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Abstract: Industrial and mining processes produce a wide spectra of residualavlibarm- or stressful or for the
environment. At Minas Gerais, these materials are widely produced in metal miningomedsprg, cellulose
production and in the recovering of industrial waste like batteries, etce@ththr handagricultural plaster produced
from these materials is a very important material for the correction of sbilhenenhancement of plant growing.
Tropical and subtropical sols are often rich in Fe, Al, Si and salts due torenemtal conditions and irrigatn
management. This work aimed to evaluate the production and the actiorggpEem® produced from the chemical
reaction of hydrolyzed and recycled sulfuric acid from different intddstources with mining calcitic limestone or
industrial Ca(OHy, in reducing these damages in the salty soil and in the development of cornFarnke tests,
soil samples with added NaCl solution were treated with the Ecogypsum® and thegignttprodudbn compared
with the poor salty or not salted soil samples. The results indicate that the presence yidtoo® in the soil
increased the germination of corn seeds in the presence of highertcatimes of NaCl and enhanced the forming
sodium sulfate, reducing the possibility of sodium absorption by tluks seel rootsCorn plants responded positively
to the presence of Ecogypsum® in the neutralization of sodium in the balmethodology is cheap and easy to
applicate on typical soils from tropical to subtropical environments to enhfageaultural production in.

Keywords: Mining waste, industrial waste, soil conditioner, Ecogypsupi@nt development, salinization

Introduction

Industrial and mining processes produce a wide spectrum of reactive or inert residhainay be harm-
or stressful for the environment. Especially the Minas Gerais State, one ofitdeafanining industry of
Brazil, produce a big amount of these substances.

The production of contaminated sulfuric acid is one of them together withgtlaenoiunt of CaCg¢) CaMg
(COs)2 sl or (CaOH) in a wide variety of chemical composition and concentratiom fnining, industry,
improvement and recovering processes. At Minas Gerais, these materialsleyepnoduced in metal
mining and processing, cellulose production and in the recovering of industrial waste likedyagteri

On the other hand, agricultural carbonate and plaster are very importanalndterthe correction and
desalinization of soil and the enhancement of plant growing. Soils from vaggims, due to their
mineralogical and edaphoclimatic characteristics or due to flaws in irrigatdsragement, have high
alkalinity. Considering only salinization as a degradation factor, it is estitthatedpproximately 7.0% of
the entire land surface is salinized. The present work aimed to evaluate the produttive action of
Ecogypsum® produced from the chemical reaction of hydrolyzed and recycled sulfdrioen different
industrial sources with mining calcitic limestone or industrial CafQid)reducing these damages in the
soil and in the development of corn plants. Fig. 1 shows the soil distrilaungbtne principal soured region
for the raw materials of plaster production.

Many studies about nocives effects of salts and correction with sulfateewecuted. Joet al. (2018)
evaluated the effect of sulfur on Cambisol soil irrigated with saline vgatghum cultures. They found
that the use of sulfur in doses of 1.39 to 1.99téxen in saline rich environment promoted the reduction
of the electrical conductivity of the soil, the salinization and in this way arlggtiwth of sorghum plants.

Previous studies

Araujo et al. (2017) evaluated the various soil conditions in the tree species grownnim sails and
observed that the use of S and CaS€duced the negative effects of salinization increasing the
photosynthetic rate d@nidosculus philicanthus, Moringa oleifeeaadCaesalpinia ferreand an increase

of the dry matter production @aesalpinia ferreandMoringa oleifera


mailto:alexandre.costa@ufvjm.edu.br
mailto:hahorn@ufmg.br

Potentiality
of the soils

% H,S0; % CaCO;; Ca(OH),

Fig. 1. The map shows the raw material sources and the soil which can be trahteilinas Gerais State. 1: Ggod
without restrictions; 2: Good to regular, low nutrients; 3: regular to geskdof inundations, low nutrientd: Regular

to restrict, high Al, low depth, lack of nutrier®: Restrict, high humidity, luck of nutrients, high Al; 6: Restrict to
unfavorable, high Na, high humidity; 7: Not advisable for use, nadogiical problems; Source: IBGE (1992
modified.

Toledo et al. (2017) have executed studies evaluating the effects of soil Saliniba the
evapotranspiration of sugarcane cultivars, and have found negative changes of the ithdog$ wodium
levels. Braga et al. (2009) observed similar results usimgrolobium schomburgkédnd application of
NaCl and CaGl In experiments witlerythrina veluting Guimarées et al. (2013), found negative effects
of soil salinization over the rate of germination and the initial devetoprof plants. A negative water
potential of the soil severely interferes with the absorption of waténdweeds and the physiological
events that occur inside them, Mikusinsk (1987) observed reducing the speed and the totabhumber
germinated seeds. Stefanello et al. (2008) observed that seeds of each species lpussitilegical
peculiarities, requiring a minimum amount of soil water potentiaiater absorption. Germination does
not occur below the minimum values. The high concentrations of salts soitheolution reduce water
potential, making water less available to plants similar to water defiait stadied by Nars et al. (2012).
Ribeiro et al. (2001) and Esteves and Suzuki, (2008) observed that if the absorpkiersbgds occurs,
the excess of salts has a toxic effect promoted by the increase of its conceimgateothe cell delaying
the germination of the seeds

Materials and methods

The raw material, CaCfLa(OH) and HSQ, are obtained from Zn-mining/Cellulose industry and Zn-
refining/battery recovering, respectively.

The methodology of plaster production is shown in Fig. 2. The different compounds were cleaned by e.g
micro filtering to retain dangerous particles, mixed together, the prodameetby decantation and
washing, dried, grinded and then used in agricultural tests.

The work was carried out at the soil laboratory of the Vale do Rio Dodeetdity in Governador
Valadares, Minas Gerais. For the tests, common soil samples with regiotett ¢dable 1) were added

with NaCl solution and treated with the Ecogypsum® and compared with thd-sak treated and not
sated soil samples.

30 cm long PVC tubes, 11 cm wide, were filled with a B-horizon of medium clayéexied and grained

to < 2.0 cm. The pots were saturated with water and five seeds of hybrid BZeamnm@yd..) were sown

at a depth of 3 cm. A NaCl solution of different concentrations (0O ppm, 100 ppm, and 300ggapplied

and then Ecogypsum® in powder form was added on the surface in the dosage$air@ 3,t-hd and

then irrigated at every day throughout the test.

During 10 days, the germination was observed, until the plumule broke the surface and ten days after only
two plants per pot were kept.

After 30 days the aerial part of the plants was cut, the roots collected, angehengight determined
separately, dried at 75° C to obtain a constant dry weight for the two samples.
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Fig. 2. Flowchart of plaster (Ecogypsum®) production.

Table 1.Physi@al-chemical parameters of the used soil.

pH P K Ca Mg Al H+Al S M.O. Vv t 2y m
Mg/dm? cmole/dm” dag/kyg % cmole/dm? %o
5.6 52 11997 0.67 056 0.12 23 1.54 054 40.1 1.66 384 723
P=Phosphorus, K~Potasium, Ca~Calcium: Mg~ Magnesium. Al-Alummum: H-Hvdrogen: S~ total basis; MO
Orgamic Matter; V= base saturation; t— effective cation exchange capacity: '~ total cation exchange capacity: m
Alummum saturation

The experiment was conducted in a 3x4 factorial scheme with three replications efiddt, féwtor being
the NaCl doses and the second factor the Ecogypsum® doses. The data were evaluated usssga regr
model.

Results and discussion

In Fig. 3 can be observed that the use of Ecogypsum® enhance the germination in suligtraigh
saline concentrations in comparison of the samples without.

In the absence of salts and the use of plaster, the behavior of the plants is similar with 7@8tnafigar
after 6 days evaluating to 90% after 10 days. With increasing doses of NaCl (B0Opom) the
germination index reduces significantly down to 60% (Fig. 3.1).

In Fig. 3.2 the effects of adding 3.0 t*af Ecogypsum® can be observed. A strong increase of germination
with use of this supplement in saline soils in comparison without can be ahséhase results indicate
that Ecogypsum® acted positively in the germination of the seeds, stimutht physiological and
metabolic process. Another important point occurs due to its characteristedafm solubility, reducing
the risks of osmotic problems in the soil.

Fig. 3.3 shows the effects of the use of 6.0t-bAEcogypsum® also at saline soils. An initial increase
with using salt may be the result of a faster Na resorption by, &@ibiting the initial osmotic action of
this element. Using this higher plaster quantity, the germination in salineesailgess values around 80%
after 6 days and 83% after 10 days, visible higher than without plaster.

At the application of 9.0 hathe germination is more uniform in different saline soils.

Analyzing these figures, it is possible to evaluate the positive effdetagypsum® for germination in
saline rich soils. The germination rate increases significantly probably duepmiémtial to neutralize the
harmful effects of NaCl in the soll.

Fig. 4 shows the effect on dry weight of Ecogypsum® over germination for theldy There is a
significant increase of germination with the use of doses of plasteline sails. Soils with higher salt
contents reaches with the application germination values of soils without salts.
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Fig. 3. The figure shows the germination for corn betwe€ragd 10' day the different environments: without
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Ecogypsum® and different NaCl dosdsg.0 tha' of Ecogypsum® and different NaCl doses.
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Fig. 4. Here is shown the germination development of the plants with different dbg&sogypsum®in saline
environment during 10 days.

Fig. 5 shows the dry weight evolution of the plants in function of salt caatienss and plaster application.
In Fig. 5.1 it can be seen the slight increase of dry weight with the appticati higher doses of
Ecogypsum®, from 4.7 to over 5.59.

Fig. 5.2 presents the dry weight evolution in function of salt concentratitreisoil. A strong negative
correlation is to observe, from about 5.2g to lower than 4.9g.

In Fig. 5.3 is presented the evolution of the dry weight of the aerial parts ofocdahtee distinct NaCl
concentrations increase of Ecogypsum® doses inttTiae figure gives the impression that the plaster
application has to be done in a function of salt concentration in the soils. More saltdpigheation, low
salt tlower doses.

Fig. 5.4 enhances and give more visibility to the fact that the application of ptesearses the productivity
(dry weight) of corn in saline soils.
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Fig. 5. Dry weight of the collected corn plants in saline environment Witdifferent doses of Ecogypsum®,;
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The green weight of the plants also reacts positively to the application of Ecogypsunt®, isv
neutralizing the effects of salts in the soil (Fig. 6).

Fig. 6.1. shows the evolution of green weight in function of plaster applicatitéerdifferent salt levels.
A very strong increase of green weight, especially, for very saline soils iseitvepsnce more indicating
the relation between application and salt concentrationign@2 three common application rates are
shown in function of increasing salt levels. Only for soils without salt, the resultafar®rable.
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Fig. 6. Green weight behavior of the aerial parts of corn after 30 dayeth different salt level®: with different
Ecogypsum® applicatioriL: circle: 0Omg HSQy; triangle: 100mg BESQy; square: 300mg ¥5Qy; 2: Circle: Otha?;
triangle: 3tha?; square: 6ha'; diamond: 9tha.

Conclusions

The results indicate that Ecogypsum® is able to reduce the negative deleteriousetfectalinization
process in soils caused by NaCl by formation sodium sulfate, which is less reactive.

In this way, the possibility of absorption and intoxication of the seeds arslabptants is reduced, the
effects of N& in the water potential of the soil is avoidélde absorption of water and nutrients by the
germing seeds and the roots maintained, improving a normal germination and plant development.
Corn plants responded positively to the presence of Ecogypsum® and the ndoinadizaodium in the
soil with a strong increase of development.
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MELT-MELT-FLUID IMMISCIBILITY EVIDENCE BY MICROTHERMOMETRY
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Abstract: The paper deals with the hydrosilicate-hydrosaline-fluid immiscibility inpthassic and phyllic zones of
the internal part of the Bucium Taraisubvolcanic structure as a porph@wAu + Mo deposit which belongs to
the RosiazBucium £Baia de Aries metallogéndistrict, in the Miocene volcanic zowd the Metaliferi Mountains
(western Romania). The microthermometric experiments (n=70) in hard quantesaracorded temperatures
between 518D Q G +°C, salinity between 62-84 wt% NaCl equiv., pressures of 0.4 the density of 1.2-1.3
g/cm?, and an estimated minimum depth formation of about 1.2 km.

Keywords: hydrosilicate, hydrosaline, immiscibility, microthermometry, Raman speojgsc

Introduction

Immiscibility between silicate melt and salt melt, splitting of thegmatic fluid in low salinity
vapor "melt" and brine pairs, boiling and condensation are the most important preategsgsetreating
downward crystallization of the shallow porphyritic intrusive plug by deangagiressure and
temperature of the repeated injection of sulfur-rich vapor plume dtotitem of the magma chamber(s)
associated with the stratovolcano or caldera formation in the Metaliferi Mountains.

Generally, four stages of alteratiagnineralization could be reconstructed by studying the various
types of fluid and melt inclusions trapped mainly in quartz veinlets (buirabsohydrite, calcite, barite,
sphalerite, enargite, etc.) in the characteristic stockworks. These are correspgondereast four
intermediate magma batches (stages) underlying the successive propyliticcpptagkc, and argillic
zones defining a complex porphyry copper and epithermal (high-, and/or low sulfidztiemacteristic
ore deposit prospects (e.g., Wilkinson, 2013).

Geological setting

Based upon tectono-magmatic features, there are two evolutive models of rpocppper
deposits in the "Golden Quadrangle" of the South Apuseni Mountains, RontaniRaU F R 198)/ tiiz O
Valea Morii model - Diorite type, Cu-Au polyascendent evolution with epithewsias halo, and the
Rosia Poieni model - Diorite type, Cu-Mo polyascendent evolution with pyrite halo.

In this work, it is emphasized based upon fluid and melt inclusions studies, that in the first type of
model, endogeneous metasomatic processes prevailed (Pintea, 2010; 2014), while nhegoratio
process is more representative for the second model, although a mixture ofasiesevblutionary
features is frequently observable. In any case, the porphyry copper mineraligatentered on the
ultimate shallow intrusive(s) associated with the complex stratovolcanoesaldera volcanic
environment % HUEHOHDF HW DO B3RSHVFX DQG 1HDF X

Bucium 7 D U Qarpbyry Ci-Au + Mo deposit is the second porphyry mineralized structure
associated with the Rosia Poieni porphyry copper, Rosia Montana and Bucium Rodu-Frasimapither
Au-Ag deposits, in the Rosia - Bucium Area (Udubasa et al., 2001, latan and Berbeleac, 2012).

Bucium-Tarnita is a porphyr€u-Au system with high-sulfidation style epithermal overprint and
with a subvolcanic setting (USGS website).

According to K-Ar data (Rosu et al., 2004) Bucium Tarnita, that occupies thHeesoytart of
the RosiatBucium +Baia de Aries metallogenic district (Fig. 1) is the oldest volcatrasive structure
of the mentioned district (14.87-14.60 Ma).
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Fig. 1. Sketch map of ore deposits in the ResBucium area (Ciobanu et al., 2004).

The porphyry copper deposit of Bucium Tarnita occupies an area of about 700 m x 700 m and has
the potential to host a significant tonnage deposit, with 2.700.000 t Cu and 120 ndyei(Aers comm
2011). The Romanian State's historical exploration of the deposit involved underground derglopm
(exploration drives and crosscuts), surface and underground diamond drilling| as wetface pitting
and trenching during 1972-1983. Vertical surface diamond drilling holes werddilldepths of up to

1,200 meters during the survey (Gabriel Resources website).

Bucium-Tarnita is hosted in a cilindric amphileodndesite body of Calvaria Hill that penetrate
Cretacous sediments, placed in the supperior basin of Izbita rivulet (Rign@ei and Calota, 1975;
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Vlad, 1983; Popescu, 86). The drillings show that the subvolcanic body of Bucium-Tarnita has an
accentuated dip to the north (Andrei and Calota, 1975).

The sub-volcanic body has endogenous transformations with a zonal arrangement. Thus, in the
central-northern part of the stture, we notice the association of neominerals like quartz-biotite-
potassium feldspar-chlorite, etc., which towards the eastern, northern and western pgriuhaadly
passes to sericite-clay minerals-quartz paragenesis. The southern part of dheasiathody is affected
by low temperature propylitization (Andrei and Calota, 1975).

The internal potassic zone contains several coarse quartz veinlets (A and Bitlype)tassium
feldspar +chlorite actinolite +pyrite +chalcopyrite + magnetite + anhydrite; potassium feldspar
chlorite *biotite +pyrite *chalcopyrite + magnetite + anhydrite and potassium feldsgahlorite *
chalcopyrite £ anhydrite within D vein type with pyrite £ chalcopyrite. Theragscitic zone contains
mainly chlorite -clay minerals and quartz - pyrite associations (fig. 2) (e.g., Bostinescu, 1984).

Fig. 2. Geological sketch section of Bucium Tarnita deposit (Popescu, 1986): 1. Gustaselimentary rocks, 2.
Arama type andesites, 3. Tarnita type ande@#xiphey), 4. Tarnita type andesite (central), 5. Breccias: a.
andesitic, b. sedimentary, 6. Alkali feldspaclorite (biotite) zone, 7. Sericiteargillic minerals zone, 8. Clorite:
calcite epidote zone, 9. Cupriferous impregnation limit, 10. Drills.

A chlorite-dominated propylitization is mentioned in the axial zonehef Bucium-7DUQL D
GHSRVLW %RUOUWLQHVFX $UJLOOLF DOWHUDLWLERRG D IDQBWW |
volcanic country rocks (Vlad, 1983, in Cioaca et al., 2014).

In the interior of the biotitization and argilization-sericitization zones ofsiie-volcanic body, as
well as in the cretaceous cornified deposit of its periphery, a dispersed raatevaliof the porphyry
copper type develops. The establishment of porpbgpper mineralization was favored by the increased
permeabilization of the sub-volcanic body both by very pronounced cracking and by the above-mentioned
endogenous transformations. As in Rosia Poieni porphyry copper deposit case, the porpbsry cop
minerdization of Bucium 7 D U @amprises an oxidic phase represented in particular by magnetite,
followed by a sulphidic phase characterized by the preponderant deposition ofapgrithalcopyrite
(Andrei and Calota, 1975).
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The microfractured andesite comtmpartings, fractures and veinlets of chalcopyrite associated
with intense hydrothermal alteration (Nafinance website).

Late reactivation of NV-SE and NNV SSE fractures results in the appearapodyofetallic
mineralizing veins (pyrite, blende, galehalcopyrite, tetrahedrite) accompanied by argillizations (Vlad,
1983).

LEGEND
S -
(s v o Fas - —— -

Fig. 3. Schetch map of +880 m level of Bucium Tarnita exploitation showing the main altgrattems (modified
after Bostinescu, 1983). 1. Albian deposits, 2. Tarnita andesites (lavagriita andesites (stockd, Tarnita
andesites (central unaltered deep facies), 5. Phyllic alteration zone, 6. Potassic alteratidnAogjiléc zone, 8.
Breccia, 9. Geological boundary, 10. Vein.

Fluid inclusion typology

Fluid and melt inclusions from quartz veinlets were studied in a dozen of doutskeabthin
sections from samples collected from the 880 m level (Fig. 3) of the old atiptoprospect (Bostinescu
et al., 1983, unpubl. IGR regpand dump fragments.
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At room tempertre conditions, the main type of solid, melt, and fluid inclusions observed by
optical microscopy in the coarse grain quartz veinlets are the folloaimgplate solid remnants or grain
formationsin trails or bordering the growth zones, representedrhydrite, apatite, zircon, and opaque
grains of ilmenite, magnetite, pyrite, and chalcopyrite; b. glassy "anhydritglicate glass inclusions
with vapor bubble(s) and solid daughter salt including opaque phases; c. multipblade € vapor
bubble) lydrosaline melt inclusion % visible liquid phasé vapor-rich "melt" inclusions + solid(s); e.
biphasic aqueous fluid inclusions with liquid and vapor bubble; f. aqueous (?) liquidianslus
frequently with continuous mobile bubhlecharacterigt "sweat" assemblage.

Microthermometry

7KH PLFURWKHUPRPHWULF H[SHULPHQWYV IURPGRQHALKX® JODYX
hydrosaline melt, and aqueous inclusions in a calibrated microthermometric devictl@®® (Pintea,
2014). Immiscibility is assumed from the final fluid phase state observéw dinal homogenization
temperature and it was evidenced directly in a single complex silicaténciasion presented in Fig. 4
Nevertheless, a thin film of silicate liquid could be often seen in the homogenizeaslyteE melt
inclusion, suggesting that a pure melt droplet was trapped as primary and pseudosénohéog
assemblages.

Table 1. P-T-X data based on measured and/or estimated at the cut-off temperature SagexbyDriesner and
Heinrich, 2007). Depth estimation was based upon an average lithostatic load of aleRs8tg/cni (Mernagh et
al., 2020 or 250-270 bar/km (Naumov et al., 2015). It is worth noting thatependent estimates of formation
pressure at the deposit would be generally less than or equal to the pressuresl dlmainFis" (Lecumberi-
Sanchez et al., 2015). So, in this specific data set from Bud@ibrJ @epdsit, the estimated formation depth of
minimum 1.2 km would be close to the relative exploration gallery level of 880m where thptesanwere collected,
considering that minimum 320m above were eroded, which give about 21 nuManerate (see for comparison,
Dibacto et al., 2020). The maximum values are probably overestimated p.gg 6.0 km) because of
heterogeneous trapping and even post entrapment modifications or $othe bydrosaline melt inclusion
assemblages (trails) were trapped at different underground depth levels (e.g., Pinjea, 2014

Homogenization | Temperature, XNacl Pressure, | Depth, Initial fluid state
type °C kb km
By vapor bubble | 620- 1079 &) 0.4-0.6 04-21 12 6.0 | Single phase state (n=29
735- o b) 0.37-062 |04-21 12 +6.0 | V+L (n=28)
633 0.51 1.7 6.0 L+H (n=1)
By halite 518- 583 @) 0.34-044 |04-15 12 6.0 | Single phase state (n= 8)
dissolution 518- b) 0.34-044 | 04-17 1.2 #6.0 | L+H (n=4)

The final homogenization took place by vapor bubblagtiiearance (directly recorded) and that
value is considered to be the minimum trapping temperature (formation tempefahegenclusion) of
the homogeneous (single-phase state) or heterogeneous (V+L or H+B@), b.en, Table 1. When this
could not be recorded during heating procedures in the stage because of the vapqrersisibdace at
unreasonable high-temperature value (around °CLGbe maximum stage temperature in this study), the
heating was cut-off and this maximum recorded temperature was used in Sowates¢fiviesner and
Heinrich, 2007) to estimate a minimum homogenization temperabuie Table 1), and also relative
salinity converted to mole fractions of NaClnx), pressure (bars) and density (i.e., 1.2-1.3 &lcm
Frequently, brine inclusion homogenized by halite dissolution after vapor bubhppefirance, and that
value computed the P-T-X snapshot of the trapping monaebtit Table 1). It is worth noting thatith
kind of hydrosaline melt inclusion usually homogenized at very high temperatures tsugges
heterogeneous trapping or an unknown fluid phase equilibreanmore complex system such as Fe-
counterpart to the Si-rich melt (Pintea, 2014, 2015; Tornos et al., 2016; Mernagh and Mavrogeies, 2019

Raman Spectroscopy

Raman microspectroscopy analyses (h= 20) on doubly polished quartz samples were performed at
the Geological Institute of Romania on a Raman Renishaw spectrometer equigped Leica DM
2700M and 50x objective lens. The 532 nm green waviéiemgs used with gratting of 1800 I/mm and
1200 I/mm, variable exposing time between 1 to 120 sec and 1 to 10 accumulations. Thmmesol
ranged between 1-2 cihsometimes more, depending especially on the laser power and distance to the
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enclosed fluid inclusion inside the host quartz. Calcite and anhydrite were detemimthexdstudy by
Raman spectroscopy in the same quartz veinlets mentioned above. In the conualexhsitirosaline-
and hydrosaline melt inclusions onGQs*, anhydrite,Mg-calcite, amicite, chabazite-Ca, chalcopyrite,
fizélyite, and a K-zZn tetrafluoride compound were tentatively identified based upon tErezzal.
(2012), Hurai et al. (20)5and Rruff database from the interneg(f).

Fig. 4. Melt-melt-fluid immiscibility in remelted silicate glass inclusion from quartz o€iBon 7 D U @drplyry
Cu-Au £ Mo deposit; (Metaliferi Mountains, Romania). Th(CL)= 18Z8Xnac~ 0.43, P= 1.6 kb, d= 1.0726 g/ccr
initial fluid state: V+L. Notations: V-vapor, H- halite, SG- glass, aBther salt, O- opaque, CL-chloride liqui
HSL- hydrosilicate liquid, Z- zeolite-like compound.
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Fig. 5. Raman spectra of the same complex silicate-hydrosaline melt inclusion pictured4insidgving the
presence of carbonate ion in the bubble of the salt melt phase surrdundditate glassA) and anhydrite
daughter phaseBj formed in hydrosaline melt inclusion (without liquid phase at room ¢eatpre) from the same
quartz sample.

Conclusions

It is emphasized (preliminary) that BuciuhD U Q@drpByry Ci-Au + Mo deposit was formed
during shallow magmatic (endogeneous metasomatic) - hydrothermal processes bgndarge
hydrosilicate - (chloride-sulfate-carbonate-phosphate) melt (hydrosiligalklike liquid or magmatic

12



emulsion) fractionating chloride, sulfate anéeS-O) immiscible droplets during cooling and
decompression from which ore minerals (pyrite, chalcopyrite, and magnetit)ifated in the potassic

and phyllic zones. Several successive episodes of supercritical water metasomatism and/or boiling (and/o
condensation) events could be envisaged at lower temperatures by the chécanterigexture features
("sweat" assemblages), especially around the opaque solid "remnants".
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Abstract: The Capoeirana emerald deposit is located near Nova Era, in the southpastesf Minas Gerajs
Brazil. Two distinct lithologies compose the geology of the zome @@nsists of undifferentiated granitoid rocks
and the other is formed by volcano-sedimentary rocks, both of bleémy strongly altered. Emeralds occur in three
types of associations. The main one is a meta-ultramafic rock, and the atbeyuartz- and pegmatitic veins. The
mineralization is located at the tectonic contact of the volcano-sedimentary sequence \gitkiisic rocks. The
best specimen crystallized around quartz fishetheir pressure shadows. Pegmatite veins are the Be source and
granitic bodies caused the hydrothermal processes. Chemical investigations orethemmeralds show theveas

an evolution starting with low Cr and very low V concentrations. Migasotite, and amphibole microprobe
analyses indicate at least two mafic components and a multistage process of forfaicO, (+CHs) - H2O -

NaCl fluid inclusion type showed th€O;, density between 0.55 - 0.78 gfnthe aqueous phase indicated the
salinity between 2 - 17 wt.% NacCl eq., the pressure between 0.8 - 2 Khediodmation temperature between 420
and 696C. Informally, the CQ diad based calculation gives 0.4798§8m* density Sometimes, C@rich
inclusions show critical homogenizatio@omplex carbonate/silicate primary and pseudo-secondary inclusions
suggest an immiscible process at high temperature trapping conditions.

Keywords: emerald, genesis, geology, mineralogy, geochemistry, fluid and melt indu§iapoeirana, Brazil

1. Introduction

1.1. Location

The Capoeirana emerald deposit is located between the Nova Era and Itabicpatities, in the
central-southeast part of the Minas Gerais State, Brazil. At anclist#f 140 km from Belo Horizonte,

the access is by the highways BR-262 and BR-381 to Nova Era. From there the Capoeiranasdeposit i
reached after 10 km by the state highway MG-120.

This deposit is exploited in a rudimentary way by small-scale mimgnsnipeirog, aggregated in a
cooperative, exploiting the emeralds independently, each one developing their mine without any
engineering technique and geological knowledge (Figure 1). The emeralds found and exgooéd

good quality and great gemological use (Leal, 1998).

