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ABSTRACT

This dissertation focuses on the empirical analysis of mineral economics and policy. The

economic analysis and discussion around minerals mostly rely on theoretical models and

normative principles. Empirical evidence is not as abundant as theoretical models, creating

a gap in the discipline. This study contributes to the literature of mineral economics in

three di�erent areas that are relevant to support a data-driven policy debate - mineral

depletion, taxation and the exploration of new deposits. First, mineral depletion broadly

involves two diverging positions. These positions are reconciled through a methodology to

assess future availability, which is applied to copper resources. Second, the expected

impact of mineral royalties on exploration decisions has been addressed in theoretical

models. However, an analysis of the impact of the Chilean pro�t-based royalties on

early-stage mineral exploration indicates that the tax changes did not greatly a�ect

average exploration decisions. Smaller companies, though, are more susceptible than major

companies to changes in mineral taxation. Third, understanding what drives mineral

discoveries is a major issue for future resource availability. The analysis on copper and gold

discoveries indicates that increasing grassroots exploration budgets do not appear to be

associated with more discoveries. Nevertheless, institutions do play a role in discoveries as

more and larger discoveries are more likely to occur in countries with stronger protection of

property rights.
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CHAPTER 1

INTRODUCTION

Evidence-based policy analysis has become a major pillar supporting social,

environmental and economic development. This is represented on how the experimental

approach has become a popular tool in the �eld of developmenteconomics (Banerjee and

Du
o, 2009). Applied work has been a fundamental approach to solve long-lasting

questions in economics and policy debate (Banerjee and Du
o, 2011). In the �eld of

mineral economics, the role of governments and how policiesa�ect mineral supplies is likely

to drive the interest in the discipline for the upcoming years. In the context of the UN

Sustainable Development Goals, Ali et al. (2017) argue that mineral depletion and supply

disruptions require an active role of governments and policy-makers. The previous

perspective of mineral shortages is challenged by Tilton etal. (2018), defending that the

role of governments is to cope with long-term depletion assessing where markets are

actually failing. In a fundamental level, both views di�er on how to analyze future

availability and mineral depletion, an analysis that is usually limited by the lack of

available data. In this line, Chapter 2 proposes and develops reconciled methodology to

analyze mineral depletion, in an e�ort to build a common ground towards policy advise.

An increasing support for government action on mineral supplies will mostly result in

modi�cations on how mineral rents are shared and how taxes are levied. Di�erent taxation

schemes can have large e�ects on how resources are developed(Dasgupta and Heal, 1979).

This is particularly relevant for mineral exploration decisions, as they take place in the

very beginning of the supply chain. Therefore, changes in reserves and resources due to

exploration can only be seen long after policies took place.Nevertheless, changes in

early-stage mineral exploration investment can be used as indicator on how policies can

a�ect the supply in the long-run (Otto et al., 2006, p. 26). Chapter 3 provides an empirical
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estimate of this e�ect. Analyzing how pro�t-based royaltiesa�ect early-stage exploration

decisions.

Lastly, as expanding the resource base becomes more important and discoveries decline,

a focus on policies for exploration and how they succeed becomes necessary (Ali et al.,

2017; Tilton et al., 2018). Exploration and discoveries have been acknowledged to be

driven by both, the institutional framework and the geological potential of the country

(Fraser Institute, 2020). Chapter 4 tackles the question onwhat are the main determinants

of exploration success. Besides, the Chapter proposes and implements a methodology to

assess the geological maturity of a country based on copper and gold discoveries. It is

expected that, as countries can empirically become aware ofthe maturity of their

geological potential, a focus on improving the institutional framework results in a more

equitable and sustainable development of mineral resources.

1.1 Summary of Chapter 2

Mineral depletion is a perennial concern in natural resources management. Despite a

multiplicity of perspectives, most analyses fall largely into one of two groups. Studies in

the �rst group take the �xed quantity of any material in the earth as the starting point for

analysis, focus primarily on physical stocks and 
ows of mineral resources, and assess when

society will run out of a resource or when production and use will peak (the �xed-stock

viewpoint). Studies in the second group start by noting the heterogeneous nature of

mineral resources and our incomplete knowledge of the quantity and quality of minerals in

the earth, focus on the dynamic nature of mineral availability, and assess the ability of

society to adjust to mineral depletion at existing mines though mineral exploration and

mine development, technological innovation, and substitution (the opportunity-cost

viewpoint). This paper seeks to reconcile these diverging perspectives by developing a

modi�ed cumulative availability curve (CAC) { which combin es physical stocks and 
ows

(from the �xed-stock perspective) with geologic stock uncertainty, di�erent demand

scenarios and extraction costs (from the opportunity-costperspective). When applied to

2



copper resources, the modi�ed CAC suggests that copper demand is likely to be satis�ed

from known deposits until about 2075. Thereafter, society's ability to discover and develop

previously unknown deposits and improve the e�ciency of their production - as well as

e�orts at substitution and improving recycling and re-use of copper - will importantly

in
uence whether copper demand is satis�ed and at what copper price.

1.2 Summary of Chapter 3

The impact of public policy on the mineral industries is di�cult to measure due to little

short-term responsiveness to policy changes by companies already investing in known �xed

deposits. Nevertheless, early-stage (or grassroots) exploration has been suggested to

provide early signals. Among mineral policies, taxation hasreceived plenty of attention in

theoretical analysis and simulation studies, but little empirical evaluation.

Royalties should a�ect early-stage exploration by decreasing the expected value of a

discovered deposit. The empirical approach here uses a di�erence-in-di�erence strategy,

analyzing the Chilean mining royalty changes of 2004 and 2010. The �rst tax change is

argued to be exogenous as it happened due to the political cycle and in line with a major

increase in commodity prices, and the later modi�cation occurred as a result of a major

earthquake. Results indicate a surprisingly small averageimpact on grassroots exploration.

However, the e�ect is heterogeneous as larger companies increased their budget as opposed

to junior companies. The absence of geographical spillovers not only supports these

estimated e�ects but also suggests that neighboring countries do not need to engage in

harmful tax competition.

1.3 Summary of Chapter 4

Mineral discoveries are a major outcome de�ning the successof exploration activities.

It has been noticed that exploration decisions are mostly based on both, how mature is a

country in terms of geological potential and institutionalquality, but little empirical

evidence has been made around the main determinants of exploration success. This paper

3



attempts to develop two empirical estimates around exploration and mineral discoveries.

First, an analysis of the main determinants driving mineral discoveries using data from

gold and copper deposits, building on the empirical R&D and innovation literature.

Second, an assessment on how mature a region is for mineral exploration based on the

randomness of discoveries. Main results indicate that aggregated grassroots exploration

budgets in a country are not a key variable associated with discoveries, but more and larger

discoveries are more likely to occur in countries with stronger protection of property rights.

In terms geological maturity, the proposed approach indicates that, on average, the world

is not in the more mature geological stage for gold and copper, but the average e�ect

di�ers across regions.
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CHAPTER 2

RECONCILING DIVERGING VIEWS ON MINERAL DEPLETION: A MODIFIED

CUMULATIVE AVAILABILITY CURVE APPLIED TO COPPER RESOURCES

A paper published inResources, Conservation and Recycling1. Reprinted with permission.

Emilio Castillo2 and Roderick G. Eggert3

2.1 Introduction

Minerals have been an intrinsic part of human development, from the stone age to what

is being called the silicon age of the 21st century. Mineralsstand as major inputs in

technological development and in the improvement of human living standards. Given the

broad use of minerals in modern society, long-term mineral depletion is a critical issue for

policy makers and society.

Concern about depletion of mineral resources is not new. It has been a recurring

societal concern. In the middle 1800s, for example, W.S. Jevons explored the exhaustion of

coal in Britain (Jevons, 1865). In the late 1800s and early 1900s, dramatic increases in the

use of fertilizers in commercial agriculture led to fears about the adequacy of naturally

occurring sources of nitrogen, which at the time came from animal dung, urine and Chilean

nitrate deposits (Hager, 2009; Smil, 2000). In the years following World War II, concerns

focused on a wide range of mineral raw materials and energy, given the signi�cant use of

mineral and energy resources during the war (The U.S. President's Materials Policy

Commission, 1952). In the 1970s, attention returned to energy and minerals, in this case

concerns about reliability of foreign sources of oil and some nonfuel minerals, the �nite

supply nature of natural resources, as well as long-term adequacy of nonrenewable

resources generally and implications for economic growth (Meadows et al., 1972; Smith,

1DOI: 10.1016/j.resconrec.2020.104896
2Primary researcher and author
3Colorado School of Mines Economics and Business faculty member and research advisor
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1979). In each case, society adjusted to perceived scarcities through one or a combination

of three approaches: developing new sources of mineral and energy resources, using

resources more e�ciently and developing substitute materials or sources of energy.

A number of recent studies focus on the relationships between and among mining,

sustainable development and long-term resource depletion. Dubi�nski (2013) argues that

rational acquisition and use of natural resources are central to sustainable mineral

development. Mudd (2013) revisits original assumptions in\The Limits to Growth" 1972,

highlighting that, despite increasing extraction costs, the �nite nature of minerals is still

unclear. (Ali et al., 2017) take advantage of peak models of resource extraction to suggest

that mineral depletion { as re
ected by declining production and use of copper - may start

to occur sooner than expected, urging policy makers to take coordinated and planned

actions at a global scale, intervening in mineral markets topromote sustainable

development goals. In response, (Tilton et al., 2018) criticize both the use of peak models

to assess long-term mineral availability and depletion andthe call for strong government

intervention to mitigate future shortages beyond interventions to control environmental

damages and to correct the tendency of private actors to underinvest in technological

innovation from society's perspective.

Broadly speaking, approaches to assessing the threat of mineral depletion fall into two

categories: \�xed stock" and \opportunity cost" approaches, where consensus is still hard

to reach in even basic de�nitions (Segura-Salazar and Tavares, 2018). The �xed-stock

approach is dominantly a physical view of natural resource scarcity, while the

opportunity-cost approach is largely economic (Barbier, 2019). Re
ecting the physical

approach, (Gordon et al., 2006) argue that physical stocks of metals will be unable to

sustain the modern quality of life, suggesting an absolute scarcity of minerals. Moreover,

prices will not result in real warnings since price trends are not di�erent between abundant

and scarce minerals and markets do not re
ect external mining costs (Henckens et al.,

2016b). In this context, peak models arise as an increasingly preferred approach for
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assessing mineral depletion using di�erent physical stockmeasures (Ali et al., 2017; Calvo

et al., 2017; Northey et al., 2014; Prior et al., 2012). Re
ecting the opportunity-cost

approach, many mineral economists argue that peak models for mineral resources are

inherently 
awed and, as an alternative, suggest a cumulative availability curve (CAC) to

assess long-term availability (Tilton, 2018; Tilton et al., 2018; Tilton and Lagos, 2007).

The �xed-stock and opportunity-cost approaches di�er signi�cantly in the inferences

they draw on how to respond to the threat of mineral scarcity.While the former urges

society to change the pace of development, the latter claimsthat prices and costs will

provide incentives to o�set depletion. The diverging positions appear in virtual stalemate:

economists would disregard physical models that do not include how markets respond to

scarcity, and natural scientists do not feel comfortable waiting for markets to provide

signals to inform decisions taken by governments and private actors.

The purpose of this paper is to review the two approaches for assessing the threat of

mineral depletion and develop a reconciled methodologicalapproach. Toward this end, we

build a formal model for long-term supply and demand for minerals. The model allows us

to be explicit about assumptions behind peak models and CAC applications. Then, we

suggest modifying the CAC in two main aspects to help reconcile these approaches. First,

we propose to emphasize separate demand scenarios for more-developed and less-developed

regions. Second, we include di�erent supply units for reserves, resources and undiscovered

deposits, incorporating economic and geologic stock uncertainty. We �nally apply the

modi�ed CAC to copper resources and compare our results withprevious peak models.

The CAC has fewer empirical applications compared to peak models (Calvo et al., 2017;

Tilton, 2018). Since CAC's theoretical development in 1987only a few authors have

studied long-term depletion for speci�c resources like lithium (Yaksic and Tilton, 2009),

tellurium (Woodhouse et al., 2013), oil (Aguilera, 2014; Aguilera et al., 2009), thorium

(Jordan et al., 2015), indium (Lokanc et al., 2015), gallium (Frenzel et al., 2016) and iron

ore (Jasi�nski et al., 2018). In practice, there is not a clearpoint in the CAC to mark
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depletion, contrasting with the \peak" in peak models. Despite previous applications, no

author has clearly formalized the general methodological assumptions of the CAC, nor

dedicated signi�cant e�ort to demand's role. Additionally, most CAC applications have

been focused on minor minerals, which may hinder its application to more economically

important minerals like copper.

Section two reviews the main studies using peak models and CACs. We �nd that

extraction costs driving long-term mineral depletion is common in both approaches. Both

rely on detailed information on reserves and resources to build their models. Demand in

both cases is assumed as perfectly price inelastic (that is,consumption is not a�ected by

price changes) and increasing. Section three proposes methodological changes for supply

and demand in the CAC to reconcile di�erences with peak models. Finally, the last section

applies the modi�ed CAC to copper resources, suggesting that known reserves and

resources are responsive enough to meet demand until 2075. This result highly contrasts

with peak copper models, which signal peak copper before 2050.

2.2 Two models for mineral depletion

Peak models and the CAC di�er fundamentally in the unit of analysis. The former

focus on physical units, such as tonnage, kilograms or grades, to estimate availability. On

the other hand, the latter is primarily concerned with costsand prices, economic resources

that society needs to give up for an additional unit of mineralresources (Tilton and

Guzman, 2016, ch.9). In practice, there are two main similarities and two di�erences

between the two approaches. The approaches are similar in that supply drives long-term

depletion and lack of complete geologic information is a major limitation. The approaches

are di�erent in that peak models use peak production as a clear signal of impending

depletion, while CAC does not have a clear counterpart as an indicator of depletion.

Moreover, CAC models acknowledge that markets will adapt asdepletion drive prices up,

either encouraging exploration or by demand substitution.This adaptive process is not

part of peak models, a common critique from the opportunity-cost advocates.
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2.2.1 Peak models

The physical view usually turns to Hubbert's theory of peak production to assess

mineral depletion. Peak models are based on a bell-shaped pro�le in the extraction of a

�xed stock (Hubbert, 1956)4. The simplicity of the theory is the main driver behind its

widespread application, despite critiques from opportunity-cost supporters. There is only

one input that de�nes peak production: The Ultimate Recoverable Resource (URR) de�nes

the entire supply over time in peak models. The URR is an assumed estimate of the total

mineral resources that society will recover from mineral deposits, both historically and into

the future (Giurco et al., 2012). In its simplest form (Calvoet al., 2017), supply at every

period t (St ) is given by Equations 2.1 and 2.1, whereb and tpeak (the peak year) are the

regression parameters to be adjusted to �t historical data.

St =
URR

b
e� 1

2 (
t � t peak

b ) (2.1)

Stpeak = �
URR

b
p

2�
(2.2)

Peak models implicitly assume that other determinants of supply (price, technology,

exploration or input costs) are irrelevant to assess long-term depletion (Tilton, 2018). In

practice, peak models allow di�erent URR scenarios, but changing the URR does not

generate much change in the peak year tpeak (Northey et al., 2014; Sverdrup et al., 2014).

Many authors have tried to incorporate more variables into the simplest Hubbert model.

Sverdrup et al. (2014) develop a complex world dynamic modelcombining population,

recycling, markets and mining supply. In their model, increasing demand after the peak

should be met by increasing recycling rates. Giurco et al. (2012) propose a detailed

assessment at a mine level, where production decisions follow a trapezoid-shaped

production pro�le over time. Northey et al. (2014) build on the Giurco et al. (2012)

4Several studies have tried to assess Hubbert's initial prediction about peak oil (Bardi, 2019; Chapman,
2014; Criqui, 2013; Graefe, 2009; Sorrell et al., 2010). We do not attempt to disproveor con�rm Hubbert's
hypothesis.
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research, including ore grade as the main driver de�ning what deposits will be mined �rst.

Quantity demanded in peak models is not a relevant variable as long as it is greater than

or equal to production from the peak function. The demand condition is guaranteed by

having a non-decreasing per capita demand. In the long-term, increasing recycling and

exploration is expected to �ll the gap between increasing demand and constrained peak

supply (Northey et al., 2014; Sverdrup et al., 2014).

Modifying the simplest peak model does not result in major changes in results,

generating a sense of theory robustness. For example, in thecase of peak copper models,

previous literature agrees on a copper shortage over the next 20 to 30 years, slightly

dependent on the URR value (Bardi and Pagani, 2007; Giurco etal., 2012; Laherr�ere, 2010;

Northey et al., 2014; Sverdrup et al., 2014). Therefore, there is little to gain by adding

more dynamic components to the simplest peak model (Calvo etal., 2017).

Critiques of peak models have been widely discussed by supporters of the

opportunity-cost paradigm. First, peak models do not consider the e�ect of technology

increasing availability of reserves, resources and undiscovered deposits (Kharitonova et al.,

2013). Second, peak models usually ignore market behavior such as, for example, that peak

production for minerals may occur for political, health or environmental restrictions, or

because demand falls, rather than due to physical depletion, and that materials intensity of

use declines as countries develop (Criqui, 2013; Crowson, 2011; Ericsson and S•oderholm,

2013; Tilton and Guzman, 2016, ch.9). Third, geological stock uncertainty created by lack

of discovery data and unknown deposits does not a�ect the dynamic behavior of peak

models. Additionally, peak models erroneously consider reserves and resources as �xed

stock measures (May et al., 2012; Meinert et al., 2016; Wellmer and Scholz, 2018). As a

result, peak model assumptions are generally strong, questionable and biased towards a

more pessimistic prediction of mineral depletion (Tilton,2018). Nevertheless, peak models

have an impact on the scienti�c community concerned about sustainable development in

the mineral industry (Ali et al., 2017; Calvo et al., 2017) or when it comes to think
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strategically about resources (Chapman, 2014).

2.2.2 The cumulative availability curve

The opportunity-cost approach focuses on what society needs to give up for an

additional unit of a mineral resource. The cumulative availability curve (CAC) is an

alternative to assessing mineral depletion along with trends in real prices, real extraction

costs and the value of marginal reserves. The CAC representsall known geological sources

for a mineral and their full extraction costs over all time. In the CAC, demand determines

how quickly we extract available mineral resources (Tiltonand Guzman, 2016, ch. 9).

