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ABSTRACT

This dissertation focuses on the empirical analysis of mira economics and policy. The
economic analysis and discussion around minerals mostlyyren theoretical models and
normative principles. Empirical evidence is not as abundaias theoretical models, creating
a gap in the discipline. This study contributes to the literéure of mineral economics in
three di erent areas that are relevant to support a data-dwven policy debate - mineral
depletion, taxation and the exploration of new deposits. Fat, mineral depletion broadly
involves two diverging positions. These positions are rauuled through a methodology to
assess future availability, which is applied to copper reses. Second, the expected
impact of mineral royalties on exploration decisions has be addressed in theoretical
models. However, an analysis of the impact of the Chilean prisbased royalties on
early-stage mineral exploration indicates that the tax chiages did not greatly a ect
average exploration decisions. Smaller companies, thoygine more susceptible than major
companies to changes in mineral taxation. Third, understating what drives mineral
discoveries is a major issue for future resource availatyiliThe analysis on copper and gold
discoveries indicates that increasing grassroots expltom budgets do not appear to be
associated with more discoveries. Nevertheless, institotis do play a role in discoveries as
more and larger discoveries are more likely to occur in couias with stronger protection of

property rights.
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CHAPTER 1
INTRODUCTION

Evidence-based policy analysis has become a major pillapporting social,
environmental and economic development. This is represedton how the experimental
approach has become a popular tool in the eld of developmeatonomics (Banerjee and
Du o, 2009). Applied work has been a fundamental approach to#se long-lasting
guestions in economics and policy debate (Banerjee and Dy 2011). In the eld of
mineral economics, the role of governments and how policegct mineral supplies is likely
to drive the interest in the discipline for the upcoming yeas. In the context of the UN
Sustainable Development Goals, Ali et al. (2017) argue thatimeral depletion and supply
disruptions require an active role of governments and pojianakers. The previous
perspective of mineral shortages is challenged by Tilton at. (2018), defending that the
role of governments is to cope with long-term depletion assing where markets are
actually failing. In a fundamental level, both views di er ; how to analyze future
availability and mineral depletion, an analysis that is usally limited by the lack of
available data. In this line, Chapter 2 proposes and develspeconciled methodology to
analyze mineral depletion, in an e ort to build a common grond towards policy advise.

An increasing support for government action on mineral supigls will mostly result in
modi cations on how mineral rents are shared and how taxesatevied. Di erent taxation
schemes can have large e ects on how resources are develdPasdgupta and Heal, 1979).
This is particularly relevant for mineral exploration decsions, as they take place in the
very beginning of the supply chain. Therefore, changes inserves and resources due to
exploration can only be seen long after policies took placBevertheless, changes in
early-stage mineral exploration investment can be used awlicator on how policies can

a ect the supply in the long-run (Otto et al., 2006, p. 26). Clapter 3 provides an empirical



estimate of this e ect. Analyzing how pro t-based royaltiesa ect early-stage exploration
decisions.

Lastly, as expanding the resource base becomes more impottand discoveries decline,
a focus on policies for exploration and how they succeed bews necessary (Ali et al.,
2017; Tilton et al., 2018). Exploration and discoveries havbeen acknowledged to be
driven by both, the institutional framework and the geologial potential of the country
(Fraser Institute, 2020). Chapter 4 tackles the question owhat are the main determinants
of exploration success. Besides, the Chapter proposes amgplements a methodology to
assess the geological maturity of a country based on copp@dagold discoveries. It is
expected that, as countries can empirically become awaretbé maturity of their
geological potential, a focus on improving the institutioal framework results in a more

equitable and sustainable development of mineral resousce
1.1 Summary of Chapter 2

Mineral depletion is a perennial concern in natural resoues management. Despite a
multiplicity of perspectives, most analyses fall largelynto 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 méral resources, and assess when
society will run out of a resource or when production and useillypeak (the xed-stock
viewpoint). Studies in the second group start by noting the éterogeneous nature of
mineral resources and our incomplete knowledge of the quaytand quality of minerals in
the earth, focus on the dynamic nature of mineral availabtl, and assess the ability of
society to adjust to mineral depletion at existing mines thogh mineral exploration and
mine development, technological innovation, and substition (the opportunity-cost
viewpoint). This paper seeks to reconcile these divergingspectives by developing a
modi ed cumulative availability curve (CAC) { which combin es physical stocks and ows
(from the xed-stock perspective) with geologic stock unctainty, di erent demand

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



copper resources, the modi ed CAC suggests that copper denahis likely to be satis ed
from known deposits until about 2075. Thereafter, society'ability to discover and develop
previously unknown deposits and improve the e ciency of the production - as well as

e orts at substitution and improving recycling and re-use dcopper - will importantly

in uence whether copper demand is satis ed and at what coppeprice.
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 companié®gady investing in known xed
deposits. Nevertheless, early-stage (or grassroots) explon has been suggested to
provide early signals. Among mineral policies, taxation hagceived plenty of attention in
theoretical analysis and simulation studies, but little erpirical evaluation.

Royalties should a ect early-stage exploration by decreagy the expected value of a
discovered deposit. The empirical approach here uses a deace-in-di erence strategy,
analyzing the Chilean mining royalty changes of 2004 and 2D1The rst tax change is
argued to be exogenous as it happened due to the political Byand in line with a major
increase in commaodity prices, and the later modi cation oagred as a result of a major
earthquake. Results indicate a surprisingly small averagepact on grassroots exploration.
However, the e ect is heterogeneous as larger companies gased their budget as opposed
to junior companies. The absence of geographical spillogerot only supports these
estimated e ects but also suggests that neighboring counés do not need to engage in

harmful tax competition.
1.3 Summary of Chapter 4

Mineral discoveries are a major outcome de ning the succeskexploration activities.
It has been noticed that exploration decisions are mostly Bad 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 expldn success. This paper



attempts to develop two empirical estimates around explot@n and mineral discoveries.
First, an analysis of the main determinants driving mineral tcoveries using data from
gold and copper deposits, building on the empirical R&D andinovation literature.

Second, an assessment on how mature a region is for minergllesation based on the
randomness of discoveries. Main results indicate that agmyated grassroots exploration
budgets in a country are not a key variable associated with skoveries, but more and larger
discoveries are more likely to occur in countries with strayer protection of property rights.
In terms geological maturity, the proposed approach indi¢es that, on average, the world
is not in the more mature geological stage for gold and coppéut the average e ect

di ers across regions.



CHAPTER 2
RECONCILING DIVERGING VIEWS ON MINERAL DEPLETION: A MODIFIED
CUMULATIVE AVAILABILITY CURVE APPLIED TO COPPER RESOURCES

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

Emilio Castillo? and Roderick G. Eggert
2.1 Introduction

Minerals have been an intrinsic part of human developmenttdm the stone age to what
is being called the silicon age of the 21st century. Minerad$and as major inputs in
technological development and in the improvement of humaiving standards. Given the
broad use of minerals in modern society, long-term minerakgletion is a critical issue for
policy makers and society.

Concern about depletion of mineral resources is not new. Iak been a recurring
societal concern. In the middle 1800s, for example, W.S. Jegoexplored the exhaustion of
coal in Britain (Jevons, 1865). In the late 1800s and early 10§, dramatic increases in the
use of fertilizers in commercial agriculture led to fears alit the adequacy of naturally
occurring sources of nitrogen, which at the time came from enal dung, urine and Chilean
nitrate deposits (Hager, 2009; Smil, 2000). In the years foWing World War II, concerns
focused on a wide range of mineral raw materials and energiven the signi cant use of
mineral and energy resources during the war (The U.S. Presids Materials Policy
Commission, 1952). In the 1970s, attention returned to ergy and minerals, in this case
concerns about reliability of foreign sources of oil and s@monfuel minerals, the nite
supply nature of natural resources, as well as long-term agleacy of nonrenewable

resources generally and implications for economic growtNMéadows et al., 1972; Smith,

DOI: 10.1016/j.resconrec.2020.104896
2Primary researcher and author
3Colorado School of Mines Economics and Business faculty member and reseh advisor



1979). In each case, society adjusted to perceived scasstthrough one or a combination
of three approaches: developing new sources of mineral amnérgy resources, using
resources more e ciently and developing substitute mateais or sources of energy.

A number of recent studies focus on the relationships betweand among mining,
sustainable development and long-term resource depletioDubnski (2013) argues that
rational acquisition and use of natural resources are ceatrto sustainable mineral
development. Mudd (2013) revisits original assumptions iXThe Limits to Growth" 1972,
highlighting that, despite increasing extraction costs,te nite nature of minerals is still
unclear. (Ali et al., 2017) take advantage of peak models ofs@urce 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 takeardinated and planned
actions at a global scale, intervening in mineral markets tpromote sustainable
development goals. In response, (Tilton et al., 2018) crifze both the use of peak models
to assess long-term mineral availability and depletion anthe call for strong government
intervention to mitigate future shortages beyond intervetions to control environmental
damages and to correct the tendency of private actors to undevest in technological
innovation from society's perspective.

Broadly speaking, approaches to assessing the threat of mial 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 Taws, 2018). The xed-stock
approach is dominantly a physical view of natural resourcearcity, while the
opportunity-cost approach is largely economic (Barbier,®.9). Re ecting the physical
approach, (Gordon et al., 2006) argue that physical stock$ metals will be unable to
sustain the modern quality of life, suggesting an absolutearcity of minerals. Moreover,
prices will not result in real warnings since price trends arnot di erent between abundant
and scarce minerals and markets do not re ect external minghcosts (Henckens et al.,

2016b). In this context, peak models arise as an increasingireferred approach for



assessing mineral depletion using di erent physical stockeasures (Ali et al., 2017; Calvo
et al., 2017; Northey et al., 2014, Prior et al., 2012). Re ettg the opportunity-cost
approach, many mineral economists argue that peak models faineral resources are
inherently awed and, as an alternative, suggest a cumulate 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 signcantly in the inferences
they draw on how to respond to the threat of mineral scarcityWhile the former urges
society to change the pace of development, the latter claintisat prices and costs will
provide incentives to o set depletion. The diverging posibns appear in virtual stalemate:
economists would disregard physical models that do not inle how markets respond to
scarcity, and natural scientists do not feel comfortable vitng for markets to provide
signals to inform decisions taken by governments and privatactors.

The purpose of this paper is to review the two approaches fossessing the threat of
mineral depletion and develop a reconciled methodologicgbproach. Toward this end, we
build a formal model for long-term supply and demand for mimals. The model allows us
to be explicit about assumptions behind peak models and CAC plications. Then, we
suggest modifying the CAC in two main aspects to help recoteithese approaches. First,
we propose to emphasize separate demand scenarios for nieeeloped and less-developed
regions. Second, we include di erent supply units for resess, resources and undiscovered
deposits, incorporating economic and geologic stock uniznty. We nally apply the
modi ed CAC to copper resources and compare our results wifbrevious peak models.

The CAC has fewer empirical applications compared to peak rdels (Calvo et al., 2017;
Tilton, 2018). Since CAC's theoretical development in 198@nly a few authors have
studied long-term depletion for speci c resources like hiium (Yaksic and Tilton, 2009),
tellurium (Woodhouse et al., 2013), oil (Aguilera, 2014; Aglera et al., 2009), thorium
(Jordan et al., 2015), indium (Lokanc et al., 2015), galliumHRrenzel et al., 2016) and iron

ore (Jashski et al., 2018). In practice, there is not a cleapoint in the CAC to mark



depletion, contrasting with the \peak" in peak models. Desipe previous applications, no
author has clearly formalized the general methodologicassumptions 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 applitan to more economically
important minerals like copper.

Section two reviews the main studies using peak models and C& We nd that
extraction costs driving long-term mineral depletion is ammon in both approaches. Both
rely on detailed information on reserves and resources toiloutheir models. Demand in
both cases is assumed as perfectly price inelastic (that cgnsumption is not a ected by
price changes) and increasing. Section three proposes noetblogical changes for supply
and demand in the CAC to reconcile di erences with peak modgl Finally, the last section
applies the modi ed CAC to copper resources, suggesting thianown reserves and
resources are responsive enough to meet demand until 2075isTresult highly contrasts

with peak copper models, which signal peak copper before Q05
2.2 Two models for mineral depletion

Peak models and the CAC di er fundamentally in the unit of andysis. The former
focus on physical units, such as tonnage, kilograms or gragdé¢o 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 mineratesources (Tilton and
Guzman, 2016, ch.9). In practice, there are two main similsies and two di erences
between the two approaches. The approaches are similar iratrsupply drives long-term
depletion and lack of complete geologic information is a n@jlimitation. The approaches
are di erent in that peak models use peak production as a cleaignal of impending
depletion, while CAC does not have a clear counterpart as andicator of depletion.
Moreover, CAC models acknowledge that markets will adapt asepletion drive prices up,
either encouraging exploration or by demand substitutionThis adaptive process is not

part of peak models, a common critique from the opportunitgost advocates.



2.2.1 Peak models

The physical view usually turns to Hubbert's theory of peak prduction to assess
mineral depletion. Peak models are based on a bell-shaped & in the extraction of a
xed stock (Hubbert, 1956)*. The simplicity of the theory is the main driver behind its
widespread application, despite critiques from opportutyi-cost supporters. There is only
one input that de nes peak production: The Ultimate Recoverble Resource (URR) de nes
the entire supply over time in peak models. The URR is an assuthestimate of the total
mineral resources that society will recover from mineral gesits, both historically and into
the future (Giurco et al., 2012). In its simplest form (Calvoet al., 2017), supply at every
periodt (S;) is given by Equations 2.1 and 2.1, wherb and tyea« (the peak year) are the

regression parameters to be adjusted to t historical data.

RR 1, tpeal
S = UTe 2(—F) (2.1)
URR
Stpeak = bp 2— (2'2)

Peak models implicitly assume that other determinants of gly (price, technology,
exploration or input costs) are irrelevant to assess longtm depletion (Tilton, 2018). In
practice, peak models allow di erent URR scenarios, but chgmng the URR does not
generate much change in the peak year tpeak (Northey et al., 220 Sverdrup et al., 2014).
Many authors have tried to incorporate more variables intohte simplest Hubbert model.
Sverdrup et al. (2014) develop a complex world dynamic modebmbining population,
recycling, markets and mining supply. In their model, incrasing demand after the peak
should be met by increasing recycling rates. Giurco et al. @22) propose a detailed
assessment at a mine level, where production decisionsdaila 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 predictin about peak oil (Bardi, 2019; Chapman,
2014; Criqui, 2013; Graefe, 2009; Sorrell et al., 2010). We do not attempt to disprover con rm Hubbert's
hypothesis.



research, including ore grade as the main driver de ning whaleposits will be mined rst.
Quantity demanded in peak models is not a relevant variablesdong as it is greater than
or equal to production from the peak function. The demand calition is guaranteed by
having a non-decreasing per capita demand. In the long-ternmcreasing recycling and
exploration is expected to |l the gap between increasing deand and constrained peak
supply (Northey et al., 2014; Sverdrup et al., 2014).

