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What are the Earth Sciences?
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Importance of earth sciences to society

Image taken from: happylearning.tv

Farming

Forestry

Mining Fishing

• The African economy is still highly reliant on the ‘primary sector’ 
as a major income generator which sustains millions of livelihoods.

• Direct linkages between earth sciences and mining, less direct 
linkages with forestry, fishing and agriculture.

• However, these latter sectors certainly require a healthy natural 
environment.



Importance of mineral commodities to society

Image taken from: www.icmm.com (5th Mining Contribution Index (2020))

• The African economy is still highly reliant on the ‘primary sector’ 
as a major income generator which sustains millions of livelihoods.

• Direct linkages between earth sciences and mining, less direct 
linkages with forestry, fishing and agriculture.

• However, these latter sectors certainly require a healthy natural 
environment.

• Focus on the mining sector and its effect on the environment.



Synchrotron light and ore deposits

Figures from von der Heyden et al. (2020), originally adapted respectively from Becker et al (2016), and Reich et al. (2017) and Stromberg et al. (2019). 



Synchrotron light and ore deposits

Von der Heyden, 2020

• Energy tuneability
• Excellent spatial resolutions 
• Sub-ppm concentration 

detection limits.
• Chemical insights into the 

molecular-level bonding 
environments.
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Images from various published literature sources. Subject to copyright.



Synchrotron light and ore deposits
Based on three fundamental properties:

2 µm

X-ray imaging: X-ray scattering: X-ray spectroscopy:

Images from various published literature sources. Subject to copyright.

e.g.;

STXM: Scanning 
Transmission X-ray 
Microscopy

PEEM: Photoelectron 
Emission Microscopy

XFM: X-ray fluorescence 
microscopy

XCT: X-ray Computed 
Tomography

e.g.;

µ-XRD: µ-X-ray 
Diffraction

RIXS: Resonant 
Inelastic X-ray 
Scattering

SAXS: Small Angle X-
ray Scattering

e.g.;

XANES: X-ray Absorption 
Near-Edge Structure

EXAFS: Extended X-ray 
Absorption Fine Structure

XES: X-ray Emission 
Spectroscopy

µ-XRF: µ-X-ray 
Fluorescence 



Synchrotron light and ore deposits
Based on three fundamental properties:

2 µm

X-ray imaging: X-ray scattering: X-ray spectroscopy:

Images from various published literature sources. Subject to copyright.

e.g.;

STXM: Scanning 
Transmission X-ray 
Microscopy

PEEM: Photoelectron 
Emission Microscopy

XFM: X-ray fluorescence 
microscopy

XCT: X-ray Computed 
Tomography

e.g.;

µ-XRD: µ-X-ray 
Diffraction

RIXS: Resonant 
Inelastic X-ray 
Scattering

SAXS: Small Angle X-
ray Scattering

e.g.;

XANES: X-ray Absorption 
Near-Edge Structure

EXAFS: Extended X-ray 
Absorption Fine Structure

XES: X-ray Emission 
Spectroscopy

µ-XRF: µ-X-ray 
Fluorescence 



Synchrotron light and ore deposits

Von der Heyden, 2020

Von der Heyden et al., 2020



Synchrotron light and ore deposits

Von der Heyden et al., 2020

Frost-Killian et al., Episodes (2016)

6.7 %



Synchrotron light and ore deposits

Frost-Killian et al., Episodes (2016)

• African samples under-represented 
despite significant mineral endowments.

• African earth science researchers under-
represented in the global research 
arena.

• African light source or collaborations 
with partners to mitigate these under 
representations.



Synchrotron light and ore deposits

Von der Heyden, 2020

Synchrotrons and beamlines most frequently used in ore geology research:
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Synchrotrons and beamlines most frequently used in ore geology research:

• Factors to consider in selecting a beamline:
• sXRF (mapping) versus XANES/EXAFS 

(spectroscopy).
• Energy range required.
• High spatial resolution for sXRF mapping.

