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Figure S1. Decision tree for data selection and calculations.
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Table S1. Number of operations, percent of global coverage, and descriptions of end products for each mineral commodity
analyzed.

Mineral Number of Coverage End products
commodity operations (% of global
(n) production)
Aluminum 68 93% Refined aluminum
Chromium 23 100% Industrial, metallurgical grade chromite
Cobalt 47 76% Cobalt metal and chemicals
Copper 431 94% Refined copper
Gallium 4 99% Low-purity gallium
Gold 777 79% Refined gold
Iridium 20 97% Iridium metal
Iron 428 78% Iron (DRI, not steel)
Lithium 16 100% Lithium chemicals (excludes brines)
Magnesium 50 90% Magnesium metal (excludes compounds & brines)
Molybdenum 67 100% Technical grade molybdic oxide
Nickel 69 100% Refined nickel
Palladium 32 93% Palladium metal
Platinum 35 94% Platinum metal
Rhodium 23 98% Rhodium metal
Ruthenium 21 96% Ruthenium metal
Silicon 1 85% Silicon metal (excludes ferrosilicon)
Silver 627 100% Refined silver
Tantalum 14 100% Tantalum metal & chemicals (excludes tin slags)
Tin 43 100% Refined tin
Titanium 35 90% Titanium metal and oxide
Tungsten 64 99% Tungsten metal and chemicals (mostly APT)
Vanadium 9 99% Vanadium metal and chemicals (excludes coal stone)
Zinc 284 78% Refined zinc
Zirconium 19 97% Zirconium metal & chemicals




Table S2. Refinery recovery rates utilized in this analysis, for select commodities for which more representative data were
available. Default value of 90% was used elsewhere.

COMMODITY REFINERY RECOVERY RATE REFERENCE NOTES
UTILIZED IN THIS ANALYSIS
(percent)
Aluminum 98 !
Gallium 95, 88 2
Iridium 92.2 8
Iron 92 4
Molybdenum 95 5 | Middle range of hydro- and pyro-metallurgy processes
Palladium 95.5 g
Platinum 95.5 8
Rhodium 941 g
Ruthenium 95 8
Silicon 79.6 g
Silver 95 7
Tantalum 90, except for Pitinga 88 8 | Recovery rate for Pitinga calculated from MINSUR Annual Report 2018
Tin 90, except for Pitinga 95; 89 | Recovery rate for Pitiniga and San Rafael calculated from MINSUR Annual
Timah 91; San Rafael 97 Report 2018; Recovery rate for PT Timah calculated from Annual Report
2018
Titanium 90, except for Chengde 4 | The recovery rate of 92 for iron was utilized for these three operations,
Tianbao, Desheng, and because they are recovered during steel making.
Sichuan Panzhihua 92
Vanadium 90, except for Chengde 410 | The recovery rate of 92 for iron was utilized for four operations, because they
Tianbao, Desheng, are recovered during steel making. The recovery rate of 72 for two operations
Chuanwei and Jianlong 92; was utilized based on company reported data
Sichuan Panzhihua and
Kachkanarsky GOK 72

Table S3. Operations for which the economic allocation was based on specific revenue shares information

OPERATION

COMMODITY(IES)

NOTES REFERENCE

Bald Hill (Australia)
Pilgangoora 1 (Australia)
Mibra (Brazil)

Yichun (China)

Ningdu Heyuan (China)
Alvarroes (Portugal)

Kachkanarsky GOK (Russia)

Lithium, Tantalum
Lithium, Tantalum
Lithium
Lithium
Lithium
Lithium

Vanadium

Revenue share calculated from reported sales, by commodity i

Revenue share calculated from reported sales, by commodity 12
Revenue share calculated from reported market price B
Revenue share calculated from reported market price 1
Revenue share calculated from reported sales, by commodity 15
Revenue share estimated from similar Li operation (Ningdu Heyuan) 1
Revenue share calculated from reported sales, by commodity 10
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Description of RMR results

Table S4. Summary of results for each component of the rock-to-metal ratio by mineral commodity.

Global quantities (million metric tons) Global ratios
Mineral yggr‘gt?‘;l?; Coverage == - : - — - : Comraodit Com:]odit ; = = - Sn:ﬁer/ -

commodity (n) (U/rno?jfuglt?onail Total material walt%tarl)ck Total ore /r\é’veergﬂg t(é\tgqlmjeﬁ?gigl c};ré?gt%%f Attributable containedi¥1 contained i)r/m cmmz?ty Wasteto| grade OCrorr‘le%%r\}té?; refinery | Rock to