1.2. Geological setting

The local geology of the region consists essentially of two lithological grohesfirst group is formed
principally by granitic rocks (granites/gneiss), while volcano-sedimgnbaks (amphibolites, phlogopite
and biotite schists) compose the other. Both are deformed, and suffered changes durauhigrde
upper amphibolite facies metamorphism, and are strongly affected by weathading/dmothermal
processes (Souza, 1988). Figure 1 shows the local geology, tectonic situation, and theportasttim
emerald deposits at Belmont and de Capoeirana mines (Souza, 1988; Schorscher, 1992; Machado, 1994).
The main tectonic structures and events are shown in Table 1 and Figure 2. There amet differ
possibilities for emerald formation and recrystallization during evolutiorsbry. In Table 1, the
geological events occurred and the structures identified in the emerald depagiban, as well as a
sequence of crystallization of the emeralds in the deposit of Capoeirana.

1.3 Emerald deposits
x The emerald deposit of Capoeirana is located in the northeast of the Iron Queadfadighas
Geais State, Brazil. Phlogopite-amphibole-emerald-quartz schists, insertéghin teformed
granitic rocks of Archean Age, compose the rock sequence. The deposit is charactesaed by
authors (Schwarz, 1987; Guliani et al., 2019) as type ®fAl/A respectively, with fewer mica
inclusions, more fluid inclusions, and low Cr- and very low V-content in the emeralds.
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Fig. 1. Geology of the Nova Era-ltabira emerald field showing the location of the inatestigeposit (after Horn
and Pintea, 201 9nodified).

Table 1.The main structures identified in the rock samples from the Capoeirana digging(pféeeRibeiro, 2006;
modified). The formation events of emerald crystallization are pointed out.

Structures Main observations Emerald Deformation
formation event
Mylonitic foliation | Anagomosed mylonitization foliation, in axial plane position of tight| Tiny emerald
ruptured folds, intensely transposed formation
Strain lineation - | Lineation conformed by the preferential orientation of mica minerals
L1 lenses of quartz, amphibolite, chromite and/or stretched pegmatoid
foliation S1
Folding system - | Tight intrafolial folds of mylonitic foliation S1, with axial plane foliatig
Bl usually ruptured and transposed.
Shear zones Responsible for the generation of F1 Clearance Failures, structural| 15t emerald El

elements nucleated in E1 and mineralized tectonic contacts in eme| formation
between the Phlogopite gneisses

Folding system - | Open or closed folds of nucleated structures formed in E1. They pr

B2 not harmonic style without development of axial plane foliation.

Gravity faults; Normal failures and nucleated distension fractures in late phases o

distension deformation event E2. Oriented approx. subparallel to the direction

fractures the folded mylonitic foliation S1.

Lineation - L2 Stretch marks and grooves printed on rocks during the developnfe| E2

faults. They are oriented according to the main directions of the
movement and printealsslickensides.

Strain slip Axial flat cleavage of corrugated-looking asymmetric mini-folds.
cleavage S3
Lineation of Axes and hinges of asymmetric mini-folds and/or kink-folds. They E3

crenulation; axes | double the foliation already folded S1, affecting all rocks and strisct
of kink folds - B3 | generated in E1 and E2.

Diverse fractures | Joints and fractures generated, probably, in the late extension phad 2"¢ emerald E2 and E3
and other E3 or even E2 deformation event. crystallization
structures
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Fig. 2. Geolgical cross section showing the emerald deposits in the geologic and tectonimreent of the
investigated area.

The age of the formation is still in discussion. The dating of pegmatites aedafsi (Ribeiro-Althoff et

al., 1997; Morteani, verb. comm.) indicate two periods of emerald formation tedrtectwo possible
pegmatite generations.

The deposits are located at the contact between Archean paragneisses citeh thigghly deformed
Borrachudo granite of metaluminous character (~1,73 Ga drygatédn age of Pb/Pb in zircons; Dossin
et al.,, 1993). The metamorphic sequence is composed of meta-arenites and metkgsayvithc
intercalated mafic and ultramafic formations, which are dated as lowesrézoic. These formations
with NE striking andsteep W dip are widely transformed into biotite-quartz-schists, phlogopitezguart
schists, and talc-chlorite schists, often with Cr-spinels, chromite crgstéilsy emeralds (Schorscher et
al., 1982; Guliani et al., 1990).

A significant number of pegm&ts, probably of principally Brasiliano but also Transamazonian age,
intrude the rocks of the region. These veins, dikes, and irregular bodies caotkbenormally along
existent fractures and deformed rock contacts. The pegmatites are alterecdynatisin showing loss

of quartz transported to fractures or foliation planes in the para-sedimedtdeldspatization and
kaolinization. The pegmatites in contact with the Cr-source rocks show weakledaaneralds,
aguamarines, bengl, and black tourmines. The darker green emeralds were formed at the schists-
pegmatites contact, in the pressure shadows of quartz fishes, amphibolite restites, caypstabf
agglomerates, in fractures and fold axis (Figure 3). Emerald occurs sometirsely elssociatedith
chrysoberyl and alexandrite.

2. Materials and methods

Three field campaigns were realized in the area of Belmont, Piteira§agueirana. Rock samples and
mineral specimens were collected from different outcrops, digging places, and mines.

The samfes were cut, a part crushed, and thin and double polished sections prepdredC2MTC
(Centro de Pesquisa Prof. Manoel Teixeira da Costa). Microthermometry was donenpreglimithe
double calibrated stage (homemade) betweéha?@d 398C and between 398and 1108C with a
precision of £2to £18C. Raman analyses were done in an InVia Raman Renishaw microprobe equipped
with Leica DM 2700M Microscope with 50x objective lens, 532nm excitation line, 1800 ltingyrap

to 90 ®c.time exposure and 3 aguulations, at the Geological Institute of Romania, Bucharest.

The chemical analyses were performed at the Camparis Unit (Universitg Biektarie Curie, Paris)
using a Camebax SX 50 microprobe.

3. Results and discussion

3.1. Chemical analyses

The chentd data of emeralds from the Capoeirana deposit show that the predominant chromophore
element is chromium, the presence of vanadium is very low or below theiatetegtl. Table 2 shows

the results for emeralds calculated in structural units (CPFU).
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Fig. 3. 1. A concentration of sheared pegmatoid veins cutting the phlogopittepackage of folded rocks. The

emeralds are concentrated in the joints of folds; 3. Quartz fish with emerdtus pressure shadow; 4. Pegmatite

vein intercalated with the biotite-phlogopite-quartz schist (Photos: Leal- Tor@: 8, 4).

Table 2. Structural composition of analyzed emeralds from Capoeirana mining place in 8P¥Jies from 1.5

to 1.67, Fe from 0.046 to 0.03. The Cr content ranges fromt6.0.033, and V is always <0.006.

14 15 16 17 18 19 20 21 24 25 28 29 31 32
Si | 5.905| 5.928 | 5.849| 5.912 | 5.838 | 5.842 | 5.757 | 5.857 | 5.636 | 5.904 | 5.898 | 5.856 | 5.871 | 5.868
Al | 1.553| 1.587| 1.552| 1.567 | 1.552 | 1.578 | 1.578 | 1.620 | 1.489 | 1.760 | 1.587 | 1.540 | 1.672 | 1.645
Ti | 0.000 | 0.002 | 0.000| 0.000| 0.002 | 0.000 | 0.000 | 0.001| 0.004 | 0.000 | 0.000 | 0.000 | 0.000 | 0.000
Cr | 0.030| 0.033| 0.032 | 0.021 | 0.028 | 0.023 | 0.023 | 0.017 | 0.087 | 0.020 | 0.027 | 0.026 | 0.023 | 0.023
V | 0.000 | 0.000 | 0.002 | 0.000 | 0.006 | 0.000 | 0.000 | 0.004 | 0.003 | 0.000 | 0.000 | 0.000 | 0.001 | 0.000
Fe | 0.041 | 0.039 | 0.041 | 0.038 | 0.035 | 0.035 | 0.036 | 0.046 | 0.098 | 0.030 | 0.039 | 0.043 | 0.039 | 0.030
Mn | 0.001| 0.000| 0.000 | 0.000 | 0.000 | 0.000 | 0.003 | 0.004 | 0.000 | 0.002 | 0.008 | 0.002 | 0.000 | 0.000
Mg | 0.304 | 0.303 | 0.300 | 0.269 | 0.278 | 0.274 | 0.260 | 0.254 | 0.516 | 0.154 | 0.273 | 0.301 | 0.224 | 0.238
Ca | 0.008 | 0.004 | 0.003 | 0.002 | 0.004 | 0.002 | 0.004 | 0.004 | 0.011| 0.003 | 0.004 | 0.006 | 0.001| 0.003
Na | 0.159| 0.100 | 0.217 | 0.214 | 0.254 | 0.242| 0.338 | 0.193 | 0.156 | 0.128 | 0.163 | 0.229 | 0.165| 0.192
K | 0.002 | 0.004 | 0.005| 0.000| 0.003 | 0.004 | 0.002 | 0.006 | 0.001| 0.000| 0.001| 0.003 | 0.003 | 0.001

Microprobe analyses were done on several minerals from the host rocks dfi¢halimation. The results

are presented in Table 3, in which the composition, calculated in oxides, of phlogopmtie,pand
amphibole is shown.

The presence of picotite, a Cr-spinel, indicates the Righontent of the original mafic rocks. The

presence of picotite is evident in the absence of emeralds and vice versa.
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Phlogopite Table 3. Element concentration of the
SiO, | 37.98| 38.57| 40.43| 39.11| 37.57| 38.67| 40.69| 35.55| 36.30 investigated minerals from the hOSt rocks:

AlLO;| 14.46] 14.94] 14.04] 15.29] 14.71] 14.93] 15.39] 16.27] 15.40 . L
TiO,| 057| 058 075 051 055 066 0.61] 1.85] 1.75 phlogopite, picotite  (Fe,Mg)(Al,C#Ds, and

FeO | 1062 11.44] 888 961 9.46] 805 820 1445 1351 amphibole. BDL = below detection limit
MgO | 17.96] 18.91] 19.57| 19.14| 18.22] 19.71] 19.36] 15.55 16.08
V,0s| 0.13] 0.003| 011 BDL| BDL| BDL| 0.03| 0.08] 0.10
Cr,0s| 053] 0.74] 1.20] 0.20] 021 054] 071 005 0.16
MnO | 0.06| 012| BDL| 0.15| BDL| 001] 0.00| 0.00] 0.01
K,O0 | 758 802] 819 836 800| 7.77] 830| 7.76] 7.72
Na,O| 0.28] 041] 054] 046] 041] 047] 051] 045 044
CaO | 013| 0o01| 0.00| 000 007| 007 0.00] 000 002
F | 035 035 079 1.20] 099] 022] 0.00] 069 1.8
Sum | 90.64] 94.10| 94.49| 94.04| 90.20| 91.10| 93.88| 94.67| 92.66

Picotite Amphibole
SiO, 0.02 0.16| 0.07| 0.07| 0.10 0.05 0.15 0.01 | 55.23 | 56.36 | 49.48 | 54.57 | 52.94 | 52.61 | 52.61| 52.94 | 56.15
Al,Os| 5.12| 523| 558| 558|12.90| 14.22| 12.26| 11.75| 3.16| 1.63| 9.92| 2.62| 4.64| 3.45| 4.43| 4.64| 1.18
TiO, 0.06 0.72| 0.12| 0.12| 0.11 1.79 0.12 0.08| 0.06| 0.07| 0.39| 0.05| 0.08| 0.00| 0.07| 0.08| 0.01
FeO | 31.83| 31.83| 31.90| 31.90| 34.63| 33.42| 33.90| 34.89| 12.89| 14.81| 15.01| 9.33| 886| 7.79| 7.97| 8.86| 6.25
MgO | 036| 038| 044| 044| 0.81| 1.09| 0.81| 0.76(21.67|22.79| 16.33| 19.94| 18.05| 19.26| 18.22| 18.04 | 20.31
V,0s 0.18 0.46| 0.14| 0.14| 0.16 0.28 0.21 0.28| BDL | 0.05| 0.13| BDL 0.13| BDL | BDL | 0.13| 0.13
Cr,0O3| 60.66| 59.80| 59.86| 59.86| 49.50| 47.86| 51.46| 51.85| 0.20| 0.09| 0.49| 0.15| 0.59| 0.37| 0.27| 0.59| 0.46
MnO 0.36 0.29| 0.20| 0.20| BDL BDL BDL 0.00| 0.16| 0.34| 0.11| 0.24| 0.20| 0.09| 0.14| 0.20| 0.08
K2;0 BDL 0.01| 0.12| 0.12| 0.03 BDL 0.05 0.01| 0.03| 0.00| 0.09| 0.11| 0.11| 0.07| 0.03| 0.11| BDL
Na,O BDL 0.14| 0.09| 0.09| 0.038 0.10 0.04 0.10| 0.26| 0.17| 1.26| 0.34| 0.60| 0.65| 0.75| 0.60| 0.30
CaO BDL BDL | BDL | BDL | BDL BDL 0.01 0.09| 3.28| 0.60| 10.55| 8.13| 10.86| 10.33| 11.12| 10.86| 11.25
F 150| 1.75| 1.23| 1.23| 1.22| 1.23| 0.99| 164| BDL | BDL | 0.08| 0.00| 0.27| BDL | BDL | 0.27| 0.70
Sum | 100.08| 100.12| 99.76 | 99.76 | 99.49 | 100.04| 100.00 | 101.45| 96.93 | 96.90 | 96.27 | 95.47 | 96.65 | 94.62 | 95.58 | 96.65 | 96.81

3.2. Fluid and melt inclusions

There are two main kinds of fluid inclusions in the Capoeirana emeraldsfir$ihgype is generally
primary and pseudo-secondary containing a carbonate phase (solid + fluid) ttagetubr with a
silicate glassy phase and/or quartz. The second type contains carbonic fluid(piaskguid + CQ,
vapor) together with an aqueous phase and/or silicate glass trapped in pseudo-secwhdacpndary
trails. In between, there are various trail assemblages with variable caorpaesintaining frequently
solid daughter salty minerals with aqueous fluid, carbonic and silicate glasggnico At room
temperature conditions a G@hase (liquid + gas), between 40-60 vol.%, appears associated frequently
with several mineral grains (some of them with birefringence), sometintigsiid visible phase being
also present. They are mainly primary and pseudo-secondary and are associated witbhsgladr
inclusions (now quartz) containing the same carbonic assemblage suggesting heterogeneogs trappi
Frequently rounded and transparent solid bodies (often with slight birefringencalsarpresent as
primary and pseudo-secondary inclusions,ineiing the silicate glass inclusions described in topazite
(e.g. Williamson et al., 1997). More often, the same assemblage is founded in gss capillary
tubes arranged in parallel alignment of primary origin. They have 1-20 pndltim &nd up to 800 pm in
length, sometimes more. The carbonate rich inclusions have variousssfrape small barrels,
guadrangle or irregular forms, because of partial decrepitation. Theirasigesr between 10 pm and
more than 150 um being distributed parallel to the capillary glassy tubes or mhecoiedtrized fissures
frequently perpendicular to the parallel tube assemblage. The small quartz ysiadoformed after
trapping have generally short knife shape (or wedges) of 40 to 100 pum fth. lengways contains

solid carbonate assemblage attached to the base of the little prism.l@etheraharp part of the prism

is clean, without any solid around. Frequently the wedges and the rounded silicaténgliasions
display one ore more black zones (dots) which represent probably shrinkage bubbles.

During heating the gas G@ubble homogenized onto the liquid £ahase around 29-30, sometimes
showing critical homogenization by fading disappearance of the constant vapor volume around the critica
point of CQ (i.e. 31.2C). On further heating, generally the inclusions of both types (i.e. carbonic and
glassy silicatic) decrepitated around 3D0so the final homogenization temperature cannot be recorded
(see also Lynch et al., 2014). Schwarz (1987) observed in samples from the tBeim®primary and
VHFRQGDU\ IOXLG LQdjuid-dagL RQ Bdpecialf\sBneLwith two liquids (liquid-liquid),
others with two liquids and gas (liquid-liquid-gas), and with two liquidgas and a solid (solid-liquid-
liquid-gas). He also identified few solid inclusions formed by phlogopite, biotitematite, andradite
apatite, @lomite, tourmaline, beryl, and quartz.
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Leal (1998) estimated the G@ensity between 0.55 and 0.78 glcsometimes with traces of GHThe
salinity of the aqueous phase was estimated between 2 andPANaCleq The formation temperature
of this fluid inclusion type is calculated between 426d 690° C with a local pressure of 800-2000 bar.
Raman spectroscopy determined the presence gaf ©@Q?, emerald, and quartz by characteristic peaks
(Fig. 4 and Fig. 5) (Frezzotti et al., 2012, Hurai et al., 2015, and Ruff database on the web).

Complex carbonate -
silicate melt inclusion in
emerald
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"o (=] um
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Fig. 4. Multiphase inclusion suggesting fluid-fluid-melt immiscibility at trapping conditionsenmerald from
Capoeirana
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Fig. 5. Raman spectra of the fluid carbonic (liquid £Ogas CQ), and glassy silicate solid phase in emerald from
Capoeirana. Informally, the calculated pressure of this inclusion based upaha@d@in medallion)Z L W=+ 104

cm! gives a calculated density of 0.479898 gidimamadrid et al., 2017).
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At higher temperatures (Pintea and Horn, 2019) it was shown that in the comgiderata-silicate
inclusions some of the solid phases start to melt and turned in a darkgdltpasd supposed to be a
carbonate liquid (somehow similar to carbonate melt from Oldoinyo Lengai voleamic Accidentally,

one carbonate inclusion containing (Cliguid + CQ gas) @ not decrepitate and after quenching from
about 806C showed the same fluid carbonic assemblage as before heating. This coutdppetéd that

the CQ fluid pphaVH zZzDV JHQHUDWHG IURP WKH FDUERQDWH OLTXLG
reached the critical temperature, back to quenching.

Perhaps the same process was involved after the initial trapping of the carbonatdenethe CQ
separates as Gdiquid+CO,-gas function of temperature decrease. Because there are complex inclusions
at room temperature containing both carbonate and silica rich phases as quartz laradéoglsiss, we

can presume that at the initial trapping condition two immiscible nvediee trapped, one reactive
carbonate phase and a viscous silicate melt. This could be the most impettagtaphic evidence of

the presence of such a complex melt/fluid phase during the emerald agstaili The presence of
carbonate silicate fluignelt immiscibility is a common process in pegmatite genesis, supposing that the
involved melt is a silicate gel or a silicothermal fluid (e.g. Thomas and Davidson, 2016).

4. Conclusions

Using the geochemical and fluid inclusion data, it is possible to confirnoliibgving about the emerald
formation process:

1. Fluid inclusions and chemical zoning in minerals suggest that Cr-bearing siifugraéd probably
during a multistage process or by two distinct processes (Transamazonian ananBrasints) in one
sequence.

2. Cr-sources are the mafic to ultramafic regional rocks (e.g. picotitead&d?; amphibolites) and the
liberation of Cr formed first Cr-poor and later Cr-rich emeralds f¢verse for micas and amphiboles).
Probably the picotite presence or crystallization inhibited the formation efadsinin the picotite rich
rocks(?).

3. Be-sources are probably the consolidated Transamazonian and new forming Brasiliano pegmatites;
4. First crystallized micro-emeralds transformed afterward by solid st@gsport (Brasiliano Event) in
bigger specimens localized within the quartz- and amphibolite boudins and in thsirrprehadows;

5. During later tectono-metamorphic stages, rotation and fracturing created irreguiaalistructures;

6. Thesetectonic events (phases?) created a complicated fold-fault system wiieravate sequence of
emerald-bearing and emerald-free units dipping SE withEaw orientation.
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Abstract: The goal of this study was to the characterization of spectral patterns adtfiegmCT-Type occurrences
to support the application of machine learning models at their prospectiatted the goals the study was based on
airborne gamma-ray spectrometric data, Sentinel-2 MSI data, and numerical reydals to represent landscape
morphometric patterns, gather with true field data. Airborne gamma-ray datapreeessed at Oasis Moritdj
(Geosoft) v. 9.4 by using Minimum Curvature interpolation method tdecraaps witha spatial resolution of 100 m
to represent K (%), eTh (ppm), and eU (ppm), ratios between the elementsnatigjttbe ternary composition map
(Red-Green-Blue) and total content of the three elements (K, eTh and eU). SeiSéldata were processed at
QGIS to creata band radius, with 20 m of spatial resolution. Numerical terrain models were created ftfigital
elevation model generated in ArcGIS Deskto@bpotorastetool, and the derivate attributes in the SAGA-GIS open-
source software. Numerical and spectral data were integrated with field data anmbnogtercessed in R and
RStudio free open source software (FOSS)XH 3 HD U VR Q.JAY the Rdurie OIS \WditRape multiple linear
regression (MLR), boosted regression trees (BRT) and random fRfestr(odels were applied to predict Li, Be, P
contents at the area. Better performance based on statistical indexes and modgtajeremas observed to RF
models. Regarding Sentinel 2A data fe©Pand Li, several bands and indexes showed signifmarrelationsAt the
present study only Be presented correlation with gamma-ray data

Keywords: pegmatites LCT-Type, airborne gamma-ray spectrometric data, Sentinel-2 MSI data, ArcGIS
randomForest.

1. Introduction

The mineralized pegmatite bodies present restricted occurrence in terraa ahdrgeneral difficulties to
access belt-like deposits embedded at different kinds of rocks, being a chéierggplogists and
prospectors (Vikstrom et al., 2013). Most of the pegmatite bodies present a stnohgaltcontrol and
occurrence as tabular geometry, but they vary widely regarding sizes (cergiteeimeters) and shapes
(lenticular, ellipsoid, or even irregular).

It is well-known that gamma-ray spectrometric data are useful to relateléits and air-bone spectrometric
data that aid in mapping structural and geological domains (Araujoelleto 2018; Silva et al., 2010).
Uranium (U), Thorium (Th), and Potassium (K) channels are combined in-baosl aatl ternary maps
highlighting anomalies that can be relateghegmatite bodies (Silva et al., 2010; Eberle et al., 2010). The
integration of geophysical data and automatized unsupervised classification wersfasliagsplied to
map pegmatites fields (Eberle et al., 2010; Teixeira et al., 2006; Cardosodexeaml., 2018; Cardoso-
Fernandes et al., 2019). In general, these studies are developed by using multispectral sensonsakith spec
bands, and indexes, which are reldiedL PLQHUDOVY VSHFWUDO VLIJQDWXUHV 3l
al., 2017). Other techniques of supervised classification having pegmatites bedagels were presented

by Perrotta et al. (2005), based on spectral image data and reference spedtomhdatpped pegmatites,
using algorithms as Spectral Angle Mapper (SAM), Mixture-Tuned Matched Filtering (MT3pExtral
Feature Fitting (SFF), originally proposed by Kruse et al. (1993), Boardman et al, @@kt al. (1990),
respectively.

Considering all challenges in map pegmatites, and the importance of study area to minerdi@rogpec
study goal is to map chemical elements relabeithe geochemical signatures of LCT pegmatite types and
combine them through cluster classification to identify potential areasthdtbccurrence of pegmatitic
fields. The approach here purposed gather remote sensing and geophysical, morphometiload dath

field data to build numerical models to explain element contents vagahdit can aid mineral prospection

of LCT pegmatite bodies at the Eastern Brazilian Pegmatitic ProvincedBilla] 2000a; Bilal et al., 2000b,
2012; Nalini 1997; Nalini et al., 2018).
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3. Material and methods
3.1. Local Geology (the northwest portion of the Conselheiro Pena - Minas Gerais chart)

The main geological units in the study area are described as follows (Fig. 1)

- Alluvial and Colluvial Deposits, alluvial and colluvial Cenozoic Deposits (QHa).

- Sandy and Clayic Deposits, eluvial Cenozoic deposits (TQ).

-*UDQLWLF 'LNH MectoaiSfire grariRasWith biotite and muscovite.

- Urucum Granites (Nu), tardi- to post-tectonic porphyritic granites, wahitt®arse grains. It hosts
pegmatite bodies small to large size.

- Palmital Granites (Np), tardi to post-tectonic white to grayish granitesidingeedium grains, locally
porphyritic, it hosts pegmatite bodies.

- Corrego da Onga Granites (Non), tardi- to post-tectonic grayish togvaitges, medium to coarse grains,
with biotite, muscovite, and tourmaline. Incipient to well-marked orientation.

- Galiléia Tonalites (Ng), syn to tardi-tectonic.

- Sao Tomé Formation (Nst), plagioclase-quartz-muscovite schists, it hosts pegmatite bodi

- Jodo Pinto Formation (Njp), quartzites with fine to coarse grains.

- Pocrane Complex (APpc), finely banded gneiss.
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Fig.1. Local geology from the study area. Adapted from CPRM (2000)

3.2. Database acquisition and processing

3.2.1. Sentinel 2-MSI data

The images used were captured by the Sentinel-2A MSI (MultiSpectral Instruseasr on November
05-2019 acquired in the ESA Sentinels Scientific Data Hub through the Earth Expldenplatvailable
at: https://earthexplorer.usgs.gov/). Bands are available with which radiometric anetrieoorrections
(including orthorectification and recording) and are available in TOA Reflectance @eflect the top of
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the atmosphere, or apparent reflectance). The data were edttadhe boundaries of the study area,
processed at the QGIS Desktop v.2.12.3-Lyon, which is an open-source software (awilable
WWW.gnu.org).

Next, spectral indices to highlight peculiar mineral reflectance were comm@gqujrposed by Sabins
(1999), Ali and Pour (2014), and Cardoso-Fernandes et al. (2019).

Once all bands and indexes were processed the Point sampling tool was used tthextedaes to the
respective sample points, assigning indexes and band values to each sample point usedcairt&e m
learning procedures described further.

3.2.2. Air-bone geophysical data

Air-bone radiometric and magnetometric data were from Projeto Leste (Arexd@)ted byCompanhia
de Desenvolvimento Econbémico de Minas Gef@@DEMIG) andCompanhia de Pesquisa de Recursos
Minerais(CPRM) along the years 2007 and 2008. The data were collected with an intervatrolb&8teen
flight line, flight direction N30W, 100 m flight height, and 0.1 second intervavdxen measurements. The
geophysical data (xyz format) were processed in Oasis Montaj 9.8, where a geodgtibfmen@t) was
created respecting the boundaries of the study area and the projection system Ligedrefedenced data
(Universal Transversa MercatatUTM, Zone 24S, horizontal datum SIRGAS2000).

The gamma-ray spectral datasinterpolated by using the minimum curvature method (Briggs, 1974)
where regular grids with 100 m spatial resolution were created for the chanr(@gna))eTh (ppm), eK
(%). Beyond the elements channels and the total content (CT), the ratios béveErhtK; U/Th; U/K)
were also calculated. The minimum curvature method provides smoothing surface cladesto the
original value.

Regarding the magnetometric data, the interpolation was executed adopting the bidiiettiguation
method (BIGRID) that resulted in the anomalous magnetic field (CMA) mBp The BIGRID is widely
used to interpolate data originally collected in lines and highlights pegpésrdtrend among the line
direction. From the CMA map, the analytical signal amplitude filter (ASA) amgdied (nT/m). The total
horizontal gradient (GHT) and the vertical gradient (Gz) were also createckdtietion to the pole (RTP)
procedure (nT/m, both). The inclination of analytical signal (ISA) was also calculatgdrém the gradient
maps.

Similar to the procedure performed to assign the values from Sentinel 2A banddexasito the sample
points, all the geophysical data were imported in ArcGIS Desktop v.10.3. softwardeartkitact
Multivalues to Point tool was applied to refer the correspondent values tiremradiometric and
magnetometric data to the sampled points.

3.2.3. Topographic data

The primary and secondary covariates derived from a Digital Elevation Model (DEK) used to
represent terrain characteristics, which is well-known to be helpfuh&mping purposes once they can
highlight features as faults surfaces, different textures, and rugosity, as an example.

DEM was created from primary elevation data obtained fror€tmeselheiro Pendopographic chart (SE-
24-Y-C-ll), at scale 1:100.000, obtained from the Brazilian army dataBased de Dados Geograficos
do Exército BrasileirotBDGEX; available at: https://bdgex.eb.mil.br/). To create the numerical continuous
surface model, with 100 m spatial resolution, the interpolation procedureenasnped using ArcGIS
Desktop v.10.3 progranT¢potoRaster Spurious depressions resulting from the interpolation procedure
were corrected in order to obtain a hydrologically consistent model by using the Fill sinks&iable at

the Hydrology toolbox. Several covariates were derived having the DEM as inpsirtgythe Terrain
Analysis modules of SAGA-GIS software.

