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Photographs of high-grade gold veins from the 
“Mother Lode” at Beta Hunt mine in Kambalda, 

Royal Nickel Corporation website

High grade gold mineralisation

High-grade gold is often found as visible gold in quartz 
veins.

Occasionally exceptional grades of up to 20% of visible 
Au in quartz vein (the Beta Hunt mine, Kambalda).



• In many orogenic deposits, high-grade ore-shoots 
comprise a very significant part of the deposit. 

• But Controls on high-grade gold formation remain 
unresolved. 

• Due to our limited understanding on gold transport and 
deposition mechanisms in orogenic fluids.

• As a consequence, currently incomplete genetic model 
that is able to assist with the prediction of high-grade 
ore-shoot location, occurrence or distribution within a 
deposit.

• Nonetheless, localised structurally controlled ultra-
high-grade gold intercepts positively impact both the 
production forecast and mine-life.
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Problem: limited gold solubility in 
“orogenic fluids” as dissolved 

Au(HS)2- complexes
ΣS = 0.01 m 

ΣS = 0. 1 m 

Williams-Jones et al. (2009)

Sample from Red Lake mine
2002, Towney and Gibbons

How gold is transported?

Low Au(HS)2
- concentration in 

hydrothermal fluid requires 
very large quantity of fluid



Au 
nanoparticles

Amorphous 
Silica

Petrella et al., 2020 –Min Dep
• Herrington and Wilkinson 

(1993);

• Fosterville deposit (Voisey et 
al. 2019)

• Callie deposit (Petrella et al. 
2020);

• Petrella et al. 2022

Callie deposit

Alternative transport mechanism 
Au colloids



• They are solid particles of Au of nanometric size 

• Colloids are dispersed nanoparticles in stable 
suspension in a different medium

• They are negatively charged

• They have a large surface area vs. volume

• They nucleate from supersaturated 
hydrothermal solutions

• Concentration of gold as colloids can be ∼5000 
times higher than aqueous solubility (Liu et al., 
2019 )

Liu et al., 2019 –Ore Geology Review

Gold and silica colloids in sulphur-bearing and 
citrate-bearing solutions at 350°C

Au colloids



• Au colloids are negatively charged and mutually 
repulse each other

• The repulsive forces can easily be overcome:

• Coagulation can be induced by collision 
between the dispersed nanoparticles

• Au colloids coagulate spontaneously at 
elevated temperature

• Spontaneous aggregation of Au colloid can be 
prevented up to 300 °C in specific solutions when 
associated to colloidal silica/silica gel (Frondel, 
1938 and Liu et al, 2019).

Liu et al., 2019 –Ore Geology Review

Gold and silica colloids in sulphur-bearing and 
citrate-bearing solutions at 350°C

Au colloids
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Petrella et al., 2022 (NatCom)



Approach and sample selection – FIB-SEM and TEM

B. Target micro-inclusions in gold grains

Mount

Electron  backscatter image

A. High-grade sample (~1,000 
ppm Au) gold vein

C. Cut a small section (foil) - 10μm

Foil



foil

5 µm

Red Lake mineralisation (between ~2723 Ma and ~2712Ma)

Red Lake
Hand sample

Inclusion is partly filled with:
• Amorphous carbon
• Nanoparticles of Electrum

• size varies from 2 nm to 20 nm 

EDS Map

TEM

Red Lake Foil 1

Petrella et al., in review



Deposit Inclusion No Inclusion composition NP composition No of NP

Red Lake Inclusion 1 amorphous carbon Electrum >50

Beta Hunt
Inclusion 1 amorphous carbon unidentified 5

Inclusion 3 amorphous carbon and silica Gold 4

Discovery
Inclusion 1 amorphous silica Gold 4

Inclusion 2 amorphous carbon Silver Oxide ~20

Callie Inclusion 1 amorphous carbon and silica Gold >20

Sixteen to One Inclusion 1 crystalline carbon Copper >20

Results summary



Amorphous carbon composition

Composition of all amorphous carbon:

• O: 4.4 to 19.3 at% - avg. 11.9 ±5.5 at% (1σ)

• C: 79.5 to 92.7 at% - avg. 85.6 ±5.6 at% (1σ)

• N: 0.7 to 3.2 at% - avg. 1.9 ±1.0 at % (1σ)

The amorphous carbonic phase is 
composed of the same elements 

commonly found in orogenic deposit fluid 
inclusions: CO2 with minor CH4 and N2

Petrella et al., in review

Petrella et al., 2022 (NatCom)



Results implication

1) Occurrence of metal NPs in all investigated deposits points towards a 
genetic association between metal NPs and high-grade gold 
mineralisation; 

2) Au is not the only metal that occurs as NP but AgAu, Ag2O and Cu NPs 
also exist implying that Au is not the only metal nucleating NPs during 
metallogenic processes;

3) There is an intimate association between metal NPs and amorphous 
silica and/or carbon-bearing phases in these systems;
 Such association raises questions on the role of these phases 

during the metallogenic process leading to the formation of high-
grade gold deposits. 

Petrella et al., 2022 (NatCom)



The presence of Carbon 

• Carbonic phase inclusions are found in all the deposit studied 
regardless of the different age, depth or host-rock to mineralisation.

• The amorphous carbonic phase is composed of the same elements 
commonly found in orogenic deposit fluid inclusions: CO2 with 
minor CH4 and N2

• Phillips and Evans show that in a H2O-CO2 fluid at mid-crustal 
environment CO2 play a role in buffering the fluid pH at a level that 
can maintain elevated Au concentration when complexed with 
reduced sulfur. 

Phillips, G. N. & Evans, K. A. Nature (2004).



• At or near the site of gold deposition, localised changes in 
fluid chemical and physical properties:
• Formation of a 2 phases immiscible CO2-rich and H2O-

rich volatile phases;
• Leads to Au-HS complexes destabilisation;

• Will also impact the solubility of silica;

• Leading to supersaturation with respect to Si, Au (+/- Ag 
and Cu) 43 and nucleation of the NPs.

The nanoparticle nucleation process

Petrella et al., 2022 (NatCom)



Preliminary 
model for Au 
NP nucleation 

and 
deposition



Conclusions 
Metal NPs are ubiquitous in orogenic 
deposits and are important 
processes in the ore body formation. 

CARBON plays a crucial role in the 
formation of  high-grade gold 
mineralisation

Our dataset may change the current 
understanding of metal transport 
within crustal hydrothermal systems.

More work is needed  especially 
regarding the role of CARBON. 1 cm Photograph of high-grade sample 

from the Callie gold mine



Some ideas to explore…
• Are all the compounds found within the veins illustrating the fluid 

source composition?
• Role of Chemical Vapour Deposition
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Scales integration is paramount!

Ore-shoots at the scale of the mine model

Document metre-scale outcrops in underground workings

Select representative specimen

Nanometre analysis

© Jon Hronsky



PROJECT AIM: IMPROVE OUR UNDERSTANDING OF HOW HIGH-GRADE GOLD 
OCCURRENCES FORM, IN ORDER TO DEFINE NEW EXPLORATION STRATEGIES

Module 1 High-grade ore shoot formation within a 3D deposit-scale plumbing 
system

Module 2 Observation-based investigation of gold transport and deposition 
mechanisms + high-end analytical method and isotopic studies

Module 3 Experiment-based investigation of gold transport and deposition 
mechanisms

Project structure and objectives



Thank you for 
your attention
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