p extracted TTGE] mined At | eremeg) removed | °r€ mined pro%(:gsed cgpgggéreaée production ore ratio rate recr(a);/éery metal ratio
Aluminum 68 93% 535 220 314 100% 534 220 314 80.34 76.32 74.79 0.70 25.56% 95% 98% 7
Chromium 23 100% 505 344 161 93% 469 316 152 44.60 29.43 26.49 2.08 27.69% 66% 90% 18
Cobalt 47 76% 496 322 174 18% 87 59 28| 2.07E-01 1.13E-01 1.02E-01 2.12 0.12% 55% 90% 859
Copper 431 9% 11,451 7528 3,922 78% 8,881 5,771 3,110 25.18 19.22 17.32 1.86 0.64% 76% 90% 513
Gallium 4 99% 53 35 18 12% 6 4 2| 6.79E-04| 4.29E-04| 4.07E-04 1.90 0.0037% 63% 95% 15,604
Gold 777 79% 13,870 9,819] 4,051 52% 7,182 5,323 1,859 3.16E-03| 2.62E-03| 2.36E-03 2.86 0.00008% 83% 90%)| 3,046,349
Iridium 20 7% 397 276 121 2% 9 6 3| 9.68E-06| 7.94E-06| 7.32E-06 1.97 0.00001% 82% 92%| 1,253,310
Iron 428 78% 10,155 6,732 3,423 99% 10,062 6,665 3,398 1,534 1,185 1,090 1.96 44.81% 7% 92% 9
Lithium 16 100% 110 92 18 94% 103 87 16 1.06E-01 7.00E-02|  6.30E-02 5.53 0.60% 66% 90% 1,634
Magnesium 50 90% 9 - 9 100% 9 - 9 1.03 1.00 0.90 0.00 11.78% 97% 90% 10
Molybdenu 67 100% 6,388 4173 2,216 20% 1,276 831 445|  4.88E-01 3.00E-01 2.85E-01 1.87 0.02% 62% 95% 4,478
Nickel 69 100% 963 586 377 57% 545 314 231 3.08 242 2.18 1.36 0.82% 79% 90% 250
Palladium 32 93% 556 388 168 25% 141 97 44| 259E-04| 2.14E-04| 2.05E-04 2.20 0.00015% 83% 96%| 688,473
Platinum 35 94% 559 391 168 21% 149 103 45| 2.28E-04| 1.85E-04 1.78E-04 2.28 0.00014% 81% 96%| 834,932
Rhodium 23 98% 438 299 139 10% 45 31 14|  2.82E-05| 2.31E-05| 2.17E-05 2.12|  0.000020% 82% 94%| 2,074,800
Ruthenium 21 96% 423 298 125 2% 7 4 2| 3.87E-05| 3.14E-05| 2.98E-05 1.98 0.00003% 81% 95%| 218,490
Silicon 1 85% 9 5 4 100% 9 ® 4 4.13 3.97 3.16 1.22 98.33% 96% 80% 3
Silver 627 100% 12,812 8977| 3,834 4% 570 388 182| 3.90E-02| 2.68E-02| 2.55E-02 213 0.0010% 69% 95%| 22,378
Tantalum 14 100% 57 38 18 30% 17 7 10 1.34E-02|  2.14E-03 1.91E-03 0.72 0.073% 16% 90% 8,946
Tin 43 100% 657 24 633 99% 650 20 630|  4.54E-01 3.20E-01 2.91E-01 0.03 0.072% 70% 91% 2,231
Titanium 35 90% 592 119 473 61% 359 34 325 7.54 4.04 3.64 0.11 1.59% 54% 90% 99
Tungsten 64 99% 115 69 46 68% 78 45 33 1.10E-01 8.03E-02|  7.23E-02 1.34 0.24% 73% 90% 1,081
Vanadium 9 99% 380 274 106 19% 73 53 21 1.32E-01 7.02E-02|  5.50E-02 2.53 0.12% 53% 78% 1,336
Zinc 284 78% 1,552 1,087 465 40% 625 444 181 11.83 9.78 8.80 245 2.55% 83% 90% 71
Zirconium 19 97% 356 31 325 47% 167 17 151 8.19E-01 6.75E-01 6.07E-01 0.11 0.25% 82% 90% 275
Overall2 1,9280 32,055 20,845 11,210 1,714 1,333 1,229 1.86 8.04% 78% 92% 26

@ Does not adjust for global coverage

® Number of unique operations or country remainders
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Table S5. Summary statistics for the rock-to-metal ratio (RMR) by mineral commodity

