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Critical metals –
increased demand and security of supply

• Geopolitical expedience
• Improved recycling
• New green technologies
• Alternative CO2-reduction strategies
• Disruptive raw materials recovery

Netherlands Net Zero strategy

World Bank (2DS)

The challenge



White Island volcano (New Zealand)

Magmatic systems and the energy transition
100 tonnes/yr Cu

4.5 kg/yr Au

©Richard Arculus

Cerro Colorado 
Copper Mine, Chile



Volcanic fluids and metals

• Volcanic gases carry a diverse portfolio of metals and metalloids
• Approximately 2,000 degassing volcanoes worldwide
• Much more metal is dissolved in trapped, condensed liquids underground

Gas flux - Mount Etna

Hogg & Blundy, 2022

Edmonds et al, 2018



Magmatic brines – metal-rich hypersaline liquids

• Brine chemistry varies with magma type and tectonic setting
• Magmatic brines ‘bleed’ periodically into overlying geothermal systems
• Dilution by reservoir fluids
• Enrichment through fluid-rock reactions

Tattitch et al, 2023

Fluid inclusions

CTR plant, Salton Sea (USA) $520M
50 MW, 25 tonnes LiOH (by 2025)



Sub-volcanic brine lenses –
formed by low-pressure phase separation

bulk salinity

Transcrustal Magmatic System

Hydrodynamic modelling

Afanasyev et al (018)



Volcano geophysics – electrical conductivity

• ≤1 S/m conductors present at 2–4 km depth beneath all surveyed volcanoes

• Located below the convecting hydrothermal system and its clay cap

• Lenses of hot, electrically-conductive, metal-rich brines

Cerro Uturuncu, Bolivia
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Figure 2: (A) and (B) show west-east and south-north vertical slices through the 3-D MT resistivity inversion model. (C) 

and (D) show horizontal slices 1 km above sea level (4.0 km below surface) and 900 m below sea-level (5.9 km below 

surface) respectively. The location of the 96 MT sites used in the inversion are shown as grey circles. Black dots are 

earthquake hypocenters from Jay et al. (2012). The locations of each section or slice are indicated by grey lines on the 

cross-sections. The hatched pattern shows the skin depth limit for EM signals, below this limit there is no resolution 

(calculated from one skin depth at 1000 s period). 
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Comeau et al, 2015 Nurhasan et al, 2006

Kusatsu-Shirane, Japan

brine



Geothermal energy

• Baseload renewable energy; high capital costs
• Major electricity source in Iceland, New Zealand, Philippines, Indonesia, Kenya…
• Does not require active or dormant volcanoes (Tuscany, Salton Sea, Kakkonda)
• Supercritical Geothermal System ≤10 times more joules per kg of fluid
• Can energy and metals be co-recovered economically?

Kakkonda power plant, Japan (50 MW)
89,000 yr-old granite heat source
Potential supercritical geothermal site (100 MW)

Ishizu et al, 2021



Disruptive strategies for metals recovery

1. Mechanical extraction of mineral scales

4. Reservoir in-situ leaching using re-injected fluids

3. Processing of spent geothermal fluid

2. Down-hole metals capture from fluids

re-injection well

41
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Ohaaki (NZ)

Ohaaki (NZ)

Larderello (Italy)

Aluto (Ethiopia)



1. Mechanical extraction of scale

• Solute precipitation during fluid extraction to surface
• Mostly SiO2 + sulfide/sulfates, carbonates
• Polymetallic ‘high-grade ore’ – potential feedstock
• Well-bore scales conventionally dissolved away to maintain productivity
• WD1a brines (55 wt% NaCleq) recovered at 3700 m

Yanagisawa et al, 2000; Kasai et al, 1998

Milos

1031

Yanagisawa

tetrahedrite, metal contents shown in Table 2. From this table, in the scale sampled at 1993, sulfur is much smaller than 

the calculated one assuming all Cu and Pb are included in not only tetrahedrite but also chalcocite and galena both of 

which are detected by XRD. Such as native antimony and loellingite, not sulfide  but metal element or metal composite 

of Cu or Pb may exist in this scale. Therefore in the scale sampled at 1999, sulfur exist enough for making tetrahedrite 

(Cu10[Fe,Zn]2[As,Sb]4S3).

Figure 2. The photograph by SEM composite image of scales sampled at well-13 in 1993 and 1999.

Table 1. Chemical composition change of the scale at Well-13. These 

values are in percentage but from Au to Mn in ppm.

SiO2 Al2O3 FeO* Cu Pb

1st Prod.(‘93) 47.00 2.47 18.21 14.30 2.23 

(‘99) 23.00 2.25 1.76 29.42 1.67 

Zn S As Sb

1st Prod.(‘93) 0.04 2.70 4.50 0.50 

(‘99) 6.28 18.00 2.51 16.40 (%)
Au Ag Mo Ba Mn

1st Prod.(‘93) 19.4 550 490 46 780

(‘99) 2342 4950 41 28 13 (ppm)

Table 2. Metal contents of scales normalized as 13 for Sulfur

Cu Fe+Zn As+Sb S

Well-13(93) 34.7 35.1 9.9 13

Well-13(99) 11.4 2.4 4.2 13

Tetrahedrite 10 2 4 13
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Figure 3. The change of pH, SiO 2 and Cl content, SiO 2 and 

Na/K geothermometry of Well-13 from 1991 to 1999. 

Table 3. Fluid composition of well-13 and shallo w reservoir at 1991.

pH SiO2 Na Cl

Well-13 3.7 920 946 1340

Shallow Reservoir 8.3 660 804 1260

mg/l mg/l mg/l



2. Down-hole metals sequestration

Al(OH)3

• Supercritical fluid (SCF - 8% NaCleq): 500 °C, 35 MPa, 200 t/hr per well
• Value: current refined metal prices, $0.10/kWh electricity
• Down-hole chemical modification of produced fluids
• Precipitation of metal-sequestering smart materials: silicates, zeolites, gibbsite



3. Spent geothermal fluid processing

• Ohaaki-Broadlands 100 MW geothermal plant, New Zealand
• World-first, commercial plant processes 6,300 tonnes of geothermal fluid per day
• 650 ppm silica dissolved in spent fluids >90 °C, delivered via side-spur to injection well
• Recovers up to 330 tonnes per month of 4-14 nm colloidal silica particles
• Applications: construction, coatings and adhesives, precision casting, pulp and paper…
• Prelude to lithium, boron and antimony recovery



4. Reservoir in situ leaching

Corbetti  (Ethiopia) – 150 MW 

Ethiopia Altiplano NZ

SiO2 72% 78% 76%

Li 31 840 24

B - 113 20

Rb 156 596 110

Cs 1.5 580 3.6

U 8 17 2

Ba 397 264 875

Sn 13 46 2

Zn 475 70 39

Zr 1655 67 172

Hf 42 2 3

Nb 264 20 9

Ta 16 7 2

Ce 475 30 55

Pr 52 - 5.3

Nd 215 14 19

Tb 6.5 0.3 0.7

Dy 38 2 4

Y 190 9 26

• Three main acid tuff varieties with variable metals endowment – different tectonic settings
• Metals dissolved in volcanic glass; in situ leaching by hot (acid) fluids in the reservoir
• Inhibition of sulfide, phosphate etc precipitation by dosing re-injected fluids
• Potential new source of rare earths

Altiplano (Bolivia)

Taupo Volcano Zone (NZ)

Volcanic tuffs
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