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5 1 Abstract

6 The critical minerals are a group of elements that are essential to modern life but have 

7 insecure supply as a result of a variety of factors and are of increasing importance given 

8 their use in technologies needed to reduce global CO2 emissions and mitigate against 

9 anthropogenic climate change. However, the majority of these critical elements are 

10 produced as co- or by-products of other more widely produced metals, meaning that their 

11 economic contributions to mining operations are often small and the elements in question 

12 are often produced downstream in smelters or refiners. This means that mines may produce 

13 a critical element that is unquantified in reserve or resource reporting. Extrapolating this to 

14 a global scale yields a situation where we simply are unable to robustly estimate current 

15 resources of these crucial elements. This paper reviews the key uncertainties in these areas 

16 as well as ways forward to improving the predictability of future production of these critical 

17 minerals.

18 2 Introduction

19 The critical minerals are a group of elements and minerals that generally provide essential 

20 properties to a technology or product, are not easily substituted, are generally not recycled 

21 or are recycled at low levels, and are subject to supply-chain risk along with often being of 

22 strategic importance (e.g., Graedel et al., 2014). They are vital to green energy and low- and 

23 zero-CO2 technologies, such as wind turbines, solar panels, electric vehicles and storage 

24 batteries, as well as being used in a variety of defense applications. Although the minerals 
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25 and metals considered critical vary from country (or group of countries such as the EU) to 

26 country, between different sections of governments, and between different industries (e.g. 

27 Jowitt et al., 2018), a common group of minerals and metals has emerged that are generally 

28 considered critical as outlined below. However, the production and known resources of a 

29 significant proportion of these critical minerals is limited to a small number of countries, 

30 some of which may be economically or politically unstable or may have poor international 

31 relations with countries that require these critical minerals, creating significant supply risk. 

32 One example of this is Pt, where ~70% of global production is focused in a single country, 

33 namely South Africa (USGS, 2021). In addition, many of the critical minerals are by-products 

34 and have both varying main-product metal companionality (Nassar et al., 2015) and can only 

35 be recovered at a limited number of smelting/refining operations as by-products of other 

36 metals, both of which enhance their supply-chain risk. One example of this is Co, which is 

37 primarily a by-product of Cu and Ni mining. This has led to a situation where global Cu and Ni 

38 mining is diverse but not all of these mines recover Co, leading to a potential lack of sources 

39 of Co and an increase in the supply-chain risk associated with this element (e.g. Nansai et al., 

40 2017).

41 Some of the main drivers in the demand for critical metals include: (1) the push towards 

42 low-emissions energy production along with energy storage and usage; (2) the increased 

43 use, complexity and prevalence of communications and entertainment technologies; and (3) 

44 security and defense applications. The critical metals that are currently imperative to the 

45 production of wind turbines, photovoltaic cells, nuclear reactors, electric cars, and batteries 

46 to achieve low-emissions energy production, storage and usage include C (graphite), Co, Ga, 

47 In, Li, PGE, REE, Sb, Sc, Se, Te, Th and Zr, among others (Jowitt et al., 2018). In addition, Ga, 

48 Ge, In, Nb, Sb, Te and Y are essential for the production of micro-capacitors, flat screen 

49 phosphors and semiconductors that are necessary for the production of high-tech 

50 communications and entertainment devices (Jowitt et al., 2018). Finally, the production of 

Electronic copy available at: https://ssrn.com/abstract=3827403



3

51 nuclear radiation detectors, armor and weapons, and aerospace super-alloys for defense 

52 and security purposes require the critical metals Be, Mo, Nb, Re and W (Jowitt et al., 2018). 

53 This has led to all of these elements being generally considered critical, although different 

54 countries and organizations may also add other elements or minerals to this list. This reflects 

55 the fact that the definition of an element's criticality is viewpoint dependent (i.e., industry 

56 vs. country; Graedel et al., 2014). For instance, the U.S. Department of the Interior on May 

57 18, 2018 defined a list of 33 critical metals, with this qualifying statement: 

58 "This list of critical minerals, while 'final,' is not a permanent list, but will be 

59 dynamic and updated periodically to reflect current data on supply, 

60 demand, and concentration of production as well as current policy 

61 priorities." 

62 The variation in elements considered to be critical is exemplified by the numerous reports 

63 that assess the criticality of elements from the subjective viewpoint of the reviewing 

64 organization (Figure 1). For instance, boron, coking coal, natural rubber, phosphate rock and 

65 phosphorus are classified as critical metals and materials by the European Union (EU) but 

66 not by the vast majority of other governments or organizations (Figure 1; see caption for 

67 references). In comparison, the rare earth elements (REE) and some of the platinum group 

68 elements (PGE; Pd, Pt, Rh and Ru) are and have been considered critical by many countries 

69 since 2005, with Dy and Nd listed as critical in all of the 25 criticality reports summarized in 

70 Figure 1. 

71 The dynamic and variable nature of criticality can be examined using the base metal Zn 

72 (Figure 1). Although the United States, UK and EU do not consider Zn a critical metal, Japan 

73 (Hatayama and Tahara, 2015) and Willis and Chapman (2012) do and Australia moved in 

74 2013 to also consider Zn a critical metal (Skirrow et al., 2013) but subsequently removed Zn 

75 from their critical metals list in 2020 (Austrade, 2020). The complexity of criticality 
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76 assignments is outlined in Figure 1, which highlights the evolution of metal and raw material 

77 criticality and the differing positions governments have had on potential supply restrictions, 

78 impacts of supply restrictions, economic importance and environmental implications for a 

79 given metal or raw material. This is just one form of uncertainty associated with determining 

80 resources and future supply of the critical metals; actually classifying what metals and 

81 minerals are critical, although as outlined below a gradual consensus is emerging. 