Modifying the simplest peak model does not result in major emges in results,
generating a sense of theory robustness. For example, in itese of peak copper models,
previous literature agrees on a copper shortage over the h@&0 to 30 years, slightly
dependent on the URR value (Bardi and Pagani, 2007; Giurco at., 2012; Laherere, 2010;
Northey et al., 2014; Sverdrup et al., 2014). Therefore, theis little to gain by adding
more dynamic components to the simplest peak model (Calvo &k, 2017).

Critiques of peak models have been widely discussed by sugiprs of the
opportunity-cost paradigm. First, peak models do not conset the e ect of technology
increasing availability of reserves, resources and undisered deposits (Kharitonova et al.,
2013). Second, peak models usually ignore market behaviacls as, for example, that peak
production for minerals may occur for political, health or Bvironmental restrictions, or
because demand falls, rather than due to physical depletioand that materials intensity of
use declines as countries develop (Criqui, 2013; Crowsof12; Ericsson and Sederholm,
2013; Tilton and Guzman, 2016, ch.9). Third, geological stk uncertainty created by lack
of discovery data and unknown deposits does not a ect the dgmic behavior of peak
models. Additionally, peak models erroneously consider ezges and resources as xed
stock measures (May et al., 2012; Meinert et al., 2016; Wekmand Scholz, 2018). As a
result, peak model assumptions are generally strong, quesiable and biased towards a
more pessimistic prediction of mineral depletion (Tilton2018). Nevertheless, peak models
have an impact on the scienti c community concerned about stainable development in

the mineral industry (Ali et al., 2017; Calvo et al., 2017) or \Wwen 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 neetb give up for an
additional unit of a mineral resource. The cumulative avaability curve (CAC) is an
alternative to assessing mineral depletion along with tres in real prices, real extraction
costs and the value of marginal reserves. The CAC represeais known geological sources
for a mineral and their full extraction costs over all time. h the CAC, demand determines
how quickly we extract available mineral resources (Tiltomnd Guzman, 2016, ch. 9).
Mineral depletion will drive prices up, discouraging consuaption, increasing substitution
and recycling, and encouraging new supply sources by exgitton 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, 202). The CAC implies that
known lower-cost deposits will be mined rst in the long-tem. The concept is common
both in peak models and the CAC, but extraction cost informabn is not available for
uncertain sources, like resources or undiscovered dep®sito solve the data problem, peak
models assume that extraction costs rise because of a dexlin a deposit ore grade
(Henckens et al., 2016b; Northey et al., 2014; Prior et al., 2P1Vieira et al., 2012).
Nonetheless, a declining ore grade is a poor depletion preédicbecause of the endogenous
relationship between ore grade and economic conditions @rson, 2012; Tilton and
Guzman, 2016; West, 2011; Wood Mackenzie, 2015).

Formally, Equation 2.3 indicates that the CAC is a stock vaable, adding up all known
deposits or mineral sources (R;j) at a time t, as a function of the price to incentivize their
extraction (p), keeping all other supply determinants xed. Equation 2.4e ects demand,
which is assumed to change in response to income and popwatgrowth (g;) and material
substitution e orts (' s;). Is it expected that %fs< 0, because more substitution e ort should
decrease metal consumption. Additionally, demand can alehange over time as an e ect

of changes in consumer preferences or new technology.
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X
CACi(p = Ri(p) (2.3)

i
Di = f (g s t) (2.4)
The CAC indicates that future price is determined by future gtraction costs, and demand
will de ne how quickly we deplete non-renewable stocks (Tdn and Guzman, 2016, ch. 9).
The CAC approach assesses depletion in three steps. Firstpegted future demand is
summed from the current period {p) up to a time in the future (t;). Second, the price
required to supply that amount from current reserves is obtaed using the inverse of the
CAC. Finally, if the resulting price is in the steeper sectiorof the CAC following Equation
2.5 and price needs to greatly increase to stimulate furtheupply, 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 (fton and Guzman, 2016, ch. 9).

Xf
@éﬁc CAC Y Dy (2.5)

to

The opportunity-cost paradigm does not generate complet@rgsensus on how to assess
mineral depletion. First, critics are less con dent in the rte 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 areat fully internalized by markets
(Segura-Salazar and Tavares, 2018). Second, assuming thaologically scarce minerals are
more likely to face depletion than geologically abundant merals, then price trends should
be di erent between them. However, price trends are not di eznt between geologically
abundant and scarce minerals, failing to signal mineral deggion (Henckens et al., 2016b).
The implication is that responding to mineral depletion regires international coordination
to assure supplies of geologically scarce minerals for ftelgenerations (Henckens et al.,
2016a, 2018). Third, the opportunity-cost paradigm does h@eem concerned about

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

Despite critiques, the CAC is useful to assess potential defion 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; rdter society is likely to see
scarcity emerging and allowing time for response throughrfexample, technological
innovation, new supplies, or substitution). Nonethelessliscontinuous jumps or sharp
increases in the CAC, as depicted in Figure 2.1 b), c), and d) ggest 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 wepagach to stock depletion

(Aguilera, 2014).

a) b) c) d)
Price Price Price Price

and and / and and
costs costs H

costs costs

/J

Cumulative output Cumulative output Cumulative output Cumulative output

Figure 2.1 lllustrative cases of the CAC. a) Slowly rising spee due to gradual increase in
costs. (b) Discontinuity in slope due to jump in costs. (c) Sarply rising slope due to rapid
increase in costs. (d) Rising slope rapidly becomes inelastt maximum cumulative output
constraint. Source: Tilton and Skinner (1987) and Aguilera2014).

The number of actual CAC studies is limited, likely due to daa limitations (Tilton and
Guzman, 2016, ch. 9). Additionally, the CAC is not expected t@rovide insights about
how quickly society consumes available stocks to point exqgied depletion. However, the
CAC is a more general and exible approach than peak modeldjaving 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 awmajor common
concepts: supply and extraction costs drive depletion in &éhlong-term, and there is
uncertain geological information. In peak models, risingna then declining production
(over the longer term) is the result of gradual increases ifhé in the production cost of the
resource (Bardi and Pagani, 2007). Ore grade decline is alssed as a proxy to re ect
increasing production costs and environmental impacts (Nirey et al., 2014; Sverdrup
et al., 2014). Therefore, even if market prices are not a ssfiactory measure of scarcity,
both sides agree that extraction costs from various sourcascurrent technology may
provide useful insights about future mineral availability(Henckens et al., 2016b; Tilton,
2018). Geological information relies on data on reservesdaresources, which are stock
concepts; these data often are misunderstood to mean all theneral resource there is,
which is incorrect (Meinert et al., 2016). A reconciled viewf mineral depletion should
consider geological stock uncertainty based on the resoerdassi cation and their di erent
expected extraction costs. We consider the CAC as a more geleapproach, and it can be
modi ed to include both views and to provide guidance aboututure mineral availability
and their expected extraction costs (Henckens et al., 20160Gijton and Guzman, 2016, ch.
9).

Consensus requires building on critiques arising from eaphradigm. First, the
opportunity-cost paradigm highlights the uncertain consmption forecast, changing
demand with the level of development and the demand respon®eo set mineral depletion
(Crowson, 2011; Tilton and Guzman, 2016, ch. 2). Second, daestock supporters criticize
the opportunity-cost paradigm's inability to pinpoint mineral depletion, heavily relying on
technological change and market forces. Then, it is requdtéo nd a clearer way to mark
depletion in the CAC.

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

aspects: demand and supply. First, the demand side should sader a changing per capita
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demand as countries develop in the long-term. Second, on thagpply side, geological stock
uncertainty requires modifying the CAC to include a certaity level on extractable or
recoverable resources, based on the geological classi@atfor mineral resources. Both

modi cations are necessary to construct a clear point to mardepletion in the CAC.
2.3.1 Demand

Long-term metal consumption in economic and peak modelsied to a signi cant extent
on variants of the intensity-of-use hypothesis (IU), eitheanalyzing metal consumption by
unit of income (GDP) or per capita. The original 1U hypothess suggests that metal
consumption changes with economic development and per dapincome (Tilton and
Guzman, 2016, ch. 2). The ratio of metal consumption to totahcome is expected to follow
an inverted U shape, which is supported by historical evidee (Warell and Olsson, 2009).
In another study, Sverdrup et al. (2014) acknowledge that pper per capita consumption
depends on per capita GDP, but they consider a stable demantapproximately 10
kg/person when income per capita exceed25,000. However, they do not consider that U
for individual countries may decline on average as per capiGDP increases (Cuddington
and Zellou, 2013). Similarly, Maller et al. (2011) nd a satrration consumption level
between 8 to 12 tons of iron per capita when studying future ailability of iron.

In the case of copper, Figure 2.2 shows historical data of mefger capita consumption
following an inverted U path in more developed regiofs The trend suggests that global
per capita metal consumption will not increase unbounded ev the next century and
instead is likely to converge at the average level of devekp countries.

Analyzing per capita metal consumption provides an approado developing a
reconciled view on mineral depletion, given its simplicitand use in previous applications.
The methodology can be re ned to provide a more robust analigsin two ways. First,

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

SFor consistency, we use the UN convention for more developed regions clading Europe, Northern America,
Australia/New Zealand and Japan (United Nations, 2017)
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Source: Based on COCHILCO (2018) and United Nations (2017)

Figure 2.2 Copper consumption for countries in more develapeegions, 1950-2017. Points
mark maximum and minimum per capita copper consumption everyear and lines represent
the interquartile range. Weighted average considers totalonsumption of more developed
regions weighted by their population.
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various demand scenarios based on di erent saturation pag Separating more and less
developed countries allows consumption patterns to change countries develop. Besides,
demand scenarios provide a range of variability for unexped future outcomes. Second,
demand should respond to mineral scarcity as prices rise. tkte market behavior may
respond in ways impossible to know but we can infer when sultstion e orts are likely to
trigger reductions in demand. Even if metal demand is inelas in the short-term with
respect to price changes, we should observe a greater resgoim the long-term.

Following previous work using variants of the IU hypothesi¢Cuddington and Zellou,
2013; Sverdrup et al., 2014), the convergent hypothesis itigs that, on average, less
developed regions change their consumption level to appobamore developed regions. We
propose to estimate the growth of the per capita consumptiofCC, p.; ) from less
developed regions as proportional to current consumptiomd the gap with more

developed regions, as indicated by Equation 2.6.

C CLD;t

CCipt =k CCpp. 1 —
LDt LDt CCuo

(2.6)

Where CC,p: and CC,p; indicate the change and current per capita consumption
from less developed regions at timg CCyp the stable consumption level (or saturation
point) in more developed regions an#t represents the average growth rate. Additionally,
demand in more developed countries needs to include charggmects driven by technology
and substitution on the material composition of products (Titon and Guzman, 2016, ch.
2). Modelling those e ects in the frontier is challenging awsidering the disruptive e ect of
technology and consumer preferences in the long-term. Weopose to follow simple
ARIMA models to model per capita consumption in more developleregions.

The second modi cation requires demand to adapt as we depéeknown mineral stocks
and prices increase. In the previous section, we model derdaat 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 pat prices % > 0 , where
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substitution e orts increase with an increase in prices . Térefore, 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 hgghesis). 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 @s @p1+f

@D_¢ it
@ ¢4 @p, @t "

(2.7)

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

section 2.2.2. Then, we obtain a more useful expression %&f

1Pt1
@p, _ @CAC-( , "Dj) _ D1 _ P 1 _ Pt1 Dt

@t @t - —@(%?C(pt 1) - @éApC(pt 1) B‘tll "ocac CAC

Where ",.cac denotes the percentage change in cumulative resources luseaof one
percentage change in prices. Replacing the previous resualtEquation 2.7 generates

Equation 2.8 below.

@D @s P2 “ps S gtAc1
—=f + f +f=f +fg ————=2=+f
@t ¢ ar s @p1 "pcac t=Te A7 1o " piCAC '

(2.8)
The term "5 represents the price elasticity of substitution e orts. Fom Equation 2.8,
substitution e orts become more important as we approach t inelastic section of the

CAC and can dominate as mineral depletion increases over #mAs discussed by Tilton
and Guzman (2016, ch. 2), consumption may change in ways ingstble to know due to
substitution and changes in preferences. Material subdtiion in response to prices may
take a decade or more to materialize, suggesting that prictasticity of substitution e ort
could be closer to zero in the medium-term (Smith and Egger?018). Nevertheless, we can
obtain a conservative depletion measure from the CAC, if warot substitution e ects

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

long-term prices increase, and we move to a more inelastictsen of the CAC. When
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"o.cac becomes less than on€' {cac < 1), there is little room to provide minerals from
known sources and substitution e ort should dominate. We gamark depletion at the
point where",.cac €quals one, meaning that one percent increase in price geites less

than a one percent increase in available resources.
2.3.2 Supply

The misconception of reserves and resources as xed stocksiicommon critique of
peak models. Mineral resources are de ned as a known conecahbn of minerals in such
form and amount that economic extraction of a commaodity is auently or potentially
feasible. Reserves are a subset of resources - the portionldde economically extracted at
the time of determination (U.S. Bureau of Mines and U.S. Geolamal Survey, 1980). In
this sense, if we take reserves and resources as xed geahlginits, we will be incorrectly
measuring future availability, not considering how they cange with economic conditions
(Crowson, 2011; Meinert et al., 2016). For example, peak meld have adjusted their
measures of the Ultimate Recoverable Resources (URR). Remagcopper stocks using
URR estimates increase from around 1,400 million tonnes (Lahere, 2010), to 1,800
million tonnes (Henckens et al., 2014; Northey et al., 2014) dmimore recently to 2,100
million tonnes (Calvo et al., 2017). The changing URR is a majeource of uncertainty in
peak models, and their total stock estimates are usually tdow (Tilton, 2018).

The CAC re ects full extraction costs of all available depass over all time. Equation
2.9 separates the CAC at any given time in reserves Rv;(p)), resources Rc(p)) and
undiscovered depositsl D;(p)). These measures can change over time, but the CAC
should remain as a stock measure. It is only possible to geser an imperfect CAC based

on available information of known deposits.

CAC:(p) = Rvi(p) + Rci(p) + UD:(p) (2.9)
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As indicated in Equation 2.10, depletion analysis requireknowledging that
information changes over time. At every period, reservesedepleted through consumption
and a fraction of resources become reserves through minenpliag and investment ( ;).
Additionally, a fraction of undiscovered deposits generasereserves depending on

exploration e ort ( ).

dRv; _
dt

Di+ Rcg+ UD (2.10)

In any given time, most available information to construct he CAC comes from
reserves, representing a higher certainty level about pot#al extraction. As reserves
decrease, prices increase, and resources become moredia Then, long-term depletion
analysis should include resources as a future mineral sourtimfortunately, there is little
research about conversion of resources to reserves overetifNorthey et al., 2014).
Without much information about resources, we penalize themybgiving a higher extraction
cost, re ecting what is expected from Equation 2.10. Assum@n ; equals zero provides a
conservative estimate for depletion. In this way, we focusadknown deposits rather than
unknown information. The modi ed CAC contains the availabé mineral stock under
current information, extraction techniques and economicanditions. Moreover, extraction
costs ideally should account for negative externalitieske environmental pollution or other
social impacts related to mining. It been shown that increasg extraction costs due to
environmental and social consequences are already ocagrin the mining industry (Prior
et al., 2012). However, as with technological change, changi(more stringent) regulatory
frameworks will generate shifts in the CAC in unknown ways, W still preserving the shape
of the CAC (Tilton et al., 2018).