Mineral ~ Number of Coverage Minimum 25th Arithmetic Median Production- 75th Maximum Standard
commodity  operations (% of global percentile mean weighted percentile deviation
(n) production) mean
(x)
Aluminum 68 93% 4.63E+00 5.64E+00 8.56E+00  6.77E+00 7.14E+00 1.01E+01 2.23E+01 4.49E+00
Chromium 23 100% 1.32E+01 1.51E+01 1.77E+01 1.68E+01 1.77E+01 1.92E+01 2.85E+01 3.70E+00
Cobalt 47 76% 1.90E+02 4.65E+02 2.04E+03  8.10E+02 8.59E+02 2.16E+03 1.54E+04 3.08E+03
Copper 431 94% 2.34E+00 1.81E+02 5.64E+02  3.87E+02 5.13E+02 6.90E+02 1.67E+04 9.44E+02
Gallium 4 99% 3.75E+02 5.49E+03 7.69E+03  7.26E+03 1.56E+04 9.46E+03 1.59E+04 6.35E+03
Gold 77 79% 1.04E+05 8.31E+05 3.34E+06  1.68E+06 3.05E+06 3.92E+06 2.21E+08 8.67E+06
Iridium 20 97% 3.37E+05 9.43E+05 143E+06  1.11E+06 1.25E+06 1.38E+06 5.19E+06 1.13E+06
Iron 428 78% 1.47E+00 1.18E+01 1.73E+01  1.33E+01 9.23E+00 1.98E+01 1.02E+02 1.26E+01
Lithium 16 100% 2.68E+02 5.81E+02 1.76E+03  1.06E+03 1.63E+03 1.71E+03 1.09E+04 2.55E+03
Magnesium 50 90% 8.69E+00 8.69E+00 9.34E+00  8.69E+00 9.73E+00 8.69E+00 2.04E+01 2.45E+00
Molybdenum 67 100% 5.77E+02 1.47E+03 3.91E+03  2.34E+03 4.48E+03 4.3E+03 5.25E+04 6.52E+03
Nickel 69 100% 1.52E+01 1.34E+02 3.29E+02  2.41E+02 2.50E+02 3.44E+02 2.09E+03 3.42E+02
Palladium 32 93% 1.55E+05 5.60E+05 1.17E+06  8.52E+05 6.88E+05 1.36E+06 5.22E+06 1.05E+06
Platinum 35 94% 1.32E+05 5.55E+05 127E+06  7.73E+05 8.35E+05 1.77E+06 4.51E+06 1.18E+06
Rhodium 23 98% 3.33E+05 1.40E+06 2.38E+06  1.82E+06 2.07E+06 2.20E+06 1.12E+07 2.26E+06
Ruthenium 21 96% 3.43E+04 1.75E+05 2.73E+05  2.04E+05 2.18E+05 2.45E+05 1.23E+06 2.57E+05
Silicon 1 85% 2.95E+00 2.95E+00 2.95E+00  2.95E+00 2.95E+00 2.95E+00 2.95E+00 Not applicable
Silver 627 100% 1.61E+03 8.92E+03 6.71E+04  1.77E+04 2.24E+04 4.48E+04 2.11E+07 8.41E+05
Tantalum 14 100% 2.13E+03 5.06E+03 1.85E+04  5.06E+03 8.95E+03 9.79E+03 8.28E+04 2.78E+04
Tin 43 100% 4.59E+01 1.59E+02 TATE+02  2.74E+02 2.23E+03 3.51E+02 7.58E+03 1.60E+03
Titanium 35 90% 5.47E+00 6.05E+01 1.07E+02  1.04E+02 9.87E+01 1.39E+02 2.96E+02 5.39E+01
Tungsten 64 99% 9.34E+01 3.74E+02 8.37E+02  7.20E+02 1.08E+03 8.89E+02 3.69E+03 6.63E+02
Vanadium 9 99% 7.46E+02 9.78E+02 1.23E+03  1.14E+03 1.34E+03 1.21E+03 2.57E+03 5.37E+02
Zinc 284 78% 1.10E+01 4.23E+01 7.89E+01  6.43E+01 7.10E+01 9.83E+01 4.30E+02 5.85E+01
Zirconium 19 97% 1.01E+02 1.79E+02 2.80E+02  2.34E+02 2.75E+02 3.14E+02 5.81E+02 1.46E+02
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Table S6. Total material mined, waste rock removed, and ore mined by mineral commodity after adjusting for global coverage

Coverage Coverage-adjusted Coverage-adjusted Coverage-adjusted

(% of global attributable total attributable waste rock attributable ore

production) material extracted removed mined

(Million metric tons) (Million metric tons) (Million metric tons)

Aluminum 93% 5.76E+02 2.37E+02 3.38E+02
Chromium 100% 4.69E+02 3.17E+02 1.53E+02
Cobalt 76% 1.14E+02 7.76E+01 3.67E+01
Copper 94% 9.42E+03 6.12E+03 3.30E+03
Gallium 99% 6.44E+00 4.22E+00 2.22E+00
Gold 79% 9.07E+03 6.72E+03 2.35E+03
Iridium 97% 9.45E+00 6.27E+00 3.19E+00
Iron 78% 1.29E+04 8.53E+03 4.35E+03
Lithium 100% 1.03E+02 8.71E+01 1.58E+01
Magnesium 90% 9.69E+00 0.00E+00 9.69E+00
Molybdenum 100% 1.28E+03 8.31E+02 4 45E+02
Nickel 100% 5.45E+02 3.14E+02 2.31E+02
Palladium 93% 1.52E+02 1.04E+02 4.76E+01
Platinum 94% 1.59E+02 1.10E+02 4.83E+01
Rhodium 98% 4.60E+01 3.13E+01 1.47E+01
Ruthenium 96% 6.81E+00 4.52E+00 2.28E+00
Silicon 85% 1.10E+01 6.02E+00 4.94E+00
Silver 100% 5.73E+02 3.90E+02 1.83E+02
Tantalum 100% 1.71E+01 7.15E+00 9.98E+00
Tin 100% 6.50E+02 1.99E+01 6.30E+02
Titanium 90% 3.97E+02 3.81E+01 3.59E+02
Tungsten 99% 7.90E+01 4.52E+01 3.38E+01
Vanadium 99% 7.44E+01 5.33E+01 2.11E+01
Zinc 78% 7.97E+02 5.66E+02 2.31E+02
Zirconium 97% 1.73E+02 1.73E+01 1.56E+02
Sum 3.76E+04 2.46E+04 1.30E+04
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Figure S2. Periodic table displaying the 2018 global RMR for the mineral commodities analyzed
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Figure S3. Periodic table displaying the 2018 global total attributable material extracted (ore mined and waste rock removed) in
millions of metric tons for the commodities analyzed, after adjusting for global coverage
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Table S7. Percentages of global production with rock-to-metal ratio (RMR) values equal to or less than noted levels

Mineral
commodity

Aluminum
Chromium
Cobalt
Copper
Gallium
Gold
Iridium
Iron
Lithium
Magnesium
Molybdenum
Nickel
Palladium
Platinum
Rhodium
Ruthenium
Silicon
Silver
Tantalum
Tin
Titanium
Tungsten
Vanadium
Zinc
Zirconium

Percentages of global production with RMR values equal to or less than...