82 A comparison of the critical metals and raw materials lists for Australia (Austrade, 2020), the 

83 EU (EC, 2020) and the United States (USDOI, 2018) illustrates the recent consensus regarding 

84 some of these metals (Table 1). All three reports indicate that Sb, Be, Bi, Co, Ga, Ge, Hf, In, 

85 Li, Mg, natural graphite, Nb, PGE, REE, Sc, Ta, Ti, W and V should be considered critical. A 

86 significant factor defining criticality is supply risks, which as mentioned above can be 

87 ascribed to a variety of geological, geographical, political and metallurgical considerations. 

88 However, economic rather than geological reasons mean that the critical metals are 

89 invariably by-products of the refining and smelting of the major industrial metals, the so-

90 called main-products (Table 2). There are a number of implications that arise from the by-

91 product nature of the critical elements that directly impact our understanding and 

92 quantification of global critical metal resources. The most important of these can be split 

93 into two categories: (1) quantifying pre-mining resources and (2) determining material flows 

94 of critical elements from ore to payable product.

95 Although some critical elements are considered to have security of supply issues that are 

96 perhaps geographical or political rather than reflecting an actual lack of supply of the 

97 element in question, the one thing that links all of the critical elements together is a 

98 perceived risk of demand (including domestic demand met by imports into a given country) 

99 exceeding supply. Determining this demand-supply balance requires knowledge of demand 

100 (i.e. production) for a given element or mineral, which can be estimated by the examination 
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101 of current industrial demand and how this has been affected by recent trends, enabling 

102 predictions to be made. However, the supply (i.e. resources-reserves) side is problematic, 

103 primarily as a result of the by-product nature of the majority of these elements (e.g. Nassar 

104 et al., 2015). As mentioned above, the fact that these elements may be produced by a given 

105 mine but at a level considered insignificant during resource-reserve reporting (e.g. <1% of 

106 contained metal value) means they are often not reported either during this reporting or 

107 even in production data for given projects (Jowitt and McNulty, 2021). This is compounded 

108 by the fact that these elements are produced at smelters or refineries downstream of a 

109 mine; the majority of these downstream operations also process concentrates from multiple 

110 mines, meaning the materials flows of these metals are very difficult to track (e.g., McNulty 

111 and Jowitt, in review). This also presumes that the smelter and/or refinery that is processing 

112 the concentrate is able to extract the critical metals that are present within the concentrate 

113 at a reasonable recovery rate; this is frequently not the case, meaning that critical metals 

114 end up deporting to waste at various stages of mining, beneficiation, mineral processing, 

115 smelting, and refining, rather than being produced for sale (e.g. Werner et al., 2017). All of 

116 this means that critical element resources and reserves are necessarily under-reported as a 

117 function of the nature of these elements and the by-product relationship between these 

118 elements and more economically important metals (Figure 2).

119 In this contribution we focus on factors that hinder our current understanding of critical 

120 metals, namely uncertainties in reported annual production, origin transparency of main-

121 product concentrates, and uncertainties in reported global supply of selected critical 

122 elements. We explore why we simply don't know the amount of potentially producible 

123 critical metals as a result of the uncertainties related to metal by-product recovery and 

124 discuss options for advancement in key knowledge gaps to improve our ability estimate 

125 global resources with confidence. 
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126 3 Global Critical Metals Production

127 Many of the critical metals are not currently economically feasible to mine on their own but 

128 rather are by-products of the mining of main-product metals such as Cu, Ni and Zn (Table 2; 

129 Figure 2). The terms main-product, co-product and by-product are strictly a function of 

130 mineral economics. Ore deposits are mined for economic minerals, which here are termed 

131 main-product elements and form the primary source of revenue for a given mining 

132 operation. Cases where an ore deposit contains multiple economically significant elements 

133 that are only feasible to mine collectively involve the mining of co-products. In comparison, 

134 by-products are incidental products generated during the smelting, refinement, or other 

135 processing to extract the main- or co-products, activities that typically occur downstream 

136 outside of the mining environment (often termed “outside the mine gate”). Metals such as 

137 these are present at trace concentration levels in the ores of the host metals and, under 

138 favorable economic conditions, can still be extracted at smelters or refineries (e.g., Nassar et 

139 al., 2015), but are often not calculated in resource and reserve estimates, recorded in mine 

140 production annual reports, and sometimes are not quantified by smelters and refineries. 

141 This study uses global production data for select main-product metals and their critical metal 

142 by-products to demonstrate two important mineral economic themes that have implications 

143 for the future of critical metals production, namely uncertainties in annual production data 

144 and the ratios of production of main and by- and co-product metals. 

145 3.1 Uncertainties in annual production data

146 Worldwide historic metal production data is typically publicly sourced from two entities, the 

147 U.S. Geological (USGS) and the British Geological (BGS) surveys. In addition, private firms 

148 collate commodity production data and generate market predictions and reports, such as 

149 Wood Mackenzie Chemicals Co., whereas Mining Data Solutions provides limited open 

150 access (full access with a paid membership) to collated mining, production and operation 
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151 data and industry reports for select mining operations. An important consideration when 

152 assessing trends in annual production data is recognition of inherent uncertainty in the data 

153 and unclear sourcing of the information being presented, with this being a particular 

154 problem for the by-product metals. We demonstrate this concept in Figure 3, which shows 

155 the annual production of Cu, Ni, Zn and Mo along with their associated critical metal by-

156 product production—Se, Te, Co, Cd and Re from 1970 through 2018. 