3.3. Modelling spatial variability of elements contents

To model the spatial variability of chemical elements (Li, Be, P)qaesece of procedures was adopted.

After the selection of the pathfinder elements and removing outlierlsarime remaining samples (47)

were used to train the algorithms.

In sequence, the potential covariates (independent variables) that present comwélatéach one of the
predicted elements (Li, Be, PPHUH VHOHFWHG WKURXJK D 3HDUVRQTV FRUUH
OHYHO H[HFXWHG E\ XVLQJ 3FRUUSORW™ SDFENDJ LQ 5 HKH LIUGRDX
covariates dataset was obtained from these procedures and used in the machine-learning steps. The model
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applied to map the selected elements were multiple linear regression (MLREngradosted machine

(GBM), and random forest (RF).

Multiple linear regressions (MLR) have been widely used to predict themesf a dependent variable

from a set of independent variables, as a function of the correlations between them.

RF is a non-parametric technique developed as an extension of CART (Classificati@yezssien Trees)

systems (Breiman, 2001), to improve the performance of the predictors. The Ramdstmiodels (RF)

were executed inth® HQYLURQPHQW WKUR XJKkayeK(Haw amdQ\GeRd?, ) RQ2H VoN ~ S D
implement the RF model, three parameters are necessary: the nunte@sadh the forest (ntree); the
minimum amount of data in each terminal node (nodesize); and the number of covagidteseash tree

(mtry) (Liaw and Wiener, 2002). The ntree value was set to the system defaultGa@tin(et al., 2008).

The nodesize value was set to five for each terminal node, and the mtry vadem ¢n this study was
according to Liaw and Wiener (2002), which propose an amount corresponding to the roobktheare

total number of predictor variables.

Both RF and BRT were considered tree-based models with great performancegmepeahtedly fit many

decision trees to improve the accuracy of the model. The main difference betweealig®ionrthe way

that the data to build each tree is selected. They both take a random subset of aledatarew tree that

is built, but while RF uses the bagging method, which means that each occurrence has an equal probability
of being selected in subsequent samples, BRTs use the boosting method in which thesiapaindzghted

in subsequent trees.

7KH PRGHOfV DVVHVVPHQW WR FKRRVH WKH EHW\L\PDG WHRHUMHBRIH
of the three methods (MLR, RF, BRT) regarding statistical indexes as th&RaotSquare Error (RMSE)

DQRG FRHIILFLHQW RI GHWHUPLQDWLRQ 5 DO/L FIHVWDIOR @ KHRFW K H WH

4. Results and discussion

Gamma spectrometry records the lithological diversity caused by the vaiiatthe concentration of
radioelements K, U, and Th, and their relationship with hydrothermal events, as oliseAradijo Neto

et al. (2018). At the present study only Be presented correlation with gamma-r¢giglada

A similar procedure, as preseniad-igure 2, allowedo identify the relations among Li, Be, and P, and the
remote sensing variables from Sentinel 2A data. Relations between pegmatite occurrences ahg/Sentine
have been previously related by Sabins (1999), Ali and Pour (2014), and Cardoso-Fernandes @}, al. (201
where those authors propoa@articular combination of band ratios to highlight Li-bearing mineids,

well, different kind of oxides and clay minerals. Among the covariates 8entinel 2A data, both index
Ferric Iron and Iron oxides, purposed by Cardoso-Fernandes et al. (2019) and Sabins €22%iyaly,

did not present any significative correlation, as well bands 11 and 12.
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Although, the index derived from band 11, purposed by Ali and Pour (2014), preaeoigelation with

all elements focused on this study, except f@sPFor BOs and Li, several bands and indexes showed
significative correlations, varying between 0.1 to 0.5 (positive or negativeer&itfy from Cardoso-
Fernandes et al. (2019), indexes purposed to identify Li-bearing minerals (spexlanmd lepidolite) did
not show significative correlation with the Li values from the samples.

From the initial dataset with 52 covariates, some of them did not approacty@e af this study
(magnetometric and topographic), after correlation analysis with geochemical dgassitée to remove
nine covariates, and the remaining ones were combined at different sets tbéuilddels respecting the
correlations pointed out by geochemical data analysis, for each predicted element.

To model the spatial variability of all elements considered the respectivEsmrelated covariates were
used to build the models tested (MLR, BRT, RF) and the statistical indexes (Table 1).

Among the three models tested, the BRT preseatsetter performance for the training procedure to all
elements tested. However, at the validation procedure for most of the elements, theeRFpnesdnted
better performance, based on the statistical indexes.

Table 1.Models tested (MLR, BRT, RF) and the statistical indexes.

Models Indexes Li Be P20s
R? 0.81 0.93 0.75

b RMSE 18.902 0.245 0.042
@ RY(CV) 0.16 0.38 0.25
RMSE(CV) 42.616 0.770 0.079

R? 0.72 0.88 0.73

o RMSE 22.718 0.323 0.044
= R¥CV) 0.12 0.11 0.01
RMSE(CV) 58.592 3.670 3.443

R? 0.19 0.41 0.29

n RMSE 39.280 0.728 0.072
RY(CV) 0.18 0.41 0.30

RMSE(CV) 39.540 0.729 0.071

BRT= Boosted Regression Trees; MLR= Multiple Linear regression; RF= Random RW&E= root-mean-
square error; CV= cross validation

In this sense, MLR models showed the worse fit to the models created based on the sasgpld/itatels
based on linear regression probably will require a larger dataset to hetber fiodels, when compared
with tree-based models (Pinheiro et al., 2018). In addition, is common to obséwenadel generalization
that the digital map created from MLR models shows values that go beyond thi lofethe input data,
which sometimes are unreal and impossible to observe in nature. Accturtiegresulting maps from all
models tested (Fig. 3), the models tested to represent Li and Be derived from RF models were chosen once
they presented better generalization for the entire area, in addition, they alsbektaveperformance
regarding the statistical accuracy indexes, and for these reasons were selectedettt thpeeselements
(Fig. 3).

A general trend for the higher contents of Li and Be can be observed clgsenites from Urucum suite
at the upper high portion of the area. The model generalizatiop®esRowed irregular patterns controlled
by topographic features and remote sensing data derived from SentiBzls&d. on the map generalization
assessment is possible to conclude that the maps created from the RF and BRTshowledl better
coherence with natural landscape patterns and geological features.
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Fig. 3. Best map obtained to represent the spatial variability of Lithium, Beryllium, and Rinogptirom the tree
models tested.

5. Conclusion

The approach proposed could satisfactorily address the main goal of the study that a@alitedp, Be,

and P contents through data mining procedures, that can point out theopsopiteas for pegmatite
prospection. The strategy to reduce the covariates used to map each selectedgleaiegigeochemical
GDWD FRUUHODWLRQ DQDO\VLV ZDV LPSRUWXQW WHQ VH GUFRY MG
efficiency at the machine-learning procedures. In general, the Sentinel and radiometrierdatdated to

all elements tested.

The maps created to represent all elements showed better performance when derived-fsased models
(Boosted Regression Trees and Random Forest models) when compared with lineabmegredsis
accordingto the statistical accuracy indexes and visual assessment, once showeddst tine,| values
YDU\LQJ EH\RQG WKDW RQHYV IRXQG LQ Qdow peddtmanie bHIQERUD O W
values lower than 0.3). Ta®s, those models showed medium performanceb@@ween 0.3-0.5).

Despite the limitations of the input data, regarding the scale of covariatetheameduced number of
geochemical data, further work should address fuzzy and neural network analygisowei the elements

models accuracy, as well address the elements clustering to identify mineralizedtpsdindies.

Additionally, efforts to gather hyperspectral satellite data with spectrometticagiometric field data

should also be addressed to improve the machine-learning approach to select anieasdigpnospection.
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Abstract: Nagyagite, native tellurium and altaite were identified byrtieans of SEM-EDS analyes and electron

probe microanalyses in an ore samples fremF UKPE RUH GH SRV IMbuntéirsXWeKnehSaxahtical L

data confirmed the chemical heterogeneity of the nagyagite devbEof individual lamellae and allowed the
identification of native tellurium and altaite inclusions hostedayyagite. The studied nagyagite belongs in the same

time to the As-poor nagyagite andthe-SRRU QDJ\DJLWH W\SHV GHILQHG SUHYLRXVO\ Z

Keywords: nagyagite, native tellurium, altaite, SEM-ED&30$ 6 F UKPE $SXVHQL ORXQWD

1. INTRODUCTION

7KH PLQLQJ R bré depdsik stdtted during the late Xtlkcentury and several decades
perplexed the mineralogists and the miners of the period due to the sigmnifiartity of gold metal
obtained from an ore without native gold. This was the first step towsedidcovery of the tellurium, of
the tellurides and of the economic potential ofAlie and Ag-tellurides ore depositsé F UKPE LV WKH '
locality of krennerite, petzite, stitzite, nagyagite, muthmaaitd, museumite§ G XED D H\W idaD
et al., 1994; Ciobanu et al., 2004; Bindi and Cipriani, 2004). &part tellurides WKH RUH IURP 6 F
invariably contains sulfosalts. The mineralogy study conducted by Ciobanu et al. (2@€dled the
presence of sulfosalts from tetrahedrite-tennantite, bournonite-seligneami Pb-As/Sb groupRecently,

'LQF DQG 3RSHVFX DiehBiedLs®veral other sulfosalt grousW 6 F, &g P E
stannite, lillianite, sartorite, as well as Ag-, Tl-, and TebBaring sulfosalts in close association with
tellurides and sulfotellurides.

Nagyagite i|as VXOIRWHO O X UL GH, arddrRppo@ehntlWis Eh® most common Te-bearing
PLQHUDO IUR(Eidhaku etlak, 2004 'L Q E019). The name of the mineral was given after the
+XQJDULDQ QDPH RI WK HknéwrOa® Naghadk Acéoréling toFCibbanu et al. (2008), the
first mention of nagyagite was by Scopoli in 178 KR GHVFULEH@HUW DXWLIHUD QDJ\
while the real name of the mineral was given in 1845laiginger (Ciobanu et al., 2008).

7KH QDJ\DJLWH IURP 6 F skkdrdtadtiivks thrbvughGut tHeXinke) The most recent
studies with contributions on the chemical composition of nagyagite wate hya LPRQ HW DO
Ciobanu et al. (2004 and 2008)D Q G 'L Q F. The present contribution brings new SEM-EDS and
(30$ GDWD RQ QDJ\DJLWH QDWLYH WHOOXULXP DQG DOWDLWH Il

2. REGIONAL SETTING

6 F rabdore deposit is located on the southern border of the South Apuseni Mowntéthsare
part of a regional tectonic puzzle comprising Tisia (Csontos €1392) and ALCAPA tectonic blocs
which are separated by tlse-called mid-Hungarian Linethat is located in the northern sector of the
Carpathian - Pannonian region (Csontos, 1995; Fodor et al., 1999). Oeositerotations took place
between ALCAPA and Tisia lithospheric blocks during Early to Middle Miece.g, Tisia block
underwent a clockwise rotation and ALCAPA a counterclockwise rotafiangjotu, 1998; Marton et al.,
2000). The Apuseni Mountains, as part of the Tisia block, took part in the ¢seckstation while the
southwestern area of the same tectonic blaak, Mecsek and Villany Mountains did not rotate (Csontos
et al., 2002). Accordingly, graben-like basins were generated withidgheeni Mountains and calc-
alkaline magmatism developed (Royden, 1988;Q G X O H V;M4lintoni and Vlad, 1998; Seghedi.
2004, etc.).

The Neogene volcanic activity from the South Apuseni Mountains took pé&eeen 14.7 Ma
and 7.4 Ma and after an inactivity period of almost 6 Ma a fiallanic pulse occurred 1.0D DJR 5R X
et al., 2004a). The genesis of the magma bodies that controlled the Newdmarec activity was
considered to be the decompressional melting of a source locatediatithetween the lower crust and
the upper lithospheric mantle during the clockwise rotation of the Tisi& bloeliocene timesand was
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triggered by the local extensional setting (Seghedi et al., 2004). Dthengbove mentioned time span
calc-alkaline and adakitic-like magmas were the most common ones alkdlline magmas were minor
(Seghedi et. al., 2007). The Neogene volcanic rocks are locatediammngain alignments.g, the first
one striking WNW-ESE is about 10@nkn length between Buteni and Zlatna, and the second one, striking
NNE-SSW is about 60rk in lengthEHWZHHQ %DLD GH $ULH DQG 'HYmytcS5R X H\
5R X HW D O ere are Bour Widdn volcanic areas, (% DLD G-H5 R ULH 0 R{BUWED, (i)
Zarand - Brad - Zlatnaji{i % LE @ F rabdpand {v) Deva. As concerns the lithology of the Neogene
volcanic rocks from the Apuseni Mountains, the andesites are the most cowimienthe basaltic-
andesites, dacites, and trachyandesites\a ERUGLQDWH *KL XOHVFX DQG 6RFROF}

%HUEHOHDF 6 DY Xt &.V2001Q, et}. 5R X H

Two main ore deposit typeise., porphyry (Cu £ Au, Mo; Auzu), and epithermal (Au-Ag £ Te
are associatetb Neogene volcanic activity. The porphyry copper depasé® interpreted during the
1980ies according to the Lowell and Guilb®ind the diorite models9 O D G %R WLQHVFX
However, more recent studies indicate the presence of gold rich porphyrtglepgsi&E ROQLF -&LUH D
Valea Garzii (Halga et al., 2010) and Bolcana’( F D Q X 218/ 2D19; Kulcsar et al., 2019). Low
sulfidation, intermediate sulfidation, and high sulfidation epithepr&ldeposits were recognized in South
Apuseni Mountains during the last two decades (Berbeleac et al., 108D U\ HW DO 7 PDI(
2006, etc.). According to Manske et al. (2004) and Wallier eR@0A) the age of Au-Ag mineralization
IURP 5R LD ORQWDQ HSLWKHU PI2O+0GIH/E Bnd L2A7 1H01Q Madivg théHollesH H Q
metallogenic event associated to the Neogene volcanic actimity Siouth Apuseni Mountainshe most
important metalogenic event as number of ore deposits and ore tonnage dodBened area and raeg
in age from 12.6 Ma to 10.5 Ma, while the last metallogenic evesitbe@aveen 9.5 Ma and 8.5 Ma and
took placeLQ % DLD GH $ULH 5R X HW DO E

3. *(2/2*< 2) 6 & 5fi0% 25( '(326,7

6 F U knREinterpreted as epithermal low sulfidatfamTe ore deposit by Ciobanu et al. (2004)
and Cook et al. (2004) being uniqgue among the other ore deposits from the Goldeglat@te due to the
abundance of tellurides.

The ore deposit is located mainly within the central neck ofatostsicano and consists of more
than 230 veins concentrated on an area of about 100Mendre bodies developed to a depth of 600 m
(Ciobanu et al., 2004). The stratovolcano formed during the Neogene volcawity artd apart of the
central neckit consists of four main andesite stocke, 6DUF X +DLW X )U VLQDWD D
several secondary smaller intrusives (lanovici et al., 1976) (Fig. 1)amtlesite stocks (necks) outcrop at
WKH VXUIDFH DQG DUH VXUURXQGHG E\ YRORDIQH F DD D VWb U O R/AHG L7
formation, which is partly covered by the lava flows (Fig. 1). itetamorphic basement outcrops on the
southern border of the area (Fig. 1) and consists of sericite schistdtechthists, metarhyollites, and
marbles.

The vein structures are concentrated within four main groups and aragstlking two main
directions,i.e., Nepomuc and Magdalena are striking NE-SW and Longhin-Antilonghin and Erzbau are
striking NW-SE (lanovici et al., 1976). The ore deposit has an outstandidgyAle character. However,
at the ore deposit scale there is a vertical zonation with betsésasulfosalts + tellurides near the surface
abundant tellurides at the middle level, and base metals in théedets (Ciobanu et al., 2004). According
WR & 20@1JtKe mineralogy of the ore in a simplified sequence is pyribaradite - base metal
sulfides - sulfosalts - gold/silver/and lead tellurides - quartz - rhodotdrosarbonates + clay minerals
(glauch).

Accordingto8 GXED D HWthe @etal productionrURP 6 F U dépasitRaathed about
32 tones of gold and 50 tones of silver.

4. MATERIALS AND METHODS
The present study was carried out on an ore fragmegrR P 6 F corkgd&ed of several metallic

mineral lamellas hosted by rhodochrosite gangue. The ore sample is hosthd Byllection of
OHWDOORJHQ\ 'HSDUWPHQW Ri{BdlyBRIOMR Cluj-Na@Qdcy, Romahidy\ % D EH
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(Ciobanu et a).2004 and 2008).

Reflected light optical microscopy study combined with scanning electmosoopy (SEM-EDS)
and electron probe (EPMA) analyses allowed to acquire new mineralogitza on nagyagite, native
WHOOXULXP DQG DOWDLWH IURP 6 FNn& OPE RUH GHSRVLW $SXVHC
The SEM observations and SEM-EDS spectrum acquisition were made dEidg JSM-6360V
electron microscope with a voltage of 20 kV. The spectrum presenteddleshown a carbon peak, which
is due to the carbon coating of the polished section for technical reda$enguantitative chemical data
were acquired with a CAMECA SX50 device using an acceleration valfdtfekV, a beam current of 20
nA, with a surface of 3 x 3 micrometers of the analyzed aneba@&ounting time of 10 s for peaks angl 5
for backgroundAs standard were used chalcopyrite for S and Cu; galena for Pbbainioa Hg; pure
metals for Au, Ag, Ge, Sb, and Te. The calculated detection kmitgt %) are < 0.3 for Au, Ag, Pb; <0.2
for Ge, TeHg; and <0.1 for CuS, Sh. The SEM-EDS and EPMA data were gathered using the analytical
infrastructure of the laboratory Géosciences Environnement Toulouse (&EIrmer LMTG),
Observatoire Midi-Pyrénnées, Toulouse, France.

5. RESULTS

Under the microscope in plane polarized reflected light the nagyé&mmnellas hosted by
rhodochrosite gangue show pale gray color, medium to high reflectance #tahet dnisotropy. The
nagyagite contains rare creamy-white inclusions, which are sometimesntrated along the border of the
lamellas These inclusions have high reflectance exceeding that of nagyagite. thaesitoall-size of these
mineral inclusions their accurate identification by the means ofabpticroscope was not possible.

The mineralogy of nagyagite lamellas and of some inclusions hosted by nagegitalidated
by SEM-EDS and EPMA data. The preliminary SEM observations allowed gatS&MeBSE images of
the nagyagite lamellas hosted by rhodochrosite (Fig. 2). Each individual naggaugilae have 1 to 2 cm
in length and 200 to 500 micrometers in width (Fig. 2). At greagnification and using fine contrast
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mode it was possible to observe discrete chemical variation at taetoagyagite lamellae illustrated by
different gray shades (Fig. 3). The variable chemistry at the scaldiwfiual nagyagite crystal/lamellae
was also confirmed by the acquired SEM-EDS spectra. As shown in, fiige Aagyagite composition is
variable as illustrated by the amplitude of Pb, Sb, Te and Au peaks.

Apart the creamy-white inclusions that are visible at optio#droscopy scale, the SEM
observations revealed the presence of small-scale black inclusions. ThEZEEpectrum of one such
inclusion confirms its nature as native tellurium (Fiyy. Bhe creamy-white inclusions within nagyagite
were also tested and their SEM-EDS semiquantitative chemical coropositiggests its altaite
composition.

Quantitative chemical analyses were carried out on nagyagite arrédingy-white inclusions, and
the results are reported in Table 1. These analyses confirm thatedrayewhite inclusions within
nagyagite consist of altaite with an empirical formula closthéideal one. Four point analyses were
performed on a single lamellae of nagyagite (Table 1) and show slight ehe=mi@tion; however, the
calculated chemical formulas are close to the ideal one.

[

Fig. 3. Large-magnification SEM-BSE image showing the chemical compoditeterogeneity of nagyagite as
indicated by the existence of different gray tints. The whitishugichs correspond to altaite and the black ones to
native tellurium.
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Table 1. AXDQWLWDWLYH FKHPLFDO GDWD

detection limit.

Mineral Element (wt. %)* Calculated chemical formula
S Sb Te Au Pb Total
. (based on Zapfu)
altaite bdl 051 39.02 bdl 59.83 99.36 (PhozSho) Teio
(based on 5apfu)
11.40 8.41 17.78 6.87 56.84 101.31 (Teo.soAUo.20 =1.0Phr.odPkos7Shy.a0) =0.97S2.03
) 11.59 8.99 17.75 6.07 56.18 100.58 (Teo.79AUo.18 =0.97Pb1.od Pkoss Shy.42) =0.972.06
nagyagitt 1779 8.83 17.69 6.05 54.26 98.11  (TevsyAlo.g) =0.9PbrodPhys3Sthad) 0955206
11.28 8.87 18.09 5.50 55.58 99.33 (Teon.s2Auo.16) =0.908Phr.odPhyse Shy.a2) =0.98S.04

*Below detection limit values were obtained for Cu, Ge, Ag in all measured points.

Observation: Arsdn (As) was not measured.
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DISCUSSSION

The SEM-EDS analyses and the microprobe results cardithe chemical heterogeneity of the
nagyagite at the level of individual lamellae and allowed the iftstion of native tellurium closely
associated to nagyagite. Ciobanu et al. (2004) previously reported theenceuof native tellurium in
three different mineral associatigrise., i) homogenous platelets hosted by stiitzite, krennerite, and
sylvanite closely related to Te-bearing l6llingitig;fine grains intergrown with sylvanite, rhodochrosite
associated td e-bearing loellingite; andi) porous symplectite intergrowths with sylvanite and hessite in
altaite, galena-altaite and along sylvanite borders. Ciobanu @08B) further noticed the occurrence of
native tellurium as inclusions together with hessite in the aléaitegalena symplectites that replaced
completely or partially the nagyagite lamellae hosted by rhodochrositéntithate association of native
tellurium with nagyagite as mentioned by the present study was previwiglgd by 'L Q F who
described many other mineral associations of native tellugugn, krennerite, sylvanite, tellurantimony,
coloradoite, zinkenite, and the occurrence of native tellurium on thetboirtetrahedrite-tennatite veinlets.

Altaite occurs similarly to native tellurium being closely agsted to nagyagite, however it is
significantly more abundant. This mineral relationship was eadorted by Ciobanu et al. (2004 and
2008) who stated that nagyagite-altaite associations is frequdnhagiyagite lamellae bordered by a more
or less continuous altaite rim or having altaite inclusions. This typa@fagite is considered by these
authorsD Wofmal nagyagité RNag-1~ 4dK is depleted or contains minor As. Accordingly, the SEM-
EDS analyses of nagyagite from the present study (Fig. 4) did not evideeqa@sence of As.

The microprobe data for altaite (Table 1) shows significant differédnmesthe values obtained
by Ciobanu et al. (2004), in wt %, for Pb 59.83 vs. 66.00 and 64.25, and 89.02 vs. 33.74 and 34.50
respectively, which shows greater deviation from the ideal valnest (%) Pb 61.89, and Te 38.11 (Fig.
6).

1.11
1.09 e
1.07

1.05

Pb

1.03
1.01
0.99
0.97

0.95
0.90 0.92 0.94 0.96 0.98 1.00 1.02 1.04

Te

APresent study @Ciobanuetal.,, 2004 Oldeal altaite

Fig. 6. Plot of different altaite compositions from the literatuine, present study, and the ideal composition
in terms of Plvs Te (apfu). The brown line marks a negative correlation trend.

The morphology and the mineral association of the studied nagyagite taith abmpared with
the so+ D O @drha@al hagyagite/Nag-1 RI &LREDQX HW DO VXJIHVWV WKDYV
belongs to the same genetic group of As-poor nagyagite. However, accordingdaiCet al. (2004) the
UDWLR $X $X mdimal Ragyalfitt HH¥Y DS SUR|[LP DW H €ame ratio ioKtheOhayyagKeH
from the present work is approximately 0.18 (Fig. 7
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Fig. 7. Plot of different nagyagite compositions (recalculated based pfubfeom the literature and the
present study ontdPbvs Au/(Au+Te) diagram (Ciobanu et al., 2004). The dotted lines maravitiage
values of Au/(Au+Te) ratiod R U Wbknhtdl hagyagité D Q GthieRhagyagite from the present work; the
blue line highlights the constant value for Au/(Au+Te) ratio, and the bliaemarks a positive correlation
trend.

The plot of the newly acquired EPMA data for nagyagite facilitateistinguished two trends
from the perspective of RIs. Au/(Au-Te) relationships (iapfu). The majority of the microchemical data
for nagyagite from the literature indicates that for a signifiémtvariation there is a merely constant
Au/(Au+Te) ratio of approximately 0.3 corresponding to the blue regressiofrdimeFig. 7. The newly
acquired data for the nagyagité) RP 6 F filskiP &gap among the poor-Au nagyagite of Ciobanu et
al. (2008) and together with the data of Stanley et al. (1994) anéhighgyagite of Ciobanu et al. (2004)
delineates a positive correlation trend corresponding to the brown reghassifsam Fig. 7.

The content of gold in the analyzed nagyagite is ranging from 5.50 towé.8%, which is
significantly smaller comnpared to the data available from thetitre excepting the so-called Au-poor
nagyagite of Ciobanu et al. (2008) and according to data compiled 8/ dlnéhors from Cioflica et al.
(1993a, b) and Lupulescu, (1997) with values ranging from 3.43 to 3.64 wt %.

CONCLUSION

Nagyagite, native tellurium and altaite were identified in an smeples with abundant
UKRGRFKURVLWH JDQJXH IURP 6 F UkPE R UNtieteBurRonmand aBdeX WK $
occur as small-sized inclusions in nagyagite lamellae.

The EPMA data revealed the presence of minor Sb in altaited %i. The microchemical data
DFTXLUHG IRU QDJ\DJLWH GHILQH@rmakndgy2agté® R\ 1 &ijagid D O JUD
the same time tFRQWHQW LQ $X V XJJH\AWwpdornagyadid | THQ udk 'of W& P KH 3
Au/(Au+Te) diagram allowed to delineate two compositional treinglsa positive correlation for Pb > 1.5
apfuand a second one with constant Au/Au+Te ratio for Pb ranging from 1116dpfu
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Abstract. 7TKH &DPEULDQ PHWDPRUSKLF 7XOJKHUOV6HRXUHWYL QH UDIO% WG/ BH @

development, which are oriented NW-SE (from West to East): M@&sgafMnB), Sulfide (SB), Barium (BaB), and

Uranium (UB) belts. These mineralized belts have betableshed using the recently determined minerals and

mineral varieties occurring in each belt. The interferencesimdralogical compositions of these four belts indicate

a genetic link, which suggests that all were formed duringatime Submarine hydrothermal process on the Cambrian

sea floor. The alabandite of Mn-belt occurs both in SB and BeB.,.i-minerals of MnB also occur in SB. The SB

and MnB contain some Ba minerals like barite, Ba-feldspars,yandte, which are dominant in Ba belt. The lenses

of Mn ore closely banded with barite ore in Ba-belt prove theietielinks and common evolution. The presence of

Ni-Co-As sulfide/arsenide in the UB, which also occur in the MBB, and BaB, indicates that the UB has

mineralogical and genetic similarities with the threesdeliso, a few U-Y minerals of UB occur in MnB, BaB, and

SB, as accessory minerals. Nevertheless, the UB has beamdakty strongly transformed and remobilized from its

RULJLQDO VRXUFH ZKLFK ZDV WKH XSSHU SDUW RI 7XOJKHUO 6HULHYV 7
The current tectonic and structural setting of all four belts correspotitsitdevelopment and evolution in

a subducted zone, a narrow active paleotrench area, reflecteeirinirie development as belts. The submarine

hydrothermal activity began in early Cambrian with Mn ore, a Isambunt of Ba minerals and sulfides, and

continues with more Ba and a little Mn and sulfides (BaB)he middle Cambrian the sea floor was subducted

towards the N-E and the SB ore was deposited at some distantand over the MnB and BaB, but with the same

orientation. The SB contains some alabandite, baryte, Ba $e&jsand cymrite. In the upper Cambrian the

hydrothermal submarine was continued with Uranium mineralizatioithwihepresents the last belt, the Uranium

Belt. This was also subducted towards the NE at some didtamceand over the Sulfide Belt. Nevertheless, it was

tectonically strongly transformed and remobilized from its origgmirce, which was the TG4, being subducted/

thrusting under the oldest Bretila Group, represented by Pietrosu Bldtr SRUSK\URLGH JUDQLWH 7KL

IRXU EHOWV LV UHIOHFWHG LQ WKH JWHKH WKR VM MWQUWR/FNR/1 W KR XAOCIE& W

Ba, S, and U belts evolved in the Cambrian sea floor, in aistdmtizone, in a narrow active paleotrench area, reflected

in their line development as belts. The four approximately glabalts evolved from NW to SE. Therefore, the

7XOJKHU 6HULHYVY FRXOG EH GLYLGHG LQ ZI*WEKLMWK O@%B 77 ZUWK 88D % 7

Keywords %LVWUL D ORXQWDLQV &D-B&IIfide) BektsiBddaled Hdlebtkehch DaQe,
amphibolite to low green schists, msutine hydrothermal genesis.