Campbell et al. 2015
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• Factors to consider in selecting a beamline:
• sXRF (mapping) versus XANES/EXAFS 

(spectroscopy).
• Energy range required.
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• Specialized end station equipment:

• High pressure – high temperature cells

After Testemale et al. 2005; 
Schmidt and Rickers, 2003



Synchrotron light and ore deposits
Synchrotrons and beamlines most frequently used in ore geology research:

• Factors to consider in selecting a beamline:
• sXRF (mapping) versus XANES/EXAFS 

(spectroscopy).
• Energy range required.
• High spatial resolution for sXRF mapping.
• Specialized end station equipment:

• High pressure – high temperature cells
• Multi-detector arrays for expedited mapping at µm 

resolution over large areas.
Distribution of U and Ge in the Pannikan U deposit 
(Australia). The full slide (34×17 mm; Li et al., 2016) was 
mapped for chemical information at 5 μm pixel resolution 
using sXRF at the XFM beamline (Australian Synchrotron) 
for a total duration of 315 min.



Synchrotron light and ore deposits
Major sub-themes of ore geology research studied using synchrotron light:
1. Application to fundamental ore geology research

1.1. Metal solubility and complexation in model hydrothermal fluids

Pokrovski et al., Geol. Soc. London. Spec. Publ.. (2014)

• Understanding mobility and ultimate 
precipitation of ore minerals from ore fluids 
is reliant on full characterization of the 
metal-ligand speciation data.

• Conducted in high T-high P cells e.g., 500°C 
and 600 bar pressure.

• Typically XAFS: redox state, coordination 
number, ligand identity, bond distances, 
solubility.

• Scope remains for lessor studied moieties 
and for studies in melt systems.



Synchrotron light and ore deposits
Major sub-themes of ore geology research studied using synchrotron light:
1. Application to fundamental ore geology research

1.2. Empirical investigations of ore fluids using information from fluid inclusions

Von der Heyden, 2020



Synchrotron light and ore deposits
Major sub-themes of ore geology research studied using synchrotron light:
1. Application to fundamental ore geology research

1.3. Low-temperature biogeochemical transformations experienced by ore
commodities

• Low temperature systems typically comprise 
small particles that are commonly poorly 
crystalline.

• XAFS techniques used to understand the 
speciation of these phases.

• Common applications include: 
• biogenic precipitates, 
• surficial ore deposits arising from weathering 

reactions
• mineral bi-products and surface complexes 

(particularly deleterious ones) resulting from 
mining activity.

Shuster et al., Geol. Soc. London. Spec. Publ.. (2013)



Synchrotron light and ore deposits
Major sub-themes of ore geology research studied using synchrotron light:
1. Application to fundamental ore geology research

1.4. Ore deposit formation linked to Earth’s metallogenic evolution

• Synchrotron techniques well suited to evaluate valence 
speciation at high spatial resolution.

• Tracking Mn valence state in the rock record has been used to 
infer Mn oxidation prior to the Great Oxidation Event (~2.4 
Ga).

• Reaction cells used to track early diagenetic changes to Fe 
and Mn mineralogy to provide insights into BIF/bedded Mn
deposit formation.

Johnson et al. (2016)



Synchrotron light and ore deposits
Major sub-themes of ore geology research studied using synchrotron light:
2. Application of synchrotron light to applied ore geology research

• sXRF used extensively to show fine-scale spatial and elemental relationships between 
ore minerals and gangue.

• XAFS used to show coordination of metals hosted as refractory phases within other 
minerals: straddles the fundamental-applied nexus.

Barnes et al. 2016



Synchrotron light and ore deposits
Perceived future directions:

Fourth generation light sources will enable ore research at 
increasingly high spectral resolutions and elemental detection limits.

Suuronen and Sayab (2018)

A. Ore research across higher-order dimensions
• Micro-computed tomography coupled with µXRD, µXRF and µXAS enable 

textural and chemical analyses across three dimensions.
• Time resolved measurements will enable kinetic measurements of ore fluid 

and mineral reactions.