157 3.1.1 Main Product vs By-Product Metal Production

158 The annual global production of Cu, Zn, Ni and Mo has increased between 1970 and 2018 

159 with both the USGS and BGS reporting similar annual production trends (Figure 3A). The 

160 most notable exception to this is Mo production before 1977 (Figure 3A). Over this period 

161 the BGS reports an average Mo production rate of ~140,000 t/yr, which is some 60,000 t/yr 

162 greater than the reported production by the USGS, 82,000 t/yr. However, this consistency is 

163 poorer when considering some of the critical metals, where USGS and BGS annual 

164 production estimates vary significantly (Figure 3B).

165 This is illustrated by annual Co production, with fiscal year (FY) differences in reported 

166 worldwide production that peak at ~60,000 t/yr for a maximum percentage difference of 

167 42.9% [here defined as ∆% = [(max−min)/max)*100] in 2011. In addition, several other years 

168 of Co production have discrepancies of <20,000 t/yr (FYs 1972-1975 with ∆% between 49.7–

169 58.6%; FYs 2008-2018 with ∆% between 15.3–42.9%). In comparison, USGS and BGS 

170 worldwide Re production estimates differ by >5 t/yr (∆% between 0.8–9.6%), with the 

171 exception of annual production estimates for 2006 and 2007, which differed by 10 t/yr (∆% 

172 between 18.1–18.5%). Of the by-product metals presented in Figure 3B, reported Cd 

173 production has been the most consistent between the USGS and BGS. From 1970 to 2018 

174 worldwide by-product Cd production ranged from 15,200 t/yr to 26,000 t/yr, with the 

175 greatest difference in 2003 of 6,787 t/yr (∆% of 26.9%) and the lowest difference in 1983 of 
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176 2 t/yr (∆% of 0.01%; Figure 3B). In addition, Re and Se production data illustrate that the 

177 periods of reported production data are not always uniform between the surveys (i.e. one 

178 survey does not consistently over-estimate relative to the other), providing another form of 

179 uncertainty relating to the critical metals (Figure 3B).

180 A comparison of the annual country-by-country production for Se and Te in 2018 further 

181 highlights a further lack of transparency and/or uniformity in by-product metal production 

182 reporting (Figure 4A-B). The USGS reports smaller amounts of annual worldwide Se 

183 production (39% or 1,077 t/yr) and Te (11% or 54 t/yr) compared to the BGS (Figure 4A-B). 

184 This is in part because US domestic production of Se and Te is proprietary information and is 

185 withheld from USGS reporting (USGS, 2020). It is also important to note that this variation 

186 between reported annual production values from the USGS and BGS does not mean that 

187 one survey is right or wrong, but rather there is inherited uncertainty in these data that 

188 must be considered when discussing metal and mineral criticality and supply. Tellurium 

189 typifies this, where BGS estimates indicate steady, annual growth in Te production since 

190 2010, a positive sign for the security of supply of this critical element. However, the USGS 

191 data for the same period of time suggests that Te production nearly quadrupled after 2015 

192 (Figure 3B). This apparent difference in annual production can be explained by the fact that 

193 Chinese Te production was not reported by the USGS until after 2015 (McNulty and Jowitt, 

194 in review), leading to a likely underestimate in global Te production using pre-2015 USGS 

195 data. This also means that any assessments of supply risks or criticality using these data may 

196 over-estimate the criticality or potential under-supply of this element, adding uncertainty to 

197 any modeling of supply and demand for this element. It is also possible for the opposite to 

198 occur, where overestimates of production for whatever reason lead to an underestimate of 

199 criticality and supply risk and hence a lack of forward planning relating to securing supplies 

200 of the critical mineral or metal in question. All of this highlights the uncertainty in one of the 
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201 more robust areas of knowledge of the critical metals and minerals – how much we actually 

202 produce.  

203 3.2 By-Product and Main Product Metal Production Ratios

204 Although as outlined above there can be significant uncertainty in the annual production 

205 values for the by-product metals we assessed changes in their relative production over time 

206 using a ratio of the by-product to main-product annual production, herein referred to as 

207 metal production ratios (Figure 5). These ratios essentially provide insights into our ability to 

208 produce by-product metals; for example, an increase in the metal production ratio for a 

209 given critical metal would indicate that we are producing more of that critical metal per unit 

210 of main-product metal production – in other words, we are improving production of this by-

211 product. Cases where metal production ratios remain relatively unchanged from year-to-

212 year indicate that the annual by-product metal production is proportionally the same to its 

213 main-product metal counterpart. However, this trend is only sporadically observed over 

214 relatively short periods of time (~5 years of production) in both the USGS and BGS datasets 

215 and for all of the metals considered in this study (Figure 5). Instead, metal production ratios 

216 are more variable, with annual increases in metal production ratios indicating increased 

217 production rate of the by-product compared to the main-product, and vice versa in the case 

218 of annual decreases in the metal production ratio.

219 The most pronounced example of by-product growth relative to main-product annual 

220 production is that of Co (Figure 5A). As outlined above, the majority of Co production is as a 

221 by-product of Cu or Ni, with the exception of production in Morocco and artisanal mines in 

222 the Democratic Republic of the Congo (DRC; Figure 2; e.g. USGS, 2020). Data from the USGS 

223 suggest that since the early 1990s annual Co production has been increasing relative to its 

224 main-metal products of Cu and Ni (i.e., increasing Co production ratio), with a notable 

225 exception between 2011 and 2013 when the Co production ratio decreased (Figure 5A). In 
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226 comparison, data from the BGS show a pronounced U-shaped pattern (Figure 5B). From 

227 1972 to 1975, annual Cu and Ni production remained at a similar level (7.02–7.24 Mt Cu; 

228 0.63–0.75 Mt Ni) whereas Co production nearly doubled, resulting in a significant increase in 

229 Co production ratios (Figure 5B). After 1975, Co production dropped back to pre-1972 

230 production levels with Co production ratios annually increasing from 2000 to 2010, similar to 

231 the trend observed in the USGS data. This again illustrates the uncertainties in critical metal 

232 and mineral production data, hampering efforts in examining whether the mining industry is 

233 improving their production capacity of these vital commodities or whether more of these 

234 commodities are being lost to waste.