1. Introduction

From a geological and structural point of view the Biatfilountains belong to Crystalline
Mezosoic Zone, a complex area, so called Eastern Central Carpathiars Nelpiph represent the Eastern
segment of Middle Dacides (Sandulescu, 1984). The recent geological settirgiesh Ezentral Nappes,
now belonging to the Alpine belt, was the result of their long strdcewalution through many
tectogeneses cycles, between the Eurasia plate in East and theéEleopaan plate in West. The current
tectonic-structural setting of Bist Mountains corresponds to its development and evolution in a
subduction zone. The paleotectonic subduction is materialized in théhjckaess of thousands of meters
of TS (4,000-6,000m). The crystalline rocks of TS are graduallly emdgressiviy metamorphosed,
sometimes just with a reccurent metamorphic facies and subfaoeegéd and superimposed metamorphic
events, from bottom to upper part: amphibolite facies/low amphilfatites, retromorphosed amphibolite
facies/upper green schists facies (TG1, host oBMgreen schists facies/low green schists facies (TG2
host of BaB), upper green schist/amphibolite with epidote facies (@&3,of SB), and green schists
facies/low green facies (TG4, host of UB). The all TS display a proeduschistosity, having some
similarities with burial metamorphism. During metamorphism, tladl vocks were tightly folded and
microsheared. The four mineralized belts, Mn, Ba, S, and U, amegitfrom East to West, and from the
bottom to the top inside the metamoipk URFNV R 7 XFyJK.Hhe dikedalotidal composition
of TS is rather monotone, consisting of quartz, muscovite albite, graphiterite, epidote,
stilpnomelane,various carbonates (aragonite, calcite, siderite, aoohiggl and with some relics of
amphibole, biotite, almandine, rutile, and ilmenitee uraniferous zircon, zircon, monazite-(Ce), allanite-
(Ce), thorite, thorogumite, and smirnovskite occur as accessory.
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2. Manganese Belt

7KH 0Q% LV VLWXDWHG LQ 7* DW WKH ERW WbBKB, dphib¥ie,J KH U €
biotite and almandine are strongly carbonatated (Fig. 2 left) andtaddrilt looks like a retromorphosed
amphibolite. The decarbonatation reactions of the initial old rhodochrosite dn ore premetamorphic
bulk were the source of large @@lumes of petrological importance. The intergrowth of graphite with
muscovite could be seen in Fig. 2 right. The graphite could be attlibutCQ reduction from the fluid at
moderate T andcbfunder that of QFM. The experimental data about graphite stability showddghar
decreases its stability field, while an increase of P incréasssbility field.

The Manganese Belt is formed of more than 20 manganese depositaces, situated on
two DOLJQPHQWY DORQJ WKH %LVWUL D 9UDIO/HHAIIONTHgHmaridaneyé H U Q L
GHSRVLWYV IURP 1RUWK WR &@RXWK7RDEB XD QUDWHE RIRCGABRXVWUX &
'"HDOXO 5XVXOXL O0OkQGULOHQLInd Bdréa. Yiw Wediern &lyyPmehd coRprides] @dm D
1RUWK WR 6RXWK WKH IROORZLQJ N®@POW HU PEMRPY QHBADG BXR XL
6 ULURU 7RGLUHQL DQG 1H D dikeDorenDvthh@dum diméehkidhs) ebnisdbddntOvihQ V
the foliation of country rocks. Initially it was most probablycantinuous level, like a belt. Later the
manganese ore was fragmented by metamorphism and tecimécsharacteristic feature of the ore is its
banding, which is the result of metamorphism. The bandingeflsats the initial sedimentation of chemical
precipitation of premetamorphic material. Each band repiese petrographic type, named after the
predominant mineral: spessartine, tephroite (Fiydeft and right), rhodonite, mangancumingtonite/
mangangrunerippyroxmangite, Mn-humite, johannsenite, alkali pyroxene and akatihibole, nambulite,
natronambulite, phillosilicates with Cl (manganpyrosmalited apyrosmalite), vein (stilpnomelane,
bannisterite, ganophyllite), rhodochrosite, sulfide, oxide, acohskary manganese oxide ore types.

Fig. 2. Carbonatated biotite (yellow relics, clevage), quartz (Whitd)graphite(blck, veins), TL, N+, x35, (left);
Intergrown muscovite (high birefringence, cleavage)/geafilack), TL, N+, x30, sample BBrc3 (right).

L ad *}j‘f*?k oo SRR o P TR B IREN R e

Fig. 3. Undersaturated paragenesis with no direct contact tephroifeattem right corner)/quartzite country rock
(top left corner), between them always theee thodonite band (centre, white yellow), TL, N+, x20 (left);
Undersaturated paragenesis: tephroite subdtltytmanganpyrosmalite (bottom, left corner), rhodonite
(top, right corner) and manganpyrosmalite veindst them (centreJ,L, N+, x25 (right).
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The mineralogical richness of the MnB, as well as its complex aliregquilibria, help us
reconstruct the P, T, Xcd2, foz, fas, fo, and  fi20 conditions of the ore, thus completing the data on the
country rock (TG1), which was strongly influenced by retromorphism anéftiie more difficult to
decipher. Also, it has been established that the metamorphic evolutienMhtore was achieved through
repeated and superimposed metamorphic events, a fact explaining itsxconmgealogy. The fluid phase
composition (CQ HO, CI, F, OH, As, and S) has a strong influence on the mineraldraratfons of
MnB ore. The fluid composition and the nature of its buffering, besidedulk X, Xug and X in
addition to P and T, control the stabilisation and transformatiaidomanganese oxides silicates, and
carbonates into new minerals. The garnets of MnB belong to four majdresrgpessartine, spessartine-
calderite, anisotropic spessartine-grossularite, and grossularite. Hptere exists a transformation of
one variety into another, with a change of P c&2, ffo conditions.

The first johannsenite occurrence in MnB is closer to the diopsid-hed@ebdihe johannsenite
association (johannsenite/grossularite/Ca-rhodochrosite) (Fig. 4 l&ighwccurs in MnB, is certainly
restricted only to high amphibolite facies in other deposits in thedwbhle reaction of johannsenite was
probably produced at T>60@nd P>4Kb, which are its formation conditions in other occurrences. The
grossularite, ferrorhodonite (Fig. 4 right), and ferroan bustamagr@s secondary minerals, caused by a
late retrograde metamorphism. The Mn olivines are represented byepbreite, ferroan tephroite and
IHUURDQ ULFK WHSKURLWH NQHEHOLWH D VAKRHF D B WiHaRdB-HiQRi ¥ X D U \
rules out the existence of a medium green schists facies of tmeatfon. Under the anhidrous conditions,
where only CQis present in fluid, the T formation of pure tephroite tegiin accord with experimental
data at 581 and 2Kb pressure (Peters et al., 1973). Therefore, the P in tegheof MnB was much
higher than in experiment, then its equilibrium T was higher thaPC580

Based on the mangancummingtonite stability curve determined expetiynédtsgupta et al,
1988), the substitution of pyroxmangite by mangancummingtonite/coexisting of pyroemsitin
mangancummingtonite occurs at T of 580%D@&nd a P of 6Kb (amphibolite facies). The chemical
compositions of the two pyroxenoids, rhodonite and pyroxmangite, show the existermmrgdasitional
miscibility gap between them. In the MnB the rhodonite never appesosiated with pyroxmangite, each
of them forming distinct associations, having different stabilitg$ie

The retrograde metamorphism of pre-Alpine orogenesis caused a spectacetatagical change
of Mn ore. This is characterized by the occurrence of zoned alkali pysoaedemphiboles. The aegirine,
an important constituent of the Mn ore, belongs to aegirine-augite withat gympositional variations,
reflected by the frequent marginal and sectorial zonations (Figt) 5Tlkir great variations of chemistry
(with Ti presence) and their compositional zonations are the spedificrde of clinopyroxenes in Mn-
metamorphosed ore of the blueschists facld® occurring conditions of MnB alkali pyroxenes and
amphiboles, e.i., the P>9Kb and T<4B0 have been evaluated from experimental diagram Jadeite/
Glaucophane-Aegirine/Magnesioriebeckite (Wood, 1980) and from the diagréva-Qd(Brown and
Ghent, 1983), based on jadeite component of aegirine and glaucophane compoiagmiesfariebeckite.
The alkali blue amphiboles grew zoned, concentric on nonalkali amphilsades (right). The zonation
reflects the change of metamorphism conditions, from the epidote am@sfbolv amphibolte facies (core
of grains) to low blueschists facies (margins of grains). In the Wood exgeghdiagram (Wood, 1980)
aegirine/magnesioriebekite-jadeite/glaucophane the coexisiting aegirthenagnesioriebekite in MnB
(Figs. 6 left and 6 right) shows a T=8300and a P=9Kb for this metamorphic event, because the
jadeite/glaucophane of the aegirine/magnesioriebekite content is aroungtfébocorresponds to the low
blue schists facies field. The natronambulite/ nambulite/ferrigoseaiteimsilite/hausmannite oxidated
association have been formed contemporaneus with alkali pyroxenes and araphibdér high &
conditions. The stilpnomelane, bannisterite, ganophylite, cymrite, ehtpoups were formed later under
green schist facies. The additional fluid components, such as Cl arfte8stree stability relations between
hydrated phases and control the forming of manganpyrosmalite/ferropyrosmatitétenaichalerite, and
many secondary arsenates. The metamorphic evolution of Mn ore was achieved ttineaegletead and
superimposed metamorphic events, the phenomenon which explains its conipéerlagy, each
PHWDPRUSKLF HYHQW EHLQJ D VRXUFHHRI QHZWRSIHQ)OOV D QXK P L
occurrence of pyrosmalites found solely in the MnB and SB is evidence ofigire of Cl deep within
these deposits, in the original hydrothermal submarine solutions. A spatipbsition of bulk rock, high
activity of Cl and low oxygen fugacity are all needed for the pyrosmdbiresation. Apparently, the
manganpyrosmalites are retrograde phases, being formed through the substithigoaolaért anhydrous
manganese minerals such as tephroite (Fig. 3 right), manganhumites, johann@oxmangite,
rhodonite, and rhodochrosite.

44



elgal e o, B e Ntk

XD g : ¥ NPT L B 2 "'i

Fig. 4. Johannsenite (yellow, two cleavages), grossularite (euhedrale/dowitie grains), and Mn-calcite (white,
thin veinlets), TL, NII, x25 (left); Ferrorhodoniter@a grain, centre, twinned, grey) grown on johannsenite

(colored relics) and grossularite (isotrop, partialsotmaip, black/dark grey ( left), TL, N+, x30.
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raad ferrigoseite (top right and left corners
yellow) (left) ; Zoned large amphibole crystalngencummingtonite (centre and marginal, green) and

magnesioriebeckite (dark blue, middle of the aflyshagnetite (black), and quartz (white), TL, N+, x40.

2NN S <— ; Eae Tal V. W L &
Fig. 6. Coexisting aegirine (30% jadeite, large grain, red-yellow cewnite magnesioriebeckite (30% glaucophane,
blue) on its margins, in quartz (grey), TL, N+, ¥88){ Coexisting aegirine (30% jadeite, small red/yellow
grains) with magnesioriebeckite (30% glaucophane, Bligegrain, centre)[L, N+, x30 (right).
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3. Barium Belt

The Barium minerals are presenn both the mangan and sulfide belts, but have a greater
development on the alignmert R O G L DCa3etdy, %XUR tandHBQrta deposits, between the Manganese
Belt (at the bottom) and Sulfide Belt (at the top) auitth whe same NW-SE orientation lentils ore as the
manganese and sulfide (Fig. 1). In the low middle Camliffi&@?2), the sea floor was subducted toward the
East of MnB, and th8a mineralizations were deposited at some distance &mhover the manganese
ore body. ThereforeZH FDQ GUDZ RQ WKH JHRORJLFDO PDXHR %W K HXPLY% W
(BaB). The occurrence of cymrite, barite, and Ba-feldspars irdéposits of Mn Belt, and also in Sulfide
Belt, proves the genetic link between BaB, MnB, and SB.

The lithostratigraphical sequence with Ba mineralizatiothefHoldi D GHSRVLW FRPSULVH'
manganese ore at the bottom, and on the top barite lenses bdandetlide ore. The interferences of
mineralogical compositions of these belts, Mn and Ba, indicate aigkme between them. The lenses
of manganese carbonate and manganese silicate ore are in sommsebabanded with barite ore. This
close banding of barite and manganese ore demonstrates their congimaradievolution. The Sulfides
Belt contains some Ba minerals, like barite, barium feldsparscymdte (B lan, Paraultarpelui, and
Broteni). 7KH +ROGL D EDULWH -RMddpais FHg W), b@ywbdalEite), bakidtonits Ditherite,
cymrite, kinoshitalite, and pyrite (Fig. 7 right). Thiere, the cymrite is also present in both the BaB @&ig.
left) and SB (Fig. 8 right). The alabandite, which iesent in the BaB (Fig. 9 left), is present in the reduced
tephroite paragenesis of the MnB (Fig. 9 right), and ialshe Sulfide B (Fig. 10 left). The MnB, in its turn,
has in its mineralogical composition other barium mineli&is,celsian, hyalophane, barite, and cymrite as
accessory minerals, proving the genetic links with barium afidesahineralization. This interaction of the
three belts, Mn, S, and Ba, proves their genetic links and commonierpliso that they were all formed
by the same submarine hydrothermal process on the Cambrian sea floor.

Fig. 7 CeIS|an (Wh|te relics) and pyrite (black) in barite ore (pimkikite), TL, N+, x30, Barium Belt (Ieft)
Celsian (twinned, centre) and pyrite (black, around)N¥, x35, Sulfide belt (right).

Fig. 8 CoeX|st|ng cymrlte (grey, perfect cleavage) and celsian (edincentre), TL, N+, x30, Barium Belt (left).
Cymrite (large crystals, two cleavages) and pyrite (bladk)NTl, x25, B lan deposit, Sulfide Belt (right).
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i )
Fig. 9. Alabandlte (green), kmoshltah(harge grain, light yellow) and celsian (Whlte) TL NII x30, BarlBeIt
Alabandite (dark green), Mn-humite (white pinkish), and rhodochrositegwhit, Nll, x35, Mangan Belt.

Fig. 10. Alabandite (green) ceIS|an (white), and pyrite (black), TL, ME sample GBZ Sulfide Belt Ieft)
Kinoshitalite (high birefringence, cleavagelsian (white), and pyrite (black), TL, N+, x30, Ba-Belt.

7KH +ROGL D FHwér eMLILH; Ri@ndab hy@dphane contains under 10% Cn, which is
consistent with the presence of a substantial compositionallgapcelsian has a very low K content, so
hyalophane occurs only as very small unmixtures in celsian. The celsias s& be the oldest mineral,
because it is replaced by barite (Fig. 7 left) and cymritg §left). The relics of celsian in cymrite may
have escaped the reaction because locally lay have been lower than®, and when Rois higher
than Ruid, the celsian completely disappears (Seki and Kennedy, 1964). Theeoexiahd phase relations
of celsian and cymrite (Fig. 8 left) are of great petrologicakrest as a natural example of the
experimentally established reaction curve celsia=dymrite (Essene, 1967Fluid-inclusion studies
(Morro et al., 2001) indicate 35@870°C and 1.5 kbars as conditions of their equilibration. This could be
the upperlimitof 27 FRQGLWLRQV UHDFKHG UualhR theGEymiite is fpbired ¢uridgdi SR V L
the late stage of low grade metamorphism, at a T of 250-300°Capdsare 1-3 kbars (Hsu, 19®%4¢ro
et al., 2001)Fluid inclusions within barite indicate its formation temperatutevéen 120-24%C during
barite crystallization in hydrothermal system (Jamieson et dl)28ome cymrite relics of BaB look like
they have replaced aptd{LVWLQJ UHFWDQJXODU PLQHUDO P RWOW LO DNHHEDU LK
the oldest mineral, was formed at T and P higher than thagnofite (Hirtopanu, et al., 2008). The
replacement of the barite by cymrite was experimentally demornbtbgtehe reaction: BaS@20H
+A1,0:-2Si0,=BaA1,Si0s- H,0+S G4 (Hsu, 1994). Théarian muscovite of Barium Belt could be formed
by the dehydration of cymrite during a new stage of metamorphism. It iSedsdoeith celsian and pyrite
(Fig. 10 right) and no cymrite present. The hydrothermal submarinéyabttgun with Mn ore with a little
Bain TG1, and continued in TG2 with more Ba and little Mn, when tHoeeavas subducted toward the
East. In the upper Cambrian (TG3) the seafloor was also subducted towaestlaad theulfides were
deposited at some distance and over BaB/MnB. The Ba, Mn and Sulfidealmatens evolved in
Cambrian sea floor, in a subducted zone, in a narrow active galelotarea, reflected in their line
development, as belts.
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4. Sulfide belt

7KH 6 XOILGH %HOW 6% VLWXDWH Gs (0Q),\oid aiid aliganent idfO R 1 7
200Km of deposits situated from NW to SE, having the same orientation asakbhBBaB, being
DSSUR[LPDWHO\ SDUDOOHO DQG DW VDPH)XXQLZXD® QRIOGCGRDHD 9%
*LXPDO X *HPHQHD )DJX 3XLX /HUXOOWLXX XILQ GV thisedE3be) 199U R G
sulfide lenses are mainly composed of pyrite (predominantly), sphatgalena, chalcopyrite, and with
minor arsenopyrite, pyrrhotite, tetrahedrite (Fig.11 left), bournobiwnutite, semseyite, jamesonite,
cosalite, smaltite, molibdenite, native gold, and native bismutmeasllic minerals, and quartz, calcite,
ankerite, chlorite, muscovite, albite, and titanite, as gangue. rébent research about sulfide
mineralizations have identified new minerals especially of the gafi¢pese new minerals determined in
sulfide deposits are: celsian, hyalophane, cymrite, barian muscoviteahilitewanandite, pyrosmalite (?),
and barite as important constitQeaW V. R WKH P DV V bapenwy 2009) L ThépyRite kas eadsiterite
inclusions (Fig. 11 right). In the Puiu sulfide deposit the zinnwalditg;mica, occurs as gangue (Fig. 11
left and 11right). The Puiu sulfide deposit is situated near the Tolovardeptsit, at the top of it, where
many Li minerals (natronambulite, nambulite, ferrigoseite, Li-mica, sceondary oxide lithiophorite)
occur. These new minerals, as well as the probable presence ofadpgriesmalite, are very important in
establishing the characteristic feature of submarine hydrothermal origittfides, the same as for the Mn
DQG %D EHOWYV 7KH ULFK E D UénWepadRit o/SBmttuEBsH¥AWRKUHH +IRIRG@ L 90U B D
deposit of BaB, but stratigraphically at the top of it.

e '-

28KV X380 188VFm HD48
Flg 11 Backscattered electron image of sphalerite (Sph light gregnaéGal, white), chalcopyrlte (Chalc light
bluish)Ag-tetrahedrite (AgTet, white), and zinnwaldite (Mica, dark gresf}){l| Backscattered electron
image of pyrite (Py, grey), galena (G, whittfahedrite (T, light grey), cassiterite (Cass, small, lijjint),
and zinnwaldite (M, black), Puiu sulfide dep¢g&itt).

Fig. 12.Backscatterd electnamage of ilmenite (white, centre, rellcs inside rutlle) eufprism, light grey), siderite
(dark grey, between them), and muscovite (dark gedt)) Detailed area: ilmenite (lll, light grgyrutile,
(Ru, grey), and siderite (X, dark grey), TG3, {yigh
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The country rock of SB (TG3)asilmenite relics, which are important in establishing its formation
At relatively low T the ilmenite is partially broken down intoilesand siderite, but is still a stable phase
(Fig. 12 left and 12 right), as found in the TG3 rocks. Atinetdt high T, siderite is not stable any more
and ilmenite is the only crystalline phase coexisting with rutile. dltezation of iimenite involves the
processes of oxidation and leaching, whereby iron is progressively remoggae ta residual product,
essentially TiQ. These pseudomorphic transformations of ilmenite are generally assowidted
retromorphic processes. Therefore, the evolution of the Ti mineréfghtly linked to the evolution of
metamorphic processes indicating the polymetamorphism of the fornoé&tioa contry rock (TG3) of the
Sulfide Belt. The ilmenite is a mineral that persists over a longgef metamorphism between the
kyanite and staurolite zone, and biotite zone. Therefore, we appré@athe first metamorphic peak of
TG3 (with Sulfide Belt) belongs to at least biotite/garnet zone ghétolite facies.
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Fig. 13. Anandite (micaceous) with Ti mineral and uraniferous zircon incluséantszoned pyrite (top, black),
TL, NII, x30 (left); 7KH VDPH LPDJH LQ 1 ULJKW VDREEEHAHOY % ODQ
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Fig. 14.Rutile (large yellow brown prism crystal), clinochlore (blue, angrbakfringence), and muscovite
(colored FOHDYDJH 7/ 1 [ VDPSOH 3UXOIB&Yk¥» Epaaiadde @/HSRVLW
crystal, high birefringence) with ilmeniteward it (dark brown, black) enclosed in micaceous chloritized

rock, TL, N+, x30 3kUkXO uDUSHOXL GHSRVLW 6XOILGH %HOW ULJKW

The anandite (Figs. 13 left and 13 right), titanite (Fig. 14 leftlle, epidote (Fig. 14 right),
muscovite, zinnwaldite, albite, cymrite, quartz, and various chlodesstitutes gangue of sulfide ore

The presence of Li minerals in the two belts, Sulfide (as zinnwalditd Manganese (nambulite,
and natronambulite), as well as the presence of pyrosmalite mimeradgh belts (pyrosmalite in SB and
manganpyrosmalite MnB), demonstrates their common origin and evolution. barihe ore, the pyrite
is a constituent mineral while in the sulfide ore is predominantcyimeite is a constituent of both sulfide
(Figs. 15 left and 15 right) and barium ores (Figs. 16 left and 16 ,rigitt) some small different
characteristis, being formed under some very small differences in metamorphic @wmsditvhich area
little higher in Sulfide Belt than in Barium Belt: green schistsefs for Barium Belt and low amphibolite
with epidote facies for Sulfide Belt.
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ig. 15. Cymrite (large prisms, two cleavages), pyrite (black), and zifsmall, top), TL, NI, x30 (left);
Backscattered electron image of cynfpitsms, grey) andS\ULWH ZKLWH SWMidOER) GHSRVLYV

e

Fig. 16.Cymrite (large grey grains, perfect cleavage), partiallyedtefL, N+, x30 (left); Cymrite (large quadratic
shape) substituted by an amorphdds QHUD O EODFN LV RWU Beposit,/Baridm B¢lt. +ROGL

7KH % ODQ F\PULWH RI 6XOILGH % Heh svid3®ridght H © KM\NO B DNUKIHE SRIQ
cymrite has smaller grains with micaceous aspect (Fig.16 leftginght 6 RPH +ROGL D F\PULW &L
unstable, being substituted by various carbonates and an yet unidentified isatrfguamineral, most
probaby a Ba zeolite (Fig. 16 right). These differences in the chetbitis/general shapes of cymrite in the
two belts are a result of small differences of metamorphic conditibichwere, most probably, a little
higher (T and P) in the Sulfide Belt ore than in that of Barsit. The zircon inclusions are present in
ERWK +ROGL D DQG % O Dapd FigP16 kigtith )L JV OHIW

The iron sulfides/massive pyrite ore of Sulfide Belt could be the exputgiomiddle Cambrian
seefloor, in areas such as mid-ocean ridges, of hydrothermal fluids fiah metal sulfides are directly
precipitating the processes also taking place at the presenfv@ghan and Lennie, 1991).

Vaughan (1986) suggests that the manganpyrosmalites (which are present in mangaogse or
Manganese Belt, and ferropyrosmalites (which are present most probahilfidie ore of Sulfide Belt
could have a prograde metamorphic origin (from metalliferous brines)r riiha a retrogressive
breakdown of anhydrous Fe-Mn silicates (tephroite, rhodonite, and pyroxmangregsiacally enriched
in water and chlorine in the later stage. The initial Cl-emitmn the old host lithologies may have
occurred during seafloor hydrothermal alteration as an integral plhe syngenetic ore-forming processes
for the associated base-metal mineralization (Vaughan, 1986). Therdforehe tephroite/
manganpyrosmalite/rhodonite association of the Figl3, the manganpyrosmalite was formed there from
the beginning, as old mineral, coexisting with tephroite/rhodonite al@tgmorphic history.
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5. Uranium belt

The Crucea Uranium deposit is situated at the proximity tectonic ¢afttdee old Precambrian
Bretila Groupwhich thrusts ovethe younger © PEU LD Q 7 X O G&otbgicslly &htd stdcturally the
Bretila Group belongs to a complex area, so called Eagt¢fr QWUDO &DUSDWKLDQ 1DSSHYV
Because of its complex tectonic setting, some host rocks of the Clejoesit are strongly retromorphosed
(Fig. 17 lefy and highly carbonatated/chloritized. Some micaceous deartith titanite (Fig. 17 right),
and quartzites with stilplomelane and accessory mon&ategnd allanite-(Ce) around Crucea U-deposit
belong to TG4. A few other small uranium mineralization pooasur near Crucea deposit. These small
occurrences and the largeXOJKHUO SLWFKEOHQGH RFFXUUHQFH 7XOJKHU 9L
Crucea depositnight determine us to trace the fourth belt, the Uranium Bel),(BiRiated in the East of
the other three MnB, BaB, SB, on the alignment CrucéatGQQ WL Hi X )L J

Fig. 17.3LHWURVX %LVWU L HaJerﬂlbeS?dﬂlk:leRd]UGrtit/chIUrﬁblalbl\‘N/gfaphlte rock, NLL, x30.
Titanite (centre), muscovite (cleavage, colored)jtzj(@hite-grey), and albite (white), TG4 level (left);

The Uranium mineralization of Crucea deposit presents three mineedlogimposition: a. the
primary uranium ore is mainly constituted by urat@ipitchblende enclosed in black carbonaceous matter
(CM) as angular pure grains (Fig. 18 left) and as botryoidale bandRiginl8 right), and as vein free of
CM (fig. 19 left); b. primary (Fig. 19 right) and secondary coffir(ifég. 19 left) as veinlets, freef o
carbonaceous matter; c. Later uraninite mineralization as octdhrdreubic crystals, rarely dodecahedral,
and a combination of these three types, especially cubes with octatwdexs (Figs. 20 and 21). The
uraninite crystals have up to 0.5cm in size and more, and occisrisgeodes. All three U mineralization
types are always accompanied by sulfides/arsenides, sometimes as camsiitaeals (Figs. 18 left and
right, and 19right 7KH *U L @hliléhdeXkr®wn as nasturane, generally is massive, black, granular
or forms veins/bands/nests with a botryoidal to reniform appearance dhenpitchblende is a primary,
metamict, and impure variety of uraninite. It is amorphous, pitchy fifrthe crystalline uraninite. The
*ULQ LHUX SLWFKEOHQGH LV KRV W H GrombrighbsetMorhyrgidigrantevatlits HL 3
tectonic contact with TG4.