Mineral depletion will drive prices up, discouraging consumption, increasing substitution

and recycling, and encouraging new supply sources by exploration or technology. It is

worth noting that the CAC uses all available information at agiven time, assuming that

other non-price supply determinants remain �xed (Tilton, 2002). The CAC implies that

known lower-cost deposits will be mined �rst in the long-term. The concept is common

both in peak models and the CAC, but extraction cost information is not available for

uncertain sources, like resources or undiscovered deposits. To solve the data problem, peak

models assume that extraction costs rise because of a decline in a deposit ore grade

(Henckens et al., 2016b; Northey et al., 2014; Prior et al., 2012; Vieira et al., 2012).

Nonetheless, a declining ore grade is a poor depletion predictor because of the endogenous

relationship between ore grade and economic conditions (Crowson, 2012; Tilton and

Guzman, 2016; West, 2011; Wood Mackenzie, 2015).

Formally, Equation 2.3 indicates that the CAC is a stock variable, adding up all known

deposits or mineral sourcesi (Ri ) at a time t, as a function of the price to incentivize their

extraction (p), keeping all other supply determinants �xed. Equation 2.4re
ects demand,

which is assumed to change in response to income and population growth (gt ) and material

substitution e�orts ( st ). Is it expected that @f
@s< 0, because more substitution e�ort should

decrease metal consumption. Additionally, demand can alsochange over time as an e�ect

of changes in consumer preferences or new technology.
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CACt (p) =
X

i

Ri;t (p) (2.3)

D t = f (gt ; st ; t) (2.4)

The CAC indicates that future price is determined by future extraction costs, and demand

will de�ne how quickly we deplete non-renewable stocks (Tilton and Guzman, 2016, ch. 9).

The CAC approach assesses depletion in three steps. First, expected future demand is

summed from the current period (t0) up to a time in the future (t f ). Second, the price

required to supply that amount from current reserves is obtained using the inverse of the

CAC. Finally, if the resulting price is in the steeper sectionof the CAC following Equation

2.5 and price needs to greatly increase to stimulate furthersupply, then there is a major

threat from depletion (Tilton, 2018). However, moving into asteeper section of the CAC

should also trigger discoveries and substitution e�orts (Tilton and Guzman, 2016, ch. 9).

@CAC
@p

 

CAC � 1(
t fX

t0

D t )

!

(2.5)

The opportunity-cost paradigm does not generate complete consensus on how to assess

mineral depletion. First, critics are less con�dent in the role of markets providing necessary

incentives to o�set depletion (Tilton, 2002) { importantly due to the arguably high

external social and environmental costs of mining that are not fully internalized by markets

(Segura-Salazar and Tavares, 2018). Second, assuming thatgeologically scarce minerals are

more likely to face depletion than geologically abundant minerals, then price trends should

be di�erent between them. However, price trends are not di�erent between geologically

abundant and scarce minerals, failing to signal mineral depletion (Henckens et al., 2016b).

The implication is that responding to mineral depletion requires international coordination

to assure supplies of geologically scarce minerals for future generations (Henckens et al.,

2016a, 2018). Third, the opportunity-cost paradigm does not seem concerned about

exponential growing demand and overstates the role of technology o�setting depletion
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(Gordon et al., 2006; Humphreys, 2013).

Despite critiques, the CAC is useful to assess potential depletion shortages (Yaksic and

Tilton, 2009). Figure 2.1 illustrates the applicability of the CAC. For example, Figure 2.1

a) indicates that minerals without discontinuities in the CAC and gradual rising costs are

unlikely to su�er from rapid scarcity as demand expands; rather society is likely to see

scarcity emerging and allowing time for response through, for example, technological

innovation, new supplies, or substitution). Nonetheless,discontinuous jumps or sharp

increases in the CAC, as depicted in Figure 2.1 b), c), and d) suggest that scarcity may

emerge suddenly, catching society o� guard with insu�cienttime to respond appropriately.

Figure 2.1 d) shows a rising slope, becoming inelastic as we approach to stock depletion

(Aguilera, 2014).

Figure 2.1 Illustrative cases of the CAC. a) Slowly rising slope due to gradual increase in
costs. (b) Discontinuity in slope due to jump in costs. (c) Sharply rising slope due to rapid
increase in costs. (d) Rising slope rapidly becomes inelastic at maximum cumulative output
constraint. Source: Tilton and Skinner (1987) and Aguilera (2014).

The number of actual CAC studies is limited, likely due to data limitations (Tilton and

Guzman, 2016, ch. 9). Additionally, the CAC is not expected toprovide insights about

how quickly society consumes available stocks to point expected depletion. However, the

CAC is a more general and 
exible approach than peak models, allowing the consideration

of di�erent factors a�ecting mineral depletion (Tilton, 2018).
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2.3 Building consensus in depletion models

The analysis of peak models and CAC applications supports two major common

concepts: supply and extraction costs drive depletion in the long-term, and there is

uncertain geological information. In peak models, rising and then declining production

(over the longer term) is the result of gradual increases in the in the production cost of the

resource (Bardi and Pagani, 2007). Ore grade decline is alsoused as a proxy to re
ect

increasing production costs and environmental impacts (Northey et al., 2014; Sverdrup

et al., 2014). Therefore, even if market prices are not a satisfactory measure of scarcity,

both sides agree that extraction costs from various sourcesat current technology may

provide useful insights about future mineral availability(Henckens et al., 2016b; Tilton,

2018). Geological information relies on data on reserves and resources, which are stock

concepts; these data often are misunderstood to mean all themineral resource there is,

which is incorrect (Meinert et al., 2016). A reconciled viewof mineral depletion should

consider geological stock uncertainty based on the resource classi�cation and their di�erent

expected extraction costs. We consider the CAC as a more general approach, and it can be

modi�ed to include both views and to provide guidance about future mineral availability

and their expected extraction costs (Henckens et al., 2016b;Tilton and Guzman, 2016, ch.

9).

Consensus requires building on critiques arising from eachparadigm. First, the

opportunity-cost paradigm highlights the uncertain consumption forecast, changing

demand with the level of development and the demand responseto o�set mineral depletion

(Crowson, 2011; Tilton and Guzman, 2016, ch. 2). Second, �xed-stock supporters criticize

the opportunity-cost paradigm's inability to pinpoint mineral depletion, heavily relying on

technological change and market forces. Then, it is required to �nd a clearer way to mark

depletion in the CAC.

In the following sections we provide a framework to modify the CAC in two main

aspects: demand and supply. First, the demand side should consider a changing per capita
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demand as countries develop in the long-term. Second, on thesupply side, geological stock

uncertainty requires modifying the CAC to include a certainty level on extractable or

recoverable resources, based on the geological classi�cation for mineral resources. Both

modi�cations are necessary to construct a clear point to mark depletion in the CAC.

2.3.1 Demand

Long-term metal consumption in economic and peak models relies to a signi�cant extent

on variants of the intensity-of-use hypothesis (IU), eitheranalyzing metal consumption by

unit of income (GDP) or per capita. The original IU hypothesis suggests that metal

consumption changes with economic development and per capita income (Tilton and

Guzman, 2016, ch. 2). The ratio of metal consumption to totalincome is expected to follow

an inverted U shape, which is supported by historical evidence (Warell and Olsson, 2009).

In another study, Sverdrup et al. (2014) acknowledge that copper per capita consumption

depends on per capita GDP, but they consider a stable demand at approximately 10

kg/person when income per capita exceeds$25,000. However, they do not consider that IU

for individual countries may decline on average as per capita GDP increases (Cuddington

and Zellou, 2013). Similarly, M•uller et al. (2011) �nd a saturation consumption level

between 8 to 12 tons of iron per capita when studying future availability of iron.

In the case of copper, Figure 2.2 shows historical data of metal per capita consumption

following an inverted U path in more developed regions5. The trend suggests that global

per capita metal consumption will not increase unbounded over the next century and

instead is likely to converge at the average level of developed countries.

Analyzing per capita metal consumption provides an approachto developing a

reconciled view on mineral depletion, given its simplicityand use in previous applications.

The methodology can be re�ned to provide a more robust analysis in two ways. First,

di�erentiate consumption from more and less developed countries in the analysis, de�ning

5For consistency, we use the UN convention for more developed regions, including Europe, Northern America,
Australia/New Zealand and Japan (United Nations, 2017)
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Figure 2.2 Copper consumption for countries in more developed regions, 1950-2017. Points
mark maximum and minimum per capita copper consumption every year and lines represent
the interquartile range. Weighted average considers totalconsumption of more developed
regions weighted by their population.
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various demand scenarios based on di�erent saturation points. Separating more and less

developed countries allows consumption patterns to changeas countries develop. Besides,

demand scenarios provide a range of variability for unexpected future outcomes. Second,

demand should respond to mineral scarcity as prices rise. Future market behavior may

respond in ways impossible to know but we can infer when substitution e�orts are likely to

trigger reductions in demand. Even if metal demand is inelastic in the short-term with

respect to price changes, we should observe a greater response in the long-term.

Following previous work using variants of the IU hypothesis(Cuddington and Zellou,

2013; Sverdrup et al., 2014), the convergent hypothesis implies that, on average, less

developed regions change their consumption level to approach more developed regions. We

propose to estimate the growth of the per capita consumption( _CCLD;t ) from less

developed regions as proportional to current consumption and the gap with more

developed regions, as indicated by Equation 2.6.

_CCLD;t = k � CCLD;t �
�

1 �
CCLD;t

CCMD

�
(2.6)

Where _CCLD;t and CCLD;t indicate the change and current per capita consumption

from less developed regions at timet, CCMD the stable consumption level (or saturation

point) in more developed regions andk represents the average growth rate. Additionally,

demand in more developed countries needs to include changing e�ects driven by technology

and substitution on the material composition of products (Tilton and Guzman, 2016, ch.

2). Modelling those e�ects in the frontier is challenging considering the disruptive e�ect of

technology and consumer preferences in the long-term. We propose to follow simple

ARIMA models to model per capita consumption in more developed regions.

The second modi�cation requires demand to adapt as we deplete known mineral stocks

and prices increase. In the previous section, we model demand at any time as a function of

income or population growth and substitution e�ort taken in the past (Equation 2.4). We

explicitly consider substitution e�orts as a function of past prices
�

@st
@pt � 1

> 0
�

, where
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substitution e�orts increase with an increase in prices . Therefore, demand will evolve over

time according to Equation 2.7. The �rst term in Equation 2.7refers to the change in

demand as a result of increasing income or population (IU hypothesis). The second term

re
ects the o�setting e�ect of substitution. The last term i ndicates that demand may su�er

additional unpredictable shocks over time.

@D
@t

= f g � _g + f s �
@st

@pt � 1
�

@pt � 1

@t
+ f t (2.7)

We expect that prices in the long-term are given by the CAC function as indicated in

section 2.2.2. Then, we obtain a more useful expression for@pt � 1

@t ,

@pt � 1

@t
=

@CAC� 1(
P t � 1

t0
D j )

@t
=

D t � 1
@CAC

@p (pt � 1)
=

pt � 1
@CAC

@p (pt � 1) � pt � 1

D t � 1

=
pt � 1

"p;CAC
�

D t � 1

CAC

Where "p;CAC denotes the percentage change in cumulative resources because of one

percentage change in prices. Replacing the previous resultin Equation 2.7 generates

Equation 2.8 below.

@D
@t

= f g � _g + f s �
@st

@pt � 1
�

pt � 1

"p;CAC
+ f t = f g � _g + f s �

"p;s � s � D t � 1

CAC

"p;CAC
+ f t (2.8)

The term "p;s represents the price elasticity of substitution e�orts. From Equation 2.8,

substitution e�orts become more important as we approach the inelastic section of the

CAC and can dominate as mineral depletion increases over time. As discussed by Tilton

and Guzman (2016, ch. 2), consumption may change in ways impossible to know due to

substitution and changes in preferences. Material substitution in response to prices may

take a decade or more to materialize, suggesting that price elasticity of substitution e�ort

could be closer to zero in the medium-term (Smith and Eggert,2018). Nevertheless, we can

obtain a conservative depletion measure from the CAC, if we omit substitution e�ects

while prices are able to provide additional geological resources. As we deplete deposits,

long-term prices increase, and we move to a more inelastic section of the CAC. When
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"p;CAC becomes less than one ("p;CAC < 1), there is little room to provide minerals from

known sources and substitution e�ort should dominate. We can mark depletion at the

point where "p;CAC equals one, meaning that one percent increase in price generates less

than a one percent increase in available resources.

2.3.2 Supply

The misconception of reserves and resources as �xed stocks is a common critique of

peak models. Mineral resources are de�ned as a known concentration of minerals in such

form and amount that economic extraction of a commodity is currently or potentially

feasible. Reserves are a subset of resources - the portion could be economically extracted at

the time of determination (U.S. Bureau of Mines and U.S. Geological Survey, 1980). In

this sense, if we take reserves and resources as �xed geological units, we will be incorrectly

measuring future availability, not considering how they change with economic conditions

(Crowson, 2011; Meinert et al., 2016). For example, peak models have adjusted their

measures of the Ultimate Recoverable Resources (URR). Remaining copper stocks using

URR estimates increase from around 1,400 million tonnes (Laherr�ere, 2010), to 1,800

million tonnes (Henckens et al., 2014; Northey et al., 2014) and more recently to 2,100

million tonnes (Calvo et al., 2017). The changing URR is a major source of uncertainty in

peak models, and their total stock estimates are usually toolow (Tilton, 2018).

The CAC re
ects full extraction costs of all available deposits over all time. Equation

2.9 separates the CAC at any given timet in reserves (Rvt (p)), resources (Rct (p)) and

undiscovered deposits (UDt (p)). These measures can change over time, but the CAC

should remain as a stock measure. It is only possible to generate an imperfect CAC based

on available information of known deposits.

CACt (p) = Rvt (p) + Rct (p) + UDt (p) (2.9)
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As indicated in Equation 2.10, depletion analysis requires acknowledging that

information changes over time. At every period, reserves are depleted through consumption

and a fraction of resources become reserves through mine planning and investment (� t ).

Additionally, a fraction of undiscovered deposits generates reserves depending on

exploration e�ort ( � t ).

dRvt

dt
= � D t + � � Rct + � � UDt (2.10)

In any given time, most available information to construct the CAC comes from

reserves, representing a higher certainty level about potential extraction. As reserves

decrease, prices increase, and resources become more attractive. Then, long-term depletion

analysis should include resources as a future mineral source. Unfortunately, there is little

research about conversion of resources to reserves over time (Northey et al., 2014).

Without much information about resources, we penalize them by giving a higher extraction

cost, re
ecting what is expected from Equation 2.10. Assuming � t equals zero provides a

conservative estimate for depletion. In this way, we focus on known deposits rather than

unknown information. The modi�ed CAC contains the available mineral stock under

current information, extraction techniques and economic conditions. Moreover, extraction

costs ideally should account for negative externalities like environmental pollution or other

social impacts related to mining. It been shown that increasing extraction costs due to

environmental and social consequences are already occurring in the mining industry (Prior

et al., 2012). However, as with technological change, changing (more stringent) regulatory

frameworks will generate shifts in the CAC in unknown ways, but still preserving the shape

of the CAC (Tilton et al., 2018).

Assuming that current geological information accounts for all deposits in the earth's

crust is misleading, but we also need to take advantage of existing data to analyze mineral

depletion. Modifying the CAC for di�erent stocks (reserves, resources and undiscovered

deposits) provides a �rst approach to include the e�ect of changing information over time.
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However, there is still enormous potential to support consumption with undiscovered

deposits. For example, deep underground copper deposits areestimated to contain more

than 40 times the most optimistic URR estimate (Kesler and Wilkinson, 2008; Meinert

et al., 2016). Global copper resources have been continuously increasing, despite the

increase in production and decline in ore grades (Mudd, 2013). The increase in copper

resources is not only driven by exploration, but also by economic, social, political and

environmental considerations, raising concerns about using physical measures like tonnes or

grades to make inferences about future copper supply (Mudd and Jowitt, 2018).

2.4 Applying the modi�ed cumulative availability curve to copper resources

A common or reconciled view of mineral depletion should combine the strong and

simple depletion aspects of peak models with the economic scarcity created by increasing

costs. In any economic analysis, supply and demand are de�ned simultaneously and relate

to each other through the market price. However, as we note, long-term forecasts of supply

and demand are greatly dependent on unpredictable variables. Thus, as recommended by

Rosenau-Tornow et al. (2009), we propose di�erent demand scenarios and assess how

known deposits meet these scenarios.

2.4.1 Data sources

Previous literature on mineral depletion focuses on how copper demand increases as

population grows (Northey et al., 2014; Sverdrup et al., 2014). Our population forecast by

country is based on World Population Prospects consideringconstant-fertility and

constant-mortality prepared by the Population Division ofthe Department of Economic

and Social A�airs in the United Nations (United Nations, 2017). Total copper

consumption per country from 1950 to 2017 comes from the historical archive of the

Chilean Copper Commission (COCHILCO, 2018).

Copper deposits are divided into reserves, resources and undiscovered deposits.

Reserves data from countries are based on Mudd and Jowitt (2018), accounting for
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approximately 641 million tonnes. Current reserves and resources were estimated at 3,020

million tonnes based on Mudd and Jowitt (2018)6. Following Kesler and Wilkinson (2008),

estimated recoverable underground copper deposits (knownand unknown) are about 89,000

million tonnes. These unknown (undiscovered) deposits areexpected to have similar ore

quality as known underground deposits, therefore can be extracted with existing methods.

Average extraction costs of reserves are based on Wood Mackenzie's Copper Mine Costs

Workbook Q42016, considering total extraction costs (C3) for each country (Wood

Mackenzie, 2017). Average resource extraction costs are estimated for each country

considering the last cost quartile (25% highest extractioncosts) and using the highest

world average quartile for those without mining information. Unknown and undiscovered

deep underground deposits are estimated to have conditionssimilar to current high-cost

underground operations. It is worth noticing that our estimate of undiscovered deposits is

purely theoretical and only provides a reference �gure for contained copper in the earth's

crust. Nevertheless, as a conservative measure, we considerthe highest cost quartile from

underground mines as the approximate extraction cost for undiscovered underground

copper deposits.