235 Another example that is worth investigating is Cd production, a metal that is crucial for CdTe 

236 solar panel production among other uses. The majority of Cd is produced as a by-product of 

237 Zn mining (Figure 2) with a smaller, un-quantified amount annually recovered from the 

238 recycling of end-of-life NiCd batteries (e.g., USGS, 2020). The overall apparent trends from 

239 both the BGS and the USGS sources suggest that Cd recovery has decreased relative to the 

240 recovery of Zn since 1970 to 2011 (Figure 5B). Post 2011 and 2012 (Figure 5B), there is a 

241 slight increase in the Cd production ratio suggesting an improvement in Cd recovery. This 

242 apparent improvement in Cd recovery could be the result of added Cd supply from recycling 

243 end-of-life NiCd batteries although this again remains uncertain. Equally, the fact that NiCd 

244 batteries are being phased out (sales decreasing at 6% per year between 2002 and 2012; 

245 Zhao et al., 2021) barring specialty uses for these batteries means that this recycling source 

246 of Cd is likely to further diminish over time. This suggests that we may see a further lowering 

247 of the Cd production ratio if recycling-based sources of Cd decrease unless there is an 

248 increased focus on Cd recovery from smelters and refiners. 

249 The historic variations in the metal production ratio for the by-product metals Se, Re and Te 

250 provide insights into numerous changes in production of critical metals over time (Figure 5B-
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251 D). The global supply of Se is almost entirely sourced as a by-product of Cu mining barring 

252 minor production as a by-product of Ni (Figure 2 e.g., USGS, 2020). The relatively unchanged 

253 Se production ratio suggests that the recovery of this metal has kept pace with the annual 

254 production of Cu and there have been no changes to optimize Se recovery from Cu 

255 concentrates (Figure 5B). In contrast, the historic Re production ratios show an inverted U-

256 shape with increasing Re production ratios from the 1970s to 1990, relatively unchanged Re 

257 production ratios from 1990 to the early 2000s, and decreasing Re production ratios post-

258 2005 (Figure 5C). This inverted U-shape trend suggests that between 1973 and 1990 Re 

259 recovery increased, remained steady between 1990 and 2005, and then decreased relative 

260 to Mo production post-2005. Molybdenum, from which Re can be a by-product, can 

261 originate as a primary metal product from porphyry Mo deposits (e.g., Climax mine; 

262 Freeport-McMoRan, 2019) or as a co-product derived from porphyry Cu deposits (Figure 2 

263 e.g., USGS, 2020). The recent decrease in the Re recovery rate could be the result of a 

264 change in Re abundance in the primary Mo concentrates and/or the Mo concentrates are 

265 being processed at smelters/refineries not equipped with a Re recovery circuit. The decrease 

266 in the Re production ratio post-2005 corresponds to an increase in the Mo production ratio 

267 (Figure 5C). This could suggests that there is a difference in Re source concentration (Mo 

268 main-product mining versus Mo by-product from Cu main-product mining) and/or by-

269 product Mo refined from Cu metal concentrates are being processed at operations that do 

270 not have a Re recovery circuit. Examining the data for Te yields a Te production ratio with a 

271 broad U-shaped pattern from 1970 to 2018 (Figure 5D). The majority of global refined Te is 

272 again a by-product of Cu mining (i.e., Cu anode slimes; Figure 2; e.g., Goldfarb et al., 2017) as 

273 well as an unknown amount from residues generated and recovered in China from Pb, Ni, 

274 PGE, and Zn smelting activities (USGS, 2020). In addition, between 40-50 t/yr of refined Te 

275 are produced as a co-product from the Kankberg Au-Ag-Te mine in Sweden (Voigt et al., 

276 2019). The increase in the Te production ratio since 2010 is likely the result of the addition 
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277 of non-Cu related Te production rather than the improvement of Te recovery from Cu anode 

278 slimes (McNulty and Jowitt, in review). Similarly, the elevated Te production ratios in the 

279 1970s (e.g., Colbert, 1980; BGS website) were likely the result of refined Te from the 

280 Emperor gold mine in Fiji (e.g., Fornadel et al., 2019).

281 The above variations in by-product metal production ratios illustrate the numerous factors 

282 and inherent uncertainties involved in understanding the nature of historic and current 

283 global by-product metal resources and production. These fundamentally include the 

284 abundance of by-products in the main-product metal concentrates prior to refining and the 

285 capacity for by-product recovery at the refinery operation. The fact that by-products tend to 

286 represent >1% of the recoverable metal value from main- or co-product metal concentrates 

287 means that mining operations tend to not invest time and resources into quantifying the 

288 amount of by-product metals contained in main-product ores or optimize the concentration 

289 of these by-product metals during mineral processing. As a result, these main-product metal 

290 concentrates may not be shipped to refineries with the appropriate by-product recovery 

291 circuits and the potential value adds from these by-products, which are often classified as 

292 critical metals, is lost. This highlights the need for new research in materials flows within the 

293 mining value chain to fully comprehend and quantify the controls on the supply of critical 

294 metals that are primarily sourced as by-products of main-product metal mining and refining. 