The presence of F&a-Pb-Ni-Co-As sulfide/arsenide association in the Uranium Belt, which also
occurs in the Mn Belt, Ba Belt, and Sulfide Belt, indicatest the UB mineralisation was hydrothermal
submarine in origin, having genetic similarities with the other threts.bBut, nevertheless it was
tectonically transformed and remobilized from its original squwddcK ZDV WKH 7* OHYHO RI
Series. The Crucea Uranium deposit sulfides/arsenides comprise theeal mssociations: (1) dominated
by pyrite and pyrrhotite; (2) polymetalic sulfides, dominated by RIGu, represented by chalcopyrite,
sphalerite, galena, bornite, and bournonite; (3CWHAS sulfides dominated by Ni-pyrrhotite, pentlandite,
polydimite, gersdorffite, and rammelsbergite.Textural relations ofe&@rucanium sulfide deposit data
suggest that sulfides and uranium mineralization was closely intergrownrbkitegl in time and space.
The gangue of this U-mineralization is constituted by calcite, siddatemite, sudoite, mica, and quartz.
Other sulfides, such as tetrahedrite, tennantite, marcasitetestdomid greenockite (Hirtopanu, 2019) were
also determined at Crucea deposit, and they are also present in SeltiddHg gangue of the new
hydrothermal uraninite crystals ore is represented by eattotomite, siderite, ankerite, and quartz crystals
(Figs. 20 left and 20 right, 24 left, and 21 right).
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ttered electron image of uraninite grains (bright whitgrbonaceous matter (black) and small
sulfides (grey) intergrowth with coffinite (w#)ibn veinlets (left); Backscattered electron image of
botryoidal uraninite (bright white), coffinite (whiteeinlets inside uraninite and around sulfides),

carbonaceousatter (black), and sulfides (small grey grains, top left cornight].
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Fig. 19.Backscattered electron image of coffinitized (white, light grey)initen(main veinlet, braight whije
uranophane (light grey inside coffinite and uraninité@a (Mica, dark grey) and quartz (Q, black) (left);
Backscattered electron image of Ni-pyrrhotitgéldight grey grain) with coffinite (white, veinlets
around and inside it), Fe and Mg rich carbdbédaek) with coffinite inside it (right).
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Fig. 20.Photo of geode/lens (20 cm long) with 0.8cm uraninite crystals in ingtroal calcite/dolomite(white) and
quartz (grey) (left); Photo of uraninite crystals of 6misize and/on calcite crystals as gangue (right).

52



\ X “ J = i A y 3
Fig. 21.Photo of uraninite crystals of 8mm size grown on/with calcitetalis/g quartz gangue (grey) (left);
Photo of uraninite crystal of 7mm grown on/wéltite crystals and with sulfide impregnation (right).

The chemical composition of Crucea CM shows only C with a Btlgvhich could come from
associated sulfides), and its enclosed uraninite shows a pure compositistirgposiy of Uranium. The
electron microprobe analyses (Janeczek and Ewing, 1992) indicate that eraeadily exchanges
elements with the later fluids. In particular, radiogenic Plpksoed by Ca, Si, and Fe via discrete alteration
of uraninite (Janeczek and Ewing, 1992). The electron diffractogranmrapé&rucea uraninite show that
the most significant substitution of uraninite leads to its conversion finitefwith more than 10 wt%
SiOx. The other elements that change radiogen Pb into uraninite are: 2, k&g, Ti, Al, Mg, and Na.The
P and Ca appear to be the most common substituents within coffindesometimes they have high
content, so probably a new mineral, named ningyoite, UCRQH.O, occurs in Crucea U-deposit.
The character of the substitutions depends on the amount and composition derdu@oml fluids,
particularly their capacity for oxidation and by the charactesisifche host rockhrough which the fluid
circulates. In Fig. 1%he backscattered electron image of Crucea Uranium ore has a gelygptudution:
U-oxide and U-silicate minerals are shown on pictures with difteshades of white/gray in the uraninite
Ipitchblende large main vein, from uraninite (bright white, certigh U), to anhydrous coffinite (white,
around uraninite, high U, low Si), and hydrated uranophane (light grey, batldelow U and high Si).

The U mineralization evolved in the same subduction zone as Mmd&udfide oresThe U
mineralization is a multistage type of genetic procedsch implay multiple stages of dissolution and
reprecipitation. The fluid-geochemical Crucea uranium formationrambbilization history has been
recorded in at least 6 stages: (1) The precipitation of a urano-oigardand hydrothermal complexes on
the Cambrian sea floor, the initial emplacement of U mineraizai(2) The metamorphism of these
complexes determined the forming of CM with uraninite inside it througddaction of mobile & to
immobile U due to the presence of sulfides which act as reductants; (3) Thwidgure-Alpine event,
represented by the thrusting of Bretila Group overmi@&, most probably caused the strongly remobilization
of U mineralization, from its original source (TG4) to near@nd under older Bretila Group; (4) The
maturation of CM (now it looks like a graphite) by radioatt caused the uranium enrichment, resulting in
an increase in U minerals, especially U silicate, wlifiiecin veinlets in mineral gangue, in proximity to
uraninite/pitchblende ore; (5) The new appearence of a neiméfalization, such as the euhedrale uraninite
crystals/group of crystals, is most probably linked witheav locally hydrothermalism, which usually
happened at T <280 (Janeczek and Ewing, 1992). The later uraninite crystals arto dhe younger
alteration and remobilization events, rather than the pyimaneralization event. Thifiydrothermal
uraninite typically occurs as veins and in geodleshe hydrothermal systes the transport of hexavalent
uranium (U") occurs as soluble uranyl {i0,)** complexes in oxidizing hydrothermal solutions along
faults and cracks. The uraninite precipitation is often controlleduiy ifhteraction with country rocks or
mixing with reducing fluids, causing physicochemical changes hydrothermal fluid,especially a
decrease in the oxidation state of a fllddneczek and Ewing, 1992)xe new hydrothermal uranium ores
are commonly structurally controlled and relatedracture and fault zones; 6) Under the oxidizing
conditions, tetravalent uranium of uraninite and uranium silicates chémgexavalent uranium and forms
oxide, vanadate, arsenate, silicate, sulphate, and carbonate compoundstheosbright yellow or green.
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Therefore, the uraninite and uranium silicates tend to form undacirg conditions, whereas various
uranyl minerals tend to form under oxidizing conditions.

6. Conclusions

The close mineralogical interbedings/interferences of Mn, Ba, SulfidkUaores demonstrate
their common submarine hydrothermal origin, and their common evolution in acsiwiodtectonic
framework. This evolution is reflected in the great thickness of thousémnasters of their host rocks, the
7XOJKHUO 6HULHV 7K HettQevdedd inGhe CambBriah sea floor, in a subduction zone, in a
narrow active paleotrench area, reflected in their linear dpiednt as belts (Fig. 1). The hydrothermal
submarine activity began with the Mn mineralization with small amoulaocénd sulfides (TG1), and
more Ba and Sulfides with a little Mn (TG2) toward East and upfredeposits, where the seafloor was
moved. In the TG3 the seafloor was subducted towards the East and the sutfidaslittle barium
mineralization were deposited at some distance from and over the Mn am@®Badut with the same
orientation. Finally, in the upper Cambrian (TG4) the sea floorm@g subducted towards East, and the
uranium mineralizations were deposited at some distance from the soéfilend with the saen
orientation. The pre-Alpine thrusting of Bretila Group over Tul@8eries provoked the remobilization
/migration of the U ore frorits original location (TG4) near and inside its new cover (Bretila Group)

The four mineralized belts indicate that a Cambrian hydrothermal esuersystem have been
active/reactivated from TG1 to TG4. The submarine hydrothermal tgotvéis fluctuant, a phenomenon
also occurring in the current hydrothermal submarine deposits. The UraniamnBetralization was
hydrothermal submarine in origin, having genetic similarities with the tiinee belts. But, nevertheless
it was tectonically strongly transformed and remobilized from itgral source, which was the TG4l he
metamorphic evolution of the Mn, Ba, S, and U belts, and their hdst, nwere achieved through
repeated and superimposed metamorphic events, each metamorphic evensbeiog af new minerals.
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Abstract: The mining activities were directed to less accessibds sind lower grades of ores, in order to satisfy a

linear economic modelThe intense consumption of metal by emerging industtsethe limited amount of ore
GHSRVLWY LQ WKH (DUWKTV FUXVQ G RO HEFRW R HHhS qiBtRIGRRDbWUbhy/the/ L Q W
boom of economic growth on the basis of mineral resources andaspafanetal exploitation could last. The mining

industry had great perspectives on the beggining of the 2000s. Bylbba financial crisis in the final quarter of

2008 restricted access to debt finance, with serious conseguEm@conomic performance next years. Introducing
structuralFKDQJHV LQ WKH LQGXVWU\TV FRYRVWEDRID JW KQHF ReMig frdt CHD B K1
values until 2013, when free cash flow for the OECD companissmiee negative. Free cash flow will improve again

in 2014, due in large part to a decrease in capital expendiAtrdse end of 2014, the market capitalization for the

Top 40 was as in 2005, meaning less half of its value in 2010.

Keywords: economic model, economic geologyitical raw materials mining industry trendsmining deals, future
mining technology,3 Z & Wihe reports, Top 40, Industry 4.@esource nationalism

1. Introduction. The end of the mineral resources?

The global market, shaped in the 18th century by free trade and theemassiement of labour,
has led to a continuous economic growth. Two hundred years later, masaaices have been treated as
infinite in economic sensgsimon 1981, 1996), being considerd@ constant and stable foundation for
economic activity 21 HLOO .KDQ 7KH HFRQRPLF SUPNW Z®KR XD WiL7
QHZ *URZWK (YLGHQFHY 7HPSOH HM7KH *WOHDWHYOWR AWV QWKQ
WKH ODVW <HDUVYT ORKRUZHR &fdsB@erican Macroeconomic Growth From
Exploitation of Resource Abundance to KnowledgdJLYHQ 'HYHORSPHQWY $EUDPRYLW
As part of the business, the mining industry faced a paradigm shifixtfastion activities were directed
to less accessible sites and lower grades of ores, in order to aditiglgr economic model, according to
which stopping or at least slowing growth were inconceivable, despite eritgliogvn base of raw
materials As the economy and GDP grew, so did the costs of extraction and markst gricéneral
resources. The intense consumption of metal by emerging industrilee limited amount of ore deposits
LQ WKH (DUWKTV FUXVW JHQHUDWGERPL P DNROQ RRV LdpaVutkCHINY BIPIRIX
of Rome stated beginning to 1972. These assumptions have generally been poowe(Bender, 1977,
1982, Schodde, 2004), in terms of an oversupply of mineral commodities and aelefrdee price of
most industrial metals until 2000 apgoPDWHO\ $W WKH EHJLQQLQJ RI WKH T\
spectacularly stimulated e global tectonics concephAs a consequence, in few decades, impressive
newworld class depositécc. to Singer, 1995) giant/supergiant deposi{@cc. to Laznicka, 1999) have
been discovered: 9porphyry Cu-Mo, 6 porphyry Cu-Au, 17 porphyry Mo, 13 epithermal Au-Ag, 7
epithermal Au, 23 SEDEX ZRb-Ag, 22 VMS, 4 epithermal PBn-Ag, 4 scheelite skarn, 12 high-grade
metamorphic PIZn-Ag deposits. Japan (1960s-1970s), South Korea, Taiwan and Singapore (1970s-1980s)
were developed a rapid industrialization related to mineral resoaacesumption, followed in the 1990s
E\ &KLQD WKH ZRUOGYV VHFRQG ODUJHZRW %K IQGD HO HIRID WV RRDH/L
(Laznicka, 2006). The continuous economic and technologic growth requires(fREEsarth elements),
RMs (rare metals) and PGEs (platinum group elements) to the whare these resources become
indispensable (meaningitical) (Fig. 1, 4) The REEs are the ability to form small and very powerful
magnets essential for smart devices and low-carbon energy electranitsimvines and hybrid cars. The
military industry needs rare earths too. There are no substittéenadives to these REEs
(https://www.irishtimes.com/business/technology/irish-scientists-discoverdi@aearth-minerak-
formed-1.4439657?mode=amp), so they are considered tostrategicvalue The United States was a
significant REEs producer through the 1990s,ittitSURGXFWLRQ FRXOG QRW NHHS XS
measures looking low-priced materiatkeap labour costs and low environmental protection standards. As
Deng Xiaoping prophetically said in 199the Middle East has its oil, China has its rare ea(Brsdsher,
2009). China's dominance in the production of REEs was maintained 8&4r(Fig. 2): in 2010/2011
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China reached a market share of around 97% of all rare earth nprmgattion. Outside of China, there
were the US and other insignificant producers lefg.( Australia) (Schmid, 2019). The US became
dependent on imports of REE-based components, since it stopped its rapeaearttion in 2002As the
second largest consumer of the world behind Japan, the US imported about 89%aref earths from
China during 2015-2018 (https://www.scmp.com/economy/china-economy/article/309¥843/are-
eath-export-plunge-caused-coronavirusjnot
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Only in 2018, the US imported a total of 18,500 tonnes, amounting to $16%onmill
(https://comtrade.un.org/dataRealizing the risks of depending on China for supplies, the US resiarte
2019 operations at the Mountain Pass Mine in California, with oufjsat to 26,000 metric tonnes in 2019.
In recent years, the EU has imported about the same amount of theeasathe US, being among the
largest consumers worldwide (Schmid, 2019). China continues to play a lealding terms of REEs,
holding 62.85% of the world mine production in 2019, and 36.66% of the waaldgblogical reserves
(https://pubs.usgs.gov/periodicals/mcs2020/mcs2020-rare-earths.pdf). There are rkaevihan 250
REE-bearing minerals, but only three are economically viable and ematly exploited the largesis
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the carbonatite REEs Bayan Obo in China. Bastnasite is probablynaire valuable mineral for
REEs in the world (https://www.irishtimes.com/business/technology/irigimssts-discover-how-rare-
earth-minerals-formed-1.4439657?mode=aip

in kilotonnes Fig. 22 '"HYHORSPHQW RI WKH
160 production marketin rare earth oxide
140 equivalent content.
Source Intereconomic2019 based on
120 data by USGSavailable at
100 http://minerals.usgs.gov/minerals/pubs/
80 commodity/rare_earths/.
60
40
20
0 ———
] Q
\q@ \Cs\
: Reserves for Canada, Greenland, Tanzania, and South Africa were
previously included with “Other countries.”
Mine prodgctione Regerves?
2018 2019
United States 18,000 26,000 1,400,000
Australia 21,000 21,000 93,300,000
Brazil 1,100 1,000 22,000,000
Burma (Myanmar) 19,000 22,000 NA
Burundi 630 600 NA
Canada — — 830,000
China 10120,000 10132,000 44,000,000
Greenland —_ —_ 1,500,000
India 2,900 3,000 6,900,000
Madagascar 2,000 2,000 NA
Russia 2,700 2,700 12,000,000
South Africa — — 790,000
Tanzania — — 890,000
Thailand 1,000 1,800 NA
Vietnam 920 900 22,000,000
Other countries 60 — 310,000
World total (rounded) 190,000 210,000 120,000,000

U.S. Geological Survey, Mineral Commodity Summaries, January 2020

*Estimated. E Net exporter. NA Not available. XX Not applicable. — Zero.

®For Australia, Joint Ore Reserves Committee-compliant reserves were 1.9 million tons.
"Production quota; does not include undocumented production.

Fig.3.5((TV ZRUOG PLQH SUR GNtpawW hiRsQusDsQy G/ petibtitald/Mes2020/mcs2020-rare-
earths.pdf)

The so-calledyrey gold coltan is one of the most hunted material ourdays (Fig. 4), usedhn
tech applications, aerospace industry, and in several electronic dewic30d, Australia, Brazil, and
Canada produced 80% of the world's coltan, botes2018 Rwanda, the Democratic Republic of
the CongoPROC), Nigeria, Brazil and China led the top, some of them witk &s high alert (DROC),
through alert (Nigeria) and high warning (Rwanda) (https://en.wik#pedj/wiki/List of countries
_by Fragile_States_Index
The world mine production foNb-Ta has significantly increased in the past two decades, currently
accounting for roughly 60,000 (Nb) and 1,200 (Ta) tonnes/year (Filellaciguez-Murillo, 2017apud
Romero-Freireet al., 2019). So, the end of the mineral resources is just fake news. The qisebiion
long the boom of economic growth on the basis of mineral resources anilgspécnetal exploitation
could last. Kesler (1994), Holland & Petersen (199%®sler & Simon (2015) warned that this was a
temporary situationSodid P Krugman (segfhe P\W K R | $acleffFdreRn Affairs, 1994), and, in
fact, many others, such as K Arrow, P Dasgupta, L Gouta@aily, P Ehrlich, G Heal, S Levin, K G
Maler, S Schneider, D StarreB Walker (seejre we consuming too muchpJournal of Economic

59


https://www.irishtimes.com/topics/topics-7.1213540?article=true&tag_location=Bayan
https://www.irishtimes.com/topics/topics-7.1213540?article=true&tag_location=China
https://www.irishtimes.com/business/technology/irish-scientists-discover-how-rare-earth-mineral-is-formed-1.4439657?mode=amp
https://www.irishtimes.com/business/technology/irish-scientists-discover-how-rare-earth-mineral-is-formed-1.4439657?mode=amp
http://minerals.usgs.gov/minerals/pubs/%20commodity/rare_earths/
http://minerals.usgs.gov/minerals/pubs/%20commodity/rare_earths/
https://en.wikipedia.org/wiki/List_of_countries_by_Fragile_States_Index
https://en.wikipedia.org/wiki/List_of_countries_by_Fragile_States_Index
https://www.frontiersin.org/articles/10.3389/fmars.2019.00532/full#B19
https://www.frontiersin.org/people/u/801634

Perspectives, 200F RQVXPSWLRQTV VKDUH R RXWtBaXwich\s dsétibk@ byW R E F
the maximize present value criterion

Fig. 4. Criticality matrix for RMs (Nb, Ta, Li, In, Ga,

Mn, Ti, V), REEs and PGEs (Pt, Pd, Rh). They fall into

the most critical zone of high supply risk and high impact
of supply restriction. Sourdgational Research Council

2008, p.165

(https://pubs.usgs.gov/pp/1802/m/ppl802m).pdf
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2. The conventional economic model: developmens crisis

Trying to solve the problems, geologists, miners, processing engineers ang imveistors have
found themselves in the middle of a huge ecological crisi® WKH TXDQWLWDWLYH PRGHO'
to be a fixed, indestructible factor of production. The problem witageemption is that it is wrong: nature
consists of degradable resourc@asgupta, 2010Among many others, another suggestive article was
that of Berg & Ostry (2011)nequality and unsustainable growth: Two sides of the samd[sei@ Intern.
Monetary Fund Staff Discussion Note, April 8, 2011). Moreover, wedlived by the public were th@
Monbiot { afticles criticizing growth agihe Insatiable Gof published by The Guardian 2010s-2016s
the economic growth needed to stop because our society is running outregaheces that feed such
growth The exploration and mining activities have a major impact over theoanvént in the absence of
appropriate prevention methods. The negative impact may be diredbdrbtzth to the actual mining, and
to supporting activities which ensure the mining logistics. So wha atoecologically sustainable level
means? Given that economic growth is good, consumption is good, sortheddfor mineral resources
will continue to grow, even if they are qualitatively differéoim those of the earlier stages of the Industrial
5HYROXAM50R'Q«LVQITW WKH EHVW ZD\ WR PHDYV XUHeBotiRIRGgreR FLHW!
Index, which measures things like basic human needs and oppofsagtireen, Ideas. Ted.Com 2015).
%XW WKH H[SRQHQWYV RI WKH FRQY HQ Wohée@Bter-¢hergyQHroaghputisR G H O
stabilized at an ecologically sustainable level we could presumably have sighDP growth forever
with minimal environmental costs, thanks to increasing total factor produc{séty Worsta)l Forbes
2014). Compiled from data of the World Bank, International Energy Agemcy|nternational Council on
Mining and Metals, Kesler & Simon (2015) mentioned that raw mineaalymtion made up only a few
percent of GDP in more developed countries (MD@g).the United States, the Netherlands, Sweden),
reacked 7 to 12% in Australia and Canada, and more than 35% in Nohliglger percentages are more
common in the BRICS, but especially in some less developed countries (Ish€lspas Papua New Guinea
and Zambia, which are major copper producers, or the Persian Gulf couhaiesupply most of the
ZRUOGYV RLO
/HWIV WDNH Dof@hR dbaMidRsa&gReRdés of the conventional economic model:
iMaterial growth mythinfinite energy demand from the exploitation of non-renewable resources.
L inear economicstbased on the continuous exploitation of resources.
iPetrostatedDutch Disease
1GDP is an exact measure of welfare. GDP and demand of respuesent a parallel growth.
Boomerang effecefficiency in using energy and resources accentuates growth,dueeixptresion of
operations and / or purchase new products; finally, an increase of demasdwtes.
¥The unprecedented rise of pollution, including mining wastes. Wastagriaost is not always reflected
in the prices of goods.
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Hnequity in mining policy

FCountries rich in mining resources have become/are becoming failed. Swerall welfare of LDCs,
such as Zambia, the Democratic Republic of Congo, Tanzania, and Mongdligldy dependent on raw-
mineral prices. Mining HDCs lacking resources can get to contralecmvery activities, with maximum
profit only for their citizens.

iGenerating global economic crisis(, 1 and 201}

3. The mining industry of the third millenium: the brilliant auspices of the begginings

The commodity prices and the market capitalization of the Top 40&tad strongly correlated
makers since 2004, when the fir8tU L FHZ D W H U KNRinéVad&tR RS&MINE)Thas been written.
According to analyzes performed on the 40 global most important miamganies, the mining industry
had exceptional economic indicators on the beggining of the 2000s.

3.1. fnter the dragon

This is the title of the 2008 Z & IWNhe, where2004was considered spectacular year for the
global mining industry All the economic indicators have giscompared to 2003: market capitalization
upped 19% at $461 billion; revenue epB89% at $184 billion; EBITDAearnings before interest, tax,
depreciation, amortization and impairments) increased 65.7% to $Bidr5 bet profit increased 111.4%
to $27.9 billion; capex upped 24.3%%$22.5 billion; exploration expenditure upped 30.89%1.7 billion;
dividends paid $8.916 million. The emergent economies were beginning tdéakeurage to invest in
mining projets, improving their mineral and policy indexe3nly the Peruvian royalty systems declined
the policy potential index from rank 19 in 2003 to 39 in 2004, accordiriget@nnual Fraser Institute
SurveyReserves, exploration and political riskction (data published in 20(BZ & Wine), despite Peru
ranked 2nd, 3rd and 7th in the production of silver, copper and gold in 2004 at thélglahalhe Top 40
was dominated by the founding OECD countries (Canada, United Kingdorad&tites) + Australia and
Japanthrough26 companies with mining projects for gold, copper divérsifieds(e.g, Anglo American
plc/UK rank 3 Barrick Gold Corp./Canada rank 7, BHP Billiton Group/Australia @&rfkreeport Copper
& Gold Inc./US rank 16, Newmont Mining Corp./US rank 30, SumitomaaMdining Co. Ltd./Japan rank
37, and Xstrata plc/Switzerland rank 40 for the moment, butavitmterestingevolution next years), but
also for coal (Arch Coal Inc./US rank 6, Coal and Allied Industtigl./Australia rank 10). There were also
companies from emergent OECD countries (two from CGlglentofagasta plc rank,and Grupo México
S.A. de C.V. rank 20and from the BRIC group (two from Russi&, AK ALROSA on the first rank and
MM C Norilsk Nickel rank 27one from India (Neyveli Lignite Corp. Ltd. rank 3Bnd Companhia Vale
do Rio Doce (CVRD) from Brazil, the future Vale S.A., rdii®. South Africa had a great influence with
six companies, among which Anglo American Platinum Corp. rank 2 and AoigldGhanti Ltd. Peru
participated with Compafiia de Minas Buenaventura S.A.A. rank 11 (2QD& fnhe).

3.2.Mine let the good times roll

This is the slogan of 2008 Z & ¥hhe i the third annual review of global trendsZ@05mining
industry, relevant for an optimistic state of mind: the 40 mining compani@uded in the analysis,
representing over 80% of the total global industry by market capitalizateported 59% increase in
aggregate net profits, from $28 billion in 2004 to $45 billio2®@5 in comparison with just $5 billion in
2002. These results have prompted the companies to increase the amoned t® shareholders to $16
billion in 2005 The report shoed that investor confidence in the mining industry and its prospects have
FRQWLQXHG WR VWUHQJIJWKHQ L Q capitaliba@oR @httedded Hy Z2¥GX $794U \ TV
billion; revenue increased by 25% to $222 billion; net profit margin awgnt to 20% from 16% in 2004;
net cash inflow increased by 34% to $58 billion; capex increased by 31% tallg31 bxploration
expenditure increased by 29% to $2 billioeic. As Brian Taylor, the UK Mining leader
PricewaterhouseCoopers LLP, saick are now firmly in a mining boom ag@i05was an exceptional year
by any performance measur KH NH\ TXHVWLRQ RQ HYHU\RQHYV PLQX LV KF
indications suggest the results in 2006 will be even strofidfys://pwc.blogs.com/press_room/2006/06/
mining-sector-delivers-spectacular-results-for-2005.html
3.3. Thespectacularyear 2006

Described as apectaculayear for the global mining industry, 2006net profits had increased by
64% faced to prior year, and profits were 15 times higher tth@001. The net cash flow from operating
activities was$76.7 billion, which represented 40% increase compared with 20@8ng Weekly June 20,
2007) During 2006 the global mining industry picked up from its rapid development in 2003200
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3 Z & Whe): The Top 40 increased their spending on investment activities by 83%, but thb grsvt
under expectations, because problems as a shortage in skilled labouratiepretguality of equipments,

lack of mining projects in safe areas, and weak innovation became pré&sugmue growth was in line
with commodity price increases (Fig. 5), being at 2.6 times the [2082 Governments required taxes to

be paid to compensate for the removal of resource, a tendency thag withre and more relevant in our
days. Net profit margin for the Top 40 maintained its almost linear greintte 2002, and was 28%
compared to 5% in 2002. For the first time since 2003 its growth will begitop in 2007, when, in fact,

it will declined with 26%. Th€006 Top 40 included companies interested in the same mineral resources
as in 2004 and 2005, noting the growing demand for gold (Agnico Eagle Mines Ltd./CamadaAnglo

Fig. 5. Commodity prices in 2004-2006. The
P — average prices have increased not only for n_|ckel,
copper, platinum, and gold, but also for silver
Codl - (58%), aluminum (34%), cobalt (84%), uranium
o - (106 %) and zinc (138%), acc. 20@7Z & Wine
Nickel = I % Growth 04 - 05
Copper — B % Growth 05 - 06
Platinum F
Gold F
0% 0% 0% 0% 60%  80% 100%
Source: AME outlook, Johnson Matthey, World Gold Council

American plc/UK rank 4, three South African companies AngloGold étshad. rank 5 Gold Fields
Limited rank 16 and Harmony Gold Mining Company Limited rank 18, and X#®waitzerland upped to
rank 37 from rank 40 in just a year), PGE (two South African compamigl® Platinum Ltd. rank 3 and
Impala Platinum Holdings Limited rank 19), copper (two Chilean coregafintofagasta plc. rank 6 and
Corporacion Nacional del Cobre de Chile (Codelco) rank Fréeport-McMoRan Copper & Gold
Incorporate/US rank 1%XGHM Polska Miedz S.Arank 22), nickel (MMC Norilsk Nickel/Russia upped
to rank 26), and zinc (Zinifex Ltd./Australia entered the Top 40 oratttiednk) Coal demand has declined,
but still found two important companidse., China Shenhua Energy Company Ltd. rankd@ Coal &
Allied Industries Limited/Australia rank 11. The number of non-OEGDmanies increased at 163006

in comparison with 11 in 2004ix from South Africa, three from China, three from Russia,ftam India,
one both from Brazil (Companhia Vale do Rio Doce (CVRD), rank &&) Polandin 2006 a number of
mega deals had besealed: Companhia Vale do Rio Doce leading the way whenight Inco (20083 Z & |V
Mine).