5% 10% 25% 33.3% 50% 66.6% 75% 90% 95%
5.5E+00 5.5E+00 5.5E+00 5.8E+00 6.2E+00 7.3E+00 9.3E+00 1.4E+01  Not available
1.3E+01 1.3E+01 1.4E+01 1.7E+01 1.7E+01 1.9E+01 1.9E+01 2.3E+01 2.9E+01
2.0E+02 2.0E+02 3.2E+02 4.8E+02 6.9E+02 1.5E+03 3.2E+03  Notavailable  Not available
6.9E+01 1.1E+02 2.0E+02 3.0E+02 3.9E+02 6.4E+02 7.3E+02 1.5E+03  Not available
1.6E+04 1.6E+04 1.6E+04 1.6E+04 1.6E+04 1.6E+04 1.6E+04 1.6E+04 1.6E+04
2.9E+05 5.3E+05 1.1E+06 1.5E+06 3.1E+06 5.5E+06 8.6E+06  Notavailable  Not available
3.8E+05 3.8E+05 9.5E+05 1.1E+06 1.1E+06 1.2E+06 1.3E+06 2.6E+06 5.2E+06
3.4E+00 4.0E+00 6.9E+00 7.1E+00 8.6E+00 1.3E+01 21E+01  Notavailable  Not available
4.3E+02 4.3E+02 4.3E+02 6.3E+02 1.6E+03 1.7E+03 1.9E+03 2.5E+03 2.8E+03
8.7E+00 8.7E+00 8.7E+00 8.7E+00 8.7E+00 8.7E+00 8.7E+00 2.0E+01  Not available
9.3E+02 9.9E+02 1.8E+03 24E+03 3.3E+03 4.9E+03 8.8E+03 9.3E+03 9.3E+03
2.1E+01 4.6E+01 1.0E+02 1.8E+02 2.9E+02 3.0E+02 3.0E+02 3.0E+02 3.0E+02
1.6E+05 2.3E+05 2.7TE+05 2.TE+05 3.0E+05 8.6E+05 9.5E+05 21E+06  Not available
1.9E+05 2.3E+05 2.6E+05 6.5E+05 7.5E+05 8.1E+05 1.3E+06 2.3E+06  Not available
6.4E+05 6.5E+05 1.2E+06 1.7E+06 1.9E+06 2.0E+06 2.2E+06 4.4E+06 5.6E+06
7.1E+04 7.1E+04 1.3E+05 2.0E+05 2.1E+05 2.3E+05 2.5E+05 3.6E+05 6.2E+05
2.9E+00 2.9E+00 2.9E+00 2.9E+00 2.9E+00 2.9E+00 29E+00  Notavailable  Not available
3.5E+03 4.6E+03 8.2E+03 8.7E+03 1.4E+04 1.7E+04 2.2E+04 5.4E+04 8.5E+04
5.1E+03 5.1E+03 5.1E+03 5.1E+03 5.1E+03 5.1E+03 6.0E+03 1.1E+04 3.7TE+04
6.2E+01 6.3E+01 1.0E+02 1.6E+02 3.0E+02 1.1E+03 7.6E+03 7.6E+03 7.6E+03
5.5E+00 5.5E+00 6.8E+01 8.5E+01 1.2E+02 1.4E+02 1.4E+02 3.0E+02  Not available
1.7E+02 2.7E+02 4.4E+02 5.3E+02 8.9E+02 8.9E+02 1.9E+03 24E+03 2.4E+03
8.3E+02 8.3E+02 8.3E+02 8.3E+02 9.8E+02 1.2E+03 2.6E+03 2.6E+03 2.6E+03
1.8E+01 1.8E+01 3.3E+01 4.3E+01 6.8E+01 1.3E+02 1.9E+02  Notavailable  Not available
1.0E+02 1.0E+02 1.7E+02 1.8E+02 2.7E+02 3.2E+02 3.2E+02 5.6E+02 5.6E+02
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Precious metals: Gold RMRs for individual operations vary significantly, spanning several orders of magnitude
from 1.0 x 10° to 2.2 x 108, and a global, production-weighted mean, (X) RMR of 3.0 x 10° (n = 777). The one
operation with extremely high RMR value of 2.2 x 108, which is the highest RMR of any commodity-operation
analyzed, is a result of very low ore grade (0.016 ppm Au) combined with a revenue allocation of 100%. RMR for
the platinum-group metals mainly range (minimum and maximum of across their individual interquartile ranges)
from 1.7 x 10° to 2.2 x 10°. Global RMR are highest for rhodium (X = 2.1 x 10°%), followed by iridium

(X = 1.3 x 10°) and platinum (X = 8.3 x 10%), and lowest for palladium (X = 6.9 x 10°) and ruthenium (X = 2.2 x 10°)
due mainly to a combination of revenue allocation and ore grades. Silver has the lowest global RMRs of the
precious metals (X = 2.2 x 10*; n = 627), and individual RMRs ranging from 1.6 x 103 to 2.1 x 107. The extremely
high RMR for one operation is a consequence of relatively low ore grade (0.5 ppm Ag), low concentrator recovery
rate (30%) and 100% revenue allocation.