2.4.2 Demand

Per capita consumption in more developed regions is a non-stationary series (we fail to

reject the null hypothesis of unit root at the 10% level) and our best estimate for future

per capita consumption in more developed regions is 5.31 kg/person, based on an ARIMA

(0,1,0) model7. To estimate future per capita consumption in less developed regions, we

apply Equation 2.4 with various stable consumption levels by distinguishing three main

periods in more developed countries. First, a reconstruction period from 1950 to 1969 in

the decades immediately following World War II. Then an industrialization and

6Resources from international waters (14.98 million tonnes) were excluded from the analysis as extraction
costs cannot be clearly estimated.

7The ARIMA (0,1,0) purges serial correlation in the residuals and it is preferred using information criteria
(AIC and BIC) compared to ARIMA (1,1,0), ARIMA (0,1,1) and ARIMA (1,1,1).
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consumption period between 1970 to 1999. Finally, a digitalization period beginning in

2000. Per capita copper consumption between 1970 and 1999 increased at every quantile

with respect to consumption in the 1950 { 1969 period. For example, 50 percent of the

population in more developed regions consumed on average less than 6.76 kg/person in the

1950 { 1969 period and the same percentage consumed less than9.03 kg/person in the

1970 { 1999 period. Based on these periods, four potential stable consumption levels are

de�ned (Table 2.1): The 50th quantile of the �rst period, the 50th quantile of the second

period, the 40th quantile of the last period and the 60th quantile of the last period5. These

values represent a wide range of growth alternatives for less developed regions.

Additionally, we include a scenario de�ned by the consumption forecast in more developed

regions. Figure A.1 in the Appendix A provides further details of consumption

distributions. Every scenario considers the 1950 consumption level as the required initial

Table 2.1 Scenarios of stable per capita copper consumptionin less developed regions.

Scenario kg/person Description
1 5.31 ARIMA forecast in more developed regions
2 5.46 40th quantile from the 2000 { 2017 period
3 6.76 50th quantile from the 1950 { 1969 period
4 7.06 60th quantile from the 2000 { 2017 period
5 9.03 50th quantile from the 1970 { 1999 period

condition, and we perform maximum likelihood to calibrate the growth parameter that

better �ts historical data. Figure 2.3 shows that models do not greatly di�er to explain

historical data, representing the past exponential behavior.

Projected accumulated consumption from 2018 to 2100 appears in the appendix

(Figure A.2). In 2050, accumulated total demand (including demand for recycled products)

is expected to reach 1,193-1,551 million tonnes; and 4.788-7,136 million tonnes by 2100.

Consumption from less developed regions represents 87 { 90 percent of total consumption

by 2050 and 95 { 97 percent of total consumption by 2100 (FigureA.3). The recycling rate
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Figure 2.3 Per capita copper consumption in less developed regions, 1950-2100. Each line
denotes a di�erent stable consumption level from 5.31 to 9.03 kg/person. Historical data
is marked in white circles. Every scenario is calibrated using maximum likelihood, varying
the stable consumption level and de�ning consumption in 1950 as the initial condition. The
solid line shows the scenario of 6.76 kg/person.
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is assumed to remain �xed in each demand scenario at 14.5 percent, the average global

value from 2013 to 2017 (World Metal Statistics, 2018).

2.4.3 Supply

A typical CAC represents remaining mineral tonnage in the horizontal axis and the

expected cost to provide them on the vertical axis. In the modi�ed cumulative availability

curve (MCAC), we represent di�erent supply sources according to their certainty level in

reserves, resources and undiscovered deposits. Despite having di�erent economic

de�nitions, reserves and resources represent known copperdeposits. As mentioned in

Section 2.4.1, we penalize resources by assigning them the top quartile in extraction cost

from each country. The MCAC for reserves and resources is presented in Figure 2.4. The

top �gure illustrates that reserves are only a fraction of known deposits but are also

expected to be mined �rst. Nevertheless, as reserves decrease, prices should encourage

extraction from other known available deposits in the long-run. Given the previous

expected behavior, Figure 2.4 b) represents a preferred MCACfor long-term availability

from known deposits.

Underground unknown deposits are a potential source for minerals. Nevertheless, we

lack con�dence about their location and extraction costs. Aspreviously stated, to

undiscovered deposits we assign the extraction costs from the highest quartile from current

underground mines. The assumption aims to provide a measureof future mineral sources,

considering the lack of information about discovery costs.Nonetheless, it is not clear that

we can simply include undiscovered deposits in the MCAC withreserves and resources.

The discovery barrier is marked by the vertical line in Figure2.5. In practice, the �gure

serves two main purposes. First, it illustrates that undiscovered deposits can greatly

contribute to decrease future depletion if their geological characteristics are similar to

known underground deposits. The shape of the curve suggeststhat we are unlikely to

experience rapid economic depletion. Second, the �gure puts in perspective that physical

depletion should not be a primary concern for copper. Instead, mineral resource
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Figure 2.4 a) Modi�ed CAC separating copper reserves and resources. b) Modi�ed CAC
integrating copper reserves and resources. The vertical axis in each graph indicates the
estimated extraction cost in di�erent countries. The horizontal axis indicates remaining
contained copper from known deposits.
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management can bene�t from expanding our current understanding of deep underground

deposits and reserves conversion rate to avoid a discovery barrier.

Figure 2.5 Modi�ed CAC for reserves, resources and undiscovered deposits. The vertical axis
in each graph indicates the estimated extraction cost in di�erent countries. The horizontal
axis indicates total remaining contained copper tonnage, separating known (reserves and
resources) and unknown (undiscovered) deposits. The segmented vertical line indicates total
current resource and reserves (3,020 million tonnes), representing not a physical barrier, but
a discovery barrier.

2.4.4 Copper long-term availability

The modi�ed CAC o�ers two main insights related to physical availability of known

deposits and their economic scarcity. First, the availability from known deposits indicates

that meeting demand by 2050 requires around one third of current reserves and resources,

and around 88 percent by 2075. Nevertheless, the supply source composition is not

homogenous across time. This is illustrated in Figure A.4. Forexample, in 2050, 71

percent of known reserves and 25 percent of known resources need to be extracted. After
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2050 we observe a change in the slope of reserves consumption, indicating a heavier

reliance on resources. This indicates that, in the medium tolong term, the conversion rate

from resources to reserves has a greater importance than physical depletion. In the most

conservative demand growth scenario, current known deposits are insu�cient only after

2074.

As demand increases, deposits are depleted starting from those with lower costs. In this

sense, economic scarcity appears as we move to the inelasticsection of the modi�ed CAC,

indicating that an increase in price generates a less than proportional increase in quantity

supplied. We approximate elasticity by �tting a polynomial function to the MCAC and

calculating the price elasticity as the percentage change in quantity supplied every year as

a response of a one percent change in price (%� Q
%� P ). According to Figure 2.6 and depending

on the demand scenario, we would expect to achieve the inelastic part between 2066 and

2076. The result contrasts with depletion suggested by copper peak models, where supply

fails to meet demand by 2033-2050. Additionally, the estimate from the MCAC is still

conservative, because as we approach to the inelastic section, markets will create strong

incentives to search for undiscovered deposits and substitute materials.

2.5 Conclusions

Mineral depletion is one of the main debate topics in mineralresources management for

sustainable development. Historically there have been two major approaches to assessing

depletion: a �xed-stock paradigm and an opportunity-cost paradigm. The former is based

on the self-evident fact that the earth is �nite and so are theminerals contained in it,

mostly relying on peak models to analyze mineral depletion.The latter supports that

economic behavior may change long before actual physical depletion takes place; the

analysis is not so much about the extraction of �xed stocks asit is about of what society

needs to give up for them. The opportunity-cost paradigm prefers to analyze mineral

depletion based on the cumulative availability curve (CAC).
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Figure 2.6 Price elasticity of the modi�ed CAC for copper reserves and resources, 2018-2100.
The vertical axis indicates the price elasticity of quantity supplied based on the modi�ed
CAC. Each line illustrates di�erent consumption scenarios.
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In this paper, we review applications of peak models and the CAC, �nding that both

approaches consider that supply and extraction costs drivedepletion in the long-term, and

both acknowledge that geological information is at best uncertain. As a more general

framework, we modify and formalize the cumulative availability curve, including di�erent

demand scenarios for less- and more-developed countries and considering uncertainty in

geological information. In this way, we propose a depletionmeasure as we move to the

inelastic (steeply increasing) part of the CAC, assuming that substitution e�orts are mild

before that point. These modi�cations consider major critiques elaborated by each

paradigm. A signi�cant concern comes from increasing environmental and social concerns

about mining activity, which are not directly included in the model. It can be expected

that more stringent regulation and social demands make mining more challenging, being

expressed as higher extraction costs, but still preservingthe shape of the CAC.

Implementing the modi�ed CAC (MCAC) for copper suggests that current reserves and

resources can meet world consumption until 2075 maintaining current recycling rates. This

is a more optimistic view than peak models, where peak production should occur before

2050. Additionally, the MCAC model highlights that physicaldepletion is not the main

issue when analyzing future copper supply. The conversion rate from resources to reserves

is more important in the medium-term and deposit discovery rate is more important in the

long-term.

The MCAC for copper does not indicate an insurmountable barrier after 2075. Future

mineral depletion depends on two main unknown variables requiring further research.

First, the conversion rate from resources and undiscovered deposits to reserves represents

an underdeveloped topic than can improve the dynamic aspectof the depletion analysis.

Second, we are mostly unaware of society's ability to substitute metals in the long-term as

a response to increases in prices. Both aspects, related to supply and demand for minerals,

will improve MCAC outcomes and policy guidance about mineral sustainability.
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Finally, urging mineral-rich countries to take protective measures about their resources

seems not advisable based on the copper MCAC. Delaying peak production can lock

natural capital, taking away the opportunity to support their economic growth.

Additionally, restricting mineral production will only inc rease the threat of substitution,

potentially destroying markets for a country's mineral assets. In this sense, research in new

exploration techniques to �nd deep-covered deposits and inimproving the e�ciency of

mineral processing and extractive metallurgy, as well as policy initiatives to incentivize

exploration in technically-challenging and riskier deposits, are valuable to reduce potential

impacts from resource depletion.
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CHAPTER 3

THE IMPACTS OF PROFIT-BASED ROYALTIES ON EARLY-STAGE MINERAL

EXPLORATION

3.1 Introduction

Proper management of nonrenewable resources requires coping with a wide set of

political and economic challenges. These are widely known and include revenue volatility,

crowding out other sectors in the economy (Dutch disease), rent-seeking behavior and lack

of investment in non-depletable assets (Humphreys et al., 2007). Understanding the e�ects

of mineral royalties on �rm decisions takes a main role when analyzing the contribution of

extractive industries to economic development. Economic rent lies at the heart of the

discussion: if mining companies are receiving pro�ts beyond those required to invest and

produce (that is, rents), then excess revenue belongs to theresource owner, usually the

nation (Hogan and Goldsworthy, 2010; Tilton and Guzman, 2016, ch. 5). Mining taxation

is also viewed as one tool to secure raw materials for sustainable growth (Ali et al., 2017).

But there is still concern about the role of public policy in this matter (Tilton et al., 2018).

In terms of modelling the response of nonrenewable industries to taxation, Dasgupta

and Heal (1979) analyze the e�ect of sales and pro�ts taxes on the optimal extraction path,

indicating that a constant pro�t-based tax does not distort the e�cient extraction path as

opposed to ad-valorem taxes. In the presence of high uncertainty and price volatility

associated to resource projects, Garnaut and Ross (1975, 1979) indicate that only a highly

speci�c Resource Rent Tax (RRT) can be strictly neutral. However, despite expected

neutrality, RRT can reduce discovery for high quality deposits and late-stage exploration

(Campbell and Lindner, 1987; Fraser, 1998). For mining companies, theoretical impacts of

royalties include ore selection (high grading), reductionin exploration and mine

development, changes in the extraction pro�le and, in extreme cases, earlier mine closure
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(Krautkraemer, 1990; Otto et al., 2006; Slade, 1984, p. 8). The distortionary e�ect of

mining taxation can be particularly challenging for exploration activities as taxation

focuses on successful discoveries, discouraging risky exploration activity (Boadway and

Keen, 2010). Nevertheless, as noticed by Lund (2009) in his review of rent taxation for

nonrenewable resources, several studies focus on the e�ects on development and extraction

decisions due to the inability to de�ne production possibilities for the exploration phase.

An exception comes from Deacon (1993), who adapts Pindyck's model (Pindyck, 1978)

in a simulation study, �nding substantial distortions in oil production decisions and

allocation of exploratory e�orts as a result of taxation. Ina regression analysis, Brown

et al. (2018) show that drilling decisions are more sensitive to tax changes than price

changes. Less favorable policies also a�ect market structure, resulting in the exit of smaller

�rms (Boomhower, 2019; Lange and Redlinger, 2019). Nevertheless, Sturla et al. (2018)

suggest that, in the speci�c case of Chile, rents in the mining sector have been large

enough to tax them away without distorting production, investment or exploration

decisions. An additional strategic concern may arise if changing taxes in a country diverts

investment to its neighbors. Investment in the primary sector is expected to be relatively

inelastic to marginal changes in taxation (St•owhase, 2006). However, tax competition in

nonrenewable resources can occur and will depend on the relative scarcity of capital and

natural capital (Manilo� and Manning, 2018).

In practice, the full range of impacts arising from mineral taxation may require years or

decades to be noticed by governments, not providing useful policy feedback. Nevertheless,

changes in grassroots exploration expenditures should provide an early indicator for the

impact of mining royalties (Otto et al., 2006, p. 26).

Despite known theoretical e�ects, little empirical evidence has been developed to

understand how mineral exploration reacts to taxation. Empirical research based on

exploration expenditures has previously assessed national competitiveness into attracting

investment. Jara et al. (2008) suggest that changes in early-stage exploration (or
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grassroots) for speci�c metals should immediately re
ect shifts in investment climate.

Subsequent studies focus on the relative weights of investment climate and geological

potential driving exploration decisions, indicating thatboth aspects and their interaction

are relevant to the allocation of exploration expenditures(Jara, 2017; Khindanova, 2011,

2015). However, these studies have been limited due to data availability, only analyzing

cross-sectional country level data. Besides, they do not focus on the ability of exploration

expenditures to provide early signs on the e�ects of changesto speci�c mineral policies.

The purpose of this paper is to empirically analyze the e�ects of mineral taxation on

early-stage exploration. This is done by �rst developing a two-stage theoretical model. In

the �rst stage, investors de�ne exploration funding or budget for a company based on their

expected pro�ts. In the second stage a �rm decides where to allocate a �xed budget, were

exploration e�ort is incentivized by the value of the potential discovered reserves and

de�ned on a �rm's speci�c knowledge in every location. The model highlights that a tax

will change current exploration decisions by a�ecting the expected value of discovering a

deposit in the future. Besides, the model allows to obtain empirical estimates of the e�ect

of mineral taxation on exploration, and more generally, forany policy a�ecting the value of

discovered deposits. This paper overcomes previous limitations using �rm-level data on

exploration expenditures over a 22-year period. The empirical strategy relies on a

di�erences-in-di�erences identi�cation and a synthetic control method as a robustness

check, based on the Chilean Mining Speci�c Tax of 2004 and itsrate increase in 2010. The

exogeneity of the �rst tax change in 2004 is assumed as the taxresulted mostly from the

political cycle and just when commodity prices started booming. The 2010 modi�cation

happened because of a major earthquake in the country, therefore was unpredictable. The

exogeneity lies in the fact that had the earthquake not happened, it is unlikely the

government would had changed the royalty regime.

The main results indicate a positive average impact, but notstatistically di�erent than

zero for both tax changes. However, the average e�ect masks heterogeneous e�ects. In the
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�rst tax change, smaller companies reduced their budgets around 2 percent while larger

companies increased their budgets 32 percent. Additionally, smaller companies were 4 - 6

percentage points more likely to leave the country. The 2010modi�cation had no signi�cant

e�ect on budgets of larger and smaller companies. The synthetic control method con�rms

the sign of the average and heterogeneous e�ects but lacks the statistical signi�cance and

cannot closely represent average investment during the preintervention period. Counter

intuitive positive e�ects in larger companies can be explained by stability agreements in

the tax regime granted by the government to major companies,providing incentives for

grassroots exploration. Overall, changes in early-stage exploration are highly sensitive to

policy nuances and the general investment climate, even in the face of theoretically relevant

policies like royalties. This is particularly relevant when major companies are involved, as

they might be less sensitive to tax changes than junior companies. Additionally, the

absence of geographical spillovers not only makes previousestimates more reliable but also

suggests that neighboring countries do not need to engage inharmful tax competition.

3.2 Theoretical model

Exploration and production decisions in the mining industry are mostly done by

individual �rms. Small, highly-specialized �rms called junior companies take part in the

riskier exploration stage, discovering new deposits and reducing geological uncertainty of

discovered deposits. Major companies (larger companies),also take part in early-stage

exploration, but they focus on development and production decisions. Within a single

region, exploration depends on the value of the expected discoverable deposit. In the

deterministic case, given an initial reserve stockR0, the value of the resource stockV(R0)

comes from solving the dynamic problem �rst observed by Hotelling (1931).

V(Rt ) = max
qt

ptqt � c(qt ; Rt ) + �V (Rt+1 )

subject to Rt+1 = Rt � qt

(3.1)

Where � indicates the discount factor,pt the price of a unit of the commodity at timet,

qt the quantity extracted at time t and c(qt ; Rt ) the extraction cost as a function of the
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quantity extracted and the depletion of the resource stock.Given a functional form for the

cost function, it is possible to obtain a solution for the stock value V(R0). Additionally, a

maximum capacity investment decision could be included considering the maximum

production level and an investment capacity cost functionk(qmax ). In the presence of a

constant pro�t-based royalty � , the major �rm solves (Dasgupta and Heal, 1979):

V(Rt ) = max
qt

(ptqt � c(qt ; Rt ))(1 � � ) + �V (Rt+1 )

subject to Rt+1 = Rt � qt

(3.2)

In this slightly di�erent problem, extraction decisions from already producing �rms

remain unchanged (Dasgupta and Heal, 1979), but the tax do a�ect investment decisions

k(qmax ) because of the decrease in the marginal value of the resource stock dV (R0 )
d� . The

value of the discovered stock is also important for junior companies because they de�ne the

level of exploration activity accordingly. Nevertheless, as noticed by Eggert (1987, ch. 2),

grassroots exploration is also an spatial allocation problem, where companies allocate their

annual funds inJ di�erent regions or countries. Formally, exploration companies maximize

expected pro�ts as depicted in equation 3.3.

max
ej

JX

j =1

� Z 1

0
V(Rj )
 i;j (Rj ; ej )dRj � c(ej )

�

subject to
JX

j =1

c(ej ) � B

(3.3)

Where 
 i;j (Rj ; ej ) represents, for every regionj , the likelihood of discovering a deposit

of sizeRj by allocating ej exploration e�ort at a cost c(ej ). Finally, in a dynamic context,

investors decide the budget for each �rm (B) in order to maximize expected pro�ts

knowing that companies will invest according to their allocation of exploration e�ort.