3.4. Riding the wave

The industry has enter@®d 07 RQ D YHU\ KLJK QRWH DQG FRPSDQLMKME\IRU\
ride the wavegMining Weekly June 20, 2007)Recorded production costs increased significantlgda?,
which led, among others, to a reorientation of Top 40 to operate soktyerging markets with cheaper
input costs. Thus, no less than 13 companies from emerging countries wermf200dTop 40, some of
them constantly active until ourdays: China Shenhua Energy Company Ltd. raikl® Norilsk
Nickel/Russia rank 28, and Vale/Brazil with a significant dnafh 24 ranks. A meteoric entering of two
Indonesian companies could be obsensath as PT International Nickel Indonesia Thk on rank 32.
Antofagasta became a British company and advanced to rank 4, so @hifgasent only with Codelco
rank 10. BHP Billiton Group, which will dominate the Top 40 after 20&&ained on rank 8 as an
Australian company. Anglo American plc/UK recorded the highest reveguesfin 2006, being on™'1
rank in 2007 Top 40. The market capitalization was of $9.1 billion for all panies of the Top, 36%
belonging to emerging companies from the BRICs (including/Hong Kong), Indaresi@outh Ameriga
in comparison with 14% in 2003 here are five South African companie2007Top 40, including Anglo
Platinum Ltd. rank 2 and AngloGold Ashanti rant&3 will be seen, the participation of emerging countries
will be increasingly relevant in the coming years the appetite for geopolitical risk will change, and UK,
US, Australia, South Africaetc, will list companies operating solely in African and Asian terig®rAs
with prior years, copper remained the dominant source of revenue fooph40, accounting for 28% of
the total revenue, followed by coal, iron (12%) nickel (10%), and d@i6).(With a relative weaker
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performance than last years, a number of gold companies expectedilmetseand higher prices (2008
3 Z & Whhe). Thehedge fundsvere more active in the mining industry, acting astalyst for boosting
investments for short-term profits, @ss the case, for example, in 2006. They would continue togptale

in the sector as high cash flows and easily accessitulis fuere making mining companies attractive targets
(Mining WeeklyJune 20, 20070verall, the yeaP007did not look bad for global mining industry, sincet n
investing cash flows have increased 88% from 2006 and have exceeded naigpasét flows for the
first time since 2003Global capital markets had an increased confidence for the miningrindugh
proceeds from share issues increasing by 100% from 2006. Revenue was Santimet profit was 20
times that of 2002, but EBITDA margins have stabilized for the fire taftera continuous grown since
2002, and net profit margins have fallen for the first time since 2P028(3 Z & Whe). The rise in
operating, labour, power, equipment, property and plant ceflsted both a significant reinvestment in the
industry in2007, but also resource constraints, skills shortage, probigaied to productivity factowater
shortage issue, the unprecedented rise of pollution &ed etvironmental problems (20(8Z & Wine).

4. Against the background of the global crisis: 2008-2010

The onset of the global financial crisis in the final quart&Gif8was reflected to ongoing market
and commodity prices and in restricted access to debt finance. flleegears were characterized ay
deal activity centered in North America, Asia-Pacific and Sotithsia, but driven by Canada, China and
Australia. Still the emerging countries were less affected, tautiie returns of companies in comparison
with traditional mining countries. Against the background of the globsiscthe share diedge funds
increased as a store of wealth.

In 2008 prices fell to a level close to 2004, as well as the maiket and, after a significant
recovery, the two markers haaecontinuous downturn from 2011 to 2015 (Fig.,1&)c. to 2017 PwC
Analysis The total value of mining M&A (Mergers & Acquisitions) had seriously decredsad, $153.4
billion in 2008to $77.1 billion in200Q2 Coal assets were attractive, particularly due to the continuous
demand for coal from China, the total deal value increasing from afppé6xn 2008to 27% in2009
Chinese acquisitions accounted 7.4% of all dect909 RULHQWHG WR WKH $XVWUDOLDQ
the aim of securing long term supply. However, China was the thirdmstamce with $1.3 billion of
deals, after Canada ($12.1 billion) and United States ($8.7 billéme) 6 2009 3 Z &Rnnual Review
Mining Dealg. The share dfiedge fundincreased in gold and precious megsets, the contribution to
deal value ranging from 17% #008to 24% in2009

There are some interesting details in #@9 Top 40: AngloGold Ashanti Ltd./South Africa,
Antofagasta plc/UK, Barick Gold Corp./Canada and BHP Billiton LtdPBBilliton plc/Australia/UK
continued their advancement, being on rank 2, 3, 4 and 5 respectively, Avigilo American plc/UK
remained the first. To observe the increased share of traditional raoungries in an attempt to return to
the boom for global mining industr28 OECD companies (+ Mexico and Chile), three from South Africa,
8 from the BRIC countries and one from Peru (214G J Wine). From now on, although Canada,
Australia, USA and UK will remain the main actors in the globalimg industry, the BRICs and other
emergent countries will play an increasingly important role. The meagetalization of the Top was $6.5
billion in 2009 The P/E ratio wasnusually highdue to huge earnings impacted by impairment and lower
commodity prices DV 3 Mg #mphasized. 112010this ratio declined as profit growth has
exceeded the increase in market capitalization (Figt'® market capitalization was $11 billion, due to
the larger gains of smaller companies, and the net assets remaiBBth aif market capitalization,
demonstrating not an undervalued industry, but an increasing by the profitisetimining industry has
generated ir2010(2011 PwCY Mine).

The 2010 Top 40 was comprised of 22 OECD companies and 18 emerging market companies,
including those from the BRICs (plus Hong Kong), South Africa, Polamt Reru. Anglo American
plc/UK, AngloGold Ashanti Ltd./South Africa, Antofagasta plc/UBarick Gold Corp./Canada and BHP
Billiton Ltd./BHP Billiton plc/Australia/lUK went down one pla@e the2010Top 40, being on rank 2, 3,
4, 5, and 6, while Anglo-Eagle Mines Ltd./Canada, not included in 2009 analyseq to the first rank.
The newly listed and the largest new entrant was Coal India ((gnkHere was a cumulative 32% increase
in revenues, 72% increase in adjusted EBITDA and an increase in net profié%i From 2007, the
emerging market players more than doubled the returns of companiesiarisam with traditional mining
countriegFig. 7). Silver Wheaton Corp./Canada (rank 35) had the highest ongSRdiT otal Shareholder
Return) of the2010 Top 40 3 Z &MliWe), and continued successfully 2011 Top 40 (rank 33).
South Africa becomes officially an emerging country in 2010 by RRECB founding, but, excepting the

63


https://www.miningweekly.com/article/mining-sector-increasingly-attractive-to-private-equity-pwc-2007-06-20

2011 Top 40 edition, in all the others it is considered a traditionahgyppwel DV WKH 2(&'TV FRX
are.

Price/Eamings' Top 40 TSR 2007-2010

SO0

2009 2010

Source: Capital 10, Bloomberg, PwC analysis. 094
"Price/Eamings is computed by dividing market capitalisation by profits. Emerging market Traditional markat

Source: Bloomberg and PwC analysis.

Fig. 6. The P/E ratio. 201PwC  Mine Fig. 7. Total Shareholder Return Data (TSR) 2007-2010
2011PwC T Mine

§ billion 2010 2009 2008 2007 2006 2005 2004 2003 2002

Revenue 435 325 349 312 249 222 184 110 93

Operating expenses 246 217 208 176 141 141 129 81 72

Adjusted EBITDA 189 108 141 136 108 81 55 29 21

Amortisation, depreciation and impairment 34 31 57 19 12 16 15 10 9

Income tax expense 38 22 21 32 27 16 9 4 2

Net profit 110 49 57 80 66 45 28 12 6
/(d )inr 34% (79%) 12% 25% 12% 21% 67% 18%

Increase/(decrease) in adjusted EBITDA 75%  (23%) 4% 26% 33% 47% 9080 368%

Year on year increase/(decrease) in net profit 124% (14%) (29%) 21% 47% 61% 133% 100%

Adjusted EBITDA margin 43% 33% 40% 44% 43% 36% 30% 26% 23%

Net profit margin 25% 15% 16% 26% 27% 20% 15% 11% 60

Fig. 8. Nine-year trends 2002-2010 for the Top 40 (2BQAL 1 Mine)

The 2011 Pw( Mine showed the 2002-2010 trends in the global mining industries, with a severe
drop of revenue, net profit and adjusted EBITDA in 2009 (Figtogether with a decrease of exploration
spend, meaning a focus on the brownfield exploration. Despite of rexaaue and an increase by 124%
of net profit in2010to above $100 billioralso despite of the highest level of adjusted EBITBwrgins
are impacted by the continuous increased operating expenses: at 430d,0hdjusted EBITDA margin
is no higher thathe excellent year@006 and 2007, whilst the commodity prices increased every year
Costs and the price of key inputs (already mentioned above) haveneenégh because of the financial
crisis.In 2010investing cash flows were only 58% of operating cash flows, comparedteraye of 94%
for 20032009. Operating cash flows increased to their highest level sincet8063% over 2009. For the
first time since 2005 financing cash flow was a net outflow, witlet of $35 billion being repaid to lenders
or returned to shareholders (20@4C T Mine).

$FFRUGLQJ WR 0HW D O Wd¢rtRESpRRtioR rendsR2RIRfetotal global spend
reached $12.1 billion i201Q up from $8.4 billion i2002 gold and base metals dominated exploration
expenditure irR01Q comprising approx. 85% of the total, gold alone accounted more than tadf tokal
planned spending, the first time since 1999. As ZBAC I Mine stated an uniform increase in copper
reserves across the Top were attribute to Ivanhoe Mines Ltd./Canada (resrkd21)K/Australian Rio
Tinto plc/Rio Tinto LtdfV PDVVLYH 2\X 7ROJRL @dKR3IA)HtE AedpQitDIEMPRANO L D
Copper & Gold Inc./US (rank 15) in North America, and alsa tining cluster program developed by
the Chilean government, BHP Billiton and Codelco (Chile). Tldyxtion of bauxite remained relatively
stable, although BHP Billiton and Rio Tinto have reduced part of theeireserves, following the changes
in Brazilian environmental laws.

5 M7KH JURZLQJ GLVFRQQHFWT
This is the suggestive title of 201IRwC § Wline, announcing structural changes in @11
LQGXVWU\TV FRVW ED YV Hesul<hivriew supdtionlies] te@eDu@ mherBeSed 26% to over
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$700 billion, net profit upped 21% to $133 billion, operating cash flows 8486 to $174 billion, investing
cash flows grew 92%, total assets was above $1 trillion and grew a fLe#tethe Top 40 returned 156%
more to shareholders than in 2010, including by way of divideBDéspite these last shareholder
distributions, falling stock prices showed that investors expected lasjeratarns ir2011 A record level

of net profit was generated by high commaodity prices (Fig. 9), but ngarginained flat because of higher
costs (Fig. 11). One of the lowest levels of P/E ratios for the Topig010) suggested that miners were
faced with investor confidence suspicions 3 Z &Mine).

4.0 Top 40 Price-to-earnings ratio

35 20

3.0 A
K i 2

20

15

10

5 5 8 8 E S o & g o
i 3 § 3 S 2 3 i3
S = = = = ] = o = ) =
0
= Coal (Australian thermal) 2007 2008 2009 2010 201
Gold = « Iron ore (CFR 63.5% fe)
«= HSBC Global Mining Index Source: Capital 1Q, PwC Analysis
Source: Capital IQ, PwC Analysis Price-to-earnings is computed by dividing the Top 40's market capitalisation by total eamings

Fig. 9. Monthly average coal and some metals prices, Fig. 10PE UDWLR UHVXOWLQJ IURP WKH 7F
HSBC Global Mining Index 2007=1(PWLCV  Mine)  capitalization by total earningBWC TV  Mine)

7KH DOUHDG\ PHQWLRQHG VWUXFW X U DirefeimyQal tHe/ride @f tdtstbf L Q G X
production, seen as inevitable in the future because of the decline oblaigeade deposits, generating

more waste that needs to be mined and processed for the same amounmofaality, and of course,
because of more and more less accessible mining sites. At the 20itllahe total market capitalization

for the Top 40 was of $1.2 trillion, compared with $1.6 trillmnthe end of 2010. There were only six
companies that posted positive movemenf0ihl: three gold companies and other three related or focused

on emerging markets.

Net profit and net profit margin ($ billion) Change in 31 D ber market (S trillion)
(Excluding 2011 Glencore marketing and non-mining)

120 e 25%

o
o
R

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011

== Net profit ($) Source: Capital IQ

== Net profit margin (%)
Fig. 11.Net profit and net profit margin ($ billion) Fig. 12.The 2011 Top 4 companies by market
(excluding 2011 Glencore marketing and non-mining). captiah 2012 PwCY Mine

2012PwC Mine

The Top 4 companies by market capitalization represented 38% of the Tom4QZF (2012
3 Z & Wine). Excepting metallurgical coal, diamonds and zinc, the copper, gatthyh, iron ore, nickel,
bauxite and thermal coal production continued to gro0ihl, with the special contribution of the same
Top 5 companies as in 2009, and the other 12 companies from the BRICS (ineladggong and South
Africa), as China Shenhua Energy Company rank 7 and Coal India Ltd. rank 8.
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By market capitalization, emerging market companies constitute 38 diop 40 in 2011, up from 35%

in 2010 i the highest level ever seen during the period 2002-201D P R Q G Vgehdr&eQeWxpected
profits for BHP Billiton and Rio Tinto, in contrast with Anglo Amcan holding up to 85% interest in De
Beers, and Botswana Government Company holding the Géficore joined the Top 40 on rank 15,
following its IPO (Initial Public Offering) ir2011, which was a turning point for the economic and market
parameters of the Top: according to 2012 PiWline, when included, revenue increased 65% over 2010,
in comparison with only 24% when excluded.

Theadusted EBITDA margin fell to 32% the lowest
ever seen inMine since 2004, and the net profit

- A margins were to 19% when including, compared to
60 42%, and 25% respectively when excludifgll
& Glencore marketing and non-mining. For the first time
// \\ since 2007, a strange situation related to the changes
s // \\ in net profit and net profit margin could be seen (Fig.
30 // \\ /\> 11): the net profit margin decreased while net profit
2 A was up. In2011was maintained the trend from 2007-
o // \\// \\ // 2009 global finagcigl crisis, meaning;]1 t?at ope;ating
expenses exceeded revenue growth (Fig. B8],
0 / \/ \y there were different causes: during the global crisis,
10 the commodity prices strongly declined, opposite to
2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 | 9010 an especially to 2011, when commodity prices
—Operating Expenses ~ —Revenue strongly increased, but the operating costs surged.

Only 15 companies from th#2011 Top 40 have been
Fig. 13. Revenue and operating expenses betw included in all prior editions dfline, four companies
2002 and 2011. 201RwC § Mine returned to the Top after missing out in 2009 and 2010
(e.g, Goldcorp), and two companies, which had been
included in every edition dfline, were simply leave the top: Consol Energy, because of weakening US
coal demand, and Cameco, because of declined uranium demand after Fukuslearadisaster in March
3 Z afliné).

6 M'RZQ nd RWWR0T2-2013

In the March 20133 Z & Wine UHS RUW phBt R WERiOg/for a review of global
mining deals in 2012 arah outlook of 2013it is mentioned tha2012was far from the most active year
for mining mergers and acquisitions (M&AJhe value of mining deals dropped in 2012, but not so
dramatically as in 2009The deal of the yeawas the merger between Switzerland - based Glencore
International plc and United Kingdom - based Xstrata plc to fotemcare Xstrata plc/UK, one of the
ZRUOGYV ODUJnwWy camnpaniesVthdtlwii@Ivhb to 14th rank in 2013 Top 40. This merger
deal value was close half to that of 2012 M&A total value (Fig. @ny leading companies of the last
\HDUVYT WRS DV % Billtah | Anlo*AReriGan &nd RioTinto have revealed that they rarmai
the marketonlytosellk KLQD KDG VXUSDVVHG WKH 86 EHLQJ R0KRHNEARUOGT
consequently, a larger Chinese demand for commodities was expectedngaludhcreasing appetite for
PLOQLQJ LQYHVWPHQW %\ WKH ZD\ 6KDQGRQJ *RQBYD ODOF DAY LA
OLQLQJYV DFTXLVLWLRQ RI $XVWUDOLDQ 1RDW\RQQWBGH\WLWOGN J
assets. Copper, zinc, silver and gold had improved their priceshaftenfortunate 2011. Copper and gold
accounted for half of th2012Top 20 deals. If coal was the 2011 dominant commodity accounting for 26%
of deal value, followed by copper with 23% and gold with 13%20h2copper increased at 30% and gold
at 27%, excluding the GlencoieXstrata merger. The demand for copper allowed DROC to ent2ofiie
Top 20, with two companies (the joint venture between La Compagnie mitde®akania Spr, Frontier
Sprl and Roan Prospecting & Mining SPRL with South African Kolwed. rank 9, and Camrose
Resources Daletona Properties Limited rank 19), together with th&nestn Inmet Mining Corp. Canada
rank 2 and Anglo American Sur S.A. /UK, Chile rank 3. Iron ore wasepten tle 2012Top 20 deals, due
WR WKH VWHHO P D N HUavgestskeelmake PO SCD/(SdrtK Kiorék) was part of a dansort
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Global mining M&A volume and aggregate value
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Fig. 14.Global mining M&A volume and aggregate value, acc. S&P QditaPwC Analysisin 2013
PwC 1 Mine

that bought a 15% stake in ArcelorMittal Mines Canada Inc., andoAhglerican increased its stake in
South African Kumba Iron Ore Ltd. to just fewer than 70%, from prewot&l%. After the Fukushima
nuclear disaster in March 2011, there was a globally strong declinenadimrdemand, but Japan step by
step restarted its nuclear plants and China continued its nuclear plawebuilt out, leading to a slowly
UHWXUQ RI XUDQLXP the (Chrradidh Derisbri\Minés ICBZ. offered a stock-swap deal for
Fission Energy Corp.,an8XVVLDQ VWDWH XUDQLXP FRPSDQ\ $50= SURSRVHC(
Inc. On the other hand, the European interest for uranium has dropped, geveraiments seeking to sell
stake of their own nuclear fuel vendor Ureco, théel FR Q G Z R UQic§lVesoudodslénjoyed the12
Top 20 dealsby Neo Material Technologies Inc./Canada (rank 8) and Talison Lithium LirAitettalia
(rank 14) ( 3 Z & ¥ivie).

Looking to the yeaP013 the coal and metal prices fell significantly from 20&2)(,(-9%) copper
and coal, (-28%) gold), excepting iron ore:.6Pke price of gold has lln after a continuous rise in 90s
and 2000s, a trend that has continued through an absolute minimum of the kesardOn 2016
(https://goldprice.org/gold-price-history.html). The profitability of téning industry was at its lowest
level since 2000. 3 Z &MIde reported that despite the decline in liquidity and a net debt up by 42%
a decrease of EBITDA of only 8% (see part Il of this artisith GDWD |IURP MineR ar&l Bhlda
small increase of dividend yield of 4% had recorde@@t3(Fig. 19). The operating costs increased by

ZKLFK ZLOO EHFRPH D IHDWXUH R WKMWireRépr@@.J7 KHDTUR/S DHNVR L

aggregate net profit sank $52 billion (72%) to a decade low $20 bitlieir leepest aggregate net profit
depth in a decadeas 3 Z & Mivie noted); gold companies were responsible for $20 billion of net
losses. Five gold companies fell out of the Top 420h3 The market capitalization fell by approx. $280
billion, meaning 23% (Fig. 15). 23% decrease in investing cash flows hadsexjcence that, for the first
time, OECD{ Wee cash flow was negative, at $(-6) billion in 2013, in comparistmtiat of the BRICS
companies (Fig.16) 3 Z &MiNe). Again, for the first time, most of the Top belonged to emerging
market companies, accounting for 53% in Decen®0d3 The total net profits of them were $24 billion
in aggregate, compared to a cumulative net loss of $4 billion for corspameveloped markets, impacted
particularly by impairments. Additionally, another unwanted $57 billiconegimpairment was recognized
by the Top 40 durin@013 after the prior year record of $40 billion: therefore, impairtrcharges were
up 43% ( 3 Z & ¥ide).

The BRICSrepresent about 42% of theR U @dpdlation, 23% of GDP, 30% of the territory and
18% of the global trade (according to http://brics2019.itamaraty.gov.doeritarics/whais-brics). In the
2013Top40, the emergent market companies were mainly from the BiRltbe end of December (2015
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3 Z & WNhe) and, for the first time since 2003, none from South Afifede/Brazil rank 3, the Russian
Uralkali rank 17, MMC Norilsk Nickel rank 10, ALROSA rank 29, Indiadg@mpanies, including Coal
India Ltd. rank 8), 6 companies from China & Honk Kong (China Shenhua Energy CompatsdLiank

5, China Coal Energy Company Ltd. rank 23, Inner Mongolia Yitai CoalpaasLtd. rank 25etc), 3
companies from China(g.,Inner Mongolia Baotou Steel Rare-Earth Hi-Tech Co. Ltd. rank 36). Thesothe
ZHUH 6DXGL $UDELDQ OLQLQJ & RRIKGKW Padhkd Micdk polkd BKgyina rank
30.

Market cap of Top 40 vs adjusted price index ($ billion)

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 20156 2016 Apnl
2017

H Market cap —&— Price index

Fig. 15. Market capitalization of the Top 40 companies an adjusted price index for a basket of commodities
including copper, coal, nickel, zinc, gold, silver and iron ore. SoWRwC Analysis. 201PwC | Mine
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Fig. 16.Top 40 free cash flow and shareholder Fig. 17.The BRICsvs.the G7 economies in 2032 1HLO O
returns, acc. PwC Analysis. 20P%C  Mine 2007)

$V 3Z& MV P HOMWWR @ye& that forced miners to realign expectatiomthe case of the
BRICS, primary products and resource based manufactures represent the rodjriyexports, which
partially could explain their determination for investing in mining pgjevs. a decrease of the already
mining investment values for the development countlie®©'Neill (2007) forecasted (Fig. 1The BRICs

(in 2007 without South Africa) as a group will overtake the G7 ecorsoimi2032 so an increase of their
influence in the global mining industryas expected. The same assumption will be found in the 2015
3 Z & Whihe: BRICS companies tend to focus on mining in emerging maratsigely, whereas OECD
companies tend to have more diverse global portfolimeed, the OECHiversifiedsepresergd 51% of

the total market capitalization of the Top 40 dur@y 3 up 5% from 2012. With two new top entries as
Saudi Arabian Mining and the Sumitomo Metal Mining Company/Japayhtinee redued their portfolio
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by divesting noncore commodities, a majority related to energy and ass&tie of core mininge(g.,
BHP Billiton, Rio Tinto, Vale, Glencore, Barrick, Fortesc@ameco, Newmont, FreeportMcMoRan,
ALROSA). So, they spent 11% less dur@L3 But the gold companies were under the greatest pressure
because of the falling prices. They were forced to make significanby@ments in 2014, for adapt to the
new market realities. Thus far in 2014, Barrick reported that itédthgced all-in sustaining costs by41

to $833/0z as compared to the same point in 2013. Similarly, Newmorggwated that it reduced gold
all-in sustaining costs in the first quarter of 2014 by $82 million, comgaréte same period of 2013,
forecasting to save $600-$700 million by 2016. Gold reserves fell 8% AB8million ounces at the 2012
reporting year-end to 431 million ounces at the 2013 reporting year-end h@2&0-2013 period, reserve
price assumptions increased by more than 25%. The fall in gold priceg @0d3 saw the weighted
average price assumption fall by approximately 10% between 2012 and 20b&dst price assumption
fell from $1,500/0z to $1,350/0z. The lowest remained unchanged at $950bz @pposite side, Chinese
investors showed their continued interest in the mining industry, preparirmgnkertium led by China
Minmetals Corporation for acquiring Las Bambas mine in April 2044 fGlencore Xstrata 3Z&MV
Mine).

Interesting is that production growth continued®@13from prior year across most commodities
(8% copper, 4% iron ore and potash, 2% coal and gold), despite falling pricésaas of many mining
CEOs. Fortescue Mining contributed two thirds of the net increase in proddatioig 2013 in advance
of reaching its long-awaited target iron ore production volume of 15Bmithnnes in March 2014.

The impact of acquisitions and debt restructuring have led to an increasdyféour companies
of 2013 Top 40, in that as share prices trended differently to the overall minamgem Freeporti
McMoRan (copper), Fortescue Metals (iron ore), First Quantum Minerappér and gold) and Polyus
Gold (gold) 3 Z &MiNe).

2013 was especially the year in which the issue of innovation was highlightesiresvhat left
behind:compared to other industries, mining is very conservative in terms of Research dogrdene
(R&D) LQYHVWPHQW 2QO\ QLQH PLQLQJ FRPSDQKHVZRU® G PF OWRSH
companies by R&D investment 3 Z &Mine). Two years of negative trends will cause companies to
become more aware that innovation could be the key of enhance thehiityfiand productivity, trying
to address labour shortages and costs, and investing in technologies requireddiffitudteconditions
(i.e., declining grades, remote locations, deep mining).

Another problem was related to the risk of operating in emerging mairkétg, sense akesource
nationalism:a trend of governments looking to maximize returns from their natresalurces was and
will be continuously accentuated, leading to imposing windfall taxesher obeasures to more actively
manage their natural resources 3 Z &Mine).

However, the Top 5 was very similar in the next two years (2013-2@4th)BHP Billiton Plc/
BHP Billiton Ltd. UK/Australia rank 1, Rio Tinto plc/ Rio Tinto LtdK/Australia rank 2, Vale S.A. Brazil
rank 3, Glencore plc/UK rank 4 and China Shenhua Energy Company Linfited/l@K rank 5 in 2013

3 Z &Mline), and an exchange of ranks between Vale and China Shenhua Energy Compgaay Limi
in 2014 3 Z &Mine).

7. 2014: BRICS companies taking risks, OECD companies focugiton capital discipline

According to 3 Z & Nliie, the negative tendencies have continue2lib4 when the return
on capital employed (ROCE) fell to its lowest level since 2003, just @ down from 9.5% in 2013
(Fig. 21) proving the challenges in mining industry of getting new expansion projects appBRKLIS
companies seemed more willing to take risks, OECD companies focuseapital discipline:We are
afraid of greenfields « *UHHQILHOGY DUH ULVN\ *UHHQ(\ad Glés¢nkerg, KDY H
CEO, Glencore Xstrata, March 2013) 3 Z &Mine).

Commodity prices continued to decline during that year (iron oe, and copper prices fell 50%,
26% and 11%), but also in the first four months of 2015 (a further 12%ans6%, respectively) (Fig.
18). Gold prices remained relatively stable.
The outlook for base metals was better, especially for copper, zinduamduan, meaning that supply for
these commodities has led to either a stabilization, or increggseces. Nickel gained about 15% due
mainly to supply issue®(g.,ban on exports of unprocessed ore in Indonesia). Consequenf@,lthEop
40 lost $156 billion (about 16%) of their combined market value in tseh@f of the year, largely due to
iron ore miners andiversifieds A good explanation could be an oversupply and a negative short-term
demand outlook, but also a 7% slowdown in economic growth of China, wittoassenpact in terms of
global commodity demand, especially for iron ore and metallurgieal. Copper remained the largest

69



revenue contributor to the Top, despite the price dropped from $3.4®b.90/Ib during2014 World
PLQH FRSSHU SURGXFWLRQ LQFUHDVHG FHUL IRR @ ISQUHR\G X R
7TLQWRTYTV 2\X 7TROJRL PLQH ZHUH RIIVHW E\ UHGXFOGRRMeWERW ZI L
export restrictions and labour-related issues led to disruptions, ang fovdike biggest production decline
(21%). Growth was strongest in Congo (13.4%), but the largest produceneen@iile, which accounted
for more than 30% of global production ($5.8 million tonnes) (2015 US Geol&jicaty Data, in 2015
3 Z & Wne).