Assuming that current geological information accounts forledeposits in the earth's
crust is misleading, but we also need to take advantage of sting data to analyze mineral
depletion. Modifying the CAC for di erent stocks (reservesresources and undiscovered

deposits) provides a rst approach to include the e ect of chaging information over time.
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However, there is still enormous potential to support consuption with undiscovered
deposits. For example, deep underground copper deposits asgtimated to contain more
than 40 times the most optimistic URR estimate (Kesler and Wilkason, 2008; Meinert

et al., 2016). Global copper resources have been continuguacreasing, despite the
increase in production and decline in ore grades (Mudd, 2013 he increase in copper
resources is not only driven by exploration, but also by ecomic, social, political and
environmental considerations, raising concerns about ngi physical measures like tonnes or

grades to make inferences about future copper supply (Muddde Jowitt, 2018).
2.4 Applying the modi ed cumulative availability curve to copper resources

A common or reconciled view of mineral depletion should cornle the strong and
simple depletion aspects of peak models with the economi@mgty created by increasing
costs. In any economic analysis, supply and demand are dechsimultaneously and relate
to each other through the market price. However, as we note ng-term forecasts of supply
and demand are greatly dependent on unpredictable variakleThus, as recommended by
Rosenau-Tornow et al. (2009), we propose di erent demandestarios and assess how

known deposits meet these scenarios.
2.4.1 Data sources

Previous literature on mineral depletion focuses on how cogr demand increases as
population grows (Northey et al., 2014; Sverdrup et al., 201.40ur population forecast by
country is based on World Population Prospects consideringpnstant-fertility and
constant-mortality prepared by the Population Division ofthe Department of Economic
and Social A airs in the United Nations (United Nations, 2017). Taal copper
consumption per country from 1950 to 2017 comes from the hosical archive of the
Chilean Copper Commission (COCHILCO, 2018).

Copper deposits are divided into reserves, resources andlisgcovered deposits.

Reserves data from countries are based on Mudd and Jowitt (&)1 accounting for
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approximately 641 million tonnes. Current reserves and resrces were estimated at 3,020
million tonnes based on Mudd and Jowitt (2018) Following Kesler and Wilkinson (2008),
estimated recoverable underground copper deposits (knownd unknown) are about 89,000
million tonnes. These unknown (undiscovered) deposits aexpected to have similar ore
quality as known underground deposits, therefore can be eatted with existing methods.
Average extraction costs of reserves are based on Wood Madkeis Copper Mine Costs
Workbook Q42016, considering total extraction costs (C3pf each country (Wood
Mackenzie, 2017). Average resource extraction costs areirasted for each country
considering the last cost quartile (25% highest extractionosts) and using the highest
world average quartile for those without mining informatie. Unknown and undiscovered
deep underground deposits are estimated to have conditiosisnilar to current high-cost
underground operations. It is worth noticing that our estinate of undiscovered deposits is
purely theoretical and only provides a reference gure foromtained copper in the earth's
crust. Nevertheless, as a conservative measure, we consttierhighest cost quartile from
underground mines as the approximate extraction cost for giscovered underground

copper deposits.
2.4.2 Demand

Per capita consumption in more developed regions is a norasbnary series (we fail to
reject the null hypothesis of unit root at the 10% level) and ur best estimate for future
per capita consumption in more developed regions is 5.31 kgtson, based on an ARIMA
(0,1,0) model. To estimate future per capita consumption in less develogaegions, we
apply Equation 2.4 with various stable consumption levelsybdistinguishing three main
periods in more developed countries. First, a reconstructigperiod from 1950 to 1969 in

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

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

’The 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 digitaltion period beginning in
2000. Per capita copper consumption between 1970 and 199&réased at every quantile
with respect to consumption in the 1950 { 1969 period. For eraple, 50 percent of the
population in more developed regions consumed on averagssléhan 6.76 kg/person in the
1950 { 1969 period and the same percentage consumed less &3 kg/person in the
1970 { 1999 period. Based on these periods, four potentiabbte 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 quaite of the last period5. These
values represent a wide range of growth alternatives for edeveloped regions.
Additionally, we include a scenario de ned by the consumptio forecast in more developed
regions. Figure A.1 in the Appendix A provides further details oconsumption

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

Table 2.1 Scenarios of stable per capita copper consumptionless 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 lhe growth parameter that
better ts historical data. Figure 2.3 shows that models do niogreatly di er to explain
historical data, representing the past exponential beham.

Projected accumulated consumption from 2018 to 2100 appsan the appendix
(Figure A.2). In 2050, accumulated total demand (including deand for recycled products)
is expected to reach 1,193-1,551 million tonnes; and 4.78836 million tonnes by 2100.
Consumption from less developed regions represents 87 { ¥Fqent of total consumption

by 2050 and 95 { 97 percent of total consumption by 2100 (Figu.3). The recycling rate
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Figure 2.3 Per capita copper consumption in less developedji@ns, 1950-2100. Each line
denotes a di erent stable consumption level from 5.31 to 9B0kg/person. Historical data
is marked in white circles. Every scenario is calibrated ugj maximum likelihood, varying
the stable consumption level and de ning consumption in 1@b6as 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 pamt; 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 h@ontal axis and the
expected cost to provide them on the vertical axis. In the mo@&d cumulative availability
curve (MCAC), we represent di erent supply sources accomdg to their certainty level in
reserves, resources and undiscovered deposits. Despitaritadi erent economic
de nitions, reserves and resources represent known coppEposits. As mentioned in
Section 2.4.1, we penalize resources by assigning them tbp guartile in extraction cost
from each country. The MCAC for reserves and resources is peated in Figure 2.4. The
top gure illustrates that reserves are only a fraction of kown deposits but are also
expected to be mined rst. Nevertheless, as reserves decegwrices should encourage
extraction from other known available deposits in the longun. Given the previous
expected behavior, Figure 2.4 b) represents a preferred MCAGr long-term availability
from known deposits.

Underground unknown deposits are a potential source for mirads. Nevertheless, we
lack con dence about their location and extraction costs. Apreviously stated, to
undiscovered deposits we assign the extraction costs frotrethighest quartile from current
underground mines. The assumption aims to provide a measwefuture mineral sources,
considering the lack of information about discovery costdNonetheless, it is not clear that
we can simply include undiscovered deposits in the MCAC witreserves and resources.
The discovery barrier is marked by the vertical line in Figure.5. In practice, the gure
serves two main purposes. First, it illustrates that undisogered deposits can greatly
contribute to decrease future depletion if their geologit@haracteristics are similar to
known underground deposits. The shape of the curve suggettat we are unlikely to
experience rapid economic depletion. Second, the gure puin perspective that physical

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

deposits and reserves conversion rate to avoid a discoveyiter.
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Figure 2.5 Modi ed CAC for reserves, resources and undiscogd deposits. The vertical axis
in each graph indicates the estimated extraction cost in derent countries. The horizontal
axis indicates total remaining contained copper tonnagegparating known (reserves and
resources) and unknown (undiscovered) deposits. The segeel vertical line indicates total
current resource and reserves (3,020 million tonnes), regenting not a physical barrier, but
a discovery batrrier.
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2.4.4 Copper long-term availability

The modi ed CAC o ers two main insights related to physical aailability of known
deposits and their economic scarcity. First, the availabtly from known deposits indicates
that meeting demand by 2050 requires around one third of camt reserves and resources,
and around 88 percent by 2075. Nevertheless, the supply saigomposition is not
homogenous across time. This is illustrated in Figure A.4. Fa@xample, in 2050, 71

percent of known reserves and 25 percent of known resourcegedto be extracted. After

27



2050 we observe a change in the slope of reserves consumptraticating a heavier
reliance on resources. This indicates that, in the medium tong term, the conversion rate
from resources to reserves has a greater importance than pioal depletion. In the most
conservative demand growth scenario, current known deptssare insu cient only after
2074.

As demand increases, deposits are depleted starting from fieowith lower costs. In this
sense, economic scarcity appears as we move to the inelaséiction of the modi ed CAC,
indicating that an increase in price generates a less thangportional increase in quantity
supplied. We approximate elasticity by tting a polynomial function to the MCAC and
calculating the price elasticity as the percentage change quantity supplied every year as
a response of a one percent change in priqﬁé—@). According to Figure 2.6 and depending
on the demand scenario, we would expect to achieve the ingiagpart between 2066 and
2076. The result contrasts with depletion suggested by copppeak models, where supply
fails to meet demand by 2033-2050. Additionally, the estimatfrom the MCAC is still
conservative, because as we approach to the inelastic seatimarkets will create strong

incentives to search for undiscovered deposits and substé materials.
2.5 Conclusions

Mineral depletion is one of the main debate topics in mineraksources management for
sustainable development. Historically there have been twoajor approaches to assessing
depletion: a xed-stock paradigm and an opportunity-cost pradigm. 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 depletiorfhe latter supports that
economic behavior may change long before actual physicaptigion takes place; the
analysis is not so much about the extraction of xed stocks asis about of what society
needs to give up for them. The opportunity-cost paradigm pfers 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 regges and resources, 2018-2100.
The vertical axis indicates the price elasticity of quanty supplied based on the modied
CAC. Each line illustrates di erent consumption scenarios
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In this paper, we review applications of peak models and theAC, nding that both
approaches consider that supply and extraction costs drivdepletion in the long-term, and
both acknowledge that geological information is at best uectain. As a more general
framework, we modify and formalize the cumulative availabiy curve, including di erent
demand scenarios for less- and more-developed countried aonsidering uncertainty in
geological information. In this way, we propose a depletiomeasure as we move to the
inelastic (steeply increasing) part of the CAC, assuming #t substitution e orts are mild
before that point. These modi cations consider major critjues elaborated by each
paradigm. A signi cant concern comes from increasing enanmental 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 mingnmore challenging, being
expressed as higher extraction costs, but still preservirtge shape of the CAC.

Implementing the modi ed CAC (MCAC) for copper suggests thacurrent reserves and
resources can meet world consumption until 2075 maintairgrcurrent recycling rates. This
is a more optimistic view than peak models, where peak prodian should occur before
2050. Additionally, the MCAC model highlights that physicaldepletion is not the main
issue when analyzing future copper supply. The conversioate from resources to reserves
is more important in the medium-term and deposit discoveryate is more important in the
long-term.

The MCAC for copper does not indicate an insurmountable baier after 2075. Future
mineral depletion depends on two main unknown variables reming further research.

First, the conversion rate from resources and undiscoveredpmbsits to reserves represents
an underdeveloped topic than can improve the dynamic aspeat the depletion analysis.

Second, we are mostly unaware of society's ability to subistie metals in the long-term as
a response to increases in prices. Both aspects, related tap@y and demand for minerals,

will improve MCAC outcomes and policy guidance about minefaustainability.
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Finally, urging mineral-rich countries to take protective neasures about their resources
seems not advisable based on the copper MCAC. Delaying peakdguction 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 asss. In this sense, research in new
exploration techniques to nd deep-covered deposits and improving the e ciency of
mineral processing and extractive metallurgy, as well as lxy initiatives to incentivize
exploration in technically-challenging and riskier depdts, 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 ngpwrith a wide set of
political and economic challenges. These are widely knowndainclude revenue volatility,
crowding out other sectors in the economy (Dutch diseasekgnt-seeking behavior and lack
of investment in non-depletable assets (Humphreys et al., @0). Understanding the e ects
of mineral royalties on rm decisions takes a main role whennalyzing the contribution of
extractive industries to economic development. Economiemt lies at the heart of the
discussion: if mining companies are receiving pro ts beydrthose required to invest and
produce (that is, rents), then excess revenue belongs to thesource owner, usually the
nation (Hogan and Goldsworthy, 2010; Tilton and Guzman, 201&h. 5). Mining taxation
is also viewed as one tool to secure raw materials for sustnhe growth (Ali et al., 2017).
But there is still concern about the role of public policy in his matter (Tilton et al., 2018).

In terms of modelling the response of nonrenewable industsi to taxation, Dasgupta
and Heal (1979) analyze the e ect of sales and pro ts taxes omé optimal extraction path,
indicating that a constant pro t-based tax does not distortthe e cient extraction path as
opposed to ad-valorem taxes. In the presence of high unceéntg and price volatility
associated to resource projects, Garnaut and Ross (197579pindicate that only a highly
speci ¢ Resource Rent Tax (RRT) can be strictly neutral. Howeer, despite expected
neutrality, RRT can reduce discovery for high quality depats and late-stage exploration
(Campbell and Lindner, 1987; Fraser, 1998). For mining corapies, theoretical impacts of
royalties include ore selection (high grading), reductiom exploration and mine

development, changes in the extraction pro le and, in extrme cases, earlier mine closure
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(Krautkraemer, 1990; Otto et al., 2006; Slade, 1984, p. 8).hE distortionary e ect of
mining taxation can be particularly challenging for exploation activities as taxation
focuses on successful discoveries, discouraging riskyl@gtion activity (Boadway and
Keen, 2010). Nevertheless, as noticed by Lund (2009) in hissziewv of rent taxation for
nonrenewable resources, several studies focus on the eseah development and extraction
decisions due to the inability to de ne production possibities for the exploration phase.

An exception comes from Deacon (1993), who adapts Pindyck'sodel (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 sensiévto tax changes than price
changes. Less favorable policies also a ect market strucgy resulting in the exit of smaller
rms (Boomhower, 2019; Lange and Redlinger, 2019). Nevertless, Sturla et al. (2018)
suggest that, in the speci c case of Chile, rents in the mingnsector have been large
enough to tax them away without distorting production, investment or exploration
decisions. An additional strategic concern may arise if chgimg taxes in a country diverts
investment to its neighbors. Investment in the primary sedr is expected to be relatively
inelastic to marginal changes in taxation (S®whase, 2006However, tax competition in
nonrenewable resources can occur and will depend on the tigla scarcity of capital and
natural capital (Manilo and Manning, 2018).

In practice, the full range of impacts arising from mineraldxation may require years or
decades to be noticed by governments, not providing usefublcy feedback. Nevertheless,
changes in grassroots exploration expenditures should pide an early indicator for the
impact of mining royalties (Otto et al., 2006, p. 26).