Ferrous and nonferrous metals: Molybdenum RMRs mostly range (interquartile) between 1.5 x 10° and 4.3 x 10,
with a global RMR of 4.5 x 10° (n = 67). Vanadium RMRs vary (minimum and maximum) from 7.5 x 10? to

2.6 x 10° (x = 1.3 x 10% n = 9), with the global RMR heavily influenced by China and Russia operations which
produce roughly 80% of the global primary vanadium. Similarly, the tungsten’s global RMR (X = 1.1 x 10%; n = 64)
is notably influenced by China operations, which account for nearly 80% of global production, and individual ratios
span from 93 to 3.7 x 103. Copper RMRs mainly range (interquartile) from 1.8 x 10? to 6.9 x 10* (X = 5.1 x 10

n =431), with one China operation having an outlier ratio of 1.7 x 104, due to a low grade (0.04% Cu), low
concentrator recovery rate (50%) and high revenue allocation (100%). Tin RMRs range (minimum and maximum)
from 46 to 7.6 x 10° (X = 2.2 x 103; n = 43), with the global RMR heavily influenced by a single Indonesia operation
(the leading global tin producer having the largest individual RMR). Nickel RMRs range (minimum and maximum)
between 15 and 2.1 x 10° (X = 2.5 x 10%; n=69), with 90% of global production having a ratio below 3.0 x 10%. Zinc
RMRs range (minimum and maximum) from 11 to 4.3 x 10? (X = 71; n = 284), with 75% of global production
having a ratio below 1.9 x 10?. Chromium RMRs range (minimum and maximum) from 13 to 29 (X = 18; n = 23),
with 75% of global production operations having ratios below 19. Iron includes the lowest calculated individual
operation RMR at 1.5 and range up to 1.0 x 102 (X = 9.2; n = 428), with 75% of global production having a ratio
below 20. Aluminum RMRs range (minimum and maximum) from 4.6 to 22 (X = 7.1; n = 68), with 75% of global
production having an RMR below 9.3. Cobalt RMRs range (interquartile) from 4.6x 10% to 2.2 x 10° (X = 8.6 x 10%;
n = 47), with two outliers extending the range up to 1.5 x 10* and the global RMR significantly influenced by six
operations in Congo (Kinshasa) that account for nearly half of global cobalt production.

Minor metals and other commodities: Tantalum RMR for individual operations range (minimum and maximum)
from 2.1 x 10 to 8.3 x 10* (X = 8.9 x 10%; n = 14), with 90% production having an RMR below 1.1 x 10* Gallium
RMRs, which were calculated at the country level, range from 3.8 x 10? to 1.6 x 10* (X = 1.6 x 10%; n = 4), with the
global RMR mainly reflecting Chinese operations that account for approximately 96% of global gallium production.
The hard-rock lithium global RMR (X = 1.6 x 10°; n = 16) is largely controlled by Australian operations which
account for 89% of global production from lithium hard-rock sources (brine sources are excluded from our
calculation), and ratios for individual operations range from 2.7 x 10? to 1.1 x 10* Zirconium RMRs range
(minimum and maximum) from 1.0 x 10? to 5.8 x 10% (x = 2.8 x 10% n = 19), with more than 75% of global
production having a ratio below 3.2 x 102. Titanium RMRs mostly range (interquartile) from 60 and 1.4 x 102

(X =99; n = 35), with two outlier operations extending the full range to 5.5 and 3.0 x 10%, mainly due to ore grades.
Magnesium RMRs are relatively well-constrained between 8.7 and 20 (X = 9.7; n = 50) largely due to the similarity
in the ore sources (carbonate minerals; brine sources are excluded from our calculation) and the dissolution-mining
methods (which generate negligible mined waste) across all operations, with a visible bimodal distribution in RMR
between dolomite (<X) and carnallite (>X) operations. We estimate a RMR of 2.9 for silicon metal, calculated as a
single ratio at the global level.
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Global aluminum rock-to-metal ratio
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Figure S4. Map of the global distribution of aluminum operations and bar plot of cumulative share of total global aluminum production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 4.6 to a high of 2.2 x 10/

and yield a global RMR of 7.1 (n = 68). The sizes of the circles are proportional to an operation’s share (in percent) of total global aluminum production, which range from a low
0f <0.001% to a high of 21% for a total global coverage of 93% of 2018 global aluminum production reported by the U.S. Geological Survey.*® Operations are ordered from

lowest to highest RMR on the bar plot.
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Rock-to-metal ratio
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Figure S5. Map of the global distribution of chromium operations and bar plot of cumulative share of total global chromium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.3 x 10" to a high of 2.9

x 10" and yield a global RMR of 1.8 x 10" (n = 23). The sizes of the circles are proportional to an operation’s share (in percent) of total global chromium production, which

range from a low of 0.015% to a high of 32% for a total global coverage of 100% of 2018 global chromium production reported by the U.S. Geological Survey.*® Operations are

ordered from lowest to highest RMR on the bar plot.
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Global cobalt rock-to-metal ratio
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Figure S6. Map of the global distribution of cobalt operations and bar plot of cumulative share of total global cobalt production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.9% 10° to a high of 1.5 x 107
and yield a global RMR of 8.6 x 10?7 (n = 47). The sizes of the circles are proportional to an operation’s share (in percent) of total global cobalt production, which range from a
low of 0.008% to a high of 18.5% for a total global coverage of 76% of 2018 global cobalt production reported by the U.S. Geological Survey. *® Operations are ordered from
lowest to highest RMR on the bar plot.
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Global gallium rock-to-metal ratio

Rock-to-metal ratio

Low |G 10> WNERE High

o o O O Q S ) L r N <7 . )
<08 <1 =10 <50 >50 \ ( T ) A gl
Gallium production (%) : ‘

|:| Waste rock removed

[l ore mined W 2. China (total)

Global average: 1.6 x 104

15000

1000

500
1. Ukraine (total)
f T T T T
0 20 40 60 80 99

Percent of global gallium production (cumulative)