EBITDA for the2014 7R S ZDV GRZQ VHH SDUW ,, RI WKBY OMYW L F(
Mine), because the decline in commodity prices has not been offset by aaeductperating costs, and
production increases were mitigated, to a certain extent, accouatingcbncurrent increase in operating
costs. The market capitalization for the Top 40 was $791 billion a&rtief 2014, as in 2005, and about
less half of its value in 2010 (Fig. 15), meaning a drop of 16% $@&47 billion at the end of 2013. The
average dividend yield for the Top increased to 5% in 2014 from 4.3% in E@L310). This was the
highest dividend yield in the history &line, where the 10-year average (2004-2014) was 2.8%. The
dividend yield was 6% for iron ore at BHP Billiton, Rio Tinto, aralé/ in order to maintain their dividend
policies. Net profit of the Top 40 rose to $45 billion2@14from $21 billion in 2013, meaning a 114%
increase. Although net profit increased, when adjusted for impairnaedégline in adjusted net profit of
9% from 2013 has been obtain, being of $72 billioddfh4.Also the P/E ratio strongly decrease®014
becoming negative in 2015 (se&eDUW ,, Rl WKLV DUWLFOH MnelWHeeccBsW fowi U R P
has improved especially for the OECD companies, from negative valukil{i®3) in 2013, to more than
$16 billion in 2014 (Fig. 16), due in large part to a decreasepitat expelQGLW XUHV Mine3Z& TV
Shareholder return fell by more than $2 billion for the BRICS conegamstead of $1 billion for the
OECD companies in 2014 (Fig. 16).

Fig. 18. Prices of some commodities in 2014 and first four monti2®d%, World Bank. In 3 Z &Mixe

Fig. 19. Dividend coverage and yield between 2004 and 2014. Netegxcfiding impairment. Source PwC

analysis. In 3 Z &M¥lide
Y CD

companies slash capital expen'diture b'y 23%, which is 9% higher than of the BRICS'compa'm'es
demonstrated that amid a crisis of confidence in the global miniray sénet BRICS markets were growing
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excessively compared to the OECD markets. After reducing capitahdifyre, a slowdown in capital
velocity was expected (Fig. 20). There were 22 OECD companies (includmgvexico) in the Top, 17
companies from the BRI {among which 9 from China/ChinaHK), and one from Saudi Arabia. 59%
of the BRIC companies improved in value, compared to 22% of the GB&Dpther wordsa 21% drop
in value of the OECLY &hd only 7% of the BRICS companies: $137 billion versus $19 billion, cisplg.
Three Chinese companies, Zijin Mining (gold) rank 17, China Coal rank 14yamhou Coal rank 26
had impressive gains, each of more than 30% compared to prior years.d\betgeren OECD and BRICS
companies were also findipguch as UK/Russia in the case of Polyus Gold International Limit&huih
Africa/United States/Australia for AngloGold Ashanti Ltd. Meantimacpt on rank 11, MMC Norilsk
Nickel/Russia will advance to the rank 5 in 2015.

Fig. 20. Capital velocity compared to capital expenditur  Fig. 21 ROCE movements, acc. PwC Analysis.
acc. PwC Analysis. 2018 Z & Wine PwC 1 Mine, June 2017

Conclusions

The intense consumption of metal by modern industries encouraged the exploratitiesac
wordwide, also stimulated by the principles of the global tectonigHZ :&'fV KDYH EHHQ GLV
allowing to map in few decadegant/supergiantmetallogenic provinces. The current economic model,
based on increasingly advanced technologies requires REEs (rare earths}|éRMat(rare metals) and
PGEs (platinum group elementajso calledcritical. So, the end of the mineral resources, claimed since
few decades, is only fake news. Fueling the global economy, mieeaalrces led both to boom and crisis.
On a hand, our modern world could not exist without mineral resourcéise ather hand the geological
reserves are limited and their exploitation generates ecologicakpreblherefore, the mining industry is
required to follow a path of balance that brings prosperity throughrahinesources, with minimal
envionmental consequences.

The 20022010 trends in the global mining industries, wh2084 was considered spectacular
year,2005an exceptional yeaand 2006 and2007 excellent years for the global mining industriye to
positive evolution of the economic indicators, also included a severe dieyeatie, net profit and adjusted
EBITDA in 2009 together with a decrease of exploration spend. Against the background aflibke gl
crisis, the share dfiedge fundsncreased in gold and precious metatsets as a store of wealth, the
contribution to deal value ranging from 17%2008to 24% in2002 Despite of record revenue and an
increase by 124% of net profit 201Q a continuous increased operating exgasrhave been reported
Costs and the price of key inputs have remained high because of the 200haa6&lficrisis. 12010
investing cash flows were only 58% of operating cash flows, compared to ageawérd4% for 2003
2009. The emergent economies were beginning to take the courage tinimvieshg projects, improving
their mineral and policy indexe3he growing disconnedf 2011 announced structural changes in the
LQGXVWU\TVY FRVW EDVH DOW KWK sugeri Kelues:. gziequie Linz@asedH26%,0 W V
operating cash flows grew 34%, investing cash flows grew 92%. A recordfewva profit was generated
by high commodity prices, but margins remained flat because of higher ktiséss were faced with
investa confidence suspicions. BD11was maintained the trend from 2007-2009 global financial crisis,
meaning that operating expenses exceeded revenue growth. But, thediffeemet causes: during the
global crisis, the commodity prices strongly declined, opposite to 2010 aniaflgpter 2011, when
commodity prices strongly increased, but the operating costs surged. Co&hen2311 dominant
commodity accounting for 26% of deal value, followed by copper with 23%alddwith 13%2012was
far from the most active year for mining mergers and acquisitions (M&Adse values hadropped
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dramatically anyway in 2009. Copper and gold accounted for half @th2Top 20 dealsexcluding the
Glencore i Xstrata merger. The demand for copper allowed DROC to ent@Ott&Top 20, with two
companieslron ore was present in the Top 20 deals, due to the steelmak2@d.3rthe profitability of
the mining industry was at its lowest level since 2000. The price dflgdd flen after a continuous rise
in 90s and 20009 he operating costs increased by 4%, which will become a feature adrthieg years.
7TKH 7RS TV DJJUH jdedkdedti@iH teepedd ReptWin a decadgold companies were
responsible for $20 billion of net losses. The market capitalizatiop3®tl For the first time, OECDee
cash flow was negative, and most of the Top belonged to emerging market esnaacounting for 53%
in DecembeR013 As a consequence, #014the BRICS companies taking risesid OECD companies
focusing on capital disciplinén 2014 when the return on capital employed (ROCE) fell to its lowest le
since 2003, the commaodity prices continued to decline, excepting Ajotte end of 2014, the market
capitalization for the Top 40 was as in 2005, and about less halfvafuis in 2010. On the contrary, the
average dividend yield for the Top increased to 5% in 2014, the highest dividehdhyileé history of
Mine. Free cash flow has improved especially for the OECD companies, frortiveegalue in 2013, to
more than $16 billion i2014 due in large part to a decrease in capital expenditures.
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Abstract: Starting with 2015 the mining industry continued to face maijficdities because of the slower global
growth. The mining industry has become an increasingly difficult ratipg system, as the annual
3ULFHZDW H U KNinéxeHokt RarnBhasizeéd] An acceleration of the downward trentegat in 2012 meant
that market caps do not exceeded net assets for the traditiomadusies of the Top in 2015. The commodities price
declined to amnsurmountabldevel in 2015, as well as ROCE, marking a new negativerdedn the history oMine.

The first quarter of 2016 was a restart for the mining industry, in @ s#mgsing of market cap and price index,
profitability and a significant rise in free cash flow for the Top @dice 2017, revenues, EBITDA and market cap
rose, but capital expenditure was lowest since 2006 and capiteityevas at the lowest rate since 2003. Until 2018,
there was a generally low level of exploration, excepting copper | fithiem and cobalt projects. A lift in operating
cash flow has allowed the Top 40 to increase both capitahditpee and shareholders distribution in 2018. Net profit
upped and most commodities increased average prices until the thiedyefir, when appeared decreases caused by
economic uncertainty. In that context, miners worked to deselopdern, sustainable and safety mining, in order to
obtain a solid financial performance during 2019. The year of thewukl follow.

Keywords: critical elements, speciality metalsining deals 3 Z & Wihe reports,economic colonialism, consumer
sentimentglobal mining market size, culture of innovation in mining, @ades in mining, culture of involvement
during the pandemic.

1. Mining industry, a difficult operating system

The mining industry has become an increasingly difficult operating sysasnthe annual
BULFHZDWH U KNineV B & & RiBdH tapofits emphasized. Despite the brilliant auspices of the
beginning of the 2000s, according to analyzes performed on the 40 global npostaith mining
companies, none remained unaffected by the economic crisis of the fadedd#dhe new millennium.

11. y6ORZHU ORZHU ZHDNHU EXW QRW GHIHDWHGT

The year2015 as expected, the mining industry continued to face majorulifis due to slower global
growth. The Top had impairments of $53 billion and it have written-ofethévalent of 32% of capex
spent since 2010 (Fig..1s a result, capital velocity has decreased to%@see part | of this article, with
GDWD IURP Minep ZBefadjusted return on capital employed (ROCE) has strongynegdt
approx. 2% YHH SDUW , RI WKLV DUW L F Owine)Zreathihg@ Dew DedativePecord i3 Z & '\
the history oMine. During 2015, the Top 40 showed a decline in market capitalization of @014,
PHDQLQJ ELOOLRQ ORVW VHH SDUW 3 ZRIWWdy with DahWwdf h&@ H  Z LV
established members of the Top 40 marked below their book values for thienfirsince 2004. This was

the year when market caps do not exceeded net assets, arldastfaditional companies of the Top (Fig.

3). EBITDA slumped by 39% (Fig. 10). Dividends were cut. When adjdistdthpairment, the P/E ratio
became negative @015(Fig. 6) (20173 Z & Wihe). Excepting gold, revenue by commodity decreased in
2015 in comparison with prior year for iron, coal, copper and othé&s4}: The revenues of the Top in
2015declined to $539 billion from $678 billion in 2014, being an acceleratitmecdownward trend that
began in 2012 (Fig. 10). The commodities price declined tbsammountabldevel (as 20163 Z & fnhe
stated) (Fig. 2): nickel had the worst performance, dropping by 41%tyvéal by iron 40%, and gold 14%.
Production values were generally higher than in 2014, excepting potash and toain(&ig. 5). Thermal

coal was marginalized, although the Asian emerging companies wera drgert demand past years.
One of the explanations was that some of coal production comparje®€abodync., Arch Coal) filed

for bankruptcy in2015 Another explanation was, of course, the pressure of non-conventional energy
VRXUFHV DV WK$HFERWGELQXRP W RMing BaustifevBank forecasted in 2015 that the
global lithium supply market will triple over the next ten years. fié& 2014 entry in Top 40 on rank 31
was the Chinese Sichuan Tiangi Lithium, one of the only nine companies d016eTop 40 showed
increases in market capitalization. A notable exception is Candudage wlespite lower prices for most
mineral commodities, the total value of mineral productid20ib5was of $42.8 billion, only slightly lower
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(2.6%) than the 2014 value of $43.9 billion. The excess supply for most heimexs partly offset by
favorable exchange rates, as is highlighted in Mining Sector PerforrRapmet 2006-2015 of Canada
(https://www.nrcan.gc.ca/sites/www.nrcan.gc.ca/files/mineraldsiptf/mms-

smm/MSRP_report_access _EN.pdf). There is no new ChinabnKlRUL]RQ WKH DXWKRUV RI
Mine hastened to note, instead acknowledging the performance of India andNA®HAtries in 2015 and

next years (Fig. 7).

Fig. 1. Capexvs.impairment. Source PwC analysi Fig. 2. Price indices of some commodities durir
3 Z &Mide 2015 and first three months of 2016, acc. The Wc
Bank. In 3 Z &M¥ive

However, studying the 20Mine report, only nine companies of th@15Top 40 showed increases
in market capitalization: from these, four were gold companies,ragd are Chinese non-ferrous metal
companies. The Top recognized 18 emerging companies (excluding those involvinggersnweith
2(&'V VXFK DV 5 XY XftidQcdnQaGies) Ridm/which 12 are Chinese companies, with four
new entrants& KLQD FRQVXPHG PRUH WKDQ Rl WKH ZRQO@dEJdbaF RS SH L
iron ore demand. AngloGold Ashanti Ltd. South Africa/United States/Aisstras remerged in tH2015
Top 40 (rank 30) for the first time since 2013.

Fig. 3. Market capvs net book value in the 2013-2016 period ELOOLRQ DFF 3Z& $QIDO!

Dominated by the emerging companies, 2085 Top 5 included three companies of the past two
years Top 5, with BHP Billiton Plc/ BHP Billiton Ltd. UK/Austia rank 1, Rio Tinto plc/Rio Tinto Ltd.
UK/Australia rank 2, China Shenhua Energy Company Limited China/HK rank 8vamew participants,
as Coal India Ltd. rank 4, and MMC Norilsk rank 5 (203 & & fWh\he).

76



Fig. 4. Revenue by commodity 2014 vs. 2015, acc. PwC Fig. 5. Production changes in 2015, aBevC
DQDO\VLV Mine3Z&MV DQDO\VLV Mine3Z&MV

1.2 u5HFRYHULQJ ITURP U D Réisivg RhivwrKadd EGRA W R P

S5HFRYHULQJ IURP fv UDFH WR WKH ERWWRP ZWB{UH B WKEHQ
2016 DFFRUGLQJ WNine TheXirs&duerter oR016was a restart for the mining industry, in a
sense of rising of market cap and price indekHH SDUW , RI WKLYV DUWLFOMneZLWK G|
the market cap of the Top 40 increased by 45% to $714 billion, as in 2014 appebyiiig. 8). Also the
profitability has returned to the Top, with an aggregate net fd$20 billion, as compared to an aggregate
loss of $28 billion in 2015. There was a significant rise in feesh dlow, up to $40 billion from $13 billion.

Fig. 6. Top 40 price to earnings ratio before and afte ~ Fig. 7. The performance of India and ASEAN
adjusting for impairment in mining industry between  countries in terms of GDP Growth.2017 P&
2011 and 2016. 2013 Z & Whne Mine

After significant losses in 2015 (Fig. 6), the earnings excluding impairchangjes of the Top 40
companies increased slowly2016 and the P/E ratios has become again positive. P/E ratidridicator
Rl WKH PDUNHWYV YLHZ RI H[SHFWHEBKSURL I WHDUE L LW K HWIKQHY KV YW
SD\ D JUHDWHU SULFH IR UTH2 pasiive lgapoVagptdi. $226bitHdd teQrés@nisvthe first
increase since 2010, in terms of market caps exceeding net agge®. (F was supported by the $204
billion of impairments booked since 2010.

ROCE had the most dramatic fall in 2015 (to just over 2%) 1004, but irR2016it rose slightly
approaching 4%. One of the problematic parameter was capex, whidrafmatically with 41%, to a new
low record of $50 billion VHH SDUW , RI WKLV DUW L F Qwinhe) Zlhi&/ideaatDoy fewl U R P
greenfield mining projects. Valuations have climbed, especiallyh®traditional companies, gaining an
additional $34 billion. Among the traditional companies, four companies repedsalmost 50% of the
increase in overall market capitalization: BHP Billiton Ltd. Aaké/UK rank 1 in 2016 Top 40, Rio Tinto
Ltd. Australia/UK rank 2, Glencore plc/Switzerland rank 3, Vake./8Brazil rank5. China, India and the
ASEAN countries (Indonesia, Malaysia, The Philippines, Thailand, and Viethachjreat economic
opportunities in2016 being top destinations for mining projects, with important consequesdes as
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GDP growth was concerned (Fig. 7). A more and more demand for codditheum was reported, as a
consequence of the technology and energy sector development, targeted befhgriodRthina.

The recovery of mining in 2016 was possible rather due to investor ttreistthe commodity
prices. During2016 the spot commodity prices were relatively flat to a small irsesxcepting maybe
of iron ore (Fig. 9), which must have influenced the movements in Taprd®@ four companies of Top 5
have exposure to iron ore (as it was already mentioned above).

Otherwise, the mining businesses were subtle influenc2@lifby the Brexit vote, the elections
of USA and the escalation of tensions on the Korean Peninsula. The peiigcés have always caused
market volatility, with consequences on the daily reporting of the comymuitie fluctuations, and further,
on the predictions about the state of mining industry. TiHoenp bumpappeared to offer a solution to the
so calledwvar on coalin the US. But, as it is known today, its effects on ireedgrices was too small and
for short terms.

Fig. 8. Movement in Top 40 market Fig. 9. Commodity process in 2016 and first three
capitalization, acc3Z& TV $QDO\BEZ% T’ months of 2017, acc. The World Bank. 3Z &
Mine Mine

Similarly, iron ore prices did not increase due to an US infreistre boom, but rather due to the Chinese
financing. $FFRUGLQJ WR WKH 86 (QHUJ\ , QIR UrRein@tibrRIENS1GyPQueook/ W U D W
VHH )] Me Asian coal-fired capacity will double by 2040, based on importanauids
from China, India, Indonesia, Bangladesh, and Vietnam. This trend isteeflalso by the constant
SUHVHQFH LQ WTod 40 @ Cosl I6diE©.Greéhk 4 in 2015, 6 in 2016, 10 in 2017 and 8018
in 2019), Shaanxi Coal Industry (new entry in 2014, rank 21 in 2015, 32 in 201620837 23 in 2018
19 in 2019), China Coal Energy Company Ltd. (rank 12 in 2015, 25 in 20162247, 2018 and 2019)
but also by the 2018 new entry PT Bayan Resources Tbk Indonesia (rank 40 irAZi8)e demand for
metallurgical coal seems to remain strong over the long terngiakpeue to the Asian consumption of
steel.
Lithium and cobalt demands were continuously growth during past decade, assdpittatieing
FRQWLQXHG WR GHY HO R SunDrBsémés RxtedKriH_azirRAened Bolvia,VAlgé&ntina,
Chile), but Chinasixth-SODFHG RQ WKH OLVW FRQWUROOHGLWROHUMDMRLILL
terms of the lithium-ion battery supply chain, in 2020 China controls R7BAW K H ZeR thadityf YAcc.
BloombergNEF, inhttps://www.nsenergybusiness.com/features/six-largest-lithium-reseoréd)wand
RI WKH ZRUOGTTV FRP S RTaAJ WhidDIQd¥dties WhX. igrim@rJSichuan Tiangi
Lithium, new entry in 2014 Top 40) was the only pure-play lithium produc2016 Top 40 (rank 31 in
2015, rank 38 in 2016). Todayone is more popular than the lithium-ion battery amkrof lithium-ion
battery with titanium, manganese, phosphate or nickel provides theasamumt of energy density that
cobalt does. Additionally, cobalt is one of the essential components dpbboraes, tablets and laptops
allowing them to become slimmer and not heat up, and to réeisame battery life. Analysts preiid
cobalt demand to shrink in 2020 in part driven by weak vehicle. 4488C Global Research expedt
global cobalt demand to drop 10% year over year until to 113,000 tor2@20nbut to surge 21% in 2021
to about 138,000 tonnes and continue to climb through 2022 and 2023. In the same phyadiftl the
electric vehicles will account for 34% of cobalt demand, up from 242019 (quoted from July 28, 2020
Press Releas&enchmark Mineral Intelligence). That is way cobalt is one of the nuogdhcommodities,
and DRC is the target for the cheapest @nproduces over 60% of the world's cobalt, and holds about
40% of the world's untapped resources of cobalt. Most of mines atecstitd in Katanga. The American,
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European and Chinese corporations

are the most interested in cobalt
exploration and exploitation
activities in DRC. 12016 Glencore

ZDV WKH ZRUOGYTV ODUJH
cobalt, acquiring full ownership of

the Mutanda Nhing SARL and the

Katanga mine (both copper-cobalt)

in the DRC, hoping to become the
ZRUOGYTVY ODUJHV®WeaREDO\
2017 and 201®wC 1 Mine). After

only four years, in February 2020,
Glencore announced that it planned

to increase its exports by the end of
the year, from 27,000 tonnes in 2019
to 39,000 tonne Over 80% of the
FRXQWU\V H[SRUWYV UHSU
commodities (see https://www.worldbank.org/en/country/drc/ovelyiswsome of the economic analysts
are afraid thathe rushfor Congolese mineral resources, especially for cobalt and copper jrstitldtea
new form of economic colonialism (acc. to https://www.arcgis.com/apps/Cascade/index.html|?
appid=3cedc4c7ef40422e9bbbledbec5d83c6).

There were 23raditional companies ir2016 Top 40 (including AngloGold Ashanti Ltd./South
Africa and Anglo American plc UK/South Africa, two companiemirMexico, and one each from Saudi
Arabia and Channel Islands) and 17 emerging companies (eleven Chiviesé + R Q J thR&Qfiom
Russia, two from India, and one from Braz#)16 Top 5 included three firdtaditional companies, as
BHP Billiton Ltd. Australia/UK, Rio Tinto Ltd. Australia/UKand Glencore plc/Switzerland, followed by
China Shenhua Energy Company Limited, and Vale S.A./Br&iilersifieds and gold companies
dominated more than half of the Top 40. As top movers, Alrosa re-emertiedTiop since 2015 landed
on rank 17 in 2016, Fortescue Metals upped from rank 40 in 2015 to rank 15 iB@IBAmerican plc
climbed from rank 27 in 2015 to rank 9 in 2016, and the 2015 new entry China Molyb@anurid.
landed on rank 29 in 2016.

Fig. 10. Top 40 mining companies performance trends, acc. Ani
UHSRUWY 3Z& $QDO\Wih¥ ,Q 3Z&TV

1.3.A stellar performance

If 2016 was a year of pause and relax after recove2bijfwas a remarkable yedor the Top 40
members (2018 Z & Whe): in comparison with 2016, revenues rose by 28%600 billion, from $489
billion, EBITDA upped with 38%, from $106 billion to $146 billion in 2017anket cap upped with 30%,
reaching $926 billion, from $714 billion in 2016. Capital expenditure showedemplaonfiguration since
2016 (Fig. 10), being lowest since 2006., $48 billion. Barely in 2018 capex increased for the first time
in five years, albeit still below since 2013. The capital velocitg atathe lowest rate since 2003. Other
than sustaining capital expenditure, the new above $500 million projects apgpuove2017were limited
to a couple of copper projects. There was a generally low level of exmhoiaut also encouraging signs
of turnaround, as S&P Global Intelligence reported: explorationigotvas globally upped with 15% from
2016, to $8.4 billion irR017(2018 3 Z & Whe). Dividends were high level in 2017 (Fig. 10), increased
by 125%, from $16 billion in 2016 to $36 billion. As it has already obsewnlsd,in the worst timesfo
2000s for mining, they were paid, meaning that maintaining confidence hagsdbaen a major concern
in industry.

The global annual GDP has begun to grow, meaning that the mining industhylegalop thanks
to new demands on the back of economic global recovery (Fig. 11).

A stellar performancéooking to financial results iB017was possible by focusing on cost saving
and productivity, and also by adding a favorable market in termeaaa increasing for mineral products
(Fig. 12. The Top 40 represented approx. 50% of global production for iron ore, coppernesagapbalt
DQG 3*01V
So, whilethe future looks brighor the Top 40long-term success is by no means assiB2# of operating
costs is represented by labour costs for the Top 40 companies, being eapeteshse of employees in
the future, especially through technology advan@€d.7 was the year of the record increase in tax
contributions: the Top 40 tax expense increased by 81%, with cash taxes paidrongotg increasing
by 67%. Through the boom cycles of 2008 and 2012, mining companies had the wise tcegegdsy
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capital back into the industry. Thus, after a long expectation, in 201 heldees have realized returns
I[URP WKH LQGXVWdJ1I)Vinpdwrd WeiEfiDanelal position, companies of the Top 4@ ha
obtained a gearing comparable to the 10 year Top 40 average of 3% A4Fidemonstrating a better
degree of funding by shareholders versus creditors.

Fig. 11.GDP growth, acc. IMF, PwC Analysis. 2018 P§®ine

Fig. 12.Price index for key commodities, acc. World Ba2819 PwCMine

Fig. 13. Free cash flow and shareholder returns ($ billion), a
3Z& $QDO\WLV ,@Mine 3Z&MV
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The Top 5 companies owned201747% of total market capitalization, and they were the same
as in 2016, and, as it will be seen, also in 2@08.7Top 40 included 28&aditional companies (including
those from Mexico and South African share in Anglo American plc) and 1 gem@ompanies: ten from
China (xHong Kong), two from Russia (from which MMC Norilsk Nickel rardn@ Alrosa rank 31), two
from India (with Coal India Ltd. falling on rank 10), Vale S.A.Bit (rank 5), one each from Poland and
Saudi Arabia (the last numbered prior yearsaditional). Due the strong copper prices, two new entrants
enjoyed the Top 40 in 2016: KGHM Polska Miedz Spdlka Akcyjna rank 39 and Kaz Nip&AJK rank
40 in2017(2018 PwCMine). They replaced AngloGold Ashanti Ltd. and Zhongjin Gold Corp. Ltd, who
have been seriously affected by the suppressed gold pri2elin(Fig. 17. Thus, it was recorded a
reduction in the number of gold companies to eight and an increaspp#racompanies to six, amid the
VDPH GRPLQDQFH RI GLYHUVLILHGVY FRPSD@FWILVWYH PRY HHWKHADYL ¥
Molybdenum Co. Ltd., which climbed 18 spots to rank 12047 Top 40, as a result of acquisition of
$QJOR $PHULFDQTYV 1LRELXP DQG 3KRVSKDWH EXWRIQDHV YW G K & HHXI
a British company (2018 Pwidine).

Fig. 14.Gearing ratio and average from 2007 to 2017, acc. PwC Analysi
3Z &Mide

1.4. From digital and Industry 4.0to change consumer sentimerBuilding a culture of innovation in
mining

Continuing the018V DQDO\VLV RQ \Wdustry) QiRgE Wete IBdkiQd-b@tler and better,
as the 2019 Pw@ WMline reported. But also questiofBER XW WKH L Q&ppeurdd201s Vod A0V X U H
mining companie$revenue upped with 8% to $683 billion from 632 billion in 2017, witlbnedividends
paid to shareholders of $43 billion, with EBITDA of $165 billion, upped with; M&A activity upped
137% to 30 billion (due the activity in the gold sector), and capex uppeukfirdt time since 2013 (Fig.
10).

But there was a soft 12% increase over 2017 to $57 billion, which rthedumsiners were cautious:
48% of spending was for ongoing projects, and few new ones were thiiateapproved in 2018. Free
cash flow upped 12%, from $69 to $77 billion.
A lift in operating cash flow with 12% has allowed the Top 40 to incrba#ie capital expenditure and
shareholders distribution 2018 Net profit upped with 2%, from $65 to $66 billion. Most commodities
increased average prices until the end of 2018 (Fig. 12), when appearedsdaeawsed by economic
uncertainty. Production increased on average by 2%. A declined markeitled8%, to $757 billion on
the end of December 2018, an increased of costs with 8.6% driven largeinimodity-based input costs,
a modest growth in production, and a decreased of the value distributedngewveand employees with
43% (Fig. 15), here are the minuse2018
As the report mentionedhining requires far more than good financial performance to continue to create
and realize value in a sustainable mannex the under-performance is connected with the risk and
uncertainties of a changing world andthe marle HUFHSWLRQ DERXW WKH RE@QMdQJ LQG
The regulatory and political challenges were not absent that year, whemagked byvolatility and
uncertainty the US£hina trade disputes and upheaval in the Eurozone, taxation, environment, politics
investment and labour, all put pressure onthe mining industry.
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Fig. 15.Top 40 value distribution in 2017 and 2018, acc. Annual repol
PwC analysis. 201BwC { Mine

As we have already mentioned from the beginning of this articles #rer expected for miners to learn
from digital and Industry 4.0 and to develop a modern, sustainable andreafity, in orderto change
consumer sentimei®019 PwCY Mine). It is discussed about building a culture of innovation in mining,
about technology in the context of the whole supply chain. For example, Ri@mth#sicoa formed a new
YHQWXUH ZLWK $SSO0 H fistRcabon-fieeraldminiliHsniZeRiig@@dess. RCS Global has
partnered with a number of organizations to use blockchain technologgcto @nd validate ethically
sourced cobaltSuch efforts could include coal companies investing in technologies for canmnecand
storage (as coal contributes 38% to global electricity generation)atonrysh group metal (PGM) miners
working on the commercialization of hydrogen fuel cel2018 VW X G\ E \ Ghoba& Didital Impact
Centre found that companies who achieve digital technology earn héylegrues and lower their costs
over time (2019 Pw@ Mine).