3.2.1 Simpli�ed exploration allocation model

The model can be simpli�ed consideringJ regions where to allocate exploration

investment. Assuming constant prices and constant marginalextraction costs but

increasing as the deposit is depleted (c(qt ; Rt ) = cqt
R t

), the dynamic extraction problem is
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linear in the extraction level and the company chooses to produce at maximum capacity as

long it is pro�table (Conrad, 2010). The assumption is basedon how mine planning takes

place, usually deciding a maximum capacity during development and maximizing its

utilization rate (Abdel Sabour, 2002; Newman et al., 2010), and depicted by common

empirical mining supply curves (Tilton and Guzman, 2016, ch. 3). In this case, the �rm

will extract qmax during T = R0 � c=p
qmax

� 1 periods. Maximum capacity is de�ned implicitly as

a function of the discovered resource stockR0;j and the tax rate in each region� j . This is

illustrated in equation 3.4.

V(R0) = max
qmax

�
1 � � T +1

1 � �
(p � c)(1 � � j )qmax � k(qmax )

�
(3.4)

In this case, the marginal e�ect of a change in the tax rate in the value function is:

dV
d�

= � qmax (p � c)
1 � � T +1

1 � �
< 0 (3.5)

For the exploration �rm, it is reasonable to assume that the distribution of deposits and

the probability of discovery are independent. In this case,the probability to �nd a deposit

has diminishing returns with respect to exploration e�ort but it is still idiosyncratic: �rms

may have speci�c knowledge, experience or abilities in a particular region a�ecting the

exploration success. This is represented by the termA i;j . Let Vj (R)) = E(V(R0;j ) represent

the expected value of a deposit discovered in regionj and � the fraction that a �rm can

receive from the maximum value. Suppose a logarithmic functional form for the discovery

probability in the level of exploration e�ort ( 
 i;j = A i;j ln(ei;j )) and constant marginal

exploration costs (w), then the exploration allocation problem for every �rm i becomes:

max
ei;j

JX

j =1

(�V j (R)A i;j ln(ei;j ) � wei;j )

subject to
JX

j =1

wei;j � B

ei;j � 0

(3.6)

The exploration e�ort allocated for each �rm i in every regionj is given in equation 3.7.
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ei;j =
BVj (R)A i;j

w
P J

k=1 Vk(R)A i;k
(3.7)

Applying logarithm to equation 3.7 allows to obtain the following expression for

exploration expenditures:

ln(ei;j ) = ln( � ) + ln(B) � ln(w) + ln(Vj (R)) � ln

 
JX

k=1

Vk(R)A i;k

!

+ ln(A i;j ) (3.8)

Then, the marginal e�ect of a tax change is given by:

dln(ei;j )
d�

=
dVj (R)

d�

 
1

Vj (R)
�

A i;j
P J

k=1 Vk(R)A i;k

!

� 0 (3.9)

The result is interesting in the sense that the e�ect of a tax change is attenuated by a

�rm's specialization level in the country. The �rst term is negative (direct decrease in

value), but the second one is positive (specialization e�ect). In the extreme case of an

exploration �rm highly specialized in a speci�c countryj (A i;k � 0 8 k 6= j ), then the

marginal e�ect of the tax change in exploration expenditures is close to zero due to the

�rm's inability to reallocate budget in other countries.

Nevertheless, the previous model still needs to consider thedynamic nature of

exploration budget, as investors can also change the budgetconstraint of �rms in response

to the tax change. In this stage, consider a highly specialized �rm, exploring only in one

country, and a diversi�ed company exploring in two countries. Then, exploration e�ort as a

function of the budget constraint is already de�ned in 3.7 and the maximization problem of

investors is given by 3.10.

max
B i

2X

i =1

2X

j =1

(�V j (R)A i;j ln(ei;j (B i )) � wei;j (B i )) (3.10)

With only two �rms and two countries, the optimal budget for �r m 1 is B1 = �V 1(R)A1;1

and for �rm 2 is B2 = � (V1(R)A2;1 + V2(R)A2;2). Then, as �rm 1 is more specialized in

country 1 than �rm 2 ( A1;1 > A 2;1)), the tax generates a larger negative e�ect in the
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budget of �rm 1. Equation 3.11 shows that specialized exploration �rms will be more

a�ected as a result of a mining tax. This is expected as the market would punish their

inability to reallocated resources by decreasing their budget over time.

dB1

d�
= �A 1;1

dV1(R)
d�

< �A 2;1
dV1(R)

d�
=

dB2

d�
(3.11)

The previous model represents the impact of a pro�t-based royalty, but it could also be

expanded to represent the e�ect on exploration expenditures from any policy change

a�ecting the future value of extracting a discovered deposit.

3.3 Empirical approach

This section explains the empirical approach and data used for the analysis.

3.3.1 Identi�cation strategy

Equation 3.12 represents the di�erences-in-di�erences approach to be estimated.

yijt = � j + � t + �� postCL + X ijt � + " ijt (3.12)

Where yijt indicates the log of exploration expenditures of �rmi in country j at year t.

� post is a dummy variable taking the value of 1 for years after each tax change and zero

otherwise. CL is a dummy variable indicating if the investment occurs in Chile. The model

allows for a di�erent intercept for each country (� j ) and year �xed e�ects (� t ). The tax

e�ect is captured in � , measuring the e�ect of decreasing the deposit value and the

specialization e�ect as indicated in equation 3.98. Additionally, other control variables such

as company type (e.g. junior, major or other), the corporateincome tax rate or

institutional quality measures are included.

Endogeneity of the tax change is an empirical concern. During the last dramatic

increase in commodity prices, many resource-rich countries revised their mining tax regime

(Fjeldstad et al., 2016; Global Legal Monitor, 2017; Santa-Mar��a, 2014; Williams, 2013). In
8It is worth noting that the analysis focuses only on the direct e�ect of the tax changes on early-stage
exploration decisions. A tax could also a�ect decisions by diverting investment to low-tax exploration
opportunities that are less risky than grassroots exploration. In this sense, the current analysis does not
explore the full mechanisms a�ecting exploration investment other than in early-stage exploration.
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Chile, the 2004 Mining tax change in Chile occurred mainly asa combination of political

struggles during the electoral period, the early signs of increasing prices and lobbying from

large mining companies, preferring a pro�t-based royalty over a value-based royalty

(Letelier S. and D�avila A., 2015; Napoli and Navia, 2012).

The Chilean mining tax was a pro�t-based royalty levying mining pro�ts at a 5% rate

for companies with sales above the equivalent value of 50; 000 metric tons of copper. It also

considered a progressive tax rate from 1% to 4.5% for miners with above 15; 000 metric

tons of equivalent copper sales and below 49; 999 metric tons of equivalent copper sales. As

part of the law discussion, a stability period was granted for large operators, o�ering 15

years without changing the mining tax regime (Hern�andez, 2012, p. 79-91). A stability

agreement is expected to provide more con�dence to mining investors as economic

conditions change over time (UN, 2019, p. 433). Additionally a modi�cation of the mining

tax occurred in 2010 as a result of a major earthquake and the need for additional

rebuilding funds (Hern�andez, 2012, p. 95-96). The government temporarily increased tax

rates during three years for existing mining companies, butalso increased the rate for new

projects depending on their operating margins, ranging from 5% to 14% (Biblioteca del

Congreso Nacional de Chile, 2010). Major companies already operating were o�ered six

additional years in their stability agreements, and the government assured that no more

modi�cations in the tax rate or the tax base will occur for thetotal period. Had the

earthquake not occurred, it is unlikely the government would have changed the rate

considering that only a few years had happened since the previous change and operating

companies had tax invariability contracts. Therefore, theidenti�cation strategy relies

mostly on the exogeneity of the 2004 Mining tax change in Chile and its e�ects until 2010.

In a complementary way, the 2010 modi�cation (in response tothe 2010 earthquake)

provides a way to analyze the impact of a marginal increase.

In addition to the di�erences-in-di�erences estimation, aspillovers test and a synthetic

control method are presented as robustness checks. The synthetic control method is used
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in comparative studies to generate a counterfactual from the data itself as a weighted

average of non-treated units (Abadie et al., 2010). In this case, the variable of interest is

the average grassroots exploration investment. Predictors are based on geological potential

(e.g. mineral rents as a percentage of the GDP) and the institutional framework (e.g.

World Governance Indicators).

3.3.2 Data

The main source of information is the S&P Global Corporate Exploration Strategies

database. The data consist of �rm-level non-ferrous mineral exploration budgets9, based on

published sources, information from joint venture partners and conversations with company

representatives (S&P Global Market Intelligence, 2019a).A subset of this data has been

used by previous studies, but using only aggregated countrylevel and cross sectional

information (Jara, 2017; Jara et al., 2008; Khindanova, 2011,2015). Nominal values are

adjusted to constant 2018 US$ using the annual average of the U.S. Producer Price Index.

Table 3.1 below presents the summary statistics from exploration budgets (in natural

logarithm) by exploration stage of 4,705 �rms investing in more than 120 countries over the

1997-2018 period. Considering all observations across every exploration stage, 42% of the

information is related to gold exploration, followed by copper with 20%.

The data distinguish three di�erent exploration stages. Grassroots represents the

earliest stage until the quanti�cation of initial resources. Late stage further de�nes a

previously discovered orebody and minesite exploration includes activities around an

existing mine (S&P Global Market Intelligence, 2019a). Grassroots exploration is mostly

driven by discovering deposits, therefore represented by the theoretical model described in

Section 3.2. Late stage and minesite exploration have di�erent incentives, mostly related to

decreasing geological uncertainty and expanding mine reserves (Fraser, 1998). Considering

the di�erences in incentives, the analysis is focused on grassroots exploration, as their

9Data excludes iron ore, coal, aluminum, oil, gas and industrial minerals.It contains information from gold,
base metals, PGM, diamonds, uranium, silver, REE, phosphate and othermetallic minerals
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expected pro�ts are di�erent than risk-reducing exploration. Additionally, the database

Table 3.1 Descriptive statistics for exploration budgets,1997-2018.

Stage Commodity N obs Mean St. Dev. Min Max

Gold 20,638 -0.622 1.232 -2.303 4.333
Grassroots Copper 10,176 -0.647 1.299 -2.303 3.789

Others 18,265 -0.781 1.231 -2.303 4.290
Gold 10,212 0.141 1.391 -2.303 4.722

Late stage Copper 4,432 0.005 1.466 -2.303 5.298
Others 9,467 -0.068 1.392 -2.303 4.977
Gold 4,650 0.719 1.427 -2.303 4.766

Minesite Copper 2,018 0.458 1.400 -2.303 4.787
Others 4,126 0.264 1.357 -2.303 4.477

Note: Every observation represents the log of the investmentof a speci�c
�rm in a country for a given year.

classi�es investment in �ve type of organizations. Junior companies have revenues under

US$50 million, intermediate companies between US$50 million and US$500 million and

major companies more than US$500 million. Other organizations include governments or

corporations earning non-mining revenue (S&P Global Market Intelligence, 2019a).

Almost all of grassroots exploration is driven by major and junior companies. As

indicated in Figure 3.1, major companies have represented around 45 percent of grassroots

annual budgets, followed by junior companies with 41 percent. The remaining share is

mostly explained by intermediate-size companies, averaging a 10 percent from 1997 to 2018.

As depicted in Figure 3.2, average expenditures by company type show a similar trend

over the period. Data shows a signi�cant decline in 2009 for non-major companies,

resulting from a commodity price decline during the economic crisis. This situation

exempli�es how exploration budgets are usually de�ned prior observing prices (six months

to one year) and how major's exploration is less sensitive toprice changes due to

availability of internal funds (Eggert, 1987).
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In terms of geographical investment, smaller companies tend to allocate most of their

budget in fewer countries, indicating a higher degree of specialization. This is illustrated in

Figure 3.3. The vertical axis shows the Her�ndalh-Hirschman index (HHI)10, taking a value

of 10,000 if a company allocates its entire grassroots budget in just one country, and

decreasing as the �rm invest in more locations.

Figure 3.1 Average investment by company type in grassroots exploration budgets, 1997-
2018. Values indicate the mean of annual contribution in percentage points across the full
sample. Source: Based on Corporate Exploration Strategies(S&P Global Market Intelli-
gence, 2019a).

3.4 Results

This section presents the results from the di�erences-in-di�erences strategy previously

outlined. Additionally, an spillover analysis and a synthetic control method are included to

con�rm the robustness of �ndings. Appendix B shows additional results using

heteroscedastic robust standard errors and the year-by-year coe�cients from the

di�erences-in-di�erences approach.

10The HHI is a concentration measure, calculated by adding up the square of each market share
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Figure 3.2 Log of average grassroots budgets by commodity, 1997-2018. Every line represents
the average of log budgets of every company type for a speci�ccommodity. Source: Based
on Corporate Exploration Strategies (S&P Global Market Intelligence, 2019a)

Figure 3.3 HHI vs Grassroots annual budget. Every point indicates the HHI of a company
grassroots budget in a given year. The blue line represents the local linear regression. Source:
Based on Corporate Exploration Strategies (S&P Global Market Intelligence, 2019a)
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As previously discussed, the main identi�cation strategy relies on exogenous tax

changes in Chile: a new pro�t-based tax in 2004 and the increase in its rate after the 2010

earthquake. Fifteen other Latin American countries11 are included in the comparison

group. It is assumed that their common regional geological properties and institutional

frameworks provide support for the underlying and untestable parallel trends assumption.

Testing for trends before the policy change can be suggestive of counterfactual parallel

trends despite not being necessary nor su�cient for the parallel trends assumption

(Kahn-Lang and Lang, 2020). Pre-trends analysis for total grassroots investment, and

junior and major companies appear in Table 3.2. Results indicate that di�erences in trends

(CL � Y ear coe�cient) are not statistically signi�cant. Also, di�eren ces in levels (CL

coe�cient) are not statistically signi�cant, therefore th ere is no evidence of pre-existing

di�erences potentially a�ecting post treatment trends.

The sample is divided into three periods to evaluate the impact of each tax: 1997 -

2004, 2005 - 2010 and 2011 - 2018. Each e�ect is estimated using only the two adjacent

periods. Then, the e�ect from the �rst tax change is estimated by comparing Chile against

the Latin American countries in the control group before the tax change (1997 - 2004) and

after (2005 - 2010). The second tax change analyzes the same units comparing the period

2005 - 2010 to 2011 - 2018, considering that the second tax wasa marginal increase in the

tax rate from the previously de�ned royalty. Figure 3.4 showsaverage budget trends for

�ve main destinations of exploration budget in Latin America, indicating tax changes as

vertical lines.

Table 3.3 below shows the impact of each mining tax change including di�erent control

variables. The �rst column is the basic di�erences-in-di�erences estimator, considering year

and country �xed e�ects. The second column includes mineraland company type �xed

e�ects. The third column incorporates other governance controls: six Worldwide

Governance Indicators (The World Bank, 2019) and the Corporate Income tax rate of the

11Including: Argentina, Bolivia, Brazil, Colombia, Costa Rica, Ecuador, Guatemala, Honduras, Mexico,
Nicaragua, Panama, Paraguay, Peru, Uruguay and Venezuela
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Table 3.2 Testing for parallel trends in preintervention period (1997-2004).

Log Real Budget

All Junior Major

(1) (2) (3)

CL -61.632 -5.162 -32.596
(41.331) (38.955) (90.362)

CL � Y ear 0.030 0.002 0.015
(0.020) (0.019) (0.346)

N obs 2,635 1,229 996
R2 0.312 0.460 0.278

Country and year �xed e�ects Y Y Y
Company type and mineral �xed e�ects Y Y Y
Governance controls Y Y Y

Note: Testing for di�erences in preintervention trends between Chile and other Latin
American countries between on grassroots exploration budgets. Column (1) includes
data for every company type, column (2) for junior companiesand column (3) for major
companies. Robust standard errors appear in parenthesis and clustered at the country
level.
� p< 0.1; �� p< 0.05; ��� p< 0.01

country in any given year (KPMG, 2019; OECD, 2019; Universityof Michigan, 2004). A

�rst approach to Table 3.3 indicates a positive e�ect in the average exploration budget, a

counterintuitive result. For the �rst change, as more controls are included, the e�ect

becomes less signi�cant reaching an average e�ect of a 2.9 percent increase in average

grassroots exploration. According to the theoretical model, an e�ect that is close to zero

suggests that grassroots exploration is not being penalized because of the tax. The second

tax change is surprising, showing a higher and signi�cant point estimate. However, the

result is no longer statistically signi�cant when additional governance controls are included,

suggesting that other institutional variables may be driving the average increase.

Even though average e�ects do not show signi�cant estimates, heterogeneous e�ects

should be expected. Smaller companies are more specializedthan bigger companies,

therefore they should su�er more from a tax change than larger companies. Results in
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Figure 3.4 Budget trends in Latin American countries, 1997-2018. Every line represents the
average of log grassroots budget in every country over time.Dotted vertical lines indicates
years of the Chilean tax changes.

Table 3.4 (p. 59) con�rms that di�erences across companies occur, but not as clear as

expected.

Junior companies decreased their grassroots investment around 1.6 percent after the

�rst tax change, while major companies increased their investment around 32 percent.

However, only the coe�cient for major companies is highly statistically signi�cant. The

2010 change had a lesser e�ect on companies, not statistically di�erent from zero at any

common signi�cance level. This suggests that the marginal increase from the previous tax

was not a major deterrent for grassroots exploration.