B.   Advances in lesser utilised synchrotron techniques
• Scope for application of µRaman, µIR, µXPS and SAXS techniques.
• Correlative approaches

C.  Incorporation of synchrotron study techniques at the front end of 
geological investigation

Dobrzhinetskaya et al.  (2006)
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The environmental sciences

Image credits: interestingengineering.com; dummies.com; geographyrealm.com

Part 2



The environmental sciences
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Case study 1: Arsenic speciation in tailing 
materials from gold mines in Ghana (Mensah et al., 2020)

• TLS 07A beamline, National Synchrotron Radiation Research
• Centre (NSRRC), Taiwan.
• Au and As are strongly associated. Au mining can be a notable point 

source of As release into the environment.
• As toxicity is strongly controlled by its speciation, As(III) more toxic 

than As(V).
• Scorodite and arsenopyrite are 

the two major forms of As in 
the spoils, typically associated 
with fine fractions.
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Case study 2: Fe L-edge investigations of 
marine Fe speciation

Unprecedented rise in atmospheric CO2 levels, 
due to anthropogenic activities.

Sinks for atmospheric CO2 include:
1) Terrestrial plants and soils
2) Marine phytoplankton (the ocean’s 

“biological pump”)
3) Seawater inorganic chemistry (the ocean’s 

“physical/solubility pump”)

After Knorr, 2009



Refs: Dept. Biol. Penn State (2004); Michel and Pistorius (2004)

- Fe is an important trace element needed for the growth of 
photosynthetic organisms
- Constituent of the electron transport chain in the thylakoid 
membrane of cyanobacteria
- However, in large tracts of the world’s oceans; low Fe 
concentrations limit primary productivity

After Boyd et al., 2007

5µm 5µm

Von der Heyden et al. 2012
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Case study 2: Fe L-edge investigations of 
marine Fe speciation

- Fe L2,3-edge probes local 
coordination

- ΔeV reflects energies of valence 
orbitals

- Intensity ratio reflects the 
chemical character of the 
valence orbitals

- Spectral parameters affected by:
- Valence state
- Coordination number
- Coordinating ligands
- Distortion effects

 All of which are reflected in a 
mineral’s chemistry and 
mineralogy!

Local coordination:
Fe3+ metal centre (goethite)
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Case study 2: Fe L-edge investigations of 
marine Fe speciation

Distribution of Fe mineralogy in 
the Southern Ocean reflecting:

- High degree of heterogeneity
- Magnetite in the Sub-Antarctic 

Frontal Zone
- Increased prevalence of Fe(II) in 

the high latitudes
- Biological control
- Slower oxidation kinetics
- Fe(II) sources

- Coinciding with greater 
chlorophyll

After von der Heyden et al., 2012



Case study 2: Fe L-edge investigations of 
marine Fe speciation

Distribution of Al/Fe ratios 
evaluated in particles collected 
in the Southern Ocean:

• Al/Fe ratios increase  with 
distance from  source, then 
decrease in Open Ocean

• Higher values at depth (0.17) 
relative to surface  (0.08)

• Role as a chemical tracer
• Effects on solubility

After von der Heyden et al., 2012, 2018
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Case study 2: Fe L-edge investigations of 
marine Fe speciation

Evaluation of particles from 
Southern Ocean, Pacific Ocean, 
two lacustrine environments:

• Fe(II) stable in a range of oxic
aquatic environments

• Strongly associated with 
organic carbon

• Preferentially associated with 
alcohol and carboxamine
functional groups

After von der Heyden et al., 2014

N K-edge map

C K-edge map

Fe L-edge map

500 nm



Concluding remarks
“Global science continues to evolve towards a paradigm in which molecular-, sub-micrometer-
and micrometer-scale observations are used to add important insights into macro- or even 
global-scale processes, synchrotron-based X-ray methodologies will continue to rise in 
prominence as a tool to conduct cutting-edge scientific research.” 

- sXRF techniques are superior to contemporary techniques for mapping and quantifying elemental 
distributions of earth samples

- Synchrotron spectroscopies such as XANES and EXAFS provide unique and detailed molecular-level chemical 
information of e.g., element redox state in ore minerals and environmental contaminant moieties (generally 
not obtainable by conventional analytical methodologies)

- Techniques have already been successfully applied to Earth Science samples, however, number of studies is 
still on the low end of the spectrum.

- Challenge remains to attract a larger synchrotron user base from the Earth Sciences, several disciplines and 
communities (notably the African scientific community) are presently under represented.



Thank you for listening…

Questions?