Despite known theoretical e ects, little empirical evidece has been developed to
understand how mineral exploration reacts to taxation. Emipical research based on
exploration expenditures has previously assessed natibonampetitiveness into attracting

investment. Jara et al. (2008) suggest that changes in eartyage exploration (or
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grassroots) for speci ¢ metals should immediately re ecthsfts in investment climate.
Subsequent studies focus on the relative weights of invesint climate and geological
potential driving exploration decisions, indicating thatboth aspects and their interaction
are relevant to the allocation of exploration expenditureglara, 2017; Khindanova, 2011,
2015). However, these studies have been limited due to dateadability, only analyzing
cross-sectional country level data. Besides, they do notcias on the ability of exploration
expenditures to provide early signs on the e ects of changés speci ¢ mineral policies.

The purpose of this paper is to empirically analyze the e estof mineral taxation on
early-stage exploration. This is done by rst developing awo-stage theoretical model. In
the rst stage, investors de ne exploration funding or budgt for a company based on their
expected pro ts. In the second stage a rm decides where tolatate a xed budget, were
exploration e ort is incentivized by the value of the potental discovered reserves and
de ned on a rm's speci ¢ knowledge in every location. The mdel highlights that a tax
will change current exploration decisions by a ecting the xpected value of discovering a
deposit in the future. Besides, the model allows to obtain girical estimates of the e ect
of mineral taxation on exploration, and more generally, foany policy a ecting the value of
discovered deposits. This paper overcomes previous lintites using rm-level data on
exploration expenditures over a 22-year period. The empidl strategy relies on a
di erences-in-di erences identi cation and a synthetic @ntrol method as a robustness
check, based on the Chilean Mining Speci ¢ Tax of 2004 and itate increase in 2010. The
exogeneity of the rst tax change in 2004 is assumed as the tagsulted mostly from the
political cycle and just when commaodity prices started booimg. The 2010 modi cation
happened because of a major earthquake in the country, thésee was unpredictable. The
exogeneity lies in the fact that had the earthquake not happed, it is unlikely the
government would had changed the royalty regime.

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

zero for both tax changes. However, the average e ect maskddmgeneous e ects. In the
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rst tax change, smaller companies reduced their budgets @und 2 percent while larger
companies increased their budgets 32 percent. Additionallgmaller companies were 4 - 6
percentage points more likely to leave the country. The 20X0odi cation had no signi cant
e ect on budgets of larger and smaller companies. The syntiecontrol method con rms
the sign of the average and heterogeneous e ects but lacksthtatistical signi cance and
cannot closely represent average investment during the jomeervention period. Counter
intuitive positive e ects in larger companies can be explaed by stability agreements in
the tax regime granted by the government to major companiegyroviding incentives for
grassroots exploration. Overall, changes in early-staggpdoration are highly sensitive to
policy nuances and the general investment climate, even ihd face of theoretically relevant
policies like royalties. This is particularly relevant wha major companies are involved, as
they might be less sensitive to tax changes than junior compizs. Additionally, the
absence of geographical spillovers not only makes previasiimates more reliable but also

suggests that neighboring countries do not need to engageharmful tax competition.
3.2 Theoretical model

Exploration and production decisions in the mining industy are mostly done by
individual rms. Small, highly-specialized rms called junior companies take part in the
riskier exploration stage, discovering new deposits anddwcing geological uncertainty of
discovered deposits. Major companies (larger companiealso take part in early-stage
exploration, but they focus on development and productionetisions. Within a single
region, exploration depends on the value of the expected cliserable deposit. In the
deterministic case, given an initial reserve stodRy, the value of the resource stock (Ry)

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

V(R)=max pgq c(q;R)+ V (Ri+1)
“ (3.1)
subject to Ri+1 = Rt ¢

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

g the quantity extracted at time t and c(g; R;) the extraction cost as a function of the
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guantity extracted and the depletion of the resource stockGiven a functional form for the
cost function, it is possible to obtain a solution for the stok value V(Rp). Additionally, a
maximum capacity investment decision could be included csilering the maximum
production level and an investment capacity cost functiolk(gnax ). In the presence of a
constant pro t-based royalty , the major rm solves (Dasgupta and Heal, 1979):
V(Ry) = max (ra  co(d;R)A )+ V(Ri)
subject to Ris1 = Rt g

(3.2)

In this slightly di erent problem, extraction decisions from already producing rms
remain unchanged (Dasgupta and Heal, 1979), but the tax do aceé investment decisions
k(gnax ) because of the decrease in the marginal value of the rescmm:ockdvé—R"). The
value of the discovered stock is also important for junior copanies because they de ne the
level of exploration activity accordingly. Nevertheless,sanoticed by Eggert (1987, ch. 2),
grassroots exploration is also an spatial allocation pradsh, 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.

X 21

max . V(R)) ij (Rj;g)dR;  c(g)
] j:l

X
subject to c(g) B

j=1

(3.3)

Where i (R;; &) represents, for every region, the likelihood of discovering a deposit
of sizeR; by allocating g exploration e ort at a cost c(g ). Finally, in a dynamic context,
investors decide the budget for each rmB) in order to maximize expected pro ts

knowing that companies will invest according to their alloation of exploration e ort.
3.2.1 Simpli ed exploration allocation model

The model can be simpli ed considering regions where to allocate exploration
investment. Assuming constant prices and constant marginalxtraction costs but

increasing as the deposit is depleted(; R;) = %), the dynamic extraction problem is
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linear in the extraction level and the company chooses to place at maximum capacity as
long it is pro table (Conrad, 2010). The assumption is basedn how mine planning takes
place, usually deciding a maximum capacity during developmt and maximizing its
utilization rate (Abdel Sabour, 2002; Newman et al., 2010), ahdepicted by common
empirical mining supply curves (Tilton and Guzman, 2016, ch3). In this case, the rm
will extract gnax during T = %’ 1 periods. Maximum capacity is de ned implicitly as
a function of the discovered resource stodRy; and the tax rate in each region. This is

illustrated in equation 3.4.

T+1

VR=max T O e K(Gha) 34)

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

dV 1 T+1
d_: Onax (P ©) 1 <0 (3:5)

For the exploration rm, it is reasonable to assume that the dstribution of deposits and
the probability of discovery are independent. In this casehe probability to nd a deposit
has diminishing returns with respect to exploration e ort kut it is still idiosyncratic: rms
may have speci c knowledge, experience or abilities in a ggular region a ecting the
exploration success. This is represented by the terf; . Let V;(R)) = E(V(Ro;) represent
the expected value of a deposit discovered in regiprand the fraction that a rm can
receive from the maximum value. Suppose a logarithmic funohal form for the discovery
probability in the level of exploration e ort ( i = AjjIn(e;)) and constant marginal

exploration costs (v), then the exploration allocation problem for every rmi becomes:

XJ
max (Vi(R)AijIn(e;) wey)
1) j=1

50 (3.6)
subject to we; B

j=1

e; O

The exploration e ort allocated for each rm i in every regionj is given in equation 3.7.
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Applying logarithm to equation 3.7 allows to obtain the folleving expression for

exploration expenditures:

d
In(e;;) =InC )+ In(B) In(w)+ In(V(R)) In : Vk(R) A+ In(Aj) (3.8)
k=1

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

din(e;) _ dVi(R) 1 oAy

d d VR L V(R)AR (3.9)

The result is interesting in the sense that the e ect of a tax ltange 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 8c In the extreme case of an
exploration rm highly specialized in a speci c countryj (Aix 08k 6 j), then the
marginal e ect of the tax change in exploration expenditurs is close to zero due to the
rm's inability to reallocate budget in other countries.

Nevertheless, the previous model still needs to consider tdgnamic nature of
exploration budget, as investors can also change the budgetinstraint of rms in response
to the tax change. In this stage, consider a highly speciadid rm, exploring only in one
country, and a diversi ed company exploring in two countris. Then, exploration e ort as a
function of the budget constraint is already de ned in 3.7 ad the maximization problem of
investors is given by 3.10.

X X
max (Vi(R)Ai;In(e; (Bi))  we; (Bi)) (3.10)

' i=1 j=1

With only two rms and two countries, the optimal budget for rm 1isB; = V ;(R)A1;
and for rm 2is B, = (V1i(R)A21 + V2(R)A22). Then, as rm 1 is more specialized in

country 1 than rm 2 (A11 > A 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 explation rms will be more
a ected as a result of a mining tax. This is expected as the mket would punish their
inability to reallocated resources by decreasing their biget over time.

dB dVi(R dvi(R dB
d_1= A él( )<A2;1 é( ) _ dz

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

(3.11)

expanded to represent the e ect on exploration expenditusefrom any policy change

a ecting the future value of extracting a discovered deposi

3.3 Empirical approach

This section explains the empirical approach and data usedrfthe analysis.

3.3.1 Identi cation strategy

Equation 3.12 represents the di erences-in-di erences gpoach to be estimated.
Vit = j+ ¢+ postCL+ X+ "jit (3.12)

Wherey;; indicates the log of exploration expenditures of rm in country j at yeart.

post 1S @ dummy variable taking the value of 1 for years after eachxechange and zero
otherwise. CL is a dummy variable indicating if the investment occurs in Ciie. The model
allows for a di erent intercept for each country (j) and year xed e ects ( (). 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% Additionally, other control variables such
as company type (e.g. junior, major or other), the corporatencome tax rate or
institutional quality measures are included.

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

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

(Fjeldstad et al., 2016; Global Legal Monitor, 2017; Santa-&ta, 2014; Williams, 2013). In

81t 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 aect decisions by diverting nvestment to low-tax exploration
opportunities that are less risky than grassroots exploration. In this €nse, the current analysis does not
explore the full mechanisms a ecting exploration investment otherthan in early-stage exploration.
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Chile, the 2004 Mining tax change in Chile occurred mainly as combination of political
struggles during the electoral period, the early signs ofdreasing prices and lobbying from
large mining companies, preferring a pro t-based royalty\er a value-based royalty
(Letelier S. and Davila A., 2015; Napoli and Navia, 2012).

The Chilean mining tax was a pro t-based royalty levying minng pro ts at a 5% rate
for companies with sales above the equivalent value of;500 metric tons of copper. It also
considered a progressive tax rate from 1% to 4.5% for minergtwabove 15000 metric
tons of equivalent copper sales and below ;299 metric tons of equivalent copper sales. As
part of the law discussion, a stability period was granted fdarge operators, o ering 15
years without changing the mining tax regime (Herrandez, @12, p. 79-91). A stability
agreement is expected to provide more con dence to miningvestors as economic
conditions change over time (UN, 2019, p. 433). Additionally a adi cation of the mining
tax occurred in 2010 as a result of a major earthquake and theed for additional
rebuilding funds (Herrandez, 2012, p. 95-96). The goverrent temporarily increased tax
rates during three years for existing mining companies, baiso increased the rate for new
projects depending on their operating margins, ranging fno 5% to 14% (Biblioteca del
Congreso Nacional de Chile, 2010). Major companies alreadyeoating were o ered six
additional years in their stability agreements, and the g@rnment 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 wodl have changed the rate
considering that only a few years had happened since the pi@ys change and operating
companies had tax invariability contracts. Therefore, thedenti cation strategy relies
mostly on the exogeneity of the 2004 Mining tax change in Chiland its e ects until 2010.
In a complementary way, the 2010 modi cation (in response tthe 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 $tic control method is used
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in comparative studies to generate a counterfactual from éhdata itself as a weighted
average of non-treated units (Abadie et al., 2010). In this s&, the variable of interest is
the average grassroots exploration investment. Predic®are based on geological potential
(e.g. mineral rents as a percentage of the GDP) and the ingtiional framework (e.g.

World Governance Indicators).
3.3.2 Data

The main source of information is the S&P Global Corporate Eploration Strategies
database. The data consist of rm-level non-ferrous miner@xploration budget®, based on
published sources, information from joint venture partnes 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 countigvel and cross sectional
information (Jara, 2017; Jara et al., 2008; Khindanova, 2012015). Nominal values are
adjusted to constant 2018 U$ using the annual average of the U.S. Producer Price Index.
Table 3.1 below presents the summary statistics from exphtion budgets (in natural
logarithm) by exploration stage of 4,705 rms investing in mre than 120 countries over the
1997-2018 period. Considering all observations acrossrgvexploration stage, 42% of the
information is related to gold exploration, followed by coper with 20%.

The data distinguish three di erent exploration stages. Gassroots represents the
earliest stage until the quanti cation of initial resources. Late stage further de nes a
previously discovered orebody and minesite explorationdludes activities around an
existing mine (S&P Global Market Intelligence, 2019a). Grssroots exploration is mostly
driven by discovering deposits, therefore represented biget theoretical model described in
Section 3.2. Late stage and minesite exploration have di ent incentives, mostly related to
decreasing geological uncertainty and expanding mine reges (Fraser, 1998). Considering

the di erences in incentives, the analysis is focused on gsroots 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 othemetallic minerals
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expected pro ts are di erent than risk-reducing exploraton. Additionally, the database

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

Stage Commodity Nobs 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 investmenff a specic
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 W50 million and USE500 million and
major companies more than US00 million. Other organizations include governments or
corporations earning non-mining revenue (S&P Global Markéntelligence, 2019a).

Almost all of grassroots exploration is driven by major and joior companies. As
indicated in Figure 3.1, major companies have representedoand 45 percent of grassroots
annual budgets, followed by junior companies with 41 percenrhe remaining share is
mostly explained by intermediate-size companies, averagia 10 percent from 1997 to 2018.

As depicted in Figure 3.2, average expenditures by company &show a similar trend
over the period. Data shows a signi cant decline in 2009 forom-major companies,
resulting from a commodity price decline during the economicrisis. This situation
exempli es how exploration budgets are usually de ned prioobserving prices (six months
to one year) and how major's exploration is less sensitive pice changes due to

availability of internal funds (Eggert, 1987).
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In terms of geographical investment, smaller companies t&no allocate most of their
budget in fewer countries, indicating a higher degree of spalization. This is illustrated in
Figure 3.3. The vertical axis shows the Her ndalh-Hirschman iex (HHI)°, taking a value
of 10,000 if a company allocates its entire grassroots budlge just one country, and

decreasing as the rm invest in more locations.

Major

Junior

Intermediate

Government

Other

10 20 30 40
% of grassroots budget

o

Figure 3.1 Average investment by company type in grassroots aration budgets, 1997-
2018. Values indicate the mean of annual contribution in peentage points across the full
sample. Source: Based on Corporate Exploration Strategi€S&P Global Market Intelli-
gence, 2019a).

3.4 Results

This section presents the results from the di erences-ini@rences strategy previously
outlined. Additionally, an spillover analysis and a synthat control method are included to
con rm the robustness of ndings. Appendix B shows additionbaresults using
heteroscedastic robust standard errors and the year-byarecoe cients from the

di erences-in-di erences approach.

