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ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

H2020 European ION4RAW project: Ionometallurgy of primary

sources for an enhanced raw materials recovery

Coordinator :

OBJECTIVES

Improve recovery of by-products and

CRM during ore treatment processes

Obtain reliable estimates of by-

products and CRM

Develop ionometallurgy processes

 5 Cu-Au-Ag ore deposits:
Connonish, Scotland; CLC and El Valle

Boinas, Spain; El Porvenir and Cerro Lindo ,

Peru

 focus on El Porvenir and Cerro

Lindo ore deposits (mining

operator: Nexa Resources)
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WP2 – BRGM leader: By product evaluation 

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

Main products By-products

Relevant metals in Zn-Cu-Pb-Au-Ag ore deposits

Critical raw materials

Support and encourage the recovery of by-products and critical

raw materials (CRM): 

 improve the knowledge of target deposits, 

 Characterize ores by determining carrier minerals and their distribution
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El Porvenir ore deposit

Ore type

• Intrusive-related calcic skarn (andradite-

diopside-bustamite exoskarn)

Main ore

• Zn-Ag-Pb- (Au-Cu) polymetallic

mineralization

• hosted by the andradite exoskarn

• associated with the retrograde hydrothermal 

stage: Mn-calcite, quartz

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

Cerro Lindo ore deposit 

Ore type

• Giant volcanogenic massive sulphide ore 

deposit ( lowermost member of the 

Huaranguillo Formation)

• strong metamorphic recrystallization due the 

intrusion of the adjacent Coastal batholith.

Massive sulphide ore

• Cu-Zn-Au polymetallic mineralization

• Proximal illite-mica alteration

• Distal chlorite-biotite-cordierite alteration

Location

Western Cordillera of the Andes mountain range in central Peru

Main sulphides

Pyrite, Sphalerite, Galena, chalcopyrite, Tennantite-tetrahedrite mineral series, 

bournonite, Pb-Bi-Te sulfosalts
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Ore characterization – Multi-technical approach

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

Identify carrier minerals of

CRM and by-products
• Optical and scanning electron

microscope

CRM and by-product

quantification in sulphides

• Electron microprobe (d.l. few 100 ppm)

• Laser-Ablation coupled with ICP-MS
(d.l. 0.1 to few ppm)

Determine the distribution of

carrier minerals and by-

products using elemental

and mineral mapping

• µXRF

• Electron microprobe

• Laser-Ablation coupled with ICP-MS
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CRM and by-product quantification in sulphides

Spot analyses

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

LASER ABLATION - Analytical conditions

• UV laser-ablation microsampler CETAC® Excite (193 nm) coupled to a ThermoScientific® X series II 

quadrupole plasma mass spectrometer

• Frequency10 Hz, energy 4 J/cm2, 

• Laser beam: 10 µm

• Development of internal standards adapted for analysis of trace elements in sulfides (Georessources, Nancy)

• Fe, S, Co, Ni, Cu, Zn, Ga, Ge, As, Se, Mo, Ru, Rh,Pd, Ag, Cd, In,Sn, Sb, Te, Re, Pt, Os, Au, Ir, Pb, Bi

ELECTRON MICROPROBE – Analytical conditions

• Cameca SX Five electron microprobe

• Accelerating voltage 20 kV, beam current 100 nA, 1 µm beam width and counting time of 10 s for major 

elements and 60 s for trace elements

• Thin sections/sections
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Laser ablation on pyrite grains (~1 mm size), El Porvenir

• Significant impact beam, 

but did not go through the 

70-100 µm thick sections

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials
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ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

3Laser ablation on pyrite grains (~1 mm size), El Porvenir

S33 Fe57 Co59 Ni60 Cu65 Zn66 As75 Se82 Mo95 Ru101 Rh103 Pd105

LOD10 µm 443.021 13.396 0.226 1.290 0.790 0.591 0.403 4.632 0.247 0.088 0.015 0.114

LOD85µm 78.047 0.273 0.005 0.023 0.016 0.016 0.033 0.092 0.009 0.002 0.000 0.002

• Detection limit: 

 from 1 to 33 ppb at 85 µm

 from 0.02 to 1.3 ppm at 10 µm

Ag107 In115 Sn118 Sb121 Te125 Re185 Os189 Ir193 Pt195 Au197 Pb208 Bi209

LOD10µm 0.149 0.033 1.145 0.028 0.211 0.008 0.028 0.008 0.025 0.072 0.068 0.005

LOD85µm 0.003 0.001 0.027 0.001 0.018 0.001 0.001 0.001 0.001 0.001 0.001 0.001

• Tests at different diameters: from 85 to 10 µm
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ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