295 Equally important is the fact that criticality assessments often include some of the data 

296 outlined above without considering their inherent uncertainties or how these data change 

297 over time. Case in point the variation in annual production values for Te. This could 

298 potentially mean that focused investment and research based on these criticality 

299 assessments is essentially targeting the wrong metals; if we do not know how much we 

300 produce or where this production is occurring, then how can we assess the security of 

301 supply of these elements?
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302 4 Global Critical Metals Resources

303 The production and supply-related uncertainties in the critical mineral and metals space is 

304 further compounded by a lack of high quality information on the resources and reserves of 

305 these metals and minerals (e.g., Weng et al., 2013; Mudd et al., 2017; Werner et al., 2017a; 

306 Werner et al., 2017b; Jowitt et al., 2018). These data are often used to predict challenges 

307 and the security of future metal supply, and without these it is nearly impossible to 

308 accurately predict future trends in the supply of these crucial commodities. One of the major 

309 challenges in the realm of understanding global critical metal resources and production 

310 potential is that very few critical metal resources are well quantified. There are exceptions; 

311 for example Pt, Pd, and Co, although this reflects the fact that these metals are often 

312 produced as main- or co-products (Nassar et al., 2015). This reflects the fact that Pd and Pt 

313 are high value precious metals (2020 annual average metal price of $2,200.47 and $885.71 

314 USD/troy ounce, respectively; (“Precious Metals,” 2021). These high values (and larger 

315 demand) for Pd and Pt means that these critical metals are generally co-products as they 

316 add significant value to the mining operations they originate from, and as a result are 

317 estimated in resources and reserves modeling. Cobalt is considered a minor metal and in 

318 2020 had an average metal price of ~$31.00 USD/kg (“LME Cobalt,” 2021) although its 

319 produced in larger amounts than most typical critical metals and minerals. These factors are 

320 reflected in the size of the Pd, Pt, and Co mining sectors, where 2020 production value for 

321 Pd was ~14.7 billion USD, for Pt was ~4.8 billion USD and for Co was ~4.3 billion USD. 

322 However, the economic importance of these metals still does not guarantee that they will be 

323 reported in reserve and resource estimates for individual mines that produce (or have the 

324 potential to produce) these metals (e.g. Mudd et al., 2013). 

325 The situation is exacerbated for the majority of critical minerals and metals for a number of 

326 different reasons, as illustrated by a comparison between Co and Te. Global Co production in 
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327 2020 was 140,000 tonnes compared to 490 tonnes of Te (USGS, 2021), meaning that it is 

328 currently economically beneficial for a mining operation to invest in the estimation of 

329 resources and reserves for Co but not for Te. This leads to a situation where although the 

330 2020 annual metal price for Te was between $60 and $65 USD/kg (USGS, 2021), the small 

331 demand for this critical metal means that total global revenue from Te production was only 

332 0.029-0.032 billion USD (compared to ~4.3 billion USD market for Co).

333 All of this means that mineral economics factors have a crucial role in the lack of reporting of 

334 critical metal resources and reserves as the financial cost in generating resource and reserve 

335 estimates is very high (e.g., Jowitt and McNulty, 2021). This means that not all metals that 

336 can be recovered and sold from a given mineral deposit will be quantified in reserve and 

337 resource reporting, a situation that is compounded by the fact that reserve and resource 

338 reporting regulations would typically preclude the reporting of commodities that generate 

339 <1% of the revenue expected from a given mine (e.g. Jowitt and McNulty, 2021). This in turn 

340 means that resource and reserve estimates for critical metals reflect the economic 

341 importance of the metal in question to a given deposit rather than their criticality or even 

342 the fact that they will be produced by a mine (or by a downstream smelter or refiner). This 

343 leads to a situation where (for example) the vast majority of Te and Se producing mines do 

344 not report resources or reserves for these elements despite the fact they can produce 

345 significant amounts of these elements although whether they are produced or not depends 

346 on the approaches used during metal extraction.  

347 All of this has generated a situation where proxies for unreported critical metal resources 

348 are needed to assess the global resources (and hence likely future supply) of these metals 

349 and minerals. One example of this is the critical metal In, where approximately 95% of global 

350 production is as a by-product of refining Zn from sphalerite-rich mineralization, a zinc 

351 sulfide, with the remaining 5% as a by-product of Cu from chalcopyrite-rich ores (Schwarz-
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352 Schampera, 2014). This geological relationship combined with available In resource data as 

353 well as Pb-Zn and Cu resource data (Mudd et al., 2013; Mudd et al., 2017) has been used to 

354 estimate a global In resource of about 356,000 tonnes contained in 1,512 mineral deposits 

355 (Werner et al., 2017b). In this case, the proxy approach provides the only estimate of global 

356 In resources, with the USGS in 2021 stating "quantitative estimates of reserves are not 

357 available" (USGS, 2021). These figures provide a more robust guide to long term metal and 

358 mineral supply than can be estimated using reserves (e.g. Jowitt et al., 2020) and in some 

359 cases are the only data that may be available (e.g. Jowitt et al., 2018), such as the case for 

360 global In resources.