10The HHI is a concentration measure, calculated by adding up the square ofaeh market share
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Figure 3.2 Log of average grassroots budgets by commodity9¥92018. Every line represents
the average of log budgets of every company type for a speccommodity. Source: Based
on Corporate Exploration Strategies (S&P Global Market Inélligence, 2019a)
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Figure 3.3 HHI vs Grassroots annual budget. Every point indicas the HHI of a company
grassroots budget in a given year. The blue line representgetlocal linear regression. Source:
Based on Corporate Exploration Strategies (S&P Global Mag Intelligence, 2019a)
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As previously discussed, the main identi cation strategy fléees on exogenous tax
changes in Chile: a new pro t-based tax in 2004 and the increa in its rate after the 2010
earthquake. Fifteen other Latin American countrie¥ are included in the comparison
group. It is assumed that their common regional geologicalqperties and institutional
frameworks provide support for the underlying and untestdb parallel trends assumption.
Testing for trends before the policy change can be suggestiof counterfactual parallel
trends despite not being necessary nor su cient for the patkel trends assumption
(Kahn-Lang and Lang, 2020). Pre-trends analysis for totalrgssroots investment, and
junior and major companies appear in Table 3.2. Results indhte that di erences in trends
(CL Y earcoe cient) are not statistically signi cant. Also, dieren 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 imga of each tax: 1997 -
2004, 2005 - 2010 and 2011 - 2018. Each e ect is estimated gsomly the two adjacent
periods. Then, the e ect from the rst tax change is estimate by comparing Chile against
the Latin American countries in the control group before thedax change (1997 - 2004) and
after (2005 - 2010). The second tax change analyzes the samé@sucomparing the period
2005 - 2010 to 2011 - 2018, considering that the second tax wasarginal 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 lnding di erent control
variables. The rst column is the basic di erences-in-di @ences estimator, considering year
and country xed e ects. The second column includes mineraednd company type xed
e ects. The third column incorporates other governance ctmols: six Worldwide

Governance Indicators (The World Bank, 2019) and the Corpate Income tax rate of the

Yincluding: 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 peod (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 Year 0.030 0.002 0.015
(0.020) (0.019) (0.346)
N obs 2,635 1,229 996
R? 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 betwen Chile and other Latin
American countries between on grassroots exploration budge Column (1) includes
data for every company type, column (2) for junior companieand column (3) for major
companies. Robust standard errors appear in parenthesiscaalustered at the country
level.
p<0.1; p<0.05; p<0.01
country in any given year (KPMG, 2019; OECD, 2019; Universitpf Michigan, 2004). A
rst approach to Table 3.3 indicates a positive e ect in the &erage exploration budget, a
counterintuitive result. For the rst change, as more contols are included, the e ect
becomes less signi cant reaching an average e ect of a 2.9¢gant increase in average
grassroots exploration. According to the theoretical modean e ect that is close to zero
suggests that grassroots exploration is not being penalizbecause of the tax. The second
tax change is surprising, showing a higher and signi cant pat estimate. However, the
result is no longer statistically signi cant when additioral governance controls are included,
suggesting that other institutional variables may be driuig the average increase.
Even though average e ects do not show signi cant estimatesieterogeneous e ects

should be expected. Smaller companies are more specialitegh bigger companies,

therefore they should su er more from a tax change than largeompanies. Results in
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Figure 3.4 Budget trends in Latin American countries, 1997-2@. Every line represents the
average of log grassroots budget in every country over tim®otted vertical lines indicates
years of the Chilean tax changes.

Table 3.4 (p. 59) con rms that di erences across companiescour, but not as clear as
expected.

Junior companies decreased their grassroots investment amnd 1.6 percent after the
rst tax change, while major companies increased their ingment around 32 percent.
However, only the coe cient for major companies is highly stastically signi cant. The
2010 change had a lesser e ect on companies, not statistlgadi erent from zero at any
common signi cance level. This suggests that the marginahg¢rease from the previous tax
was not a major deterrent for grassroots exploration.

The negative and close to zero e ect on junior companies car lexplained from their
high geographical specialization, making reallocation efploration e ort more di cult.

On the other hand, the high and strong positive e ect on majocompanies is unusual, as it
could indicate that major companies were willing to increastheir early exploration e ort
in response to the tax change. However, this e ect can be explad as an strategic result

from the stability agreements signed between the Chilean ywrnment 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 0:053 0.043 0.029
(0.029) (0.039) (0.053)
N obs 5,894 5,894 5,894
R? 0.114 0.281 0.284
Second Change (2010)
CL 0:099 0:152 0.105
(0.033) (0.034) (0.102)
N obs 6,749 6,749 6,749
R? 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 roydy changes on grassroots
exploration budgets. The year of the tax change is indicateish parenthesis. Model

(1) considers country xed and year xed e ects; model (2) ircludes company type
e ect (major, junior, intermediate a other rms), and mineral target; model (3) uses
Worldwide Governance Indicators and the Corporate Incomeak level as additional

controls. Robust standard errors appear in parenthesis aradustered at the country

level.

p<0.1; p<0.05; p<0.01

companies. Stability agreements reduce risk for major compies developing projects,

increasing their likelihood to invest in grassroots explation. As junior companies did not

sign stability agreements, they did not have incentives tmcrease their investment. The

boost in major grassroots exploration from a sense of statyilis decreased after the rate

increase in 2010, though this is not signi cant.

Exploration rms can also react to the tax change by leavingte country. The

dependent variable, exit, takes a value of one if a companyasted in a country at a year

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.§p. 60) indicates that tax
changes increase the likelihood of leaving the country beten 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 congsanere more likely to arrive
to invest in the country compare to other control after the maginal rate increase. As with
the increase on average investment previously describetetmarginal 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). Juor companies were 4
to 6 percentage points more likely to leave the country aftahe rst tax change. The
impact, however, is not statistically signi cant. The e ed is reversed for the second tax
change, where more junior companies arrive to invest to th@untry, driving the average
e ect presented above. On the other hand, major companies agar 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 compasi® stay for more time in the
country, but no incentives to attract new larger companiesExploration decision of major
companies, after controlling for governance quality indators, was not a ected by the
second tax change.

Average results do not show a clear negative impact on earligge mineral exploration.
This suggests that focusing only on average or total grassits changes cannot provide a
reliable way to assess the e ect of policies on investmeniroate as hypothesized by Otto
et al. (2006, p. 26) and (Jara et al., 2008).

In the Chilean case, the apparent non-distortionary e ect an be misleading after
analyzing the impact by company size. On one hand, smaller cpanies appear slightly
more a ected by the rst tax change, decreasing around 2 peeat their grassroots
investment. On the other hand, larger companies reacted imapposite direction,

increasing their grassroots budgets around 32 percent. Bhinusual positive behavior can
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be explained by the fact that these companies value stabititand rule of law. In this sense,
the stability agreements signed with the government afterhie royalty bill discussion were

more important than the tax itself.
3.5 Robustness of ndings

This section presents the robustness of ndings in terms ofogential spillovers of

taxation to other countries and using the synthetic contromethod.
3.5.1 Geographical spillovers

Investment in the primary sector is expected to be relativelynelastic to marginal
changes in taxation (Stewhase, 2006). Nevertheless, if kprers 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 ed to other countries. The
existence of spillovers can promote strategic behavior neten countries, leading to tax
competition (OECD, 1998).

As suggested by Clarke (2017), it is possible to test for spi¥ers within a
di erences-in-di erences framework if the spillover e etis monotonically decreasing in
terms of distance from the treatment unit and at least some uts are not a ected by
spillovers. Using this approach, four di erent regions werde ned, as illustrated by
Figure 3.5. First, Chile as the treated unit where the tax changtakes place. Second, a set
of neighboring countries with similar geological units angolitical institutions. Third,
countries in the same continent that could have some simiiéies but not as clear as
neighbor countries. Finally, other countries outside the Anrecan continent. A shortcoming
of this approach is that untestable spillovers can still oer between Chile and countries
outside the American continent.

The identi cation in this case includes two binary regionalariables: one for
neighboring countries and one for other countries in the Amiean continent. N eighbor

takes a value of one if the investment is made in Argentina, Reor Bolivia and zero
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Figure 3.5 An illustration of geographical spillovers from a Kilean royalty change. Potential
spillovers are expected to ow from Chile to its neighbors ahthen 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. Iiis case, the full sample is used,
not restricting the control units to Latin American countries. Coe cients ; and , in
Equation 3.13 indicate geographical spillovers. If spilers occur, then at least one of the

coe cients should be positive and signi cant.

yijt = + ¢t postCL + 3 postNeighb0r+ 2 postRegion+ X ijt + IIijt (3-13)

Results from regressing equation 3.13 appear in Table 3.7. @2). 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 nosigni cant concern a ecting
di erences-in-di erences estimates. Additionally, resus indicate that neighboring countries

do not need to engage in marginal tax competition to attract)gloration investment.
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3.5.2 Synthetic control

The synthetic control method provides a systematic way to dee a control group in
comparative studies. The approach evaluates the e ect of aopicy change on one treated
unit by developing a counterfactual assigning weights to s in the control pool, matching
pretreatment covariates and outcomes (Abadie et al., 2010The method relies on the
no-interference assumption between treatment and contrahits and in the goodness-of- t
of pretreatment variables to generate consistent estimagWan et al., 2018). However, it
has been noticed that correlation between treatment and ubserved characteristics can
result in biased estimates (Ferman and Pinto, 2016).

In this analysis, there are fourteen countries in the donorgml for the synthetic Chile®.
The matching process considered sixteen predictors for tpeesintervention period

(1997-2004), representing both geological potential andstitutional framework.

~ 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.

Seven exploration structure indicators: percentage of jior companies in total and
grassroots exploration, percentage of grassroots invesinh, percentage of copper and

gold investment, average total and grassroots exploratianvestment.

Three other mining and economic indicators: percentage of maral rents, percentage

of mining exports and GDP per capita.

Estimated weights to de ne the synthetic Chile appear in Take 3.8 (p. 63). In this
methodology, Peru (51.4 percent) and Brazil (48.6 percenéire selected as countries to
generate the synthetic Chile. This results supports the us# a combination of Latin

American countries as control in the previous di erences-idi erences section.

2 Argentina, 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 precisefpliow the behavior of
Chilean grassroots exploration during the pre-tax periodl@97-2004). This is illustrated in
Figure 3.6. Figure 3.6 represents the di erences between theeaage grassroots budget in
Chile and the synthetic Chile. For example, a positive (negi&e) value indicates that the
treated unit was above (below) the synthetic control, suggéing a positive (negative)
impact of the treatment. Di erences between Chile and the syhetic control are overall
positive but small. This indicates that average grassrootsudgets slightly increased after
the tax change compare to the synthetic control. There is a tiaer positive e ect after the
2004 tax change and a transitory decline after the 2010 modation, but still positive as
shown in Figure 3.6. The synthetic approach con rms the avege positive and small

estimate from the di erences-in-di erences section.

Million US$

Treated-Synthetic

'
)
'

L |
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Figure 3.6 Dierences in average grassroots budgets betweghile (treated unit) and syn-
thetic control. Positive (negative) values indicate that he treated unit is above (below) from
what is expected from the synthetic control.

Inference in synthetic control studies is based on placebests, comparing if the e ect is
signi cant relative to a randomly chosen country from the daor pool (Abadie et al., 2010).
Figure 3.7 illustrates that the e ect is not unusual among otler countries in the control

group. The average impact on grassroots exploration aftein¢ 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 thahe estimate is not di erent

than zero at usual signi cance levels.

Million US$

Treated-Synthetic

2000 2005 2010 2015

Figure 3.7 Million US$ di erences on average grassroots exploration budgets ben treated
and placebo units and their synthetic counterpart. The boldine represents the di erence
between Chile and the synthetic Chile.

In a similar way, it is possible to use the synthetic control mthod to analyze the policy
e ect on grassroots investment by company type. This di erace is comparable to the
di erences-in-di erences estimate by company type from $8on 3.4. Country weights for
the e ect on junior and major companies are indicated in Talg 3.9 (p. 64). Latin
American countries still maintain an important position, bu other countries are needed to
better represent the nuances of investment by di erent congnies.

For junior companies, the synthetic control closely follow/investment decision during
the pre treatment period (Figure 3.8). The di erence betweerChile and the synthetic
control is close to zero after the tax change and slightly piti®n for the second. This
results supports the di erences-in-di erences estimateThe 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 USS$ di erences on junior grassroots exploration budgets betwe treated
and placebo units and their synthetic counterpart. The boldine represents the di erence
between Chile and the synthetic Chile.

For major companies, Figure 3.9 shows a slightly positive eceafter both changes. As
opposed to what occurs with junior investment, the syntheti control does not t well
during the pretreatment period. This occurs because Chileceived the highest average
investment for major companies from the countries in the sgote between 1999 to 2001,
then is not possible to nd appropriate weights. Additionall, 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 anghajor e ects, the synthetic
control method seems less appropriate than the di erencés-di erences estimate to
estimate heterogeneous e ects by company type. Neverthedeshe method supports, in
broad terms, the use of Latin American countries in the contiayroup and the sign of the
e ects from the di erence-in-di erences strategy.

A main shortcoming from the synthetic control method for ths particular application is
the relative short sample for the preintervention period. Bliable estimates from the
method usually requires longer pretreatment series to acetie de ne weights for covariates

and outcomes (Botosaru and Ferman, 2019). This can also atebe analysis in the
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Figure 3.9 Million US$ di erences on major grassroots exploration budgets betwe¢reated
and placebo units and their synthetic counterpart. The boldine represents the di erence
between Chile and the synthetic Chile.

presence of anticipation e ects, because it will require tcede ne the treatment period to a
year that when it was possibly to react to the expected policyThis reduces the number of
preintervention period to estimate weights for the synthat unit. Particularly, the

synthetic Chile is not able to accurately follow exploratio investment decisions in the
preintervention period and characteristics of the treatedinit are not su ciently matched.

In this sense, the synthetic control method con rms the sigiof 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 relatl to the extractive
industries. Despite clear theoretical prediction on the ects of royalties on rm decisions,
little empirical evidence has been developed in this area. rain limitation for empirical
studies is the lack of e ects that can be measured in the shomin. However, changes in
early-stage exploration expenditures (or grassroots), & 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 motivad by the expected value of
discovering a deposit, which can be decreased (or incregsiegl changes in tax or other
policies. This occurs as highly specialized rms cannot egsadapt their knowledge and
experience to other countries. The model is tested using aetences-in-di erences
strategy, based on two tax changes implemented in Chile in @9 and 2010, considering
other Latin American countries in the comparison group. Therst tax change is assumed
exogenous as it occurred before a major increase in commgpdiitices and mostly because
of the political cycle in the country. In 2010, a major earthgake motivated an increase in
the tax rate to support the rebuilding process. In both casegovernment had previously
signed stability agreements with major companies operatinn the country, limiting future
changes in the tax base and rate to protect investment.

Results indicate that average grassroots budgets did notcfease as a result of tax
changes, as the estimate is positive but not di erent than ze. However, the average result
masks signi cant heterogeneous e ects by company type. Jwri companies largely
decreased their budgets while major companies increaseeithbudgets for grassroots
exploration. Exit decisions are also more likely for juniocompanies than for major
companies. The signi cant increase in major budgets and thredecision to stay in the
country are explained by the stability agreements signed thi the government, as these
agreements did not include junior companies. Results arepported by the synthetic
control method, indicating a consistent direction in the agrage royalty e ect and by
company type. Additionally, the absence of geographical $ipvers to neighboring countries
not only makes previous estimates more reliable but also s@gg that neighboring
countries do not need to engage in harmful tax competition.