The negative and close to zero e�ect on junior companies can be explained from their

high geographical specialization, making reallocation ofexploration e�ort more di�cult.

On the other hand, the high and strong positive e�ect on majorcompanies is unusual, as it

could indicate that major companies were willing to increase their early exploration e�ort

in response to the tax change. However, this e�ect can be explained as an strategic result

from the stability agreements signed between the Chilean government and major
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Table 3.3 Tax e�ect on grassroots exploration.

Log Real Budget

(1) (2) (3)
First change (2004)

CL � � 1 0:053� 0.043 0.029
(0.029) (0.039) (0.053)

N obs 5,894 5,894 5,894
R2 0.114 0.281 0.284

Second Change (2010)

CL � � 2 0:099��� 0:152��� 0.105
(0.033) (0.034) (0.102)

N obs 6,749 6,749 6,749
R2 0.083 0.287 0.288

Country and year �xed e�ects Y Y Y
Company type and mineral �xed e�ects N Y Y
Governance controls N N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on grassroots
exploration budgets. The year of the tax change is indicatedin parenthesis. Model
(1) considers country �xed and year �xed e�ects; model (2) includes company type
e�ect (major, junior, intermediate a other �rms), and mineral target; model (3) uses
Worldwide Governance Indicators and the Corporate Income tax level as additional
controls. Robust standard errors appear in parenthesis andclustered at the country
level.
� p< 0.1; �� p< 0.05; ��� p< 0.01

companies. Stability agreements reduce risk for major companies developing projects,

increasing their likelihood to invest in grassroots exploration. As junior companies did not

sign stability agreements, they did not have incentives to increase their investment. The

boost in major grassroots exploration from a sense of stability is decreased after the rate

increase in 2010, though this is not signi�cant.

Exploration �rms can also react to the tax change by leaving the country. The

dependent variable, exit, takes a value of one if a company invested in a country at a year

t � 1 and did not invest in yeart. If a company moves from grassroots to late stage
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exploration, then it is not considered as exiting. Table 3.5(p. 60) indicates that tax

changes increase the likelihood of leaving the country between three to �ve percentage

points, but the result is not statistically signi�cant after including governance controls.

Nevertheless, the second change shows the opposite as companies were more likely to arrive

to invest in the country compare to other control after the marginal rate increase. As with

the increase on average investment previously described, the marginal tax change does not

seem to have a negative e�ect on exploration decisions.

Exit decisions by company type appear in Table B.4 (p. 117). Junior companies were 4

to 6 percentage points more likely to leave the country afterthe �rst tax change. The

impact, however, is not statistically signi�cant. The e�ect is reversed for the second tax

change, where more junior companies arrive to invest to the country, driving the average

e�ect presented above. On the other hand, major companies appear more likely to stay in

the country after the �rst tax change as the e�ect in their exit decisions is negative but not

di�erent than zero as more controls are included. Stabilityagreements with larger

companies could have created incentives for major companies to stay for more time in the

country, but no incentives to attract new larger companies.Exploration decision of major

companies, after controlling for governance quality indicators, was not a�ected by the

second tax change.

Average results do not show a clear negative impact on early-stage mineral exploration.

This suggests that focusing only on average or total grassroots changes cannot provide a

reliable way to assess the e�ect of policies on investment climate as hypothesized by Otto

et al. (2006, p. 26) and (Jara et al., 2008).

In the Chilean case, the apparent non-distortionary e�ect can be misleading after

analyzing the impact by company size. On one hand, smaller companies appear slightly

more a�ected by the �rst tax change, decreasing around 2 percent their grassroots

investment. On the other hand, larger companies reacted in an opposite direction,

increasing their grassroots budgets around 32 percent. This unusual positive behavior can

49



be explained by the fact that these companies value stability and rule of law. In this sense,

the stability agreements signed with the government after the royalty bill discussion were

more important than the tax itself.

3.5 Robustness of �ndings

This section presents the robustness of �ndings in terms of potential spillovers of

taxation to other countries and using the synthetic controlmethod.

3.5.1 Geographical spillovers

Investment in the primary sector is expected to be relativelyinelastic to marginal

changes in taxation (St•owhase, 2006). Nevertheless, if spillovers occur in exploration after

a tax change, then the di�erences-in-di�erences coe�cientwill underestimate the true

e�ect of the policy, as it will be including the positive e�ect to other countries. The

existence of spillovers can promote strategic behavior between countries, leading to tax

competition (OECD, 1998).

As suggested by Clarke (2017), it is possible to test for spillovers within a

di�erences-in-di�erences framework if the spillover e�ect is monotonically decreasing in

terms of distance from the treatment unit and at least some units are not a�ected by

spillovers. Using this approach, four di�erent regions werede�ned, as illustrated by

Figure 3.5. First, Chile as the treated unit where the tax change takes place. Second, a set

of neighboring countries with similar geological units andpolitical institutions. Third,

countries in the same continent that could have some similarities but not as clear as

neighbor countries. Finally, other countries outside the American continent. A shortcoming

of this approach is that untestable spillovers can still occur between Chile and countries

outside the American continent.

The identi�cation in this case includes two binary regionalvariables: one for

neighboring countries and one for other countries in the American continent. Neighbor

takes a value of one if the investment is made in Argentina, Peru or Bolivia and zero
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Figure 3.5 An illustration of geographical spillovers from a Chilean royalty change. Potential
spillovers are expected to 
ow from Chile to its neighbors and then to the rest of the region
as indicated by the arrows.

otherwise. Similarly,Region takes the value of one for countries in the American continent

(excepting Chile and its neighbors) and zero otherwise. In this case, the full sample is used,

not restricting the control units to Latin American countries. Coe�cients � 1 and � 2 in

Equation 3.13 indicate geographical spillovers. If spillovers occur, then at least one of the

coe�cients should be positive and signi�cant.

yijt = � j + � t + �� postCL + � 1� postNeighbor+ � 2� postRegion+ X ijt � + " ijt (3.13)

Results from regressing equation 3.13 appear in Table 3.7 (p. 62). Spillover coe�cients

are neither individually signi�cant nor jointly signi�can t at usual signi�cance levels for both

tax changes. These results suggest that spillovers are not asigni�cant concern a�ecting

di�erences-in-di�erences estimates. Additionally, results indicate that neighboring countries

do not need to engage in marginal tax competition to attract exploration investment.
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3.5.2 Synthetic control

The synthetic control method provides a systematic way to de�ne a control group in

comparative studies. The approach evaluates the e�ect of a policy change on one treated

unit by developing a counterfactual assigning weights to units in the control pool, matching

pretreatment covariates and outcomes (Abadie et al., 2010).The method relies on the

no-interference assumption between treatment and controlunits and in the goodness-of-�t

of pretreatment variables to generate consistent estimates (Wan et al., 2018). However, it

has been noticed that correlation between treatment and unobserved characteristics can

result in biased estimates (Ferman and Pinto, 2016).

In this analysis, there are fourteen countries in the donor pool for the synthetic Chile12.

The matching process considered sixteen predictors for thepreintervention period

(1997-2004), representing both geological potential and institutional framework.

ˆ Six Worldwide Governance Indicators (The World Bank, 2019): Voice and

Accountability, Political Stability, Government E�ective ness, Regulatory Quality,

Rule of Law and Control of Corruption.

ˆ Seven exploration structure indicators: percentage of junior companies in total and

grassroots exploration, percentage of grassroots investment, percentage of copper and

gold investment, average total and grassroots explorationinvestment.

ˆ Three other mining and economic indicators: percentage of mineral rents, percentage

of mining exports and GDP per capita.

Estimated weights to de�ne the synthetic Chile appear in Table 3.8 (p. 63). In this

methodology, Peru (51.4 percent) and Brazil (48.6 percent)are selected as countries to

generate the synthetic Chile. This results supports the useof a combination of Latin

American countries as control in the previous di�erences-in-di�erences section.

12Argentina, Australia, Botswana, Brazil, Canada, China, Finland, Iran, Mexic o, Peru, Papua New Guinea,
Sweden, USA and Zimbabwe
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Nevertheless, the synthetic control is not able to preciselyfollow the behavior of

Chilean grassroots exploration during the pre-tax period (1997-2004). This is illustrated in

Figure 3.6. Figure 3.6 represents the di�erences between the average grassroots budget in

Chile and the synthetic Chile. For example, a positive (negative) value indicates that the

treated unit was above (below) the synthetic control, suggesting a positive (negative)

impact of the treatment. Di�erences between Chile and the synthetic control are overall

positive but small. This indicates that average grassrootsbudgets slightly increased after

the tax change compare to the synthetic control. There is a rather positive e�ect after the

2004 tax change and a transitory decline after the 2010 modi�cation, but still positive as

shown in Figure 3.6. The synthetic approach con�rms the average positive and small

estimate from the di�erences-in-di�erences section.

Figure 3.6 Di�erences in average grassroots budgets betweenChile (treated unit) and syn-
thetic control. Positive (negative) values indicate that the treated unit is above (below) from
what is expected from the synthetic control.

Inference in synthetic control studies is based on placebo tests, comparing if the e�ect is

signi�cant relative to a randomly chosen country from the donor pool (Abadie et al., 2010).

Figure 3.7 illustrates that the e�ect is not unusual among other countries in the control

group. The average impact on grassroots exploration after the �rst tax change is around
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0.11 million US$ and 0.13 million US$ for the second change. However, in both cases the

Chilean di�erence is larger than in only two other countries. This can be compared to a

signi�cance (p-value) of approximate 0.87, suggesting that the estimate is not di�erent

than zero at usual signi�cance levels.

Figure 3.7 Million US$ di�erences on average grassroots exploration budgets between treated
and placebo units and their synthetic counterpart. The boldline represents the di�erence
between Chile and the synthetic Chile.

In a similar way, it is possible to use the synthetic control method to analyze the policy

e�ect on grassroots investment by company type. This di�erence is comparable to the

di�erences-in-di�erences estimate by company type from Section 3.4. Country weights for

the e�ect on junior and major companies are indicated in Table 3.9 (p. 64). Latin

American countries still maintain an important position, but other countries are needed to

better represent the nuances of investment by di�erent companies.

For junior companies, the synthetic control closely follows investment decision during

the pre treatment period (Figure 3.8). The di�erence betweenChile and the synthetic

control is close to zero after the tax change and slightly position for the second. This

results supports the di�erences-in-di�erences estimate.The placebo analysis indicates that

the e�ect is not signi�cantly di�erent zero compare to other countries.
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Figure 3.8 Million US$ di�erences on junior grassroots exploration budgets between treated
and placebo units and their synthetic counterpart. The boldline represents the di�erence
between Chile and the synthetic Chile.

For major companies, Figure 3.9 shows a slightly positive e�ect after both changes. As

opposed to what occurs with junior investment, the synthetic control does not �t well

during the pretreatment period. This occurs because Chile received the highest average

investment for major companies from the countries in the sample between 1999 to 2001,

then is not possible to �nd appropriate weights. Additionally, the placebo test indicates

that the di�erence is not di�erent than zero at usual signi�cance levels. Given the

di�erences between country weights for average, junior andmajor e�ects, the synthetic

control method seems less appropriate than the di�erences-in-di�erences estimate to

estimate heterogeneous e�ects by company type. Nevertheless, the method supports, in

broad terms, the use of Latin American countries in the control group and the sign of the

e�ects from the di�erence-in-di�erences strategy.

A main shortcoming from the synthetic control method for this particular application is

the relative short sample for the preintervention period. Reliable estimates from the

method usually requires longer pretreatment series to accurate de�ne weights for covariates

and outcomes (Botosaru and Ferman, 2019). This can also a�ect the analysis in the
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Figure 3.9 Million US$ di�erences on major grassroots exploration budgets between treated
and placebo units and their synthetic counterpart. The boldline represents the di�erence
between Chile and the synthetic Chile.

presence of anticipation e�ects, because it will require torede�ne the treatment period to a

year that when it was possibly to react to the expected policy. This reduces the number of

preintervention period to estimate weights for the synthetic unit. Particularly, the

synthetic Chile is not able to accurately follow exploration investment decisions in the

preintervention period and characteristics of the treatedunit are not su�ciently matched.

In this sense, the synthetic control method con�rms the signof the e�ect but it is less

reliable for the size of the e�ect.

3.6 Conclusions

Mining royalties are one of the most relevant policies related to the extractive

industries. Despite clear theoretical prediction on the e�ects of royalties on �rm decisions,

little empirical evidence has been developed in this area. Amain limitation for empirical

studies is the lack of e�ects that can be measured in the shortrun. However, changes in

early-stage exploration expenditures (or grassroots), have been suggested as a dynamic

variable that should rapidly re
ect the impact of changes inmining policies.
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In the theoretical model, grassroots exploration is motivated by the expected value of

discovering a deposit, which can be decreased (or increased) by changes in tax or other

policies. This occurs as highly specialized �rms cannot easily adapt their knowledge and

experience to other countries. The model is tested using a di�erences-in-di�erences

strategy, based on two tax changes implemented in Chile in 2004 and 2010, considering

other Latin American countries in the comparison group. The �rst tax change is assumed

exogenous as it occurred before a major increase in commodity prices and mostly because

of the political cycle in the country. In 2010, a major earthquake motivated an increase in

the tax rate to support the rebuilding process. In both cases, government had previously

signed stability agreements with major companies operating in the country, limiting future

changes in the tax base and rate to protect investment.

Results indicate that average grassroots budgets did not decrease as a result of tax

changes, as the estimate is positive but not di�erent than zero. However, the average result

masks signi�cant heterogeneous e�ects by company type. Junior companies largely

decreased their budgets while major companies increased their budgets for grassroots

exploration. Exit decisions are also more likely for juniorcompanies than for major

companies. The signi�cant increase in major budgets and their decision to stay in the

country are explained by the stability agreements signed with the government, as these

agreements did not include junior companies. Results are supported by the synthetic

control method, indicating a consistent direction in the average royalty e�ect and by

company type. Additionally, the absence of geographical spillovers to neighboring countries

not only makes previous estimates more reliable but also suggest that neighboring

countries do not need to engage in harmful tax competition.

In a policy context, these results are interesting as they highlight that major companies

may not be as sensitive to changes in mining taxation as junior companies. In this way,

countries could take advantage of other instruments, like stability agreements, to generate

an attractive investment climate to maintain the 
ow of discoveries and projects. However,
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the analysis also exempli�es how the impact on less visible junior companies can be

neglected by policy-makers.
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Table 3.4 Tax e�ect on grassroots exploration by company type.

Log Real Budget

(1) (2)
First change (2004)

CL � � 1 � Junior � 0:001 � 0:016
(0.053) (0.059)

CL � � 1 � Major 0:285��� 0:274���

(0.085) (0.081)
CL � � 1 � Other 0:178�� 0.144*

(0.069) (0.080)

N obs 5,894 5,894
R2 0.300 0.308

Second Change (2010)

CL � � 2 � Junior 0:198��� 0.141
(0.067) (0.090)

CL � � 2 � Major � 0:162� � 0:216
(0.065) (0.151)

CL � � 2 � Other 0:220��� 0.164
(0.069) (0.112)

N obs 6,749 6,749
R2 0.303 0.307

Country and year �xed e�ects Y Y
Company type and mineral �xed e�ects Y Y
Governance controls N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty change on
grassroots exploration budgets by company type. The year ofthe tax change
is indicated in parenthesis. For every company type, model (1) considers com-
pany type e�ects,(major, junior, intermediate a other �rms), and mineral target;
model (2) uses Worldwide Governance Indicators and the Corporate Income tax
level as additional controls. Robust standard errors appear in parenthesis and
clustered at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 3.5 Tax e�ect on exit decisions.

Exit

(1) (2) (3)
First change (2004)

CL � � 1 0:027� 0:028� 0.045
(0.013) (0.013) (0.034)

N obs 5,342 5,342 5,342
R2 0.313 0.331 0.331

Second Change (2010)

CL � � 2 � 0:030� � 0:034�� � 0:072���

(0.016) (0.016) (0.024)

N obs 6,749 6,749 6,749
R2 0.292 0.315 0.316

Country and year �xed e�ects Y Y Y
Company type and mineral �xed e�ects N Y Y
Governance controls N N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on exit decisions.
The exit variable is one the year a company stop investing in grassroots exploration in
the country without moving to another exploration stage. The year of the tax change is
indicated in parenthesis. Model (1) considers country �xedand year �xed e�ects; model
(2) includes company type e�ects (major, junior, intermediate a other �rms), and mineral
target; model (3) uses Worldwide Governance Indicators andthe Corporate Income tax
level as additional controls. Robust standard errors appear in parenthesis and clustered
at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 3.6 Tax e�ect on exit decision by company type.

Exit

(1) (2)
First change (2004)

CL � � 1 � Junior 0:035 0:056
(0.034) (0.036)

CL � � 1 � Major � 0:077��� -0.055
(0.026) (0.048)

CL � � 1 � Other 0:053��� 0:086���

(0.014) (0.028)

N obs 5,342 5,342
R2 0.342 0.344

Second Change (2010)

CL � � 2 � Junior � 0:077��� � 0:114���

(0.019) (0.029)
CL � � 2 � Major 0:051�� 0.005

(0.021) (0.030)
CL � � 2 � Other -0.034 -0.068

(0.037) (0.039)

N obs 6,749 6,749
R2 0.321 0.322

Country and year �xed e�ects Y Y
Company type and mineral �xed e�ects Y Y
Governance controls N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on exit
decision by company type. The exit variable is one the year a company stop invest-
ing in grassroots exploration in the country without movingto a next exploration
stage. The year of the tax change is indicated in parenthesis. For every company
type, model (1) considers company type e�ects (major, junior, intermediate a other
�rms), and mineral target; model (2) uses Worldwide Governance Indicators and
the Corporate Income tax level as additional controls. Robust standard errors ap-
pear in parenthesis and clustered at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 3.7 Geographical spillovers of tax changes.