361 A significant proportion of the uncertainties outlined above reflect the lack of fundamental 

362 understanding of the "life cycle" of critical elements from mining through processing to final 

363 product—for example Se and Te In the United States there are three electrolytic copper 

364 refineries; however the ASARCO Amarillo plant in Texas is the only active operation that 

365 recovers by-product PGE, Se and Te from Cu concentrates that originate from the Mission 

366 Cu-Mo, Silver Bell Cu, and Ray Cu-Ag porphyry mines in Arizona and 3rd party concentrates, 

367 as well as scrap copper metal (www.arsarco.com). Although the ASARCO Amarillo plant 

368 refined ~50 t of Te and ~150 t of Se in 2018 (BGS website), GrupoMexico (the owner of 

369 ASARCO) only reports  mineral reserves of Cu and Mo for the Mission mine, Cu and Ag for 

370 the Ray mine and Cu for the Silver Bell mine (GrupoMexico, 2018). As a result, the mine 

371 origin and quantity of these by-product metals cannot be reconciled and therefore 

372 predictions on the future supply of Te and Se from these mines are very difficult. 

373 This in turn leads to challenges in estimating global critical metal resources that are 

374 produced as by-products. The USGS estimates Se global resources based on identified Cu 

375 deposits and average Se content and states that data on Te resources were not available in 

376 2020 (USGS, 2021) with the exception of Boliden's Kankberg Au-Ag-Te deposit in Sweden 
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377 (Voigt et al., 2019). In addition to the lack of mineral resource data for these critical metals, 

378 for reasons outlined above, it is also very difficult to estimate metal resources based on 

379 current production because smelting/refining operations often process a mixture of Cu 

380 concentrates (e.g. McNulty and Jowitt, in review). One case in point is, US domestic Te and 

381 Se production. If we assume that Te and Se are equally recovered from Cu concentrates 

382 produced only by the Mission, Ray and Silver Bell mines, we can estimate the potential Te 

383 and Se resources for the United States based on the anticipated life of mine for each 

384 operation. The Mission, Silver Bell and Ray mines have 12, 13 and 23 year mine lives, 

385 respectively (“Mining Data Solutions,” 2020). Therefore, assuming that the 2018 Se and Te 

386 production values of 50 t/yr and 150 t/yr, respectively (BGS website), remain unchanged 

387 than the United States has ~800 t Te and ~2,400 t of Se resources remaining in these current 

388 operations. This contrasts with 2021 USGS Mineral Year Book Report, which estimated 

389 domestic resources of 3,500 t Te and 10,000 t Se (USGS, 2021). 

390 This epitomizes the challenge of estimating global critical metal resources when there is 

391 limited or no data for mineral resources, productions and/or refining of the saleable critical 

392 metals. In addition to a lack of data, the mining industry is also dynamic. For example, Rio 

393 Tinto's Bingham Canyon Cu-Au-Mo-Ag porphyry mine in Utah is scheduled to begin 

394 production of Te in the fourth quarter of 2021 with the addition of a 20 t/yr by-product 

395 recovery circuit to its Kennecott smelter (“Rio Tinto to build new tellurium plant at 

396 Kennecott mine,” 2021). Assuming a $70 USD/kg Te price, the 2.9 million USD capital cost 

397 could be paid off in just over two-years of production. Unlike the ASARCO Amarillo plant, the 

398 Kennecott smelter only refines Cu concentrate from the Bingham Canyon mine. Not only will 

399 the new Te production expand US annual production by ~25% and global Te production by 

400 ~4% it will also provide an example of the economic benefit of recovering this critical metal, 

401 although this benefit can only be achieved by understanding the mineralisation present 

402 within a mineral deposit and the abundances of the critical metals contained therein.
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403 5 Discussion

404 The critical minerals comprise numerous raw materials and elements that are deemed 

405 essential but have perceived supply-chain risk (Figure 1). These potential supply-chain risks 

406 could result in disturbances and bottlenecks of raw materials that may lead to volatility in 

407 commodity pricing and in turn have an adverse effect on sustainable economic 

408 development. Factors that need to be considered when assessing potential supply-chain risk 

409 of a given raw material include geological and economical finiteness for resources, as well as 

410 technological, geopolitical, regulatory and social risk factors (Erdmann and Graedel, 2011; 

411 Klinglmair et al., 2014; Schneider et al., 2014; Drielsma et al., 2016; Helbig et al., 2016; 

412 Jasiński et al., 2018; He et al., 2021). All of these factors have their challenges in practice as 

413 well as their own inherent uncertainties that need to be considered when completing a 

414 mineral criticality assessment (e.g., Glöser et al., 2015; Helbig et al., 2016).

415 As presented in this paper, many of the critical metals are by-products of major- and co-

416 product mining and refining (Figure 2). Currently, the mining and mineral exploration 

417 industry lacks reporting protocols for these by-products because they tend to represent >1% 

418 of the metal/mineral value in a deposit (e.g. Jowitt and McNulty, 2021). As a result, 

419 accurately quantifying minimum estimates of global mineral resources for these by-products 

420 is impossible because there is a paucity of available and/or consistently collected data. One 

421 solution to this problem is developing by-product proxies based on geological criteria (i.e. 

422 Indium; Werner et al., 2017b). However, while this approach is an excellent first step, 

423 perhaps a better and longer term solution is to develop a separate reporting standard for 

424 by-product metals so that these elements are no longer ignored based on their perceived 

425 limited economic value (Jowitt and McNulty, 2021).

426 The emphasis on the limited economic value add, for some of the critical elements, has 

427 resulted in a lack of research in understanding the mineral deportment of these metals and 
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428 the underreporting of these raw materials in mineral deposits. Without these quantified 

429 inputs for by-product metals, which are often classified as critical, production cannot be 

430 maximized at the mine, smelter or refinery levels and as a result these non-renewable 

431 natural resources are reporting to waste rather than a salable product.