Rock-to-metal ratio

Figure S7. Map of the global distribution of gallium operations and bar plot of cumulative share of total global gallium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 3.8 x 10° to a high of 1.6
x 0% and yield a global RMR of 1.6 x 10* (n = 4). The sizes of the circles are proportional to an operation’s share (in percent) of total global gallium production, which range
from a low of 1% to a high of 96% for a total global coverage of 99% of 2018 global gold production reported by the U.S. Geological Survey. *® Operations are ordered from
lowest to highest RMR on the bar plot.
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Global gold rock-to-metal ratio
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circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.0 x 10° to a high of 2.2 x 10%
and yield a global RMR of 3.0 x 10° (n = 777). The sizes of the circles are proportional to an operation’s share (in percent) of total global gold production, which range from a

low of <0.001% to a high of 2.6% for a total global coverage of 79% of 2018 global gold production reported by the U.S. Geological Survey. *® Operations are ordered from

lowest to highest RMR on the bar plot.
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Global iridium rock-to-metal ratio

Y S35 . 7. Bafokeng-Rasimone

° ol T R T O South Africa
° J \"-\ A _ N
Rock-to-metal ratio YL A R L& So%ﬂ?jli‘:ﬁ: -
Low [BXGS 1x10s K High I 1 Q ‘_‘;‘- . N .

o0 © O Q | _ ‘\@\@ M,

<3 =26 =9 =12 <16 \
Iridium production (%) L / .,/

|:| W ‘ 4 R Amandelbult
aste rock remove ¢ i
South Africa Impala

Oremined 2. Marikana "3 Zimplats .
. South Africa Zimbabwe South Africa

—6x 108

—4 x 108

~2x 108

Weighted
average:

1. Polar & Kola Divisions
Russia

1.3 x 108

T T
0 20 40 60 80

Percent of global iridium production (cumulative)

7

Rock-to-metal ratio

Figure 89. Map of the global distribution of iridium operations and bar plot of cumulative share of total global iridium production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 3.4 x 10° to a high of 5.2 x 10°
and yield a global RMR of 1.3 % 10° (n = 20). The sizes of the circles are proportional to an operation’s share (in percent) of total global iridium production, which range from a
low of 0.12% to a high of 12% for a total global coverage of 97% of 2018 global iridium production reported by the U.S. Geological Survey.'? Operations are ordered from lowest

to highest RMR on the bar plot.
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Figure S10. Map of the global distribution of iron operations and bar plot of cumulative share of total global iron production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.5 to a high of 1.0 x 10° and
yield a global RMR of 9.2 (n = 428). The sizes of the circles are proportional to an operation’s share (in percent) of total global iron production, which range from a low of
<0.001% to a high of 8.9% for a total global coverage of 78% of 2018 global iron production reported by the U.S. Geological Survey.*® Operations are ordered from lowest to

highest RMR on the bar plot.
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Global hard-rock lithium rock-to-metal ratio

&

Rock-to-metal ratio

Low BN 2x10° Rl High

2000 (. % 0 Al

<5 =10 =15 =20 <30

Lithium production (%) e ST J. ' © @

Pilgangoora 2
N ' Australia
|:| Waste rock removed Wodgina Pilgangoora 1

[l Ore mined Australia | Australia

26

6. Mount Marion

Australia

8. Bald Hill

Australia

7. Mt Cattlin
Australia

—10 x 102

-8 x 103

-6 x 10°

-4 x 103

-2x 103

1. Yichun 2. Greenbushes
China Australia

Weighted
average:
1.6 x 10°

T T
0 20 40 60

T
80

Percent of global hard-rock lithium production (cumulative)

100

Figure S11. Map of the global distribution of hard-rock lithium operations and bar plot of cumulative share of total global hard-rock lithium production. Each individual
operation is plotted as a single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of
2.7 x10° to a high of 1.1 x 10? and yield a global RMR of 1.6 x 10° (n = 16). The sizes of the circles are proportional to an operation’s share (in percent) of total global lithium
production, which range from a low of <0.32% to a high of 28% for a total global coverage of 100% of 2018 global hard-rock lithium production (excluding brine) revised from

that reported by the U.S. Geological Survey.*® Operations are ordered from lowest to highest RMR on the bar plot.
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Global hard-rock magnesium rock-to-metal ratio
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Figure S12. Map of the global distribution of hard-rock magnesium operations and bar plot of cumulative share of total global hard-rock
magnesium production. Each individual operation is plotted as a single circle on the map and single bar on the plot. The colors of the circles
indicate individual rock-to-metal ratios (RMRs), which range from a low of 8.7 to a high of 2.0 x 10" and yield a global RMR of 9.7 (n = 50). The
sizes of the circles are proportional to an operation’s share (in percent) of total global magnesium production, which range from a low of 0.06% to
a high of 6.4% for a total global coverage of 90% of 2018 global magnesium hard-rock production (excluding brine) reported by the U.S.
Geological Survey.* Operations are ordered from lowest to highest RMR on the bar plot.
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Global molybdenum rock-to-metal ratio
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Figure S13. Map of the global distribution of molybdenum operations and bar plot of cumulative share of total global molybdenum production. Each individual operation is
plotted as a single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 5.8 x 10° to a
high of 5.2 x 107 and yield a global RMR of 4.5 x 10° (n = 67). The sizes of the circles are proportional to an operation’s share (in percent) of total global molybdenum
production, which range from a low of 0.002% to a high of 23% for a total global coverage of 100% of 2018 global molybdenum production reported by the U.S. Geological
Survey.*® Operations are ordered from lowest to highest RMR on the bar plot.
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Figure S14. Map of the global distribution of nickel operations and bar plot of cumulative share of total global nickel production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.5 x 10" to a high of 2.1 x 10°
and yield a global RMR of 2.5 x 10° (n = 69). The sizes of the circles are proportional to an operation’s share (in percent) of total global nickel production, which range from a
low of 0.01% to a high of 21% for a total global coverage of 100% of 2018 global nickel production reported by the U.S. Geological Survey.*® Operations are ordered from lowest
to highest RMR on the bar plot.
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Global palladium rock-to-metal ratio
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Figure S15. Map of the global distribution of palladium operations and bar plot of cumulative share of total global palladium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.6 x 10° to a high of 5.2
x 10° and yield a global RMR of 6.9 x 10° (n = 32). The sizes of the circles are proportional to an operation’s share (in percent) of total global palladium production, which
range from a low of 0.006% to a high of 36% for a total global coverage of 93% of 2018 global palladium production reported by the U.S. Geological Survey.*® Operations are
ordered from lowest to highest RMR on the bar plot.
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Global platinum rock-to-metal ratio
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Figure S16. Map of the global distribution of platinum operations and bar plot of cumulative share of total global platinum production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.3 x 10° to a high of 4.5
x 10° and yield a global RMR of 8.3 x 10° (n = 35). The sizes of the circles are proportional to an operation’s share (in percent) of total global platinum production, which range
from a low of 0.03% to a high of 10% for a total global coverage of 94% of 2018 global platinum production reported by the U.S. Geological Survey.*® Operations are ordered
from lowest to highest RMR on the bar plot.
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Figure S17. Map of the global distribution of rhodium operations and bar plot of cumulative share of total global rhodium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 3.3 x 10° to a high of 1.1
x 107 and yield a global RMR of 2.1 x 10° (n = 23). The sizes of the circles are proportional to an operation’s share (in percent) of total global rhodium production, which range