Log Real Budget

(1) (2)
First change (2004)

CL � � 1 0.028 0.022
(0.056) (0.070)

Neighbor � � 1 -0.059
(0.079)

Region� � 1 -0.016
(0.089)

N obs 29,986 29,986
R2 0.362 0.362
Ftest 0.404

Second Change (2010)

CL � � 2 0:215��� 0:229���

(0.032) (0.032)
Neighbor � � 2 0.052

(0.040)
Region� � 2 0.114

(0.075)

N obs 37,217 37,217
R2 0.353 0.353
Ftest 1.430

Country and year �xed e�ects Y Y
Company type and mineral �xed e�ects Y Y

Note: Results indicate geographical spillovers of Chilean pro�t-based royalty
changes. The year of the tax change is indicated in parenthesis. Every model
considers country, year, company type (major, junior, intermediate a other
�rms) and mineral target �xed e�ects. Model (2) includes geographical spillover
terms, distinguishing neighboring countries and countries in the same continent.
Ftest indicates the joint signi�cance of both spillover coe�cients. Robust stan-
dard errors appear in parenthesis and clustered at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 3.8 Country weights of average grassroots exploration for the synthetic
Chile.

Country Weights

Argentina 0
Australia 0
Botswana 0
Brazil 0.486
Canada 0
China 0
Finland 0
Iran 0
Mexico 0
Peru 0.514
Papua New Guinea 0
Sweden 0
USA 0
Zimbabwe 0

Note: Weights are estimated minimizing the mean square prediction error
(MSPE) when the real average grassroots investment is the dependent variable.
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Table 3.9 Country weights of grassroots exploration by company type for the
synthetic Chile.

Country Weights (Junior) Weights (Major)

Argentina 0 0
Australia 0.496 0.344
Botswana 0 0
Brazil 0.161 0.420
Canada 0 0
China 0 0
Finland 0 0
Iran 0 0
Mexico 0 0
Peru 0.280 0.236
Papua New Guinea 0 0
Sweden 0.063 0
USA 0 0
Zimbabwe 0 0

Note: Weights are estimated minimizing the mean square prediction error
(MSPE) when the di�erent between real average grassroots investment and the
average by company type is the dependent variable.
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CHAPTER 4

MINERAL EXPLORATION AND THE DISCOVERY OF NEW DEPOSITS

4.1 Introduction

Our understanding of the natural endowment of nonrenewableresources is incomplete

at any point in time. Mineral exploration creates new information that improves our

knowledge about this endowment and aides decision making aimed at optimally using

scarce nonrenewable resources. Exploration provides information about previously

undiscovered deposits and a better classi�cation of those already discovered (Mason, 1986).

When it comes to allocate exploration e�ort, both institutional quality and how

geologically mature is a region have been listed as relevantvariables (Fraser Institute,

2020). Understanding how this variables contribute to the success of exploration activities

will to play a major tole on the future availability of non-renewable resources to mitigate

depletion (Tilton et al., 2018).

In this regard, the purpose of this paper is twofold. First, toprovide a prime empirical

analysis of main variables associated with exploration success. Second, to propose and

implement a novel approach to assess if a region is more or less geologically mature. This

paper contributes to the empirical analysis of non-renewable resources by relating the

success of exploration activities to di�erent variables. Additionally, a methodology to

assess the perceived maturity is developed and implemented. the empirical analysis is

based on a database of major copper and gold discoveries madeduring 1997 to 2018.

When it comes to the main determinants of resource development, the literature has

widely recognize a relationship between natural resource abundance, institutions and

economic growth, mostly focusing on the causal mechanism from resource abundance to

institutions but not from institutions to resource abundance. Early works from Sachs and

Warner (1995, 2001) indicated a negative and robust relationship between natural resource
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abundance and economic growth. Subsequent studies deepen on the causal mechanism for

this negative relationship, arguing that resource abundance deters economic growth by a

lack of investment in human capital, crowd out other growth-driven economic sectors,

creating political rent-seeking behavior, con
icts, authoritarianism or corruption perception

(Auty and M., 2001; Gylfason et al., 1999; Ross, 2001; Torvik,2002; Vicente and C., 2010).

Nevertheless, the apparent curse can be mostly explained by the role of institutions

(Brunnschweiler and Bulte, 2008; Mehlum et al., 2006; Robinson et al., 2006). Moreover, it

has been showed that resource abundance does not impact institutional quality (Alexeev

and Conrad, 2009). The latter position is aligned with empirical approaches towards

exploration activity, were institutions play a major role to explain how �rms allocate

exploration e�ort and mining investment (Jara, 2017; Jara et al., 2008; Tilton and

Guzman, 2016, ch.5). Nevertheless, the relationship of institutions on exploration success

remains to be analyzed, which is aligned with the �rst goal ofthis paper.

As previously mentioned, the success of exploration activities also depends on the

geological maturity in a country. The literature on non-renewable resource exploration is

usually divided into models of general equilibrium and the analysis of information spillovers

(Cairns, 1990). General equilibrium approaches usually re�ne previous works from

Hotelling (1931) and Pindyck (1978), but do not involve the dynamics of information

spillovers (Arrow and Chang, 1982; Peterson, 1978; Pindyck,1980; Quyen, 1991; Uhler,

1976). On the other other hand, information spillovers are usually modelled using

game-theoretical approaches to advise policy decisions about geological information (Dodds

and Bishop, 1983; Hendricks and Kovenock, 1989; Isaac, 1987;Leitzinger and Stiglitz,

1984; Polasky, 1989, 1992). Intersecting these two research lines, theoretical models have

acknowledged two main opposing e�ects driving explorationand discoveries (Peterson,

1978; Siegel, 1985). First, an information spillover e�ect (due to the spatial correlation of

deposits) that is expected to dominate in the early-stage ofmineral development, as it

occurs with gold rushes (Lynham, 2017). Second, a stock e�ect reducing exploration
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opportunities over time that should dominate as the region matures. With the exception of

Mason (2014), who develops a dynamic model to analyze the behavior of exploration

decisions in the U.S. uranium market, the applied literaturehas been scarce. Moreover, the

main focus of these studies has not been to determine if a country or region is perceived to

be more or less geologically mature, which is the second purpose previously mentioned.

For the �rst goal of this paper, the main determinants of exploration success (number of

discoveries) are analyzed using multivariate regressionsfor count data (Hausman et al.,

1984; Jensen, 1987; Pakes and Griliches, 1984), based on the similarities between mineral

exploration and R&D activities (Polasky, 1992). Main variables of interests are exploration

e�ort (measured as total grassroots budget received in a country) and three particular set

of institutional variables that has been highlighted to be related to natural resource

development: strength of property rights (rule of law), political stability and transparency

(control of corruption) (Brunnschweiler and Bulte, 2008; Mehlum et al., 2006; Robinson

et al., 2006). Results indicate that not all institutional variables a�ect discoveries in a

consistent way. More secure property rights (as measure by the Rule of Law index) appear

as relevant for the number and size of copper and gold discoveries. However, political

stability shows a di�erent sign for each mineral. For copper, political stability is positive

and signi�cant, while the variable is negative and signi�cant for gold discoveries. This

di�erences can be explained by the appropriability of each mineral (Boschini et al., 2007),

as copper mines last, on average, twice as longer than gold mines, requiring more long-term

stability. Lack of transparency (indicated by control of corruption) does appear to

contribute to the number of copper discoveries but not theirsize. Surprisingly, exploration

e�ort measured by total grassroots investment in a country,does not show to explain

discoveries nor their size. The value is not di�erent than zero in the long-run for both

copper and gold when including two lags of previous investment.

For the second goal of the paper, it is proposed that discoveries, if assumed random

conditional on a set of observables, can be used to reveal thegeological maturity. This is
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based on the idea that each additional discovery would change the average exploration

decision of �rms in a predictable way. In the early-stage of geological development, each

discovery would generate a positive e�ect on exploration decisions due to information

spillovers, while this e�ect will be negative as exploration opportunities become more

scarce. On a global level, results indicate that the world hast not yet reached a more

mature geological stage for gold, and the estimate is not di�erent than zero for copper.

Nevertheless, average trends di�er as the e�ect has been decreasing over time for gold and

slightly increasing for copper. The proposed methodology can also be informative for

regions in the more mature stage, encouraging to focus on determinants other than

geological potential to attract mineral exploration. For copper, Latin America, the

Asia-Paci�c Regions and Europe are perceived to be in the moremature stage of geological

potential. On the other hand, no region appears to be in the more mature stage for gold.

The rest of the paper is organized as follows. Section?? develops the empirical

approach using to analyze the main determinants of exploration success, the analysis of

geological maturity and the data for this analysis. Resultsin Section?? are divided in two

parts. First, a multivariate regression analysis for copperand gold discoveries, analyzing

main determinants of exploration success. Second, the results from using discoveries to

estimate geological maturity based on discoveries. Lastly, Section?? states the conclusions.

4.2 Empirical approach

This section is divided in three parts. First, the model used towards analyzing

exploration success and its main determinants. Second, a proposed theoretical approach to

estimate if a region is perceived as more mature for exploration investment based on

discoveries data. Third, a review of the data of copper and gold discoveries used in the

analysis.
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4.2.1 Determinants of exploration success

As in R&D and innovation literature, count data is suitable for modelling exploration

success. Count data is usually characterized by a high relevance of zeros and small and

discrete values of the outcome variable (Greene, 2018, p. 884 - 885). In patents literature,

this condition has been usually modelled as a Poisson process after the original description

presented by Hausman et al. (1984). The basic model is a semi-log regression where the log

of the Poisson parameter (� ) depends on a matrix of covariates (X ) as illustrated in

Equation 4.1:

log(� ) = � X (4.1)

A common shortcoming of the Poisson speci�cation is the inability to �t over-dispersed

data, as the expectation of the outcome is the same as the variance (E(y) = V ar(y) = � ).

Hausman et al. (1984) and following authors present a NegativeBinomial (NB) model to

develop a more 
exible approach to count data allowing for di�erences between its mean

and variance. As Poisson and Negative Binomial models are nested, it is possible select a

preferred estimation based on a likelihood ratio test. In both cases, including individual

�xed e�ects (panel data) requires that at least one observation is non-zero (Greene, 2018,

p. 900).

In the case of exploration success measured as number of discoveries, the previous

equation if modi�ed to include more parameters. The left-hand side of Equation 4.2

indicates the average number of deposits being discovered in a country i at year t.

Parameters of interest include the level of contemporaneous and past exploration e�ort

received in countryi (ei;t � j ), where the long-run e�ect of exploration e�ort is given by the

sum of all � j coe�cients. Institutional quality variables related to st rengthen of property

rights, political stability and transparency are listed inX i ;t and the sign of� will indicate

the e�ect of the particular institutional measure on exploration success. Additional country

(� i ) and year (� t ) �xed e�ects control for unchanging characteristics and common yearly
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events to all regions. As opposed to patents data, mineral discoveries can also be

characterized by their quality. In this case, the analysis change the left-hand side variable

by a quality measure as total discoverable tonnage to analyze if explanatory variables

a�ects di�erent count and quality measures.

log(� i;t ) = � i + � t +
X

j

� j � ei;t � j + X i ;t � � (4.2)

When it comes to counting discoveries, it can be expected thata large number of

observations would be zeros. This is could be misleading if there are di�erent data

generation processes behind the zero outcome. For example,there could be zero discoveries

because there was not any investment in the contemporaneousor previous years, if

investment was made mainly for due diligence a not drilling.Additionally, companies can

avoid disclosing their exploration results for non-signi�cant discoveries (low quality

deposit), because of strategic reasons or the discovery could be too small to be considered a

discovery in the database. In this case, there are zeros not related to exploration e�ort

biasing results towards zero. Zero-In
ated (ZI) models were to developed to �t count data

in two separate ways. First, a regular count part (e.g. Poisson or NB) that can �t zero and

non-zero outcomes. Second, a zero part aiming to point out zeros not generated by the

regular process and likely to come from a di�erent distribution. Despite ZI models being

non-nested with Poisson or NB regressions, Vuong (1989) suggests a test to decide between

ZI and non-ZI models.

These three speci�cations (Poisson, NB and ZI) are presentedin the results and

compared using the above mention tests. The likelihood ratio test indicates if NB is

preferred over Poisson and the Vuong test would support the decision between ZI and

non-ZI models.

4.2.2 Geological maturity

Mineral exploration involves two opposing external e�ectsdetermining the degree of

geological maturity. First, positive spillovers occur in early stages when a �rm releases
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geological information signaling attractiveness for other �rms. For example, gold rushes

has been mostly explained by this mechanism, where an initial discovery provides

information about the geological potential of a region. This makes the region more

attractive for miners, an e�ects that is increased by poorly-de�ned property rights

(Libecap, 1990). Second, a negative stock e�ect from decreasing remaining discoverable

deposits when a region becomes more geological mature. In this case, there are negative

external e�ects when more than one �rm is making explorationdecisions (Peterson, 1978).

The net result from these two e�ects is usually modelled considering a quadratic functional

form in the remaining stock of discoverable deposits (Mason, 1989; Siegel, 1985; Uhler,

1976). In early stages (high remaining stock or low accumulated discoveries), information

spillovers should dominate over the stock e�ect. However, asmore deposits are discovered,

the depletion e�ect dominates.

In this model, the quadratic approach is considered to modeldynamic exploration

decisions. For simplicity, consider an exploration decision model using two �rms (i and j ),

two periods (0 and 1) and a �xed discoverable deposit size (q). In a particular region where

institutional related variables do not change, a �rmi decides its exploration e�ort based on

the expected pro�ts presented in Equation 4.3.

max
ei; 0 ;ei; 1

p(ei; 0; R0) � V(q) � c(ei; 0) + �E (�( ei; 1))

subject to R1 =

8
><

>:

R0 if no discoveries were made (s=0)

R0 � q if either i or j made a discovery (s=1)

R0 � 2q if both i and j made discoveries (s=2)

(4.3)

Where p(ei; 0; R0) represents the probability of �nding a deposit based on exploration

e�ort ei and remaining discoverable depositsR0. Exploration costs are given byc(ei; 0) and

� represents the discount factor for future pro�ts in each potential state of the world s.

Expected pro�ts in period 1 depend on the �nding probability as shown in Equation 4.4.
X

s

[p(ei; 1; Rs) � V(q) � c(ei; 1)] � P rob(Y = s) (4.4)
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The solution depends on the decided functional form. For simplicity, assume constant

marginal costs of exploration and probabilities given by

p(ei ; R) = f (ei ) � g(R) =
p

ei � (aR � bR2), where a and b are greater than zero. This

functional form combines both, a decreasing return of exploration e�ort and the quadratic

relationship on remaining discoverable deposits used in previous studies. Then, the optimal

exploration decision for each states in period 1 is given by Equation 4.5.

e�
i; 1;s =

V(q)2g(Rs)2

4w2
(4.5)

Replacing the optimal exploration level in the pro�t function for each states, the

expected pro�ts in period 1 (E(� 1)) are indicated in Equation 4.6.

E(� 1) = (1 � p0;i )(1 � p0;j ) � � 1;s=0 +
h
p0;i (1 � p0;j ) + (1 � p0;i )p0;j

i
� � 1;s=1 + p0;i p0;j � � 1;s=2

(4.6)

If we rule-out the probability of both �rms �nding a deposit, then pi � pj � 0 13 and the

maximization problem from Equation 4.3 is simpli�ed to:

max
ei; 0

pi; 0 � V (q) � wei; 0 + �
h
� 1;s=0 + ( pi; 0 + pj; 0)(� 1;s=1 � � 1;s=0 )

i
(4.7)

Where Equation 4.7 represents the intertemporal balance between pro�ts in period 0

and the di�erences on pro�ts if a discovery is made in period 1, which can be either positive

or negative depending on the geological maturity and which e�ect dominates (stock or

information spillovers). The optimal exploration decision is �nally de�ned in Equation 4.8.

e�
i; 0 =

g(R0)2

4w2

�
V (q) + � (� 1;s=1 � � 1;s=0 )

�
(4.8)

The relationship between the exploration decision and the remaining stock from

Equation 4.8 is better expressed graphically.

As illustrated in Figure 4.1, every new discovery can have a di�erent e�ect on

exploration decisions. If a region is perceived to be in the early stages, where information

spillovers dominate over stock e�ects, then exploration e�ort will increase with each
13This assumption is based on the empirical fact that the probability of �n ding a deposit is in the order of

1 in 10,000 (Sturla et al., 2018).
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Figure 4.1 Relationship between exploration e�ort and accumulated discoveries (or decreas-
ing remaining stock of discoverable deposits). On the left side of the dotted vertical line,
information spillovers dominate over stock e�ects illustrating an early-stage of mineral de-
velopment. The right side shows the opposite e�ect as the region becomes more geologically
mature.
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additional discovery. This e�ect gradually decreases and exploration e�ort decreases as the

stock e�ect starts to dominate and the region moves to a more mature stage. It is worth

clarifying that the model assumes �xed institutional variables. Changes in institutional

quality a�ecting the a �rm's ability to appropriate mineral resources can shift the curve.

The theoretical background supports using discoveries to reveal the if a region is the

more mature section conditional on institutional quality variables in a regression setting.

Equation 4.9 regress the log of exploration e�ort (ei;j;t ) of �rm i in country j at year t as a

function of the number of discoveries (D j;t ) occurring in country j at year t and other

controls (X i ;j ;t ). Other controls include institutional quality measures,company type and

country �xed e�ects.

log(ei;j;t ) = � � D j;t + X i ;j ;t � � + " i;j;t (4.9)

In this case,� measures the net e�ect between information spillovers and stock e�ects.

If discoveries are assummed as random conditional on the observables, then a positive sign

of � can be interpreted as an indicator that information spillovers dominate in the region of

analysis. On the other hand, a negative sign will suggest that a region is becoming more

mature and less attractive for exploration investment.

4.2.3 Data

There are three main sources of information for the analysis. First, institutional quality

is measured by the Worldwide Governance Indicators (WGI), developed by The World

Bank (2019). Second, major mineral discoveries are represented by copper and gold

deposits listed in the S&P database (S&P Global Market Intelligence, 2019b, 2020). Third,

country-level grassroots exploration expenditures for gold and copper comes from the S&P

Global Corporate Exploration Strategies database (S&P Global Market Intelligence,

2019a). Grassroots exploration database only available from 1997 to 2018 and limits the

period of analysis.
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In terms of institutional quality, three WGI were considered: rule of law (strength of

property rights), political stability and control of corruption (lack of transparency). The

authors of the database indicate that the variables can be used not only for cross-country

comparison but also to compare changes over time within the same country. However, they

recommend analyzing changes over periods longer than a decade (The World Bank, 2019).