432 In addition to the lack of resource data for these critical by-product metals there are also 

433 challenges and uncertainties in the annual reported production values for these metals as 

434 well as their deposit/mine origins. This is demonstrated by the discrepancies in the reported 

435 annual by-product metal production by the USGS and BGS investigated in this study, which 

436 can vary by more than 50% (Figure 3B). In addition to the uncertainty in reported annual 

437 production values there is also a lack of transparency in the source and quantity of metal 

438 concentrates processed at refineries.   This particular challenge is exemplified by worldwide 

439 Te production. Over ~90% of the world's refined Te production is a by-product of refining Cu 

440 concentrates however of the seven countries that produced Te in 2018 none of the 

441 operations refined Cu concentrate from a single origin (McNulty and Jowitt, 2021 in review). 

442 The combination of different Cu concentrates by refineries makes it impossible to reconcile 

443 the origin of the by-product metal. Without knowing the origin of the Cu concentrate or the 

444 amount of Te in said concentrate it is impossible to accurately estimate Te global resources 

445 based on historic production. This lack of transparency is not unique to Te and is a function 

446 of mineral economics not geological abundances. This then leads to the most significant 

447 knowledge gap in critical metals accounting, how can we classify something as critical if we 

448 don't know how much we have?

449 These discussed uncertainties could be removed by a combination of research and policy 

450 change. Fundamental and applied research in mineral deportment of the critical metals is 

451 needed to, at a minimum, establish new proxies to estimate the abundance of important 

452 elements that are not routinely analyzed and, more preferably, develop new tools that 
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453 industry can apply to efficiently and accurately assess mineral deportment throughout the 

454 mineral exploration and mining value chain. New research in extracting critical elements 

455 from tailings piles, for example, is providing a path forward in this research space (e.g., Drif 

456 et al., 2018; Parbhakar-Fox et al., 2018; Guanira et al., 2020), but there is also mineral 

457 resource and economic opportunity for proactive mineral deportment research done prior 

458 to and/or during mining activities. This will not only provide the world with the critical raw 

459 materials for a sustainable future but also allow mining operations to extract the most value 

460 from their ores. Finally, there is a need to update the resource reporting protocol and 

461 encourage industry to report mineral resource estimates for by-product metals (e.g. Jowitt 

462 et al., 2013). While these mineral resource estimates will have greater uncertainty compared 

463 to code compliant mineral resource and ore reserve estimates, it will fulfill a significant void 

464 in supply data that is required to estimate global critical mineral resources with confidence. 

465 6 Conclusions

466 The critical metals are crucial to modern life, advanced technology, low- and zero-CO2 power 

467 generation and transport, and the defense sector. These metals are considered because 

468 they are subject to supply risk as a function of variety of different factors, leading 

469 policymakers, researchers, and industry to consider a variety of approaches to reduce this 

470 supply risk. However, the knowledge base that funding, investment and policy decisions 

471 surrounding this criticality is deficient in a number of key areas. This study highlights some of 

472 these that (among other factors) reflect the systemic lack of resource reporting and 

473 fundamental knowledge of the critical elements. One of the most significant knowledge gaps 

474 forms the focus of this paper. The first of these is the fact there is significant unrealized 

475 potential for critical metal production as a function of a lack of knowledge of the 

476 deportment and processing behavior of these metals; put simply, we do not know how 

477 much of these metals are present within known mineral resources and ore reserves nor 
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478 accurately and precisely how much of these metals we actually already produce. This leads 

479 back into criticality assessments; how can we consider something critical without knowing 

480 how much we have already identified and how much we produce (and from where)? All of 

481 this highlights the need for further research and policy developments to reduce the 

482 uncertainties that surround the critical metals to ensure secure global supplies of the critical 

483 raw materials needed for a sustainable future as well as ensuring we make the most of 

484 mineral resources that are naturally finite. This also requires a change in resource reporting 

485 practices that ensure that the mining industry considers by-product metals in their resource 

486 and reserve reporting. These changes can only ensure a more secure supply of these vital 

487 commodities that will most likely be subject to increasing demand driven by efforts to 

488 mitigate anthropogenic climate change and CO2 emissions.
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648 Figure 1. Frequency of the metals and materials included in 25 different critical metals and materials lists from 

649 2005 to 2020. The figure is a compilation of critical metal lists from South Korea (n=1; Bae, 2010), the United 

650 Nations (n=1; Buchert et al., 2009), Australia (n=2; Skirrow et al., 2013; Austrade, 2020), the British Geological 

651 Survey (n=3; BGS, 2012; Gunn, 2014; BGS, 2015), Japan (n=4; NEDO, 2009; Hatayama and Tahara, 2015), the 

652 European Union (n=5; EC, 2010; EC, 2011; EC, 2014; EC, 2017; EC, 2020) and the United States (n=6; USNAS, 

653 2008; Bauer et al., 2010; Bauer et al., 2011; USDOD, 2015; Schulz et al., 2017; USDOI, 2018) along with three 

654 independent publications of critical metals and materials lists (Willis and Chapman, 2012; Sykes et al., 2016; 

655 Conca, 2019). The cell colors correspond to the source and date of publication. For each metal/material the 

656 sources are organized in chronological order to highlight changes in criticality over time for each organization. 

657

658

659 Figure 2. Modified wheel of metal companionality showing select main product metals and their by-product 

660 metals which are discussed in this contribution (after Nassar et al., 2015). 

661

662
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663

664 Figure 3. Comparison of annual main production and by-product metal production between 1970 and 2018 

665 based on USGS and BGS publicly available data (BGS 2020; Jowitt et al., 2020). A. Main product metal production 

666 values for Cu, Zn, Ni and Mo. Note the general agreement in the worldwide annual metal production reported by 

667 the USGS and BGS for the main product metals. B. By-product metal production values for Co, Cd Se, Te and Re. 