In a policy context, these results are interesting as they ginlight that major companies
may not be as sensitive to changes in mining taxation as jumigompanies. In this way,
countries could take advantage of other instruments, likeability 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 visiblarjior companies can be

neglected by policy-makers.
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Table 3.4 Tax e ect on grassroots exploration by company tyg.

Log Real Budget

(2) (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 . Other 0:178 0.144*
(0.069) (0.080)
N obs 5,894 5,894
R? 0.300 0.308
Second Change (2010)
CL 5 Junior 0:198 0.141
(0.067) (0.090)
CL , Major 0:162 0:216
(0.065) (0.151)
CL 5, Other 0:220 0.164
(0.069) (0.112)
N obs 6,749 6,749
R? 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 roydly change on

grassroots exploration budgets by company type. The year tifie tax change
is indicated in parenthesis. For every company type, model) considers com-
pany type e ects,(major, junior, intermediate a other rms), and mineral target;

model (2) uses Worldwide Governance Indicators and the Carpate Income tax
level as additional controls. Robust standard errors appean 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) ) 3
First change (2004)
CL 0:027 0:028 0.045
(0.013) (0.013) (0.034)
N obs 5,342 5,342 5,342
R? 0.313 0.331 0.331
Second Change (2010)
CL 0:030 0:034 0:072
(0.016) (0.016) (0.024)
N obs 6,749 6,749 6,749
R? 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 roydly changes on exit decisions.
The exit variable is one the year a company stop investing inrgssroots exploration in
the country without moving to another exploration stage. Tl year of the tax change is
indicated in parenthesis. Model (1) considers country xe@nd year xed e ects; model
(2) includes company type e ects (major, junior, intermedate a other rms), and mineral
target; model (3) uses Worldwide Governance Indicators artie Corporate Income tax
level as additional controls. Robust standard errors appe@n 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) )
First change (2004)
CL 1 Junior 0:035 0056
(0.034) (0.036)
CL 1, Major 0:.077 -0.055
(0.026) (0.048)
CL , Other 0:053 0:086
(0.014) (0.028)
N obs 5,342 5,342
R? 0.342 0.344
Second Change (2010)
CL 5 Junior 0:077 0:114
(0.019) (0.029)
CL . Major 0:051 0.005
(0.021) (0.030)
CL , Other -0.034 -0.068
(0.037) (0.039)
N obs 6,749 6,749
R? 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 roydly changes on exit
decision by company type. The exit variable is one the year @mpany stop invest-

ing in grassroots exploration in the country without movingto a next exploration

stage. The year of the tax change is indicated in parenthesisor every company

type, model (1) considers company type e ects (major, junipintermediate a other

rms), and mineral target; model (2) uses Worldwide Governace Indicators and
the Corporate Income tax level as additional controls. Rotat 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

@) 2)
First change (2004)
CL 0.028 0.022
(0.056) (0.070)
Neighbor 1 -0.059
(0.079)
Region -0.016
(0.089)
N obs 29,986 29,986
R? 0.362 0.362
Frest 0.404
Second Change (2010)
CL 0:215 0:229
(0.032) (0.032)
Neighbor 0.052
(0.040)
Region 0.114
(0.075)
N obs 37,217 37,217
R? 0.353 0.353
Frest 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 Chilearrgt-based royalty

changes. The year of the tax change is indicated in parentles Every model
considers country, year, company type (major, junior, intenediate a other
rms) and mineral target xed e ects. Model (2) includes gearaphical spillover
terms, distinguishing neighboring countries and countrgein the same continent.
Fest indicates the joint signi cance of both spillover coe cierts. Robust stan-
dard errors appear in parenthesis and clustered at the coumtlevel.

p<0.1; p<0.05; p<0.01
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Table 3.8 Country weights of average grassroots exploratidor 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 pretion error
(MSPE) when the real average grassroots investment is thegkndent variable.
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Table 3.9 Country weights of grassroots exploration by comapy 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 pretion error
(MSPE) when the di erent between real average grassrootsvestment and the
average by company type is the dependent variable.

64



CHAPTER 4
MINERAL EXPLORATION AND THE DISCOVERY OF NEW DEPOSITS

4.1 Introduction

Our understanding of the natural endowment of honrenewablesources is incomplete
at any point in time. Mineral exploration creates new information that improves our
knowledge about this endowment and aides decision makingred at optimally using
scarce nonrenewable resources. Exploration provides mmf@tion about previously
undiscovered deposits and a better classi cation of thoséready 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 relevasmtriables (Fraser Institute,
2020). Understanding how this variables contribute to the sicess 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, tgorovide a prime empirical
analysis of main variables associated with exploration stess. Second, to propose and
implement a novel approach to assess if a region is more orslgeologically mature. This
paper contributes to the empirical analysis of non-renewébresources by relating the
success of exploration activities to di erent variables. Aditionally, a methodology to
assess the perceived maturity is developed and implementede empirical analysis is
based on a database of major copper and gold discoveries mddeng 1997 to 2018.

When it comes to the main determinants of resource developntgthe literature has
widely recognize a relationship between natural resourcbundance, institutions and
economic growth, mostly focusing on the causal mechanisnort resource abundance to
institutions but not from institutions to resource abundarce. Early works from Sachs and

Warner (1995, 2001) indicated a negative and robust relatiship between natural resource
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abundance and economic growth. Subsequent studies deeperite causal mechanism for
this negative relationship, arguing that resource abundae deters economic growth by a
lack of investment in human capital, crowd out other growthdriven economic sectors,
creating political rent-seeking behavior, con icts, autleritarianism or corruption perception
(Auty and M., 2001; Gylfason et al., 1999; Ross, 2001; TorviR002; Vicente and C., 2010).
Nevertheless, the apparent curse can be mostly explained lhetrole of institutions
(Brunnschweiler and Bulte, 2008; Mehlum et al., 2006; Rolsion et al., 2006). Moreover, it
has been showed that resource abundance does not impactitnsibnal quality (Alexeev
and Conrad, 2009). The latter position is aligned with empical 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 iitstions on exploration success
remains to be analyzed, which is aligned with the rst goal athis paper.

As previously mentioned, the success of exploration actiigs also depends on the
geological maturity in a country. The literature on non-reewable resource exploration is
usually divided into models of general equilibrium and theralysis of information spillovers
(Cairns, 1990). General equilibrium approaches usually re previous works from
Hotelling (1931) and Pindyck (1978), but do not involve the dgamics of information
spillovers (Arrow and Chang, 1982; Peterson, 1978; Pindyck980; Quyen, 1991; Uhler,
1976). On the other other hand, information spillovers areawally modelled using
game-theoretical approaches to advise policy decisionsoab geological information (Dodds
and Bishop, 1983; Hendricks and Kovenock, 1989; Isaac, 198&itzinger and Stiglitz,
1984; Polasky, 1989, 1992). Intersecting these two resdalioes, theoretical models have
acknowledged two main opposing e ects driving exploratioand discoveries (Peterson,
1978; Siegel, 1985). First, an information spillover e ectdue to the spatial correlation of
deposits) that is expected to dominate in the early-stage ohineral development, as it

occurs with gold rushes (Lynham, 2017). Second, a stock eteeducing exploration
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opportunities over time that should dominate as the region atures. With the exception of
Mason (2014), who develops a dynamic model to analyze the letor of exploration
decisions in the U.S. uranium market, the applied literaturdnas been scarce. Moreover, the
main focus of these studies has not been to determine if a cbyror region is perceived to
be more or less geologically mature, which is the second pase previously mentioned.

For the rst goal of this paper, the main determinants of expbration success (number of
discoveries) are analyzed using multivariate regressiofts count data (Hausman et al.,
1984; Jensen, 1987; Pakes and Griliches, 1984), based on th@larities between mineral
exploration and R&D activities (Polasky, 1992). Main vari®les of interests are exploration
e ort (measured as total grassroots budget received in a cotny) and three particular set
of institutional variables that has been highlighted to be elated to natural resource
development: strength of property rights (rule of law), patical stability and transparency
(control of corruption) (Brunnschweiler and Bulte, 2008; Mhlum 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 blyet Rule of Law index) appear
as relevant for the number and size of copper and gold discoes. However, political
stability shows a di erent sign for each mineral. For copperpolitical stability is positive
and signi cant, while the variable is negative and signi cat for gold discoveries. This
di erences can be explained by the appropriability of each meral (Boschini et al., 2007),
as copper mines last, on average, twice as longer than golches, requiring more long-term
stability. Lack of transparency (indicated by control of coruption) does appear to
contribute to the number of copper discoveries but not theisize. Surprisingly, exploration
e ort measured by total grassroots investment in a countrydoes not show to explain
discoveries nor their size. The value is not di erent than ze in the long-run for both
copper and gold when including two lags of previous investmte

For the second goal of the paper, it is proposed that discoves, if assumed random

conditional on a set of observables, can be used to reveal tiological maturity. This is

67



based on the idea that each additional discovery would chamdghe average exploration
decision of rms in a predictable way. In the early-stage ofaplogical development, each
discovery would generate a positive e ect on exploration desions due to information
spillovers, while this e ect will be negative as exploratin opportunities become more
scarce. On a global level, results indicate that the world Isa not yet reached a more
mature geological stage for gold, and the estimate is not dirent than zero for copper.
Nevertheless, average trends di er as the e ect has been deasing over time for gold and
slightly increasing for copper. The proposed methodologwm also be informative for
regions in the more mature stage, encouraging to focus on @ehinants other than
geological potential to attract mineral exploration. For opper, Latin America, the
Asia-Paci ¢ Regions and Europe are perceived to be in the moneature stage of geological
potential. On the other hand, no region appears to be in the me mature stage for gold.
The rest of the paper is organized as follows. Secti@? develops the empirical
approach using to analyze the main determinants of explotiah success, the analysis of
geological maturity and the data for this analysis. Resultgh Section ?? are divided in two
parts. First, a multivariate regression analysis for coppegind gold discoveries, analyzing
main determinants of exploration success. Second, the risudrom using discoveries to

estimate geological maturity based on discoveries. Lastigection?? states the conclusions.

4.2 Empirical approach

This section is divided in three parts. First, the model usedawards analyzing
exploration success and its main determinants. Second, aoposed theoretical approach to
estimate if a region is perceived as more mature for exploiah investment based on
discoveries data. Third, a review of the data of copper and Igodiscoveries 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 fa modelling exploration
success. Count data is usually characterized by a high redexe of zeros and small and
discrete values of the outcome variable (Greene, 2018, p488385). In patents literature,
this condition has been usually modelled as a Poisson prosedter the original description
presented by Hausman et al. (1984). The basic model is a seog-fegression where the log
of the Poisson parameter () depends on a matrix of covariatesX) as illustrated in

Equation 4.1:
log( )= X (4.2)

A common shortcoming of the Poisson speci cation is the indlty to t over-dispersed
data, as the expectation of the outcome is the same as the \@arce E(y) = Var(y) = ).
Hausman et al. (1984) and following authors present a NegatiBnomial (NB) model to
develop a more exible approach to count data allowing for d@rences between its mean
and variance. As Poisson and Negative Binomial models are rexs$tit is possible select a
preferred estimation based on a likelihood ratio test. In ib cases, including individual
xed e ects (panel data) requires that at least one observabn is non-zero (Greene, 2018,
p. 900).

In the case of exploration success measured as number of@isces, the previous
equation if modi ed to include more parameters. The left-had side of Equation 4.2
indicates the average number of deposits being discoveredai country i at year t.
Parameters of interest include the level of contemporane®and past exploration e ort
received in countryi (&: ;), where the long-run e ect of exploration e ort is given by the
sum of all ; coe cients. Institutional quality variables related to strengthen of property
rights, political stability and transparency are listed inX;.; and the sign of will indicate
the e ect of the particular institutional measure on exploation success. Additional country

( i) and year ( ;) xed e ects control for unchanging characteristics and common yearly
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events to all regions. As opposed to patents data, mineral dsveries can also be
characterized by their quality. In this case, the analysishange the left-hand side variable
by a quality measure as total discoverable tonnage to analyzf explanatory variables

a ects di erent count and quality measures.
X

log( ix)= i+ ¢+ i€t X (4.2)
j

When it comes to counting discoveries, it can be expected thatlarge number of
observations would be zeros. This is could be misleading lifere are di erent data
generation processes behind the zero outcome. For examfihere could be zero discoveries
because there was not any investment in the contemporaneousprevious years, if
investment was made mainly for due diligence a not drillingAdditionally, companies can
avoid disclosing their exploration results for non-signcant discoveries (low quality
deposit), because of strategic reasons or the discovery lcbiie too small to be considered a
discovery in the database. In this case, there are zeros nelated to exploration e ort
biasing results towards zero. Zero-In ated (ZI) models werto developed to t count data
in two separate ways. First, a regular count part (e.g. Poissocor NB) that can t zero and
non-zero outcomes. Second, a zero part aiming to point outras not generated by the
regular process and likely to come from a di erent distribubn. Despite ZI models being
non-nested with Poisson or NB regressions, Vuong (1989) sasgts a test to decide between
ZI and non-ZI models.

These three speci cations (Poisson, NB and ZI) are presentéd the results and
compared using the above mention tests. The likelihood ratitest indicates if NB is
preferred over Poisson and the Vuong test would support theedision between ZI and

non-ZlI models.
4.2.2 Geological maturity

Mineral exploration involves two opposing external e ectsletermining the degree of

geological maturity. First, positive spillovers occur in edy stages when a rm releases
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geological information signaling attractiveness for otlierms. For example, gold rushes
has been mostly explained by this mechanism, where an initidiscovery provides
information about the geological potential of a region. Tis makes the region more
attractive for miners, an e ects that is increased by poorlyde ned property rights

(Libecap, 1990). Second, a negative stock e ect from decs#ag remaining discoverable
deposits when a region becomes more geological mature. listbase, there are negative
external e ects when more than one rm is making exploratiordecisions (Peterson, 1978).
The net result from these two e ects is usually modelled comering a quadratic functional
form in the remaining stock of discoverable deposits (Masph989; Siegel, 1985; Uhler,
1976). In early stages (high remaining stock or low accumudal discoveries), information
spillovers should dominate over the stock e ect. However, asore deposits are discovered,
the depletion e ect dominates.

In this model, the quadratic approach is considered to moddlynamic exploration
decisions. For simplicity, consider an exploration deca model using two rms ( andj),
two periods (0 and 1) and a xed discoverable deposit size)( 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 p(€:0;Ro) V(a) c(e0)+ E(( &)
i: 0,60 1 8
2 Rg if no discoveries were made (s=0) (4.3)

subjectto R; = S Ro q if eitheri orj made a discovery (s=1)
" Rg 2q if both i andj made discoveries (s=2)

Where p(&;0; Ro) represents the probability of nding a deposit based on expration
e ort e and remaining discoverable deposit®y. Exploration costs are given byc(e.o) and
represents the discount factor for future pro ts in each pantial state of the worlds.