from a low of 0.085% to a high of 12% for a total global coverage of 98% of 2018 global rhodium production reported by the U.S. Geological Survey.'” Operations are ordered

from lowest to highest RMR on the bar plot.
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Global ruthenium rock-to-metal ratio
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Figure S18. Map of the global distribution of ruthenium operations and bar plot of cumulative share of total global ruthenium production. Each individual operation is plotted as
a single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 3.4 x 10 to a high of 1.2
% 10° and yield a global RMR of 2.2 x 10° (n = 21). The sizes of the circles are proportional to an operation’s share (in percent) of total global ruthenium production, which
range from a low of 0.2% to a high of 14% for a total global coverage of 96% of 2018 global ruthenium production reported by the U.S. Geological Survey.*® Operations are
ordered from lowest to highest RMR on the bar plot.
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Global silicon rock-to-metal ratio
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Figure S19. Map of the global distribution of silicon operations and bar plot of cumulative share of total global silicon production. Due to lack of data availability, the rock-to-
metal ratio for silicon was calculated as a single global average at 2.9, representing an estimated 85% of 2018 global silicon production reported by the U.S. Geological Survey.'®
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Figure S20. Map of the global distribution of silver operations and bar plot of cumulative share of total global silver production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.6 x 10° to a high of 2.1 x 107
and yield a global RMR of 2.2 x 10¢ (n = 627). The sizes of the circles are proportional to an operation’s share (in percent) of total global silver production, which range from a

low of <0.001% to a high of 5.9% for a total global coverage of 100% of 2018 global silver production reported by the U.S. Geological Survey.*® Operations are ordered from

lowest to highest RMR on the bar plot.
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Figure S21. Map of the global distribution of tantalum operations and bar plot of cumulative share of total global tantalum production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 2.1 x 10° to a high of 8.3
x 107 and yield a global RMR of 8.9 x 10° (n = 14). The sizes of the circles are proportional to an operation’s share (in percent) of total global tantalum production, which range
from a low of 0.14% to a high of 35% for a total global coverage of 100% of 2018 global tantalum production revised from that reported by the U.S. Geological Survey.*®
Operations are ordered from lowest to highest RMR on the bar plot.
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Global tin rock-to-metal ratio
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Figure S22. Map of the global distribution of tin operations and bar plot of cumulative share of total global tin production. Each individual operation is plotted as a single circle
on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 46 to a high of 7.6 x 10° and yield a
global RMR of 2.2 % 10° (n = 43). The sizes of the circles are proportional to an operation’s share (in percent) of total global tin production, which range from a low of 0.001% to
a high of 26% for a total global coverage of 100% of 2018 global tin production revised from that reported by the U.S. Geological Survey.*® Operations are ordered from lowest to
highest RMR on the bar plot.
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Global titanium rock-to-metal ratio
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Figure S23. Map of the global distribution of titanium operations and bar plot of cumulative share of total global titanium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 5.5 to a high of 3.0 x 10?
and yield a global RMR of 9.9 x 10" (n = 35). The sizes of the circles are proportional to an operation’s share (in percent) of total global titanium production, which range from a
low of 0.049% to a high of 15% for a total global coverage of 90% of 2018 global titanium production reported by the U.S. Geological Survey.*® Operations are ordered from
lowest to highest RMR on the bar plot.
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Global tungsten rock-to-metal ratio
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Figure S24. Map of the global distribution of tungsten operations and bar plot of cumulative share of total global tungsten production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 9.3 x 10! to a high of 3.7
x 103 and yield a global RMR of 1.1 x 10° (n = 64). The sizes of the circles are proportional to an operation’s share (in percent) of total global tungsten production, which range

from a low of 0.025% to a high of 14% for a total global coverage of 99% of 2018 global tungsten production reported by the U.S. Geological Survey.*® Operations are ordered