3Laser ablation on pyrite, chalcopyrite and sphalerite, El Porvenir

• No trace element detected by EPMA

• low contents of trace elements in Py,

Cpy and Sph

• Evidence of inclusions rich in Ag in Cpy, 

rich in Ag and Bi in Sph, rich in Cd and In 

in Py …

Ag

Ag, Bi

Cd, In

(ppm) chalcopyrite pyrite sphalerite
N=4 average stddev average stddev average stddev

Cu65 (%) 33.60 1.92 0.0056 0.0054 0.0005 0.0003

Fe57 (%) 31.62 2.17 47.09 2.37 0.0196 0.0171

S33 (%) 34.69 0.26 52.44 2.30 29.81 0.44

Zn66 (%) 0.0588 0.0127 0.0012 0.0011 69.99 0.41

Ag107 3 1 11 21 10

As75 60 44 3694 3673 7 8

Au197 7 15 39 60

Bi209 2 0 3 9 0.1 0.2

Co59 1 2

In115 3 0 0.16 0.03

Ni60 0 0 1 3 3 2

Pb208 98 50 749 2261 3 3

Pd105 22 1

Rh103 9 0

Sb121 49 21 34 56 24 38

Se82 16 16 30 25 11 8

Sn118 11 2 66 34

Te125 0 0 33 45 0.2 0.5
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ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

3Laser ablation on galena, El Porvenir
Andradite exoskarn Main ore bulk composite

min max average stddev min max average stddev min max average stddev

Pb (wt%) 74.51 81.41 79.94 1.47 82.81 87.04 85.00 1.66 84.70 86.38 85.64 0.48

S  (wt%) 13.71 14.93 13.91 0.26 12.30 13.80 12.97 0.68 13.54 14.15 13.91 0.14

Ag 11960 17374 14942 1152 1628 2479 1928 304 1549 2660 2283 240

As 0 0 0 0 0 0 0 0 0 0 0 0

Au 0 0 0 0 0 0 0 0 0 0 0 0

Bi 26548 40859 34840 3109 0 8616 3051 3883 0 0 0 0

Cu 0 40376 4280 9472 0 1572 244 588 0 0 0 0

Fe 0 15182 1475 3541 0 734 235 281 0 0 0 0

Sb 0 0 0 0 0 1393 441 499 2098 4337 2902 410

Se 1388 3048 2052 325 0 1303 481 446 0 465 319 127

Te 1600 5212 3510 907 0 888 548 384 424 1037 783 143

Zn 0 653 33 146 0 1199 254 434 0 15 1 3

Pb208 (wt%) 78.56 83.73 81.70 1.18 84.80 86.08 85.37 0.36 86.93 89.10 87.81 0.69

S33 (wt%) 10.51 14.30 12.44 0.95 13.18 14.44 13.88 0.36 10.25 12.29 11.44 0.68

Ag107 15584 29337 17464 2916 2127 2477 2329 80 2403 3031 2646 189

As75 0 9 0 2 0 0 0 0 1 1512 190 476

Au197 0 0 0 0 0 0 0 0 1 5 3 1

Bi209 32889 36999 35204 1247 2473 2887 2665 130 167 193 179 9

Cu65 280 3229 703 684 0 5 2 2 1 6 3 2

Fe57 0 303 30 74 0 0 0 0 13 72 23 19

Ni60 0 0 0 0 0 0 0 0 1 2 2 0

Rh103 10 12 11 1 11 13 12 0 9 11 10 1

Sb121 15 64 37 14 1209 1447 1325 74 3145 4903 3635 478

Se82 1428 1673 1581 74 162 299 234 41 319 365 342 14

Sn118 0 2 0 1 0 0 0 0 3 6 4 1

Te125 2561 6396 3605 792 817 935 876 33 417 479 444 18

Zn66 0 19 2 4 0 180 11 40 1 25 4 8

EPMA

LA ICP-MS

• EPMA :

 high amounts of Ag, Bi, Se, Sb

and Te

 Heterogeneous contents

• LA ICP-MS:

