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Understanding the economic importance and scientific 
significance of oceanic Fe-Mn crusts

Andrew Menzies1 and Pierre Josso2

1 Bruker Nano Analytics GmbH, Berlin, Germany

2 British Geological Survey, Nottingham, U.K.
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SAIMM GEOMETALLURGY CONFERENCE 2025

Ferromanganese (Fe-Mn) Crusts: 
Supporting exploration with rapid mineralogy mapping

2Innovation with Integrity 2025

Fe-Mn crusts, or ferromanganese crusts, are marine sedimentary mineral deposits primarily 

composed of iron and manganese oxides.  

These crusts are of both scientific and economic interest due to their unique chemical 

composition, which includes valuable metals like cobalt, nickel, copper, titanium, platinum, 

tellurium and rare earth elements.  

They form as thin layers on rock surfaces in the deep ocean ranging from 500 to 7,000 

meters, particularly on seamounts, ridges, and plateaus, over millions of years through the 

direct precipitation of oxides from seawater and possible subsequent phosphatisation

episodes. 
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Ferromanganese (Fe-Mn) Crusts: 
Supporting exploration with rapid mineralogy mapping

3Innovation with Integrity 2025

Firstly, Fe-Mn crusts are valuable for scientific research, as they act as an historical 

record of past ocean conditions.  Their slow growth rate and ability to accumulate 

elements over long periods make them ideal for studying changes in the marine 

environment and the Earth's climate.  

Secondly, Fe-Mn crusts are of growing interest as a potential source of valuable 

metals, particularly nickel and cobalt, which are essential for emerging 

technologies.  The high concentrations of various metals in Fe-Mn crusts, 

compared to land-based deposits, make them attractive for potential future mining 

operations.  

It should be noted that such potential, as described here, does not discuss the 

political nor environmental considerations, as this is a separate topic, albeit 

important and relevant. 
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SAIMM GEOMETALLURGY CONFERENCE 2025

Overview:
Characterization Workflow of a multiscale approach

Alan R Butcher, Quentin Dehaine, Andrew H Menzies, and Simon P Michaux(2023) Characterisation of Ore Properties for Geometallurgy. Elements v19 num6

4Innovation with Integrity 2025
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Measurements Across Scales

5Innovation with Integrity 2025

Open Source MicroXRF

(M6 JETSTREAM)

SEM-EDS

Hitachi SU5000

Benchtop MicroXRF

(M4 TORNADO)

Automated Mineralogy: AMICS
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Micro-XRF Analysis: 
Introduction

Micro-XRF is used across a wide variety of applications, including geological sciences.  

Its advantages are due to the minimal sample preparation required, the ability to 

analyse large samples at a micro scale, as well as quick and non-destructive data 

acquisition, including down to the trace element level.  

• Little to no sample preparation

• Non-destructive

• Elemental information (Major and Trace elements)

• Small spot analysis

• Information from within the sample

• Meso-scale samples : Micro-scale information

• Quantification (down to ppm levels)

• Mineralogy / Automated Mineralogy

6Innovation with Integrity 2025
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Examples:
Micro-XRF M6 JETSTREAM: Drill Core

7Innovation with Integrity Workshop April 2025

Half Core vs Cylindrical Core
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8Innovation with Integrity Workshop April 2025

Overview:
Analytical Challenge – Multiple Samples of Different Sizes

Micro-XRF (M4 Tornado) can 
analyse samples of different sizes:

Left: Field Rock Samples to 
Top Right: Thin Sections to
Bottom Right: Individual Crystals
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MicroXRF Applications
Examples

5 December 2025 9Innovation with Integrity
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MicroXRF Applications
Examples

5 December 2025 10Innovation with Integrity
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Workflow Considerations
Jolis et al. 2025

5 December 2025 11Innovation with Integrity
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Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

12Innovation with Integrity 2025
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Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

13Innovation with Integrity 2025

Samples from:

New England Seamount Chain, Hatton Bank, 

Walvis Ridge, and the Sierra Leone Rise. 