Expected pro ts in period 1 depend on the nding probability as shown in Equation 4.4.

X
P(e:iRs) V(@) oe:n)] Prob(Y = ) (4.4

S
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The solution depends on the decided functional form. For sphcity, assume constant
marginal costs of exploration and probabilities given by
p(e;R)=f(e) g(R)= P e (aR bR?), wherea and b are greater than zero. This
functional form combines both, a decreasing return of expktion e ort and the quadratic
relationship on remaining discoverable deposits used ingmious studies. Then, the optimal

exploration decision for each stats in period 1 is given by Equation 4.5.

V(9)29(R)>
& 1 = % (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.

h i
EC D=0 poi)T pPoj) 150+ Poi(l poj)+ (1  Poi)Poj 1s=1 + PoiPoj  1:5=2
(4.6)

If we rule-out the probability of both rms nding a deposit, thenp, p;  0* and the

maximization problem from Equation 4.3 is simpli ed to:
h [
rg_aox Po V(Q we,o+ 1:5=0 F (Pio+ Po)( 1s=1 1:5=0) 4.7)
Where Equation 4.7 represents the intertemporal balance lvaten pro ts in period O
and the di erences on pro ts if a discovery is made in period,which can be either positive

or negative depending on the geological maturity and whicheet dominates (stock or

information spillovers). The optimal exploration decisia is nally de ned in Equation 4.8.

2
;0: % V(C])+ ( 1;s=1 1;s=0) (48)

The relationship between the exploration decision and theemaining stock from
Equation 4.8 is better expressed graphically.

As illustrated in Figure 4.1, every new discovery can have a dirent e ect on
exploration decisions. If a region is perceived to be in thedy stages, where information

spillovers dominate over stock e ects, then exploration ert will increase with each

B3This assumption is based on the empirical fact that the probability of nding a deposit is in the order of
1in 10,000 (Sturla et al., 2018).
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Exploration effort

(+) Information Spillovers {-) Stock Effect

Accumulated discoveries

Figure 4.1 Relationship between exploration e ort and accuniated discoveries (or decreas-
ing remaining stock of discoverable deposits). On the leftde of the dotted vertical line,
information spillovers dominate over stock e ects illustating an early-stage of mineral de-
velopment. The right side shows the opposite e ect as the regn becomes more geologically
mature.
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additional discovery. This e ect gradually decreases andxploration e ort decreases as the
stock e ect starts to dominate and the region moves to a more ature stage. It is worth
clarifying that the model assumes xed institutional varibles. Changes in institutional
guality a ecting the a rm's ability to appropriate mineral resources can shift the curve.
The theoretical background supports using discoveries teveal the if a region is the
more mature section conditional on institutional quality \ariables in a regression setting.
Equation 4.9 regress the log of exploration e ort€;; ) of rm i in country j at yeart as a
function of the number of discoveriesld;; ) occurring in country j at yeart and other
controls (X;;.1). Other controls include institutional quality measures,company type and

country xed e ects.
log(eyr ) = Dje + Xije  + "ije (4.9)

In this case, measures the net e ect between information spillovers andogk e ects.
If discoveries are assummed as random conditional on the eb&bles, then a positive sign
of can be interpreted as an indicator that information spilloers dominate in the region of
analysis. On the other hand, a negative sign will suggest tha region is becoming more

mature and less attractive for exploration investment.
4.2.3 Data

There are three main sources of information for the analysi&irst, institutional quality
is measured by the Worldwide Governance Indicators (WGI),aleloped by The World
Bank (2019). Second, major mineral discoveries are repnetsel by copper and gold
deposits listed in the S&P database (S&P Global Market Intéilgence, 2019b, 2020). Third,
country-level grassroots exploration expenditures for gband copper comes from the S&P
Global Corporate Exploration Strategies database (S&P Ghal Market Intelligence,
2019a). Grassroots exploration database only availableom 1997 to 2018 and limits the

period of analysis.
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In terms of institutional quality, three WGI were considerel: 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 @d not only for cross-country
comparison but also to compare changes over time within tharse country. However, they
recommend analyzing changes over periods longer than a dex&The World Bank, 2019).
Each indicator varies approximately from -2.5 to 2.5 unitswhere a lower score is given to a
weaker institutional context. During the analyzed period {997 to 2018), countries
experienced signi cant variation on their indicators. On serage, a country varies the rule
of law index 0.60 units, the political stability index 1.06 wits and the control of corruption
index 0.65 units. The distribution of the absolute value fothe within country variation for

each indicator is presented in Figure 4.2.

a)
40%

% %
1 1 1

0.0 0.5 15 20 0.0 3.0 0.0

1.0 10 . 20 1.0 X
Rule of Law Political Stability Control of Corruption

Figure 4.2 Histograms for the range of within country variatia of institutional quality

indicators. Every observation represents the range of vation within a country over the
period 1997 - 2018. The dotted vertical line indicates the raa of the distribution for each
indicator.

The discovery of a deposit needs to be further detailed as tieeis not a standard
de nition. For both, copper and gold, the discovery year radrs to the year when a drill rst
hit a mineralized rock. In the case of copper, a major coppersdovery is de ned as a
deposit containing at least 500,000 tonnes of copper in regss, resources and past

production where appropriate (S&P Global Market Intelligeice, 2019b). A major gold
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discovery is de ned as a potentially economic deposit contang at least 2 million ounces
of gold in an inferred and/or measured and indicated resowgs, or at least 1 million ounces
in reserves (S&P Global Market Intelligence, 2020).

The distribution of discoveries in every country-year pairs presented in Figure 4.3 a)
and b). In the case of copper, discoveries in analyzed couat do not exceed ve. In most
cases, a country experiences zero discoveries in any givearyindicating that count
models should be preferred in the econometric estimation.ofd discoveries follow a similar

pattern, with a high percentage of zero discoveries reacgia maximum of three discoveries.

a) b)
75%- 75%
50%1 50%1
25%- 25%7
e B 72
o 1 2 3 4 5 0 i 2 3
# Copper discoveries # Gold discoveries

Figure 4.3 Histograms for copper and gold discoveries, 199¥:8. Every observation repre-
sents the number of discoveries in a country at a given year.

The geographical distribution of discoveries are presentén Table 4.1. Most copper
discoveries occurred in Latin America, representing almoStl percent of total discoveries in
the 1997-2018 period. Latin America is followed by the Asia-Bic region, concentrating
24 percent of total discoveries. Gold discoveries are lessmcentrated than copper
discoveries, where most discoveries (28 percent) are in A&j 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 ¢ 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 ddtase (2019b;
2020).
Over time, major copper and gold discoveries have been dexsig on average.

Figure 4.4 a) and b) illustrate this trend. For copper, the aveage number of discovered
deposits has been declining from 9.3 discoveries per yeathe 1997-2004 period to 7.1
between years 2005 and 2011 period and reaching 1.1 disdegeper year on average
during 2012 to 2018. Moreover, there were not signi cant disveries in 2015, 2016 and
2017 and 2018. Gold discoveries does not follow the exact geppattern. The average
number of gold discoveries during the 1997-2004 period wad,8vhich slightly increased to
9.4 between 2005 to 2011. However, the last period (2012 to 8Dhas an average of 2.1

discoveries per year, including two years (2017 and 2018}waut major discoveries.
4.3 Results

This section is divided in two parts. First, an analysis of mai variables associated with
exploration success for gold and copper. Second, an emjiriestimate 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 developent of a new drug or
patent (Khazabi and Quyen, 2017). The most relevant charaetistic for empirical purposes

is to take into account the integer nature of data. In the nextesults, only the Poisson
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Figure 4.4 Number of major copper (left) and gold (right) disoeeries, 1997-2018.

estimates are presented. Both the likelihood ratio test anthe Vuong test support that a
Poisson speci cation is preferred over negative binomiahd zero-in ated models.

A main variable of interest is the exploration budget allod&d in each country,
signaling the exploration e ort on discovering new deposit 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 teire and mineral ownership). The
results for gold and copper discoveries are presented in Tal4.2 (p. 89) and Table 4.3 (p.
90) below.

The dependent variable in columns (1) to (6) in Table 4.2 (p. 9 is the number of
copper discoveries occurring in a country at any given yeaEvery column includes
di erent controls in the Poisson regression. Column one ihales grassroots exploration the

same year of the discoveryGu grassroots) and up to two years prior the discovery
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(Cu grassrootsl and Cu grassroots2)'4, Column two adds institutional quality variables,
represented by three Worldwide Governance Indicators (W(bDeveloped by the World
Bank (rule of law, political stability and control of corruption)®. Columns three, four and
ve include country, year and country-year xed e ects, repectively. Column six controls
for linear and quadratic regional trends to take into accourdi erent levels of geological
maturity. The last two columns show the OLS regression on theéiscovered tonnage (in
million metric tonnes) as a proxy for discovery quality. Robst standard errors appear in
parenthesis.

Regression estimates show mixed results in terms of total@dated grassroots budget.
On one hand, investment a year prior the discovery is positly associated with discoveries.
For example, the estimate in column ve indicates that a one grcent increase in grassroots
budget is related to a 0.37 percent increase in the number asdovered deposits for the
average budget (20.7 milliorfUS). On the other hand, in column ve, contemporaneous
investment has a negative coe cient. This can be explainedybthe fact that investment
after a discoveries is shifted towards risk-reduction exglation (brown eld) and the fact
that a discovery reduces available opportunities. Two yesdagged 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 Talel 4.2 (p. 89). In this case,
the aggregated e ect seems positive but quickly becomes mditerent than zero when
adding controls. Including year xed e ects controls for clanges in prices that could drive
additional investment (column four), explains the positie long-run coe cient. However,
this e ect goes to zero when controlling for country xed e ets as a proxy for geological
potential (column ve). The e ect of budget on deposit size {onnage) as shown in columns

seven and eight is negative and signi cant at the ve percenlevel, indicating overall that

14Lags were chosen according to information criteria. Two lags allow to take ito account not only the
dynamic nature of exploration investment but also the empirical limitations from a 22 years sample period.

S|nstitutional quality variable are highly colinear (pairwise R? 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
R? 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 ts economic and statistical
signi cant across the di erent speci cations when includng country xed e ects, for both
the number of copper deposits discovered and their size. Thect 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 teeha signi cant e ect on
the size of the deposit. Lastly, control of corruption showa negative sign, indicating that
discoveries are less likely to occur in more transparent gaties. However, as shown in
columns seven and eight, this negative e ect becomes not igant when it comes to the
size of the discovery. This indicates that more deposits afeund in less transparent
countries but these deposits are not larger on average.

These results are consistent with survey rankings on minémxploration, where
corruption or transparency does not take the leading varides driving investment (Otto
et al., 2006, p. 216). Additionally, WGI indicators are normbzed, so rule of law
(associated with strength of property rights) is more releant than other institutional
guality indicators to explain discoveries. Interestinglynegative coe cients for indicators
related to government transparency are negative. This reksi is not driven by
non-linearities. For example, including a quadratic termdr 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 tb larger unexplored lands of
less transparent countries that compensate incentives fexploration companies.

Analogously to copper, Table 4.3 (p. 90) shows results for dgatliscoveries. Lagged
grassroots budget for gold discoveries are both signi cabut with opposite signs. The rst
lag is negative while the second is positive. The long-run ect of total grassroots budget
(adding up the three coe cients) is presented at the end of Tale 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 discovexs 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 apear as statistically signi cant
for both the number of discoveries and the total discovereamnnage, illustrating how this
variable is not relevant enough to decide where to allocate @gration 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 witlihe positive e ect from
copper. Non-linearities cannot explain the negative e ectThe quadratic term for Political
Stability is negative (-0.1738 though not statistically gyni cant with a p-value of 0.46), not
showing a marginal e ect that changes the sign within the da. Another explanation
comes from di erences in appropriability when comparing @per and gold. For example,
gold deposits can be developed quicker than copper deposital be pro table in a shorter
term under a unstable regime. This is supported by the data. Aording to the S&P
database, a gold mine takes about half the time between stag 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 catias preferred over other
models, validating previous theoretical developments ung this distribution. Overall,
including regional linear and quadratic trends maintainstie 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 thahé variable is not driving the
number of discoveries or their size after controlling for ge& and country xed e ects. It
appears that discoveries are not greatly driven by the net 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 protectionot property rights. Political
stability does seem more relevant for copper than gold dis@sies, and lack of transparency

appear to be associated with more copper discoveries but Hatger deposits.
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4.3.2 Geological maturity

As mentioned in Section 4.2.2, the geological maturity depds on the net e ect of two
externalities associated with mineral exploration. First gositive information spillover
e ect that comes from the discovery of new deposits and theintrinsic spatial correlation,
increasing the likelihood of nding another deposit in the eea. Second, a negative
depletion or stock e ect that decreases the overall availdlty of exploration opportunities
for subsequent rms. In the early-stage, spillovers domi@ while the e ect is reversed in
more mature regions. If discoveries appear as random comaiital on past exploration and
other observable country-level characteristics, they cdme used to estimate the e ect on
the average grassroots exploration budget. A positive vausuggest that information
spillovers dominate (a discovery attracts more exploratig and a negative value that
depletion e ects are more prevalent (a discovery discouragexploration).

Regression results of copper and gold discoveries appear abl€ 4.4 (p. 91) and
Table 4.5 (p. 92), respectively. The dependent variable i$i¢ 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 ecst, year xed e ects, type of
company xed e ects (junior, major or other companies) andnstitutional 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 carred in a country in yeart.
Two lags are included to estimate the dynamic e ect of discevies on grassroots budget.
Robust standard errors appear in parenthesis and are cluste at the country level.

Table 4.4 (p. 91) presents results for copper discoveries copper grassroots
exploration budget. In this case, coe cients on contemponaeous and past discoveries are
not statistically di erent than zero. The global long-run eect 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 depostare balanced on average during

the sample period. The bottom part of Table 4.4 (p. 91) indidas the e ect on three
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di erent time periods: period 1 (1997 to 2004), period 2 (2@to 2011) and period 3 (2012
to 2018). The sign was positive in every period and slightlypereasing in the most recent
period. These results could indicate that information spibvers 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). Gemporaneous and lagged
coe cient are positive and signi cant. The long-run e ect is 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, t 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 secticof Table 4.5 (p. 92). Despite
a decrease in the coe cient during the period 2005-2011, tdts suggest that information
spillovers for gold discoveries are dominating stock e extnot indicating early signs of gold
scarcity.

Figure 4.5 and Figure 4.6 show year-by-year coe cients of thehg-run discovery e ect
for copper and gold using two lags, company type, country angear xed e ects. The
gure complements the period coe cients, showing that the et e ect is mostly positive for
both commodities. The decreasing trend during the period 26-2011 for gold appear to be
reversed after 2010. Additionally, lack of discoveries malestimation less clear after 2010,
as the discovery of new deposits has been lower compared tbestperiods.