668 These data illustrate that some by-products have greater uncertainty than others.

669

670

671

672

673
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674

675  Figure 4. Breakdown of select by-product metal production by country for the year 2018 (data from BGS, 2020; 

676 USGS, 2020). Total Se global production in 2018 was between 2,755–3,832 tonnes and worldwide Te production 

677 was between 470–524 tonnes. In general, for the same reported country, the BGS reports higher annual 

678 production values than the USGS. In addition, there is variability in the reported countries by each survey. In the 

679 case of Se, the BGS reports an additional 300 tonnes from countries not reported by the USGS, while the USGS 

680 reports an additional 25 tonnes of Te from countries not reported by the BGS.
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681

682 Figure 5. Annual metal production ratios between 1970 and 2018 for select by-product critical metals. Annual 

683 production data compiled from the BGS (BGS, 2020) and from the USGS compiled by Jowitt et al. (2020). A. 

684 Cobalt production ratio. B.  Selenium and cadmium production ratios. C. Rhenium and molybdenum production 

685 ratios. D. Tellurium production ratio. See Text for discussion. Abbreviations: kt, kilo tonne; Mt, million tonne; t = 

686 tonnes.

687

688

689

690

691
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692 Table 1. Critical metals/materials according to the European Union, United States and Australia. 
Critical Metals EU USA AUS Major Producer - EU Major Producer - USA Major Producer - AUS
Sb y y y Turkey 62.0% China 62.5% China 63.0%
Be y y y USA 88.0% USA 65.4% USA 65.0%
Bi y y y China 49.0% China 73.7% China 74.0%
Co y y y DRC 68.0% DRC 71.4% DRC 71.0%
Ga y y y Germany 35.0% China 96.9% China 97.0%
Ge y y y Finland 51.0% China 65.4% China 65.0%
Hf y y y France 84.0% - - - -
In y y y France 28.0% China 39.5% China 39.0%
LI y y y Chile 78.0% China 46.7% Australia 61.0%
Mg y y y China 93.0% China 67.9% China 68.0%
natural graphite y y y China 47.0% China 63.6% China 63.0%
Nb y y y Brazil 85.0% Brazil 87.8% Brazil 88.0%
Ta y y y DRC 36.0% DRC 41.1% DRC 41.0%

y1 y1 China 30.0% China 27.0%
y2 y2 China 40.0% China 40.0%Ti y

y3 y3

China 45.0%

Australia 23.3% Australia 29.0%
W y y y China 69.0% China 82.4% China 82.0%
V y y y China 39.0% China 54.8% China 54.0%
PGE - Pd y y - Russia 40.0% Russia 41.0% - -
PGE - Pt y y - South Africa 71.0% South Africa 72.2% - -
PGE - - y4 - - - - South Africa 57.0%
REE y y y China 98.5% China 62.9% China 72.0%
Al (bauxite) y y n Guinea 64.0% Australia 27.0% - -
As n y n - - China 72.7% - -
Ba (barite) y y n China 38.0% China 30.5% - -
B (borate) y n n Turkey 98.0% - - - -
Cs n y n - - - - - -
Cr n y y - - South Africa 38.6% South Africa 37.0%
coking coal y n n Australia 24.0% - - - -
fluorspar y y n Mexico 25.0% China 57.1% - -
He n y y - - USA 55.6% US 53.0%
Mn n y y - - Australia 16.8% South Africa 29.0%
natural rubber y n n Indonesia 31.0% - - - -
phosphate rock y n n Morocco 24.0% - - - -
P y n n Kazakhstan 71.0% - - - -
potash n y n - - Canada 32.4 - -
Re n y y - - Chile 55.1 Chile 55.0%
Rb n y n - - - - - -
Sc y n y China 66.0% - - - -
Si (metal) y n n Norway 30.0% - - - -
Sr y y n Spain 100.0% Spain 40.9% - -
Te n y n - - China 61.7% - -
Sn n y n - - China 27.4% - -
U n y n - - - - - -
Zr n y y - - Australia 39.3% South Africa 26.0%
PGE - Ir y n n South Africa 92.0% - - - -
PGE - Rh y n n South Africa 80.0% - - - -
PGE - Ru y n n South Africa 93.0% - - - -

693 1 ilmentite; 2 metal sponge; 3 rutile; 4 undifferentiated platinum group elements (PGE)

694 Critical metals/materials that all three organization agree on are shown in BOLD ITALICS

695 Critical metals in RED are discussed in more detail in this contribution.
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696 EU = list of critical metals and 2020 global production data from European Commision (2020) 

697 USA = list of critical metals from US DOI (2018) and 2020 global production data from USGS (2020)

698 AUS = list of critical metals and 2020 global production data from Austrade (2020) 

699

700 Table 2. By-product metals derived from the production of major industrial metals (modified from Graedel et al., 
701 2014)

Copper Zinc Tin Nickel Platinum Aluminum Iron Lead
cobalt Indium Niobium Cobalt Palladium Gallium REE Antimony
molybdenum Germanium Tantalum PGM Rhodium Niobium Bismuth
PGE Cadmium Indium Scandium Ruthenium Vanadium Thallium
Tellurium Osmium
Rhenium Iridium
Selenium
Arsenic

702 BOLD - selected major industrial metals

703 Italics - metals that may also be derived from their own ores

704 Critical metals in RED are discussed in more detail in this contribution.

705 Abbreviations: PGE, platinum-group elements; REE, rare earth elements

706

707

708

709

710

711

712

713
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