Copper, coal and iron ore were the main
commodities of th018Top 40 in terms of revenue
(Fig. 16). The price of copper upped 6%, revenue
upped 12%. Over half of the Top 40 produced 55% of
global copper production, both as primary or as by- or
co-product. Despite that year after year copper
production grew approx. with 7% for the Top,
decline in production is expected in the future, as
declining grades and higher costs. For the coal, the
price upped 21%, revenue upped 12Pe difference
between revenue and price grovgkxplained by coal
offtake agreements, which are not at sfdte IEA,
Coal 2018forecasts highlighted that the coal demand
will continue in the near to medium term, due to above
average economic growth in China, India and South
East Asia. In the long term, renewable energy will
reshape the energy mix, and coal consumption is

expected to plateau from 2023. In 2018, the price Fig. 16.Top 40 revenue-based commodities in 2C

?ron ore downed-S% (Fig. lz)eca!lse the increase i 5pq 2019, acc. Annual reports, PwC analysis. 2!
iron ore production caught up with demand. Top 37 & ine

productions of iron ore increased due to Australi__

and Brazilian producers, explaining why revenue upped 2%. The increaansaictions (M&A) ir2018
was driven by the gold sector, coal, but also by securing supply of batetays. Gold transactions
increased from 8% of the total Top 40 deal value in 2017 to 25% in B@da)ing with $7 billion, and
with $14 billion so far in 2019Barrick Gold. Corp. merged with Randgold Resources ($6.5 biltmn)
create industry-leading gold company with the greatest concentration of Tier GldeAGsets in the
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industry  (https://www.barrick.com/news/news-details/2018/Barrick-and-Randgoldeidero-Create-

Industry-Leading-Gold-investment-Vehicle/ default.aspx). FreeportRiadrinto sold for $3.9 billion a

portion of the Grasberg Mine to Indonesia Asahan Aluminium (Perserd)FD XVH RI ,QGRQHVLDT\

regulations. ELOOLRQ ZDV WKH 7L DWRif Sdcigdadirimich ¥ MinetaRIQCIRIe S.A.

IURP 1XWULHQ /WG WR VHFXUH HQRXJKKULXPZ PDIXZEMIiMP OV IRU &Kl
The2018Top 5 is the same as in 2016 and 2017, including in terms ofdhigrand as in 2019,

excepting the hierarchy of the last three participants: BHP GroupAustralia/UK, Rio Tinto Ltd.

Australia/UK, Glencore plc/Switzerland, China Shenhua Energy Compantetinaind Vale S.A./Brazil.

The top5 made up 50% of total 2018 Top 40 market capitalization, includinga2@&ional companies

(i.e.,, 2 (&' 9 ®ompanies, Mexic, South Africa), 16 emerging companies (10 fromaCimd China/Hong

Kong, with China Molybdenum Co. Ltd. rank 11, Tiangi Lithium Industries, rank 33 and China

Northern Rare Earth rank 37 among theli}/C Norilsk Nickel rank 6, Alrosa rank 31, Coal India Ltd.

rank 10, Saudi Arabi® OLQLQJ &R 0D 7,&HKKGQGHMJHDIRKE Miedz Spdlka Akcyjna rank

39, etc), one new entry from Indonesia (PT Bayan Resources Thk), and one new @ntipussia/UK

(Polymetal International plc). The dominance of Top 40 gold companiess®ci¢o ten, coal companies

increased to six andiversifiedsstill accounted for 13. There were three new gold entrants: Kirklake

Gold Ltd, AngloGold Ashanti Ltd. and Polymetal International plc. Togetligtr PT Bayan Resources

Tbk. (coal), they replaced Potash Corp. (who had just become part off){URé@mndgold Resources (which

merged with Barrick Gold Corp.), National Mineral Development Corp.,kefd Minerals.

1.5. Confirmed expectations in 2019Speciality metalsThe rise of gold

There were great expectations fr@®l9 in terms of mining evolution. For the most part, they
have been confirmed: faced to prior year, revenue upped 4% to $698, ddligely a result of rising
commodity prices (Fig. 12), EBITDA flatted at $168 billion, PBT (grbgfore tax) downed 11% to $89
billion, dividends paid up 25% to $55 billion, market capitalizatipped 19% to $898 billion, capex upped
11% to $61 billion (Fig. 10)Free cash flows declined marginally as a result of increased investment
capital expenditure, from $80 billion to $69 billion 3 Z &MliNe). So, solid financial performance
and prudent capital expenditure were acquired in 2019, alloWitgH ZRUO GV to Ri& the BdeP HU V
and unforeseen crisis caused by the pandemic with Covid-19.

&RDOTV FRQWULEXW L RRQavekste&d$ ovef2019, kiiYileliepiX dte grew of approx.
$130/tonneHowever, the tragic tailings dam collapse at Brumadinho has cut back sugptyfirst half
of 2019. Also the US-China trade war continued to disturb commodity deniBottighese events, together
ZLWK RQJRLQJ FRVW SUHVVXUHV DQG DVVBWGLRSESIDWHKMHBRLRY 7 WERWN
billion write-down on the Oyu Tolgoi copper project, contributed to lowefitability of Top 40.
Consequently, revenue gained did not translate into PBT, which detiiagdregate by 11% over 2018
to 2019. Working capital level has decreased by $4 billion compared to 2018tefesiing economic
parameter is operating expenses, which increased with 5% over 2018 to 2@l rbased with 6% over
2019 to 2020. At the end of 2019, the Top 40 had $88 billion in cash holdings and ge&dfg (020
3 Z & Whhe).

During2019 Newmont acquisition of Goldcotpc. was a 13.1 billion business. Following Barrick
*ROGYTV DFTXLVLWLRQ RI 5DQGJROG 5HVRXUWVH\VY. WHH QA PE MG LR JC
6WDU DQG 6DUDFHQ DFTXLULQJ %DUULFN LDUN®O DQLP DWW TV SUCRISRA
Detour Gold and Evolution Mining acquiring the Red Lake gold complex fxmwmont Goldcorp.
(http://www.bakersteelglobalfunds.com/wp-content/uploads/2020/01/The-Natural-ResQactoin-
2020-Baker-Steel-January-2020.pdf). Investor sentiment towards gold has beenrighgragiually, since
its price reached its cyclical low in 2015 (Fig. 1The enterprise value of mega gold deals was $19.2
ELOOLRQ DW WKH HQG RI '"HFHMIiBEH U Investorsxh@vid returnedlZ& dpld because
of demand for portfolio diversificatiom6ld is an effective portfolio diversifieistrong equity market gains,
low volatility and historically low bond vyields (http://www.bakerdtgabalfunds.com/wp-
content/uploads/2020/01/The-Natural-Resources-Séati2020-Baker-Steel-January-2020.pdf
The gold prices have risen over to 2018 to 2019, and mainly over 2019 tar&dadring 2020, but gold
deals were less frequent with 33% in 2020, in comparison with 2019yris t& the first four months of
HYHU\ \HDU *ROG PLQHUV KDYH OH DynQ td@vditl fRRe>pitfdli§ laf pursqing PLV W
large cash and debt-backed deals in a rising price environifuermited from 3 Z & Mie). In the
context of improving macroeconomic factors and market conditions fqrédutous metals sector, both
gold and silver appeared to outperform during 2020 (Figl9B82019 has seen gold and the dollar rally
together We expect to see a mixed conditions for the dollar in 2020 and ipdljeatrise in volatility
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driven by the impeachment proceedings and Presidential Election, as well as ruaboti of the

geopolitical tension and trade confrontation which has been such a dominant thesenbf/eargquoted

from http://www.bakersteelglobalfunds.com/wp-content/uploads/2020/01/The-NResalirces-Sector-
in-2020-Baker-Steel-January-2020.pdf

Fig. 17. Thirty year gold price history https://goldprice.org/gold-pricedmshtml

Fig. 18.Gold and the US dollar rise during 2019 Fig. 19. Gold/silver ratio since 1997 to 2020
(both figs. acc. to Bloomberg, 2019 December 31. http://www.ba&@ebgédbalfunds.com/wp-
content/uploads/2020/01/The-Natural-Resources-Sat2020-Baker-Steel-January-2020.pdf)

Another long-term outlook which appeared much brighter after 2019 is abowoiballed
speciality metal{Fig. 20, involved in the development of new technologies, electric vehicles (EVs),
battery and in the adoption of green energy. The most performing wd3Ghs group, especially
palladium, which benefitted from continued strong support of South Afrigamgnpolicy, and nickel,
whose prices gained significantly due to record low inventories and comsanngestricted supply from
Indonesia. On the other hand, vanadium, lithium, cobalt and graphitediaced declined. For example,
the lower than expected demands a result of Chinese EVs subsidy cuts togktbeersupply from loss-
making Australian mines have weaken the lithium market. But 2020 apesititle as demand picks up
due to rising European EVs sales. Also battery-related metals, elspébialm and cobalt, saw rapid price
gains since 2015, followed by oversupply and declined demands (Fig. 21).

The 2019 Top 40 had 12 companies in precious metals, coal companies decreasedadfi
diversifiedsstill accounted for 13. Speaking of Top 5, who made up 45% of total Top 40 reiethe
same since 2016 in terms of participants, but with Vale rising awksrand Glencore and China Shenhua
Energy descending one rank: BHP Group Ltd. Australia/UK, Rio Tinto Ltdstralia/UK Vale
S.A./Brazil, Glencore plc/Switzerland, and China Shenhua Energy Gyniypmited. The Top included
23 traditional FRP SD QL HV + RIéXicq ¥ South Africa) and 16 from emerging countries (9 from
China and Hong Kong, 3 from Russia, 2 from India, one from Brazil anffameSaudi Arabia). The four
new entrants in the Top (Hindustan Zinc/India, Impala Platinum dah$e Stillwater/South Africa, and
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Kinross Gold/Canada) replaced companies whose market capitalizatienddwined in 2019: Goldcorp
(acquired by Newmont), PT Bayan Resources Tbk. (coal), KGHM Polsldz\gigolka Akcyjna (copper)
and China Northern Rare Earth (Group) High-Tech Co. Ltd.

Fig. 20.Speciality metalseturn in 2019 Fig. 21.Battery-UHODWHG PHWDOVY UHWXUQ R
(both figs. acc. to Bloomberg, 2019 December 31, http://www.bakkgyistea funds.com/wp-content/uploads/2020/
01/The-Natural-Resources-Sector2020-Baker-Steel-January-2020.pdf

The investor sentiment and concerns over global economic growth will be atedritud020, as far as
uncertainness over the USChina trade war and geopolitical tension globallge recovery of mining
industry from the past few years of unfulfillments has been unexpected slove dieewarehouse
inventories to industrial metals still undervalued and lagged behind genglisy markets over 2015
(http://Iwww.bakersteelglobalfunds.com/wp-content/uploads/2020/01/The-Natural-Res@actoin-
2020-Baker-Steel-January-2020.pdf

2. A strong outlook for metals and miners in 2020

That is the conclusion of th&e DNHU 6 WHHO TV , Qahtb\RR® Qodking oo Jude
2020 PwCT Mine (Fig. 22), it is anticipated that the 6% fall in revenue andial&BITDA will reach to
$649 billion, and to $157 billion respectively, until December 2020. Castffbm operations was forecast
with reference to EBITDA, with no material movement in workiagital expected by the end of 2020.
Investing cash flows include capex, which is expected to reduce approx. 20%&epdhterecommended
that miners should prioritize production over capital spending in 2020, beitaw#ebe difficult to
mobilize and procure labour and equipment to remote sites safely patftemic context. IMF has
predicted a 3% global contraction in 2020, meaning a serious negative onpsmnomy worldwide.

3. Keep operating through the COVID-19 crisis

As it is known, mining has managed to continue to operate through theDCTrisis, with the
hope that the Top 40 will be relatively moderate affected untilritieoé 7KH -XQH MinezZ & IV
mentioned that more than $380 million had been pledged by the Top 40 fab&®Velief. Certain input
costs were foreseen to decline.d(, fuel), but they were offset by higher operating costs (remote
workforces, monitoring and controlling operations from outside the niieesetting), expected rather to
arise because of social distancing measures andistayne orders for people who were unable to work.

A global mining revenue reduction in the first half of 2020 was driyefalting prices, especially
to thermal coal and copper, whose contribution was over $20 billion. €opgleel, and zinc prices have
fallen by double-digit percentage points since December 2019 until the rofdthes year (June 2020
PwC | Mine). Conversely, the gold price rose continuously during 2920 futures for April delivery
jumped as much as 1.9% to $1,704.30/0z, the highest for a most-active tceintacDecember 2012
(https://www.mining.com/web/gold-slides-below-1788investorstook-everywhere-for-cash/) Some
analysts expect gold to keep climbigiying to miners the advantage of the recovery of share price in first
half of 2020 €.g.,Newcrest announced in May A$1 billion capital is©® FF -XQH Ming.4& |V
this way, new gold projects could be approved. For example, in MarchtB820S Bureau of Land
ODQDIJHPHQW DFFHSWHG :HVW .LUNODQG 0LQDWBEY R XN BR®D § UR
Nevada (https://www.mining.com/hasbrouck-gold-projects-operationggamved/). In December 2020,

85



Fig. 22. 2020 Top 40
financial performanceJune
3 Z &Mivde

Kirkland Lake announced its largest exploration program since acquiriigpgterville mine (Australia)
in 2016: the 2021 exploration will follow up on existing drill results thaluded the intersection of quartz
with visible gold, found in large concentrations and at exceptional grademultiple locations
(https://www.mining.com/kirkland-lake-sets-1-3-1-4-moz-production-tafige021).

Barrick Gold notified in Marchi2020 (https://www.mining.com/barrick-boosts-inventory-of-key-
commodities-dude-coronavirus/that it was increasing its inventory kdy commoditieto above normal
levels in response to the global spread of coronavirus H Z R U O G-Rigest gdtdrn@nér mentioned
thatplaced and forecast orders remain unchanged and supplies to mines have not been Bffetbed
gold miners, their companies were more able to execute deallsbuiere in greater demarelg.,in
June 2020 (https://www.whitecase.com/publications/insight/mining-metald-&9-world-underlying-
resilience-masks-esg-concerns), Zijin Mining agreed to buy Guyana Caddfe expand its mining
portfolio, and South Africa's top gold miner, Harmony Gold, agreedX UFKDVH $QJOR*ROG $'
operations in the country.

Iron ore miners achieved record production levels throughout the global lockdddingtebove
$80/tonne Despite uncertainty regarding Brazil mining in 2020, iron ore priceg higen (Fig. 23)
recording US$100/tonne in June, alldwing the sector to revert. On December 1@, iore traded at the
highest level since October 20ligped 78% in 2020 (https://www.mining.com/iron-ore-price-letps-
highest-since-2011/).

In terms of 2020 production, weaker results in diamonds and thermal emahvestly offset by
increases in copper and iron ore, resulting in minimal net impacigtsieal production value (June 2020
3 Z & Mine). According De Beers WKH ZRUOGY{V WRS G kdue R GughUdR@onedHU E!
production decrease by 5% to 8.7 million carats in the quarter ended38epit December 2020, Anglo
American reported that it will divest from its South African amdidthbian thermal coal operations toyd-

2023. The global miner said that a de-merger and listing on the Johannesburg StarigE&xgas the

solution for its South African thermal coal asseikich include three mines, Goedehoop, Greenside, and
Khwezela (https://www.mining.com/anglo-ameridardivest-from-thermal-coal-operations-by-20R3/

In Colombia, Anglo American focused @HUUHMRQ RQH RI| &R OR &Erk,galsdBHPIHV W
Group and Glencore did. Colombia is the fifth-largest coal exportevohd, and coalLV WKH FRXQW L
second top source of foreign exchange afteghdips://www.mining.com/web/coal-miner-cerrejon-union-
fail-to-reach-agreement/Yron ore markets have growtlue to a combination of unprecedented demand

from China, which has embarked on a massive infrastructure build-out to stinthgaézonomy post-
pandemic and worries about supply from Brazil and Austr@itgps://www.mining.com/iron-ore-price-
goes-parabolic-after-cyclone-warning/
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Fig. 23. The iron price evolution
during 2020
(https://www.mining.com/iron-ore-
price-goes-parabolic-after-cyclone-
warning/)

Following the increase of Chinese and Indian demaalds expected in 2021, Rio Tinto and
Fortescue announced that they maintain their outlooks on iron ore produtmiang 2020 (June 2020
PwC | Mine). Updating: acording to Fastmarkets MB, benchmark 62% Fe fines imported into Northern
China (CFR Qingdao) were for $164.39/ tonne on December 18, 2020, uvd49é from prior day
(https://www.mining.com/iron-ore-price-leaps-highest-since-2011/

As Bloomberg analysigeferring to December 2028opper-market cocktail means miners have
rarely had it so good « copper reaches seven-year highs, currencies in major producing nations tumble,
and low oil prices keep a lid on costs

Fig.24. 7KH ZRUOGYV WRS FR S SHU hapsRv@WMWFriinghg.cBrn/iRanhoekhQils-progress
at-kamoa-kakula-platregf/

An unusual combination of falling costs and rising prices allowed by the pamsitmaition yielded
Glencore the biggest dollar margin since it started releasingdmwas in 2017, and possibly the highest
since its takeover of Xstrata in 2013. FreepdfcEOR5DQ W KH Z Rlist€d Gdpperdibdd drd 6 ibp
gold producer, has jumped almost 90% in 2020, after almost a decadgedy ldownbeat investor
appraisal. Also it was announced a further 60% gain for First Quavitnenals, following its 55% advance
in 2020. An opposite situation happened in Chile, where copper pricesradid at record highs in local-
currency terms, and miners wanted to get a share of the Antofagasts (https://www.mining.com/
web/copper-market-cocktail-means-miners-have-rarelyiiaogood).

In March 2020]Jvanhoe Mines/Canada informed that progress at its Kakula copper projéicstthe
of multiple mining areas Kamoa-Kakula in the ORontinues to move forward, with production slated
for the third quarter of 2021. Being developed in partnership &L QD{V =LMLQ, Rdnm@a-QJ *UR
Kakula would becoméaV KH Z R U O @&fp¥st\éeppeaR IQidk in 2025 (Fig.)2Zhe pre-feasibility study
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(PFS)released in 2018tated thathe operation is expected to reach annual production of more than 700,000
tonnes of coppghttps://www.mining.com/ivanhoe-hails-progresiskamoa-kakula-platregf/

Dividends paid remain flat in 2020, with more liquidity offset by compaltfi€dencore, Freeport
i OFOR5DQ DQG 6XPLPRWR 0HW Bl@ady La@niohded DSdrgls KrDraddctions of
declared dividends, others have so far increased dividends, such as Néwnts#) and Kirkland Lake
Gold (doubled) (June 2020 PwiMine).

Continuing the 2019 trend, in the first four months of 2020 the deal gdtivgold fell by 33%
compared to the same period of the prior year. The main deals of therglalreg sector until June 2020
were the SSR Mining Inc./Canada (formerly Silver Standard Resjureerger with Alacer Gold Corp.
(from Turkey) (effective in September 2020, acc. https://www.linkedm/company/alacer-gold-
corporation) the Anglo American acquisition of fertilizer development company SMingrals, and the
A-Properti (from Russia) acquisition of the Elgaugol Coal Project (Elgaagalibsidiary of the Russian
mining and steel, acc. https://www.nsenergybusiness.com/projects/elgaegdex). Anglo American
said that production across all minerals will increase by 14% in 202X asts are expected to fall by 3%,
and capital expenditure would be between $5.7 billion and $6.2 billion nexrg#ecting deferred 2020
spending and new investments (https://www.mining.com/anglo-ameneadimest-from-thermal-coal-
operations-by-2023/).

In December 2020, nickel-gold miner IGO Ltd acquired a 49% interest in Tighgim Energy
Australia, which controls GreenbushedvV KH Z R U O G 1 WoékLUithibh Vhilve, KoDdte@ about 250 km
from Perth.The deal, which needs the approval of the Australian Foreign InvestmenwHvéed, was
presented to Tiangi shareholders on January 5, 2(2based lithium giant Albemarle holds a 49% stake
in Talison Lithium, a partnership with Tiangi that operates Greenbushes Suneis believed that the
company have some form of pre-emptive rights over the project. Tianqgil weelthe proceeds from the
deal with IGO to repay the $1.2 billion on a loan taken out 2018 to paftialijthe acquisition of a 25%
stake in Chilean miner SQM for $4.1 billion (https://www.minimgnétiangi-lithium-sells-49-of-
australian-unito-igo-in-1-4bn-deal/).

The most active movers in 2020 Top 40 were Fortescue Metals Group Ltd.iAugstoa ore)
which rose 15 places to rank 10, and Mosaic Company/US (potash) whichdlddpptaces to rank 32
(June 2020PwWC 1 Mine). The 2020 Top 3 in June is identical with those of prior:y@BiP Group Ltd.
Australia/UK, Rio Tinto Ltd. Australia/UK, Vale S.A./Braz{Elencore dropped two places to rank 6, China
Shenhua Energy and MMC Norilsk Nickel climbed one place to rank 5. Thindloded 23traditional
FRPSDQLHV + MéXicq V¥ South Africa) and 16 companies from emerging countries {rone
China and Hong Kong, three from Russia, two from India, one framilBand one from Saudi Arabia).

4. Challenges in 2020 mining and beyond\ culture of involvement during the pandemic

Relatively frequent warnings referring to risks in mining industeyrecorded since 2017 in all
PwC freports (Fig. 25). In South Africa for example, the perception abmihgnsector had been very
subdued on the back of regulatory charige particular the new version of Mining Charter, where the
industry had termed &sinset industryHowever, following consultations with industry, labour and mining
communities, a revised version of the Charter had issu8gptember 2018. Re-emphasizing the role of
mining as key to the future growth of the South African economy, d&msiRamaphosa stated his
commitmentto prioritizing the restoration of a stable and predictable policy environmeanhsore the
realization of this potentialAgainst this background, and based on three new investment projects totaling
US$20 billion announced in October 2018 (https://www.pwc.co.tz/press-raaim/africa-mining.html),
KH FODLPHG WKDW 6RXWK $IULFDYV PL QddseVindusthRua SUKiX O G EH
industry.

There are enough challenges in front of Top 40 actors of global mining inddstfining ore
grades that make metals more costly to extract, declining etiptoravestment, that has already dropped
10% in 2020, acc. Bloomberg News (https://www.mining.com/web/coppetetremcktail-means-miners-
have-rarely-hadt-so-good/), declining in confidence if miners can capitalize further byeasing
production, and the eternal story of environment negative impact.

Additionally, the Top 40 has continued to keep as major concern in 2019 a8a0nat least in
the pre€29," SHULRG WKH F\EHUVHFXULW\ I LQ TV ZHRJHPHQAQH FF
concerned about cyber, their percentage dropped in 2019 at 14%, and i 2020V W 3Z&MV
Mine). Recently for example, because of environmental concé& sl Ehi/fiohmental Court has finally
SURQRXQFHG LQ WKH F Ryidint @ascudlLamB gbldisifvbl pr&eatGahiéh had been
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Fig. 25. Risks and uncertainties in mining, acc. PwC Analysis and Tan#0al reports. 3Z &MWive

hold since 2013 (https://www.mining.com/chile-court-orders-total-and-definitivesare-of-barricks-
pascua-lama/)7 KH Z R kbQ @dh\ore producer Vale closely monitoring its Gongo Soco min&gin t
southeastern Brazilian state of Minas Gerais, at almost two yearsttaé collapse of a tailings dam
belonging toW KH F R RC®IDeQd fidVFeijdo mine in the town of Brumadinho, which killeaterthan
250 people (https://www.mining.com/vale-watching-gongo-soco-ragwall-continuesto-erode).

Another fear regards the ChifiaAy UDUH H D U W Koktyarhl Hspistradtied RadéNvar with
the United States. Aftethe US was launching sanctions against Chinese technology companies and
threatening to punish Chinese financial institutions, some voices in Chieaagking countermeasures by
restricting rare earth exports tothe UsKLQDTJV UDUH HDUWK H SiRpped B5.29RfradMK H 8 Q
2019 to 5,184 tonnes in the first half of 2026 reported the China Rare Earth Industry Associafibe
gap widened even more in July 2020, when China exported 1,620 tonnesezfrthrelements, a drayb
69.1% from a yeaearlier, and down 44% from Ju@62Q According to South China Morning Post from
August 18, 2020, the deputy general secretary at the China Rarelthrgtry Association blamed
pandemic, which led to weak external demand, also for rareth eaminerals
(https://www.scmp.com/economy/china-economy/article/3097847/chinas-rénee@port-plunge-
caused-coronavirus-not).

Some important mining companies draw down additional credit lingsstain their cash reserves
during pandemic and post-pandemic growth strategies, as Vale ($ 5 bAlgmigp Eagle ($ 1 billion) and
Kinross ($0.8 billion). Additionally, others have developed strategies thl basilience in local
communities and support their needs because of the pandemic, as Anglo Aniwitackel and BHP

-XQH Mire)] it seems therefore that the global mining sector can generatdtuae cof
involvement during the pandemic through significant financial and human resourt¢bis respect, the
Minerals Council of South Africa had decided that companies haumatacfal support employee education
and health, and Indian companies have repurposed their medicakftilitreat Covid-19 patients. As of
April 6, 2020, ALROSA and its CEO have provided financing to countgrraad of Covid-19 to the
PLQHUTY PDLQ RSHUDWihRiQy abdQéhskK didlriets ¥® RepuHlid ¥f Sakha (Yakutia)
(http://eng.alrosa.ru/alrosa-aitd-management-join-efforted-support-local-communitiesryakutia-
against-covid-19/).

Conclusions

After an encouraging start to 2020, the global economy has been hit bydhawars pandemic.
The global mining sector came under severe pressure of strong declinve fioaterials in the early stages
of the pandemicwithout any strategy for regaining confidence. Several mines aroundaithé were
forced to slow or temporarily close their mining operations, as governments sowughtain the spread
of the virus. Rio Tinto and BHP Group announces plans to review or lcapgial spending, halting
development projects to maximize cash, while Glencore reducesés frecast for the year by up to
US$1.5 billion. In July 13, 2020 White&Case notified ththe world's biggest miners have been
comparatively unscathed by the pandemic, given demand from China has held up aost ingortant
mines continued to operateildeed,several major provinces in China announced plans to build or restart
approx. $3.6 trillion of infrastructure projects in 202Mhat is why the percentage of generalist investors
to remain wary of the mining industry downed from 36 to only 13% in mid-yea
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(https://www.whitecase.com/publications/insight/mining-metals-covidv@fed-underlying-resilience-
masks-esg-concerns).

The future post-pandemic strategies have to focus on some priorities ssiindse presented in
Fig. 26 The major to severe risk impact in 2018 of the increased costs andeybay (Fig. 25) was
offset by other considerations. As expected, they are quite diffevemthe pre-pandemic period, building
resilience being the most important (27%), probably in connection with demvéntal, Social and
Governance (ESG) policies (13%), integrated into investment analydipa@tfolio construction for
offering investors potential long-term performance advantages and growth.olfdweing priorities,
productivity and efficience in mining industry, had in fact always been gahst&orrying, as shown in
all Mine reports, and are also found on the second place (18%) for the nearmpfriog The mining
projects for new resources, explore and grow have also their impori&%g Climate change (7%) and
safety health and environmental (5%) have a more modest relevarmaparison with 2018 (Fig. 25),
when they were analysed as consequences of major risk impact of mining.

Fig. 26. The post-COVID-19 priorities for the mining sector, acc. Whiteg&aid-year mining & Metals Survey,
2020 (https://www.whitecase.com/publications/insight/mining-rsatalid-19-world-underlying-resilience-masks-
esg-concerns).

According to woodmac.com editorial from July 2080H ZHUHQTW H[SHFWLQJ D JOR
shutter or disrupt nearly 80 gold mines around the wdvldybe, but with a serious financial effort: $37
billion invested by 2025to maintain the 2019 production level (httpsw/woodmac.com/news/
editorial/lhow-has-covid-19-changed-the-metals-and-mining-outlook/).
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