from lowest to highest RMR on the bar plot.
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Global vanadium rock-to-metal ratio
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Figure S25. Map of the global distribution of vanadium operations and bar plot of cumulative share of total global vanadium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 7.5 x 10° to a high of 2.6
x 103 and yield a global RMR of 1.3 % 10° (n = 9). The sizes of the circles are proportional to an operation’s share (in percent) of total global vanadium production, which range
from a low of 2.7 % to a high of 43% for a total global coverage of 99% of 2018 global vanadium production reported by the U.S. Geological Survey.*® Operations are ordered
from lowest to highest RMR on the bar plot.
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Global zinc rock-to-metal ratio
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Figure S26. Map of the global distribution of zinc operations and bar plot of cumulative share of total global zinc production. Each individual operation is plotted as a single
circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.1 x 10 to a high of 4.3 x 1(?
and yield a global RMR of 7.1 x 10° (n = 284). The sizes of the circles are proportional to an operation’s share (in percent) of total global zinc production, which range from a
low of <0.001% to a high of 4.7% for a total global coverage of 78% of 2018 global zinc production reported by the U.S. Geological Survey.*® Operations are ordered from lowest

to highest RMR on the bar plot.
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Global zirconium rock-to-metal ratio
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Figure S27. Map of the global distribution of zirconium operations and bar plot of cumulative share of total global zirconium production. Each individual operation is plotted as a
single circle on the map and single bar on the plot. The colors of the circles indicate individual rock-to-metal ratios (RMRs), which range from a low of 1.0 x 10? to a high of 5.8
x 10° and yield a global RMR of 2.8 % 10° (n = 19). The sizes of the circles are proportional to an operation’s share (in percent) of total global zirconium production, which
range from a low of 0.007% to a high of 21% for a total global coverage of 97% of 2018 global zirconium production reported by the U.S. Geological Survey.*® Operations are

ordered from lowest to highest RMR on the bar plot.
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Figure S28. Rock-to-metal ratio (vertical axis) versus ore grade (horizontal axis) for aluminum, gold, molybdenum, ruthenium,

and titanium by individual operation. Axes are on a logio-logio scale. Colors correspond to different commodities. Marker size
corresponds to revenue share (economic allocation) attributable to the mineral commodity at the specific operation.
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Figure S29. Rock-to-metal ratio (vertical axis) versus ore grade (horizontal axis) chromium, iridium, nickel, silicon, and tungsten
by individual operation. Axes are on a logio-logio scale. Colors correspond to different commodities. Marker size corresponds to
revenue share (economic allocation) attributable to the mineral commodity at the specific operation.
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Figure S30. Rock-to-metal ratio (vertical axis) versus ore grade (horizontal axis) cobalt, iron, palladium, silver, and vanadium

by individual operation. Axes are on a logio-logio scale. Colors correspond to different commodities. Marker size corresponds to
revenue share (economic allocation) attributable to the mineral commodity at the specific operation.
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Figure S31. Rock-to-metal ratio (vertical axis) versus ore grade (horizontal axis) copper, lithium, platinum, tantalum, and zinc

by individual operation. Axes are on a logio-logio scale. Colors correspond to different commodities. Marker size corresponds to
revenue share (economic allocation) attributable to the mineral commodity at the specific operation.
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Figure S32. Rock-to-metal ratio (vertical axis) versus ore grade (horizontal axis) gallium, magnesium, rhodium, tin, and
zirconium by individual operation. Axes are on a logio-logio scale. Colors correspond to different commodities. Marker size
corresponds to revenue share (economic allocation) attributable to the mineral commodity at the specific operation.
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Factor analysis

Table S8. Contribution of each factor to the overall rock to metal ratio (RMR) expressed as a percentage.

Commodity

Aluminum
Chromium
Cobalt
Copper
Gallium
Gold
Iridium
Iron
Lithium
Magnesium
Molybdenum
Nickel
Palladium
Platinum
Rhodium
Ruthenium
Silicon
Silver
Tantalum
Tin
Titanium
Tungsten
Vanadium
Zinc
Zirconium
All

Percent contribution to rock to metal ratio (RMR)

Concentrator
recovery rate

0.0%
0.0%
1.8%
19.5%
2.0%
12.4%
48.6%
14.2%
1.1%
0.0%
33.6%
14.5%
33.3%
11.5%
4.4%
10.5%

17.9%
1.0%
0.1%
3.9%
4.4%

11.1%
6.3%
3.2%
4.0%

Ore grade

28.0%
95.6%
56.4%
48.0%
13.8%
64.3%
16.4%
42.3%
47.3%
100.0%
18.2%
21.5%
8.4%
10.9%
6.0%
20.2%

13.8%
18.1%
97.8%
34.5%
74.8%
23.9%
52.1%
29.3%
68.9%

recovery rate

0.0%
0.0%
0.0%
0.0%
1.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.0%
0.1%
1.2%
3.4%
0.0%
2.1%
0.0%
0.0%
4.9%

Revenue share

0.0%
1.8%
39.7%
26.3%
68.6%
15.2%
18.8%
0.2%
1.2%
0.0%
45.7%
14.1%
3.8%
66.4%
7.9%
6.6%

68.1%
66.7%

0.2%
20.8%

0.2%
58.8%
30.9%
62.2%
16.9%

Waste to ore

72.0%
2.6%
2.0%
6.2%

14.6%
8.1%

16.3%

43.3%

50.4%
0.0%
2.4%

49.9%

54.5%

11.2%

81.7%

62.7%

0.2%
14.1%
0.8%
37.4%
20.6%
4.2%
10.7%
5.3%
5.4%
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Figure §33. Contribution of each factor to the overall rock to metal ratio (RMR) expressed as a percentage.
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