Each indicator varies approximately from -2.5 to 2.5 units,where a lower score is given to a

weaker institutional context. During the analyzed period (1997 to 2018), countries

experienced signi�cant variation on their indicators. On average, a country varies the rule

of law index 0.60 units, the political stability index 1.06 units and the control of corruption

index 0.65 units. The distribution of the absolute value forthe within country variation for

each indicator is presented in Figure 4.2.

Figure 4.2 Histograms for the range of within country variation of institutional quality
indicators. Every observation represents the range of variation within a country over the
period 1997 - 2018. The dotted vertical line indicates the mean of the distribution for each
indicator.

The discovery of a deposit needs to be further detailed as there is not a standard

de�nition. For both, copper and gold, the discovery year refers to the year when a drill �rst

hit a mineralized rock. In the case of copper, a major copper discovery is de�ned as a

deposit containing at least 500,000 tonnes of copper in reserves, resources and past

production where appropriate (S&P Global Market Intelligence, 2019b). A major gold
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discovery is de�ned as a potentially economic deposit containing at least 2 million ounces

of gold in an inferred and/or measured and indicated resources, or at least 1 million ounces

in reserves (S&P Global Market Intelligence, 2020).

The distribution of discoveries in every country-year pairis presented in Figure 4.3 a)

and b). In the case of copper, discoveries in analyzed countries do not exceed �ve. In most

cases, a country experiences zero discoveries in any given year, indicating that count

models should be preferred in the econometric estimation. Gold discoveries follow a similar

pattern, with a high percentage of zero discoveries reaching a maximum of three discoveries.

Figure 4.3 Histograms for copper and gold discoveries, 1997-2018. Every observation repre-
sents the number of discoveries in a country at a given year.

The geographical distribution of discoveries are presented in Table 4.1. Most copper

discoveries occurred in Latin America, representing almost51 percent of total discoveries in

the 1997-2018 period. Latin America is followed by the Asia-Paci�c region, concentrating

24 percent of total discoveries. Gold discoveries are less concentrated than copper

discoveries, where most discoveries (28 percent) are in Africa, followed by Latin America

(27 percent).
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Table 4.1 Copper and gold discoveries by region, 1997-2018.

Region Copper discoveries Gold discoveries
Latin America and the Caribbean 67 40
Asia-Paci�c 32 20
Africa 14 41
Europe 11 21
Canada-US 7 23
Middle East 1 3

Source: S&P Global Market Intelligence copper and gold database (2019b;
2020).

Over time, major copper and gold discoveries have been decreasing on average.

Figure 4.4 a) and b) illustrate this trend. For copper, the average number of discovered

deposits has been declining from 9.3 discoveries per year inthe 1997-2004 period to 7.1

between years 2005 and 2011 period and reaching 1.1 discoveries per year on average

during 2012 to 2018. Moreover, there were not signi�cant discoveries in 2015, 2016 and

2017 and 2018. Gold discoveries does not follow the exact copper pattern. The average

number of gold discoveries during the 1997-2004 period was 8.4, which slightly increased to

9.4 between 2005 to 2011. However, the last period (2012 to 2018) has an average of 2.1

discoveries per year, including two years (2017 and 2018) without major discoveries.

4.3 Results

This section is divided in two parts. First, an analysis of main variables associated with

exploration success for gold and copper. Second, an empirical estimate of geological

maturity, considering the net e�ect from information spillovers and stock depletion.

4.3.1 Determinants of exploration success

The discovery of a mineral deposit is similar to the development of a new drug or

patent (Khazabi and Quyen, 2017). The most relevant characteristic for empirical purposes

is to take into account the integer nature of data. In the nextresults, only the Poisson
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Figure 4.4 Number of major copper (left) and gold (right) discoveries, 1997-2018.

estimates are presented. Both the likelihood ratio test andthe Vuong test support that a

Poisson speci�cation is preferred over negative binomial and zero-in
ated models.

A main variable of interest is the exploration budget allocated in each country,

signaling the exploration e�ort on discovering new deposits. Otto et al. (2006, p. 216)

indicate that some institutional quality variables a�ect investment during the exploration

stage, especially those related to property rights (land tenure and mineral ownership). The

results for gold and copper discoveries are presented in Table 4.2 (p. 89) and Table 4.3 (p.

90) below.

The dependent variable in columns (1) to (6) in Table 4.2 (p. 89) is the number of

copper discoveries occurring in a country at any given year.Every column includes

di�erent controls in the Poisson regression. Column one includes grassroots exploration the

same year of the discovery (Cu grassroots) and up to two years prior the discovery
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(Cu grassroots1 and Cu grassroots2)14. Column two adds institutional quality variables,

represented by three Worldwide Governance Indicators (WGI) developed by the World

Bank (rule of law, political stability and control of corruption) 15. Columns three, four and

�ve include country, year and country-year �xed e�ects, respectively. Column six controls

for linear and quadratic regional trends to take into account di�erent levels of geological

maturity. The last two columns show the OLS regression on thediscovered tonnage (in

million metric tonnes) as a proxy for discovery quality. Robust standard errors appear in

parenthesis.

Regression estimates show mixed results in terms of total allocated grassroots budget.

On one hand, investment a year prior the discovery is positively associated with discoveries.

For example, the estimate in column �ve indicates that a one percent increase in grassroots

budget is related to a 0.37 percent increase in the number of discovered deposits for the

average budget (20.7 million$US). On the other hand, in column �ve, contemporaneous

investment has a negative coe�cient. This can be explained by the fact that investment

after a discoveries is shifted towards risk-reduction exploration (brown�eld) and the fact

that a discovery reduces available opportunities. Two years lagged investment appear with

a negative but not signi�cant coe�cient. The long-run e�ect of budget on discoveries from

adding up all three coe�cients is presented at the end of Table 4.2 (p. 89). In this case,

the aggregated e�ect seems positive but quickly becomes notdi�erent than zero when

adding controls. Including year �xed e�ects controls for changes in prices that could drive

additional investment (column four), explains the positive long-run coe�cient. However,

this e�ect goes to zero when controlling for country �xed e�ects as a proxy for geological

potential (column �ve). The e�ect of budget on deposit size (tonnage) as shown in columns

seven and eight is negative and signi�cant at the �ve percentlevel, indicating overall that

14Lags were chosen according to information criteria. Two lags allow to take into account not only the
dynamic nature of exploration investment but also the empirical limitations from a 22 years sample period.

15Institutional quality variable are highly colinear (pairwise R2 ranging from 0.78 to 0.97). Nevertheless, this
is mostly due to country e�ects. After controlling for �xed country e �ects, correlations halved (pairwise
R2 ranging from 0.37 to 0.49), increasing variability for the estimation.
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additional investment only generating smaller deposit.

In terms of the e�ect of institutional quality variables on copper discoveries, the

strength of property rights (rule of law) mostly maintains its economic and statistical

signi�cant across the di�erent speci�cations when including country �xed e�ects, for both

the number of copper deposits discovered and their size. Thee�ect is at least twice as

important than the political stability index. The latter is positive and signi�cant when it

comes to number of deposits discovered but does not seem to have a signi�cant e�ect on

the size of the deposit. Lastly, control of corruption showsa negative sign, indicating that

discoveries are less likely to occur in more transparent countries. However, as shown in

columns seven and eight, this negative e�ect becomes not signi�cant when it comes to the

size of the discovery. This indicates that more deposits arefound in less transparent

countries but these deposits are not larger on average.

These results are consistent with survey rankings on mineral exploration, where

corruption or transparency does not take the leading variables driving investment (Otto

et al., 2006, p. 216). Additionally, WGI indicators are normalized, so rule of law

(associated with strength of property rights) is more relevant than other institutional

quality indicators to explain discoveries. Interestingly, negative coe�cients for indicators

related to government transparency are negative. This results is not driven by

non-linearities. For example, including a quadratic term for control of corruption as the

coe�cient of the quadratic term if small and not di�erent tha n zero (0.0256, p-value of

0.95). Then, the negative coe�cient could be explained by the larger unexplored lands of

less transparent countries that compensate incentives forexploration companies.

Analogously to copper, Table 4.3 (p. 90) shows results for gold discoveries. Lagged

grassroots budget for gold discoveries are both signi�cantbut with opposite signs. The �rst

lag is negative while the second is positive. The long-run e�ect of total grassroots budget

(adding up the three coe�cients) is presented at the end of Table 4.3 (p. 90). The total

e�ect is not statistically di�erent than zero for neither th e number of deposits or their size.
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WGI indexes show a similar pattern than for copper discoveries when it comes to the

strength of property rights. Rule of law is signi�cant, with the expected sign and

economically signi�cant. Control of corruption does not appear as statistically signi�cant

for both the number of discoveries and the total discovered tonnage, illustrating how this

variable is not relevant enough to decide where to allocate exploration e�ort. Nevertheless,

the negative and signi�cant sign for Political Stability is more surprising as it is sustained

when adding more controls. The negative e�ect contrast withthe positive e�ect from

copper. Non-linearities cannot explain the negative e�ect.The quadratic term for Political

Stability is negative (-0.1738 though not statistically signi�cant with a p-value of 0.46), not

showing a marginal e�ect that changes the sign within the data. Another explanation

comes from di�erences in appropriability when comparing copper and gold. For example,

gold deposits can be developed quicker than copper depositsand be pro�table in a shorter

term under a unstable regime. This is supported by the data. According to the S&P

database, a gold mine takes about half the time between startup and closure compare to

copper mines (11 years for gold and 20.4 years for copper).

As shown in copper and gold results, the Poisson speci�cationis preferred over other

models, validating previous theoretical developments using this distribution. Overall,

including regional linear and quadratic trends maintains the sign of the e�ect of variables

measuring institutional quality. The low and not signi�cant long-run e�ect of grassroots

budget for both copper and gold discoveries indicates that the variable is not driving the

number of discoveries or their size after controlling for year and country �xed e�ects. It

appears that discoveries are not greatly driven by the net e�ect of current and past values

of aggregated exploration e�ort. In terms of institutional quality, discoveries are more

associated to occur in countries with stronger protection to property rights. Political

stability does seem more relevant for copper than gold discoveries, and lack of transparency

appear to be associated with more copper discoveries but notlarger deposits.
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4.3.2 Geological maturity

As mentioned in Section 4.2.2, the geological maturity depends on the net e�ect of two

externalities associated with mineral exploration. First apositive information spillover

e�ect that comes from the discovery of new deposits and theirintrinsic spatial correlation,

increasing the likelihood of �nding another deposit in the area. Second, a negative

depletion or stock e�ect that decreases the overall availability of exploration opportunities

for subsequent �rms. In the early-stage, spillovers dominate while the e�ect is reversed in

more mature regions. If discoveries appear as random conditional on past exploration and

other observable country-level characteristics, they canbe used to estimate the e�ect on

the average grassroots exploration budget. A positive value suggest that information

spillovers dominate (a discovery attracts more exploration) and a negative value that

depletion e�ects are more prevalent (a discovery discourage exploration).

Regression results of copper and gold discoveries appear in Table 4.4 (p. 91) and

Table 4.5 (p. 92), respectively. The dependent variable is the log of grassroots budget for

the relevant mineral (copper or gold) made by an individual �rm at every country-year

pair. The explanatory variables include country �xed e�ects, year �xed e�ects, type of

company �xed e�ects (junior, major or other companies) and institutional quality indexes

(rule of law, political stability and control of corruption). Additionally, discoveries are

de�ned as a count variable, adding up all discoveries that occurred in a country in yeart.

Two lags are included to estimate the dynamic e�ect of discoveries on grassroots budget.

Robust standard errors appear in parenthesis and are clustered at the country level.

Table 4.4 (p. 91) presents results for copper discoveries oncopper grassroots

exploration budget. In this case, coe�cients on contemporaneous and past discoveries are

not statistically di�erent than zero. The global long-run e�ect of copper discoveries is

slightly positive but not di�erent than zero at usual con�dence levels. This suggest that

information spillovers and stock e�ects for copper deposits are balanced on average during

the sample period. The bottom part of Table 4.4 (p. 91) indicates the e�ect on three
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di�erent time periods: period 1 (1997 to 2004), period 2 (2005 to 2011) and period 3 (2012

to 2018). The sign was positive in every period and slightly increasing in the most recent

period. These results could indicate that information spillovers are slightly dominating over

stock e�ects, but the statistical signi�cance is mild.

Results for gold discoveries appear in Table 4.5 (p. 92). Contemporaneous and lagged

coe�cient are positive and signi�cant. The long-run e�ect i s positive and statistically

signi�cant. For example, in column (3) the semi-elasticityis 0.108, suggesting that an

additional gold discovery in a country leads, on average, toa 10.8% increase on individual

gold grassroots budget in that country. This long-run e�ectmaintains its positive sign in

the three analyzed periods as indicated at the bottom section of Table 4.5 (p. 92). Despite

a decrease in the coe�cient during the period 2005-2011, results suggest that information

spillovers for gold discoveries are dominating stock e�ects, not indicating early signs of gold

scarcity.

Figure 4.5 and Figure 4.6 show year-by-year coe�cients of the long-run discovery e�ect

for copper and gold using two lags, company type, country andyear �xed e�ects. The

�gure complements the period coe�cients, showing that the net e�ect is mostly positive for

both commodities. The decreasing trend during the period 2005-2011 for gold appear to be

reversed after 2010. Additionally, lack of discoveries makeestimation less clear after 2010,

as the discovery of new deposits has been lower compared to other periods.

Estimated e�ects do not follow the inverted U-shaped theorized behavior at a global

scale. This could be explained by national di�erences. Exploration can be at di�erent

stages in every country, each of them experiencing the inverted U-shaped pattern.

Table 4.6 (p. 93) shows long-run coe�cients for every regionwhere data is available,

suggesting that maturity and attractiveness are di�erent.For example, the positive and

signi�cant coe�cient for new copper discoveries in Africa suggest that spillovers are

dominating while the negative and signi�cant coe�cient in the Asia-Paci�c region indicates

that it is already on the decreasing part of the curve. It is worth highlighting that e�ects
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Figure 4.5 E�ect of discoveries on copper grassroots exploration, 1997-2018. Coe�cients
consider discoveries lagged up to two years (model (3)), including company type, country
and year �xed e�ects, and institutional quality controls. Bars represent robust standard
errors, clustered at the country level.

Figure 4.6 E�ect of discoveries on gold grassroots exploration, 1997-2018. Coe�cients
consider discoveries lagged up to two years (model (3)), including company type, country
and year �xed e�ects, and institutional quality controls. Bars represent robust standard
errors, clustered at the country level.
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need to be considered for each di�erent commoditiy as illustrated by the di�erences

between columns (1) and (2) in Table 4.6 (p. 93). Despite the negative sign for copper in

the Asia-Paci�c region, the coe�cient for gold appears as positive and signi�cant.

Results for both copper and gold discoveries support that stock e�ects are not still

clearly dominating exploration decisions. The empirical coe�cients are illustrated in

Figure 4.7, where copper appears closer to zero than gold. This is a positive view in the

sense that new discoveries are still developing incentivesto explore rather than lowering

the availability of future deposits. This positive e�ect isnot di�erent than zero for copper,

but the coe�cient appears mostly stable during the sample period. On the other hand, the

net e�ect for gold is positive and signi�cant but year-by-year estimates show a slightly

decreasing trend that was reversed after 2010. In both cases, future data can point out

early signs if stock e�ects dominate information spillovers on mineral exploration.

Additionally, as shown in Figure 4.8 the net e�ect is not homogeneous across regions. For

copper, Latin America, the Asia-Paci�c Regions and Europe areperceived to be in the

more mature stage of geological potential. On the other hand, no region appears to be in

the more mature stage for gold.

4.4 Conclusions

The main goal of mineral exploration is to generate information. This can be done by

reducing uncertainty about the quality of a previously known deposit or by discovering a

previously unknown deposit. In this sense, the explorationprocess is similar to other

industries where information is an output, like R&D and innovation processes. These

similarities support reaching out empirical R&D and innovation literature to analyze main

variables a�ecting mineral discoveries. Nevertheless, as opposed to R&D and innovation

activities, exploration also faces a restriction from the stock of exploration opportunities.

As exploration takes places, information about potential interesting targets is made

publicly available due to spatial geological correlation among deposits. At the same time,

the stock of available deposits is decreased by every additional discovery. The balance
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Figure 4.7 Illustration of the relative position for copper and gold discovery e�ect based
on the theoretical relationship between exploration e�ort(vertical axis) and accumulated
discoveries (horizontal axis).

Figure 4.8 Illustration of the relative position of di�erent regions based on the discovery
e�ect for copper (left) and gold (right). The curve represents the theoretical relationship
between exploration e�ort (vertical axis) and accumulateddiscoveries (horizontal axis).
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between these two e�ects is theoretically known but the net e�ect needs to be addressed

empirically. The main goal of this paper has been to take a �rst approach approach

towards empirical analysis of mineral discoveries. This expands the understanding of main

variables a�ecting them and how these discoveries could indicate the balance between

information spillovers and stock e�ects.

Main results of this paper are classi�ed in two broad topics.First, exploration e�ort

and institutional quality variables have been expected to drive the discovery of new

deposits. Surprisingly, the net e�ect of grassroots budgeton discoveries, as a proxy for

exploration e�ort, is not statistically di�erent than zero for both copper and gold after

controlling for year and country �xed e�ects. On the other hand, there are consistently

more and larger copper and gold deposits where property rights are stronger. However,

when it comes to political stability and control of corruption there are di�erences across

commodities. Gold discoveries are more likely to occur in less stable countries than copper

discoveries and lack of transparency appear to be associated with more copper discoveries.

Second, the analysis on the net e�ect between information spillovers and stock e�ects

illustrate that the world is still not facing the more mature stage for the analyzed

commodities. Nevertheless, regional di�erences are signi�cant and indicate that Latin

America, the Asia-Paci�c and Europe appear in the more mature stage for copper. There

are no regions appearing as more geologically mature for gold exploration.

The previous results imply a set of policy implications. First, it highlights that countries

should focus on supporting secure property rights to encourage more mineral development.