 Range of values consistent

with EPMA

 Allows detecting low values of

Bi and Sb

 Evidence of low Rh and Au

concentrations



101287A n=10 101288D n=10 101288A 101288A n=9

averagestddev average stddev averagestddev

Ag107 67 6 443 127 4733 350 32

As75 2 1 14 14 1 2 1

Au197 0.3 0.0 0.3 0.0 0.4 0.4 0.1

Bi209 0.1 0.1 0.7 0.8 0.03 0.05 0.06

Co59 0.8 0.0 1.0 0.5 1 1 0

In115 43 1 63 7 23 24 3

Mo95 0.9 0.3 5.0 5.9 0.6 0.7 0.2

Ni60 7 0 6 0 6 6 1

Pb208 1 1 159 201 19 5 3

Pd105 15 1 15 3 18 17 1

Pt195 0.1 0.1 0.1 0.1 0.1 0.03 0.05

Rh103 7 1 7 1 9 8 1

Ru101 0.5 0.1 0.4 0.0 0 0.3 0.1

Sb121 0.6 0.4 26 24 8 5 2

Se82 47 14 22 11 55 37 27

Sn118 189 20 113 75 82 103 75

Te125 1.7 0.8 1.9 0.6 31 1.7 1.0

Zn66 621 311 2998 2119 105 1644 1177
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ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

3Laser ablation on chalcopyrite, Cerro Lindo

Py-Cpy-MagPy-Po-Cpy-Mag Cpy-Sph Py-Cpy-Sph

Cpy-Sph Py-Po-

Cpy-Mag

Py-Cpy-

Mag
Py-Cpy-

Mag

• Concentrations consistent with EPMA

• Allows detecting very low values of by-

products

• Significant Ag concentrations in Cpy

• Various Ag concentrations depending of

the ore assemblage  different

generations of Cpy ?
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Distribution of carrier minerals and by-products

Elemental mapping

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

LASER ABLATION - Analytical conditions

• UV laser-ablation microsampler CETAC® Excite (193 nm) coupled to a ThermoScientific® X series II 

quadrupole plasma mass spectrometer

• Laser repetition rate of 80 Hz, beam size of 10µm square, total acquisition time of 100ms (3.6ms per 

analyte), scan speed of 10 µm.s-1 (pixels of 5µm X, 10µm Y).

• 16 analytes : Fe, S, Cu, Zn, As, Mo, Rh, Pd, Ag, In, Sn, Sb, Te, Au, Pb, Bi

ELECTRON MICROPROBE – Analytical conditions

• Cameca SX Five electron microprobe

• 20 KeV, 200 nA, Dwell time of 100 ms, 2x2 µm pixels

• Vs1 BSE Z, S (Ka), Cu (La), Fe (Ka), Sb (La), Ag (La), Pb (Ma), Si (Ka), Zn (Ka), Ba (La), Te (La)
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Micro-XRF mapping – El Porvenir, Cerro Lindo

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

8 mm

Grt
Gn Py

Cpy

Sph

• Thin sections (2 cm x 3 cm)

• Resolution 40 µm

• Background to treat

• Less efficient for trace elements

• Distribution of the major sulphides in ore

El Porvenir,

Main ore

Composite Pb-Fe-Zn-Cu image

 Py-Sph-Cpy-Gn mineralization

Cerro Lindo, 

Main ore

Zn Fe

Cu Ba

Elemental Zn, Cu, Fe, Ba maps

 Sph-Py-Cpy-Brt mineralization

Photographs of 

the thin section
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EPMA mapping –Cerro Lindo

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

8 mm

Py

Cpy

Mag

BSE Cu

Fe Sb

Te Pb

• 800 x 1000 µm

• Resolution 1 µm

• Maps without background measurement

• Heterogeneous Ag concentrations in Cpy

• limit: detection limit

• Ag also in sulphide in veinlet
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LA ICP-MS mapping – CERRO LINDO

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

8 mm

Sb121

Sph

Cpy

Py

Cpy

Cpy

• Sulphide distribution and textural

relationships

• detection of trace and infra-trace

elements in sulphides: In in Sphalerite,

Ag and Pd in Chalcopyrite, Ag-bearing

Tennantite-Tetrahedrite as veinlets…
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CONCLUSIONS

ION4RAW: Improving metal recovery in Cu-Pb-Zn-(Au-Ag) ore deposits through inventory of by-products and critical raw materials

• Combining MicroXRF, EPMA and LA ICP-MS improved ore characterization, in term of

trace element quantification and of their distribution

• Identification of the main Ag- and other by-product carrier minerals

• Help to define element distribution and to interpret textural relationships of ore minerals

ADVANTAGES

 Quantification of all the trace elements at

dl of ~1 ppm with a 10 µm-sized beam

 Short time analyse

mapping at high resolution

 Spot /line informative on the element

distribution (lattice/inclusions)

Disadvantages/difficulties

 Destructive method

 Development of standards adapted to

different matrix

 Long data treatment


