model 

predicted. To generate the increase in the property value, the geotechnical parameter 

had to be decreased significantly. I hypothesize that the market has discounted the 

value of this company, compared to its peers, because the company has done a poor 

job at advancing their property in a quick and cost effective manner. It took the company
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7 years to advance the Aurora project from drilling to a resource estimate, and over that 

time the company increased the number of outstanding shares by 350%. In the model, if 

I were to increase the length of a stage, while holding the distribution of outcomes the 

same, the value of the property would decrease. The same is true if more money was 

required to make it through a stage.

The case studies demonstrate that the model captures many of the major 

influences on the value of mineral properties. The cases also suggest that there are 

elements that influence value that are not included in the model, such as the investors’ 

perception of management and uncertainty about the time to production. Although there 

appears to be influences on the value of a mining company that are missing from the 

model, the case studies demonstrate that the most influential factors that affect value are 

included in the model. Given the results from the case studies, I believe that the model 

is a good tool for explaining the evolution in the share price of a single asset mineral 

company.

In chapter three I presented the share price data of six single asset companies. 

This data shows evidence of the Value Curve, but not all the share price series followed 

the up-down-up pattern. The information presented in the case studies provides an 

explanation of why the share price data does not conform to the Value Curve pattern in 

all cases. When the share prices series do not conform to the Value Curve the model 

showed that the deviation was a result of the geotechnical nature of the project not 

advancing along the most likely path. Also, by comparing the case study results to the 

share price data it is evident that the property value does not have to follow the most 

likely path of value to get the up-down-up pattern. This evident from the Osisko Mining 

case study in which Osisko’s geotechnical performance beats expectation through every 

stage, yet the share price pattern is up-down-up.
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Chapter 8

CONCLUSIONS AND SUGGESTED FURTHER RESEARCH

This research focused on answering the following two-part question: (1) is there 

an archetypical Value Curve, as reported in the industry literature, and, (2) if it exists, 

does its shape conform to the fundamental market value of the underlying asset as it 

moves through exploration to development and production? As result of insufficient data 

the results of the research were inconclusive in proving the existence of the up-down-up 

pattern of the Value Curve. The research did demonstrate that the up-down-up share 

price pattern could result from fundamental pricing. The model demonstrated strong 

rationale for the up and down portion of the pattern but did not indicate a radical increase 

in the share price characterized by the second up, although the model did show the 

share price increasing over this period.

To investigate the existence of the Value Curve I collected data on six single

asset mining companies. To look for evidence of the Value Curve I removed the 

influence of the market and the metal price from the stock price of these companies, and 

then identified the stages of development for the associated properties. A visual 

inspection of the data showed that 87.5% of the data (14 out of the 16 stages observed 

stage transitions) showed the share price moving in the direction indicated by the Value 

Curve. This small sample does not provide enough evidence to prove the existence or 

nonexistence of the Value Curve. In the two samples that spanned the most stages the 

Value Curve pattern was present. The data does provide a good indication that the 

curve might exist and that the issue warrants further investigation.

To determine if the Value Curve pattern could result from fundamental pricing I 

developed a real option model to value mineral properties. The model allows for: valuing 

exploration mineral properties, tracking the most likely value of the property through time 

contingent on the property making it to production, and tracking the most likely share 

price of the company that owns the property. The most likely share price through time 

generated by the model is similar to the Value Curve pattern. The initial up and down 

portion of the pattern closely resembles the output of the model. The final up portion of 

the industry Value Curve pattern in the modeling results is not nearly as high as it is in 

the Value Curve. This may be because the model may not include all the risk 

associated with the construction stage. If the model included a probability of failure
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during the construction stage the most likely curve generated by the model would 

increase more during this stage. That being said, I do not think that appropriately 

accounting for the risk during this stage would result in the dramatic increase seen in the 

industry Value Curve.

A key contribution of this research is a better understanding of what influences 

the change in mineral property values through time. By understanding the model, and 

using this understanding to interpret the results of the model, I was able to decompose 

the net effect on value over a period of time into the different components that influence 

value. At every stage in the exploration and development process the property value is 

expected to rise at the rate of return required by a diversified investor. If events unfold 

that result in a state that is better than expected than the property value rises at a faster 

rate. If events unfold that are worse than expected than the property value falls or rises 

at a rate slower than the required rate of return. There are several forces, both negative 

and positive, that act on the value of the property. When expectations are met the net of 

these forces cause the property value to rise at the required rate of return. The most 

influential factors influencing value are: the probability of failure for each stage of 

exploration, the time value on the option to develop the mine, the realized mineral price 

and the realized ore grade.

During the first two stages (initial drilling to resource estimate) the model predicts 

the most likely share price to increase radically. This increase is a result of beating 

expectations by making it through the early stages of exploration that have a large 

probability of failure. During the next two stages (resource estimate through the 

feasibility study) the price drops dramatically. This drop in value is a result of not 

meeting mineral price and geotechnical expectations and the time value on the option to 

develop the mine decreasing. During these two stages there is also the positive force of 

beating expectations that results from making it through these stages that have a 

probability of failure, but this force is dominated by the aforementioned negative forces 

on value. During stage five (the construction stage) the most likely value rises at a rate 

slightly below the require rate of return. The reason we do not see a dramatic drop in 

value from not meeting expectations during this stage is a result of the mode value 

staying closer to the mean. The mode is closer to the mean because the volatility of the 

system is less than it was during exploration since there is no longer grade uncertainty. 

During production we see the value decline as result of the mineral resource being 

mined and the mineral price not meeting expectations.
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The empirical portion of this research sought to determine if there is evidence 

that suggests that the model is not a good model of the exploration and development 

process. To test the model I used a disciplined interpretive case study approach in 

which I tested the model against market data. The case studies showed little indication 

that model was not a good representation of the exploration and development process. 

The data did not allow for a definitive statistical test but the positive case results warrant 

testing the model further by gathering sufficient data to statically test the model’s ability 

to explain market values. This would help to quantify the accuracy of the model and also 

isolate areas where the model is not accurate.

This research is the first attempt at understanding the evolution of mineral 

property values through time, and therefore sets the stage for other research to be done 

on this topic. A key question that still remains is proof of the Value Curve. This could be 

answered by collecting a large enough sample of single asset mining companies to 

statistically test for the existence of the Curve. Another area of further research could 

involve testing and calibrating the model presented in this thesis. More rigorous work 

could be done on defining the different parameters of the model and even calibrating the 

model to specific ore deposits. The parameters that warrant further investigation are the 

probability of failure at each stage of exploration and the geotechnical volatility. I would 

expect that these parameters are different for varying deposit types. Also, in this 

research I treat the mineral properties as zero beta assets; subsequent research on the 

Value Curve should include systematic risk if the underlying mineral price is correlated 

with the market.
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