However, policymakers should also be aware of the mineral potential of their own country

because what di�erent deposits might be more likely to be found with changes in other

institutional measures. This is particularly important in cases where more discoveries are

associated with more instability or less transparency. In this case, exploration incentives

might not be entirely aligned with the improvement of political institutions. Additionally,

the assessment of geological maturity indicates that countries could bene�t from keeping
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track of changes in exploration investment that go beyond year-by-year variability. These

long-term changes could provide early warnings of a decreasing geological potential and the

need to focus on other variables to maintain the resource base of the country.

Lastly, results provide an initial approach to analyze mineral discoveries and indicate at

least three potential areas for further research. First, therelationship between discoveries

and e�ort still requires a reasonable explanation. If totalinvestment is not driving

discoveries there might be a structural reason for an apparent over-investment in grassroots

exploration which is not leading to discoveries. Second, institutional quality variables do

not have enough variability to provide consistent statistical inference and a longer time

period might be needed. Third, additional commodities could be analyzed in terms of the

net e�ect between information spillovers and stock e�ects.This could help to anticipate

potential scarcity from commodities and to give a broader view on the geological maturity

for di�erent minerals.

88



Table 4.2 Regression results for copper discoveries.

Number of discoveries Tonnage

Poisson Poisson Poisson Poisson Poisson Poisson OLS OLS

(1) (2) (3) (4) (5) (6) (7) (8)

Cu grassroots 0.004 0.004 � 0.006 0.004 � 0.011� � 0.010 0.005 0.005
(0.004) (0.004) (0.004) (0.006) (0.007) (0.007) (0.007) (0.007)

Cu grassroots1 0.006 0.006 0.010� 0.010 0.018� 0.024�� � 0.011 � 0.010
(0.006) (0.005) (0.006) (0.008) (0.009) (0.010) (0.011) (0.010)

Cu grassroots2 � 0.00003 0.0002 � 0.017��� 0.009 � 0.007 � 0.011 � 0.025��� � 0.026���

(0.004) (0.004) (0.006) (0.008) (0.008) (0.008) (0.009) (0.009)

Long-run Cu grassroots 0.010��� 0.010��� � 0.013��� 0.022��� � 0.0003 0.002 � 0.031�� � 0.032��

(0.002) (0.002) (0.005) (0.004) (0.006) (0.007) (0.014) (0.014)

Rule of Law � 0.628 1.500 � 0.075 2.619�� 1.869 2.390� 2.203
(0.482) (1.007) (0.492) (1.214) (1.443) (1.439) (1.603)

Political Stability � 0.080 0.770� � 0.038 1.038�� 1.089�� 0.298 0.412
(0.153) (0.416) (0.168) (0.468) (0.464) (0.487) (0.521)

Control of Corruption 0.696 � 0.520 � 0.027 � 1.498� � 2.299��� � 0.252 � 0.631
(0.428) (0.774) (0.417) (0.864) (0.877) (1.135) (1.214)

N obs 510 510 510 510 510 510 510 510
LL � 279.688 � 278.291 � 223.306 � 244.057 � 205.937 � 194.881
R2 0.340 0.351

Country �xed e�ects N N Y N Y Y Y Y
Year �xed e�ects N N N Y Y Y Y Y
Regional trends N N N N N Y N Y

Note: Results indicate the Poisson regression estimates of copper discoveries (columns (1) to (6)) and discovered tonnage
in million metric tonnes (columns (7) and (8)). Discoveriesrepresent a count variable adding up all discoveries occurring
in a country on any given year. Column (1) shows the basic estimate for exploration e�ort, column (2) adds institutional
quality variables, columns (3)-(5) country �xed and year �xed e�ects, and column (6) includes regional trends. Column
(7) considers country and year �xed e�ects while column (8) adds regional trends. Robust standard errors appear in
parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 4.3 Regression results for gold discoveries.

Number of discoveries Tonnage

Poisson Poisson Poisson Poisson Poisson Poisson OLS OLS

(1) (2) (3) (4) (5) (6) (7) (8)

Au grassroots 0.007��� 0.005�� 0.003 0.004 0.0002 � 0.001 � 0.001 � 0.013
(0.002) (0.002) (0.002) (0.003) (0.003) (0.003) (0.012) (0.015)

Au grassroots1 � 0.006�� � 0.005� � 0.005 � 0.007� � 0.007� � 0.008� � 0.003 � 0.005
(0.003) (0.003) (0.004) (0.004) (0.004) (0.004) (0.017) (0.016)

Au grassroots2 0.004�� 0.002 0.0002 0.006�� 0.007�� 0.007� � 0.003 0.003
(0.002) (0.002) (0.002) (0.003) (0.003) (0.004) (0.019) (0.016)

Long-run Au grassroots 0.005��� 0.001 � 0.002 0.003�� � 0.0003 � 0.002 � 0.007 � 0.015
(0.001) (0.002) (0.002) (0.002) (0.002) (0.003) (0.013) (0.016)

Rule of Law 0.146 1.414� 0.463 2.670��� 2.696��� 2.985��� 2.674���

(0.456) (0.771) (0.463) (0.916) (0.901) (0.983) (0.943)

Political Stability � 0.420�� � 0.790�� � 0.398�� � 1.065��� � 0.880��� � 1.361��� � 0.951��

(0.209) (0.323) (0.198) (0.313) (0.334) (0.499) (0.459)

Control of Corruption 0.536 0.406 0.117 0.053 � 0.248 � 0.527 � 0.830
(0.445) (0.618) (0.460) (0.763) (0.795) (1.090) (1.176)

N obs 684 684 684 684 684 684 684 684
LL � 327.393 � 320.176 � 297.199 � 296.623 � 272.023 � 260.038
R2 0.192 0.228

Country �xed e�ects N N Y N Y Y Y Y
Year �xed e�ects N N N Y Y Y Y Y
Regional trends N N N N N Y N Y

Note: Results indicate the Poisson regression estimates of gold discoveries (columns (1) to (6)) and discovered tonnage
in million ounces tonnes (columns (7) and (8)). Discoveriesrepresent a count variable adding up all discoveries occurring
in a country on any given year. Column (1) shows the basic estimate for exploration e�ort, column (2) adds institutional
quality variables, columns (3)-(5) country �xed and year �xed e�ects, and column (6) includes regional trends. Column
(7) considers country and year �xed e�ects while column (8) adds regional trends. Robust standard errors appear in
parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 4.4 E�ect of new copper discoveries on copper grassroots exploration.

Log copper grassroots exploration budget

(1) (2) (3)
Cu discovery 0.012 0.012 0.012

(0.014) (0.013) (0.013)

Cu discovery1 0.00001 0.0004
(0.021) (0.021)

Cu discovery2 � 0.003
(0.003)

Long-run e�ect (Cu+Cu1+Cu2) 0.012 0.012 0.009
(0.014) (0.028) (0.034)

Long-run �I 1997� 2004 0.006 � 0.005 0.010
(0.025) (0.031) (0.041)

Long-run �I 2005� 2011 0.036 0.043 0.025
(0.061) (0.079) (0.084)

Long-run �I 2012� 2018 � 0.069 0.020 0.043
(0.064) (0.129) (0.161)

N obs 10,168 10,168 10,168
R2 0.421 0.421 0.421

Country �xed e�ects Y Y Y
Year �xed e�ects Y Y Y
Company type �xed e�ects Y Y Y
Institutional Quality controls Y Y Y

Note: Results indicate the regression estimates of new copper discoveries on the log
of copper grassroots exploration budget. Each column includes an additional lag e�ect
of the discovery. The aggregated long-run e�ect is indicated at the end of the table.
Discoveries represent a count variable adding up all discoveries occurring in a country at
any given year. All models include country, year and company type �xed e�ects (junior,
major or other), and institutional quality controls. Robust standard errors appear in
parenthesis and are clustered at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 4.5 E�ect of new gold discoveries on gold grassroots exploration

Log gold grassroots exploration budget

(1) (2) (3)
Au discovery 0.011 0.015 0.015

(0.017) (0.019) (0.019)

Au discovery1 0.060��� 0.061���

(0.015) (0.017)

Au discovery2 0.031��

(0.014)

Long-run e�ect (Au+Au1+Au2) 0.011 0.076�� 0.108��

(0.017) (0.030) (0.041)
Long-run �I 1997� 2004 0.074��� 0.145�� 0.163��

(0.028) (0.064) (0.079)

Long-run �I 2005� 2011 � 0.038� 0.021 0.046
(0.020) (0.034) (0.039)

Long-run �I 2012� 2018 � 0.005 0.023 0.078
(0.067) (0.088) (0.126)

N obs 20,628 20,628 20,628
R2 0.316 0.316 0.317

Country �xed e�ects Y Y Y
Year �xed e�ects Y Y Y
Company type �xed e�ects Y Y Y
Institutional quality controls Y Y Y

Note: Results indicate the regression estimates of new gold discoveries on the log of
gold grassroots exploration budget. Each column includes an additional lag e�ect of
the discovery. The aggregated long-run e�ect is indicated at the end of the table.
Discoveries represent a count variable adding up all discoveries occurring in a country
at any given year. All models include country, year and company type �xed e�ects
(junior, major or other), and institutional quality contro ls. Robust standard errors
appear in parenthesis and are clustered at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table 4.6 E�ect of new gold discoveries on gold grassroots exploration

Log grassroots exploration budget

Copper Gold

(1) (2)
Long-run �Africa 0.406��� 0.026

(0.047) (0.170)

Long-run �Latin America � 0.025 0.088
(0.040) (0.055)

Long-run �Asia � Pacif ic � 0:149� 0:283���

(0.082) (0.038)

Long-run �US � Canada 0:187��� 0:063��

(0.064) (0.028)

Long-run �Europe � 0:450 0:418���

(0.272) (0.096)

Long-run �MiddleEast 1:659��� -
(0.272)

N obs 10,168 20,628
R2 0.423 0.317

Country �xed e�ects Y Y
Year �xed e�ects Y Y
Company type �xed e�ects Y Y
Institutional quality controls Y Y

Note: Results indicate the regression estimates of the long-run e�ect of discov-
eries on the log of gold grassroots exploration budget in di�erent world regions.
Column (1) shows estimates for copper discoveries and column (2) for gold discov-
eries. Discoveries represent a count variable adding up alldiscoveries occurring in
a country at any given year. All models include country, year and company type
�xed e�ects (junior, major or other), institutional qualit y controls and two lags of
past discoveries. Robust standard errors appear in parenthesis and are clustered
at the country level.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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APPENDIX A

SUPPLEMENTARY INFORMATION FOR CHAPTER 2

The appendix lists relevant �gures not included in the main text.

Figure A.1 Per capita copper consumption in more developed regions, 1950 - 2017. Each
curve indicates the distribution of per capita copper consumption in more developed regions
in every period. The vertical axis represents the percentage of the population in more
developed regions consuming less than the corresponding value in the horizontal axis. For
example, 50 percent of the population in more developed regions consumed on average less
than 6.76 kg/person in the 1950 { 1969 period.
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Figure A.2 Accumulated world copper consumption, 2018 to 2100.Accumulated demand
forecast adds up yearly re�ned total consumption starting from 2018. Di�erent lines repre-
sent di�erent growth scenarios for less developed regions.In more developed regions, every
scenario considers a per capita consumption of 5.31 kg/person.
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Figure A.3 Participation in the world copper consumption by region, 2018 to 2100. Partic-
ipation is estimated according to consumption in any given year. Di�erent lines represent
di�erent growth scenarios for less developed regions. In more developed regions, every sce-
nario considers a per capita consumption of 5.31 kg/person.
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Figure A.4 Copper extraction from reserves and resources, 2018-2100. The vertical axis
indicates the percentage extracted over time for reserves and resources (left), reserves (mid-
dle) and resources (right) over time. Each �gure illustrates di�erent consumption scenarios.
Vertical lines appear as references for years 2050 and 2075.
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APPENDIX B

SUPPLEMENTARY MATERIAL FOR CHAPTER 3

This Appendix shows results with heteroscedastic robust standard errors and the

year-by-year coe�cients referenced in 3

Table B.1 Tax e�ect on grassroots exploration (robust standard errors).

Log Real Budget

(1) (2) (3)
First change (2004)

CL � � 1 0.053 0.043 0.029
(0.102) (0.086) (0.101)

N obs 5,894 5,894 5,894
R2 0.114 0.281 0.284

Second Change (2010)

CL � � 2 0.099 0:152� 0.105
(0.095) (0.078) (0.117)

N obs 6,749 6,749 6,749
R2 0.083 0.287 0.288

Country and year �xed e�ects Y Y Y
Company type and mineral �xed e�ects N Y Y
Governance controls N N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on grass-
roots exploration budgets. The year of the tax change is indicated in parenthesis.
Model (1) considers country �xed and year �xed e�ects; model(2) includes company
type e�ect (major, junior, intermediate a other �rms), and mineral target; model
(3) uses Worldwide Governance Indicators and the CorporateIncome tax level as
additional controls. Robust standard errors appear in parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Figure B.1 Year-by-year coe�cients for the di�erences-in-di�erences approach for the �rst
tax change in 2004. Coe�cients comes from model including country, year, company type
and mineral �xed e�ects, and governance controls. The year of the tax change is highlighted
as a vertical line. Robust standard errors appear as vertical bars and are clustered at the
country level.

Figure B.2 Year-by-year coe�cients for the di�erences-in-di�erences approach for the second
tax change in 2010. Coe�cients comes from model including country, year, company type
and mineral �xed e�ects, and governance controls. The year of the tax change is highlighted
as a vertical line. Robust standard errors appear as vertical bars and are clustered at the
country level.
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Figure B.3 Year-by-year coe�cients for the di�erences-in-di�erences approach from major
companies for the �rst tax change in 2004. Coe�cients comes from model including country,
year, company type and mineral �xed e�ects, and governance controls. The year of the tax
change is highlighted as a vertical line. Robust standard errors appear as vertical bars and
are clustered at the country level.

Figure B.4 Year-by-year coe�cients for the di�erences-in-di�erences approach from major
companies for the second tax change in 2010. Coe�cients comes from model including
country, year, company type and mineral �xed e�ects, and governance controls. The year
of the tax change is highlighted as a vertical line. Robust standard errors appear as vertical
bars and are clustered at the country level.
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Figure B.5 Year-by-year coe�cients for the di�erences-in-di�erences approach from junior
companies for the �rst tax change in 2004. Coe�cients comes from model including country,
year, company type and mineral �xed e�ects, and governance controls. The year of the tax
change is highlighted as a vertical line. Robust standard errors appear as vertical bars and
are clustered at the country level.

Figure B.6 Year-by-year coe�cients for the di�erences-in-di�erences approach from junior
companies for the second tax change in 2010. Coe�cients comes from model including
country, year, company type and mineral �xed e�ects, and governance controls. The year
of the tax change is highlighted as a vertical line. Robust standard errors appear as vertical
bars and are clustered at the country level.

114



Table B.2 Tax e�ect on grassroots exploration by company type (robust stan-
dard errors).

Log Real Budget

(1) (2)
First change (2004)

CL � � 1 � Junior � 0:001 � 0:016
(0.115) (0.126)

CL � � 1 � Major 0:285� 0:274�

(0.160) (0.167)
CL � � 1 � Other 0:178 0.144

(0.195) (0.202)

N obs 5,894 5,894
R2 0.300 0.308

Second Change (2010)

CL � � 2 � Junior 0:198� 0.141
(0.102) (0.134)

CL � � 2 � Major � 0:162 � 0:216
(0.148) (0.176)

CL � � 2 � Other 0.220 0.164
(0.196) (0.215)

N obs 6,749 6,749
R2 0.303 0.307

Country and year �xed e�ects Y Y
Company type and mineral �xed e�ects Y Y
Governance controls N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty change on
grassroots exploration budgets by company type. The year ofthe tax change
is indicated in parenthesis. For every company type, model (1) considers
company type e�ects,(major, junior, intermediate a other �rms), and mineral
target; model (2) uses Worldwide Governance Indicators andthe Corporate
Income tax level as additional controls. Robust standard errors appear in
parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table B.3 Tax e�ect on exit decisions (robust standard errors).

Exit

(1) (2) (3)
First change (2004)

CL � � 1 0:027 0:028 0.045
(0.036) (0.035) (0.044)

N obs 5,342 5,342 5,342
R2 0.313 0.331 0.331

Second Change (2010)

CL � � 2 � 0:030 � 0:034 � 0:072�

(0.031) (0.030) (0.039)

N obs 6,749 6,749 6,749
R2 0.292 0.315 0.316

Country and year �xed e�ects Y Y Y
Company type and mineral �xed e�ects N Y Y
Governance controls N N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on exit
decisions. The exit variable is one the year a company stop investing in grassroots
exploration in the country without moving to another exploration stage. The year of
the tax change is indicated in parenthesis. Model (1) considers country �xed and year
�xed e�ects; model (2) includes company type e�ects (major,junior, intermediate a
other �rms), and mineral target; model (3) uses Worldwide Governance Indicators
and the Corporate Income tax level as additional controls. Robust standard errors
appear in parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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Table B.4 Tax e�ect on exit decision by company type (robust standard errors).

Exit

(1) (2)
First change (2004)

CL � � 1 � Junior 0:035 0:056
(0.061) (0.066)

CL � � 1 � Major � 0:077� -0.055
(0.045) (0.053)

CL � � 1 � Other 0:053 0:088
(0.083) (0.088)

N obs 5,342 5,342
R2 0.342 0.344

Second Change (2010)

CL � � 2 � Junior � 0:077� � 0:114��

(0.044) (0.051)
CL � � 2 � Major 0:051 0.005

(0.041) (0.049)
CL � � 2 � Other -0.034 -0.068

(0.075) (0.078)

N obs 6,749 6,749
R2 0.321 0.322

Country and year �xed e�ects Y Y
Company type and mineral �xed e�ects Y Y
Governance controls N Y

Note: Results indicate the e�ect of Chilean pro�t-based royalty changes on exit
decision by company type. The exit variable is one the year a company stop
investing in grassroots exploration in the country without moving to a next ex-
ploration stage. The year of the tax change is indicated in parenthesis. For every
company type, model (1) considers company type e�ects (major, junior, interme-
diate a other �rms), and mineral target; model (2) uses Worldwide Governance
Indicators and the Corporate Income tax level as additionalcontrols. Robust
standard errors appear in parenthesis.
� p< 0.1; �� p< 0.05; ��� p< 0.01
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