Estimated e ects do not follow the inverted U-shaped theorizgd behavior at a global
scale. This could be explained by national di erences. Expiation can be at di erent
stages in every country, each of them experiencing the inted U-shaped pattern.

Table 4.6 (p. 93) shows long-run coe cients for every regiowhere 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 siggest 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 wdh highlighting that e ects
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Figure 4.5 E ect of discoveries on copper grassroots explticm, 1997-2018. Coe cients
consider discoveries lagged up to two years (model (3)), lnading 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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Figure 4.6 E ect of discoveries on gold grassroots explorati, 1997-2018. Coe cients
consider discoveries lagged up to two years (model (3)), inding 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 illustted by the di erences
between columns (1) and (2) in Table 4.6 (p. 93). Despite theegative sign for copper in
the Asia-Paci c region, the coe cient for gold appears as pasve and signi cant.

Results for both copper and gold discoveries support thatatk e ects are not still
clearly dominating exploration decisions. The empiricalae cients are illustrated in
Figure 4.7, where copper appears closer to zero than gold. s a positive view in the
sense that new discoveries are still developing incentiviesexplore 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 peod. On the other hand, the
net e ect for gold is positive and signi cant but year-by-yer estimates show a slightly
decreasing trend that was reversed after 2010. In both cas@gure data can point out
early signs if stock e ects dominate information spilloves on mineral exploration.
Additionally, as shown in Figure 4.8 the net e ect is not homogeeous across regions. For
copper, Latin America, the Asia-Paci ¢ Regions and Europe arperceived to be in the
more mature stage of geological potential. On the other hando region appears to be in

the more mature stage for gold.
4.4 Conclusions

The main goal of mineral exploration is to generate informain. This can be done by
reducing uncertainty about the quality of a previously know deposit or by discovering a
previously unknown deposit. In this sense, the exploratioprocess is similar to other
industries where information is an output, like R&D and inn@ation processes. These
similarities support reaching out empirical R&D and innov#ion literature to analyze main
variables a ecting mineral discoveries. Nevertheless, apposed to R&D and innovation
activities, exploration also faces a restriction from thetsck of exploration opportunities.
As exploration takes places, information about potential iteresting targets is made
publicly available due to spatial geological correlationraong deposits. At the same time,

the stock of available deposits is decreased by every addital discovery. The balance
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Figure 4.7 lllustration of the relative position for copper ad gold discovery e ect based
on the theoretical relationship between exploration e ort(vertical axis) and accumulated
discoveries (horizontal axis).

Figure 4.8 lllustration of the relative position of di erent regions based on the discovery
e ect for copper (left) and gold (right). The curve represets 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 ect needs to be addressed
empirically. The main goal of this paper has been to take a tsapproach approach
towards empirical analysis of mineral discoveries. This pands the understanding of main
variables a ecting them and how these discoveries could im@te the balance between
information spillovers and stock e ects.

Main results of this paper are classi ed in two broad topicsFirst, exploration e ort
and institutional quality variables have been expected torive the discovery of new
deposits. Surprisingly, the net e ect of grassroots budgein 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 righare stronger. However,
when it comes to political stability and control of corrupton there are di erences across
commodities. Gold discoveries are more likely to occur inske stable countries than copper
discoveries and lack of transparency appear to be assoctateith more copper discoveries.

Second, the analysis on the net e ect between information #pvers 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 sigoant and indicate that Latin
America, the Asia-Paci ¢ and Europe appear in the more maturetage for copper. There
are no regions appearing as more geologically mature fordyelxploration.

The previous results imply a set of policy implications. Fits it highlights that countries
should focus on supporting secure property rights to encage more mineral development.
However, policymakers should also be aware of the mineral pati@l of their own country
because what di erent deposits might be more likely to be faul with changes in other
institutional measures. This is particularly important in cases where more discoveries are
associated with more instability or less transparency. Inhis case, exploration incentives
might not be entirely aligned with the improvement of politcal institutions. Additionally,

the assessment of geological maturity indicates that courgs could bene t from keeping
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track of changes in exploration investment that go beyond yedy-year variability. These
long-term changes could provide early warnings of a decremggeological potential and the
need to focus on other variables to maintain the resource leasf the country.

Lastly, results provide an initial approach to analyze mingl discoveries and indicate at
least three potential areas for further research. First, theelationship between discoveries
and e ort still requires a reasonable explanation. If totalinvestment is not driving
discoveries there might be a structural reason for an appateover-investment in grassroots
exploration which is not leading to discoveries. Second,siitutional quality variables do
not have enough variability to provide consistent statistial inference and a longer time
period might be needed. Third, additional commodities codlbe analyzed in terms of the
net e ect between information spillovers and stock e ectsThis could help to anticipate
potential scarcity from commodities and to give a broader giv on the geological maturity

for di erent minerals.
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Table 4.2 Regression results for copper discoveries.

Number of discoveries Tonnage
Poisson Poisson Poisson Poisson Poisson Poisson OoLS 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) .007)
Cu grassrootsl 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) .Qao)
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) .Q09)
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) .Qa4)
Rule of Law 0.628 1.500 0.075 2.619 1.869 2.390 2.203
(0.482) (2.007) (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
R? 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 opper discoveries (columns (1) to (6)) and discovered tonge.
in million metric tonnes (columns (7) and (8)). Discoveriesepresent a count variable adding up all discoveries occing
in a country on any given year. Column (1) shows the basic estate 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) dds 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 OoLS oLSs
(1) (2 3) (4) (5) (6) ) (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) .Qa5)

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) .qae)

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) .qae)

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) .qQae)

Rule of Law 0.146 1414 0463  2.670  2.696 2.985  2.674
(0.456)  (0.771)  (0.463)  (0.916)  (0.901)  (0.983)  (0.943)

Political Stability 0420 0790  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

R? 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 oldydiscoveries (columns (1) to (6)) and discovered tonnage
in million ounces tonnes (columns (7) and (8)). Discoverigspresent a count variable adding up all discoveries occimg
in a country on any given year. Column (1) shows the basic estate 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) dds 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 grasst®exploration.

Log copper grassroots exploration budget

1) 2 3
Cu discovery 0.012 0.012 0.012
(0.014) (0.013) (0.013)
Cu discoveryl 0.00001 0.0004
(0.021) (0.021)
Cu discovery2 0.003
(0.003)
Long-run e ect (Cu+Cul+Cu2) 0.012 0.012 0.009
(0.014) (0.028) (0.034)
Long-run | 1097 2004 0.006 0.005 0.010
(0.025) (0.031) (0.041)
Long-run | 2005 2011 0.036 0.043 0.025
(0.061) (0.079) (0.084)
Long-run 2012 2018 0.069 0.020 0.043
(0.064) (0.129) (0.161)
N obs 10,168 10,168 10,168
R? 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 coppkscoveries on the log
of copper grassroots exploration budget. Each column incles an additional lag e ect
of the discovery. The aggregated long-run e ect is indicateat the end of the table.
Discoveries represent a count variable adding up all dis@res occurring in a country at
any given year. All models include country, year and companype xed e ects (junior,
major or other), and institutional quality controls. Robudg 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 grassrootspgaration

Log gold grassroots exploration budget

1) 2 3
Au discovery 0.011 0.015 0.015
(0.017) (0.019) (0.019)
Au discoveryl 0.060 0.061
(0.015) (0.017)
Au discovery?2 0.031
(0.014)
Long-run e ect (Au+Aul+Au2) 0.011 0.076 0.108
(0.017) (0.030) (0.041)
Long-run | 1097 2004 0.074 0.145 0.163
(0.028) (0.064) (0.079)
Long-run | 2005 2011 0.038 0.021 0.046
(0.020) (0.034) (0.039)
Long-run I 5012 2018 0.005 0.023 0.078
(0.067) (0.088) (0.126)
N obs 20,628 20,628 20,628
R? 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 goltabveries on the log of
gold grassroots exploration budget. Each column includes additional lag e ect of
the discovery. The aggregated long-run e ect is indicatedtahe end of the table.
Discoveries represent a count variable adding up all dis@es occurring in a country
at any given year. All models include country, year and compgntype 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 4.6 E ect of new gold discoveries on gold grassrootspgaration

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 Pacific 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 0418
(0.272) (0.096)
Long-run MiddleEast 1:659 -
(0.272)
N obs 10,168 20,628
R? 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 longn e ect of discov-

eries on the log of gold grassroots exploration budget in dirent world regions.

Column (1) shows estimates for copper discoveries and coluif2) for gold discov-

eries. Discoveries represent a count variable adding up dlscoveries occurring in
a country at any given year. All models include country, yearrad company type

xed e ects (junior, major or other), institutional qualit y controls and two lags of
past discoveries. Robust standard errors appear in paremtsis 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 éxt.

Figure A.1 Per capita copper consumption in more developed regs, 1950 - 2017. Each
curve indicates the distribution of per capita copper consaption in more developed regions
in every period. The vertical axis represents the percentagof the population in more
developed regions consuming less than the correspondindueain the horizontal axis. For
example, 50 percent of the population in more developed regs 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 2100Accumulated demand
forecast adds up yearly re ned total consumption startingrom 2018. Di erent lines repre-
sent di erent growth scenarios for less developed regions more developed regions, every
scenario considers a per capita consumption of 5.31 kg/pens
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Figure A.3 Participation in the world copper consumption by rgion, 2018 to 2100. Partic-
ipation is estimated according to consumption in any givenear. Di erent lines represent
di erent growth scenarios for less developed regions. In meodeveloped 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, 864100. The vertical axis
indicates the percentage extracted over time for reservesdaresources (left), reserves (mid-
dle) and resources (right) over time. Each gure illustrate 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 stdard errors and the

year-by-year coe cients referenced in 3

Table B.1 Tax e ect on grassroots exploration (robust standrd errors).

Log Real Budget

1) 2) 3
First change (2004)
CL -, 0.053 0.043 0.029
(0.102) (0.086) (0.101)
N obs 5,894 5,894 5,894
R? 0.114 0.281 0.284
Second Change (2010)
CL 0.099 0152 0.105
(0.095) (0.078) (0.117)
N obs 6,749 6,749 6,749
R? 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 roydly changes on grass-
roots exploration budgets. The year of the tax change is inchted in parenthesis.
Model (1) considers country xed and year xed e ects; mode(2) includes company
type e ect (major, junior, intermediate a other rms), and mineral target; model
(3) uses Worldwide Governance Indicators and the Corporatecome tax level as
additional controls. Robust standard errors appear in parghesis.

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-derences approach for the rst
tax change in 2004. Coe cients comes from model including oatry, year, company type
and mineral xed e ects, and governance controls. The yearfdhe tax change is highlighted
as a vertical line. Robust standard errors appear as vertichars and are clustered at the

country level.

Figure B.2 Year-by-year coe cients for the di erences-in-d erences approach for the second
tax change in 2010. Coe cients comes from model including aatry, year, company type
and mineral xed e ects, and governance controls. The yearfdhe tax change is highlighted
as a vertical line. Robust standard errors appear as vertichars and are clustered at the

country level.
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Figure B.3 Year-by-year coe cients for the di erences-in-derences approach from major
companies for the rst tax change in 2004. Coe cients comesdm model including country,
year, company type and mineral xed e ects, and governanceoatrols. The year of the tax
change is highlighted as a vertical line. Robust standard rers appear as vertical bars and

are clustered at the country level.

Figure B.4 Year-by-year coe cients for the di erences-in-derences approach from major
companies for the second tax change in 2010. Coe cients cosnérom model including
country, year, company type and mineral xed e ects, and gogrnance controls. The year
of the tax change is highlighted as a vertical line. Robust ahdard 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-derences approach from junior
companies for the rst tax change in 2004. Coe cients comesdm model including country,
year, company type and mineral xed e ects, and governanceoatrols. The year of the tax
change is highlighted as a vertical line. Robust standard rers appear as vertical bars and

are clustered at the country level.

Figure B.6 Year-by-year coe cients for the di erences-in-derences approach from junior
companies for the second tax change in 2010. Coe cients cosnérom model including
country, year, company type and mineral xed e ects, and gogrnance controls. The year
of the tax change is highlighted as a vertical line. Robust ahdard errors appear as vertical
bars and are clustered at the country level.

114



Table B.2 Tax e ect on grassroots exploration by company typ (robust stan-
dard errors).

Log Real Budget

(2) (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 4, Other 0:178 0.144
(0.195) (0.202)
N obs 5,894 5,894
R? 0.300 0.308
Second Change (2010)
CL 5 Junior 0:198 0.141
(0.102) (0.134)
CL , Major 0:162 0:216
(0.148) (0.176)
CL 5, Other 0.220 0.164
(0.196) (0.215)
N obs 6,749 6,749
R? 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 royltly change on
grassroots exploration budgets by company type. The year tife tax change
is indicated in parenthesis. For every company type, modell) considers
company type e ects,(major, junior, intermediate a other rms), and mineral
target; model (2) uses Worldwide Governance Indicators anthe Corporate
Income tax level as additional controls. Robust standard esrs 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 err).

Exit
1) ) 3
First change (2004)
CL 0:027 Q028 0.045
(0.036) (0.035) (0.044)
N obs 5,342 5,342 5,342
R? 0.313 0.331 0.331
Second Change (2010)
CL 0:030 0:034 0:072
(0.031) (0.030) (0.039)
N obs 6,749 6,749 6,749
R?2 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 roylly changes on exit
decisions. The exit variable is one the year a company stopvesting in grassroots
exploration in the country without moving to another explomation stage. The year of
the tax change is indicated in parenthesis. Model (1) congits 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 Geernance Indicators
and the Corporate Income tax level as additional controls. ébust standard errors
appear in parenthesis.

p<0.1l; p<0.05; p<0.01
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Table B.4 Tax e ect on exit decision by company type (robustndard errors).

Exit
(1) 2
First change (2004)
CL 1 Junior 0:035 Q056
(0.061) (0.066)
CL 1 Major 0:077 -0.055
(0.045) (0.053)
CL ; Other 0:053 Q088
(0.083) (0.088)
N obs 5,342 5,342
R? 0.342 0.344
Second Change (2010)
CL 5 Junior 0:.077 0:114
(0.044) (0.051)
CL . Major 0:051 0.005
(0.041) (0.049)
CL , Other -0.034 -0.068
(0.075) (0.078)
N obs 6,749 6,749
R? 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 royfty changes on exit
decision by company type. The exit variable is one the year ampany stop
investing in grassroots exploration in the country without noving to a next ex-
ploration stage. The year of the tax change is indicated in panthesis. For every
company type, model (1) considers company type e ects (majgunior, interme-

diate a other rms), and mineral target; model (2) uses Worldiide Governance
Indicators and the Corporate Income tax level as additionatontrols. Robust
standard errors appear in parenthesis.

p<0.1l; p<0.05; p<0.01
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