Optical Image
Total X-ray Intensity Map
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Ferromanganese (Fe-Mn) Crusts:
AMICS: Mineralogy

14Innovation with Integrity 2025

Sample Fe-Mn 

Nodule from 

Atlantic Ocean

Total X-ray Intensity Map
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Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

15Innovation with Integrity 2025

Analytical Area 800 x 600 mm

Optical Image Total X-ray Intensity Map



|© 2021 Bruker |
-Bruker Confidential-

© 2025 Bruker ||

SAIMM GEOMETALLURGY CONFERENCE 2025

Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

16Innovation with Integrity 2025

Analytical Area 800 x 600 mm

Mn CoFe



|© 2021 Bruker |
-Bruker Confidential-

© 2025 Bruker ||

SAIMM GEOMETALLURGY CONFERENCE 2025

Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

17Innovation with Integrity 2025

Analytical Area 800 x 600 mm

Ni ZnCu
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Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

18Innovation with Integrity 2025

Analytical Area 800 x 600 mm
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Ferromanganese (Fe-Mn) Crusts
Micro-XRF Analysis

19Innovation with Integrity 2025

Analytical Area 800 x 600 mm

Total X-ray Intensity
Mn + Fe
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Ferromanganese (Fe-Mn) Crusts:
Thin section mapping

20Innovation with Integrity 2025

Co ZnNi

Total X-ray Intensity FeMn
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Ferromanganese (Fe-Mn) Crusts:
Total X-ray Intensity

21Innovation with Integrity 2025
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Ferromanganese (Fe-Mn) Crusts:
AMICS: Mineralogy

22Innovation with Integrity 2025

AMICS Automated Mineralogy
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Ferromanganese (Fe-Mn) Crusts
Line Scan Analysis and Quantification

23Innovation with Integrity 2025



|© 2021 Bruker |
-Bruker Confidential-

© 2025 Bruker ||

SAIMM GEOMETALLURGY CONFERENCE 2025

Ferromanganese (Fe-Mn) Crusts
Line Scan Analysis and Quantification

24Innovation with Integrity 2025
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Analytical Workflow: 
Multi-scale in situ non-destructive scanning micro-XRF analysis

252025Image from Alan Butcher

SAIMM GEOMETALLURGY CONFERENCE 2025

Innovation with Integrity
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Summary and Conclusions:
Analytical Benefits

Micro-XRF Benefits:

• Lower detection limits (down to 10 ppm)

• Detection of High Energy X-ray Lines (Full Spectrum Range up to 40 kV)

• Micrometer scale measurement over large areas (Hand Specimens and Drill Cores)

• Ideal for Low kV or Beam Sensitive samples

• Minimal Sample Preparation Required, No charging effects

• Fast elemental X-ray mapping over large areas

Results:

• Elemental and Mineralogical

• Point, Line Scan, and Mapping

• Automated Mineralogy outputs: Modal Mineralogy, Grain Size, Associations etc

26Innovation with Integrity 2025
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Micro-XRF and AMICS software

➢ Esprit / Micro-XRF: 

➢ Elemental Quantification

➢ AMICS: 

➢ Mineralogy Quantification

Automated analysis of multiple samples.

SAIMM GEOMETALLURGY CONFERENCE 2025

Summary and Conclusions: 
Analytical Results

Compare Between Samples:

▪ Whole Rock Composition

▪ Individual Mineral Composition and 

Zonation

▪ Modal Mineralogy

▪ Mineral Size Distribution

▪ Mineral Shape

▪ Mineral Associations / Inclusions

27Innovation with Integrity 2025



Thank you for your time.

Any Questions?
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Energy Dispersive Spectra
Comparison: Electron vs. X-ray Excitation

Electron 
Excitation X-ray 

Excitation

The garnet has:
40 wt% SiO2 and
20 wt% FeO. 

The different spectrum 
profiles are obvious. 
For example, the e-beam 
spectra (in green) the lighter 
elements are more intense.

Whereas for the heavier 
elements the X-ray 
spectrum (in blue) has a 
significantly more intense 
signal.  

30Innovation with Integrity 2025
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The transmission of X-rays is important for excitation of samples as well as for the 
fluorescence radiation.

Penetration depth: the depth that can still be excited

Information depth: the depth from which fluorescence X-rays can still reach the 
detector

SAIMM GEOMETALLURGY CONFERENCE 2025

Spatial Resolution and Analyzed Volume: 
Transmission and Attenuation

31Innovation with Integrity 2025
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BRUKER AXS – MICROANALYSIS & AUTOMATED MINERALOGY WORKSHOP

Automated Mineralogy (AMICS):
Micro-XRF vs SEM

Micro-XRF SEMThin Section of Co-Ore showing the 
Sulphide phases.

Automated Mineralogy (AMICS) 
possible with both Micro-XRF and 
SEM.

Principally Pyrrhotite and Cobaltite

418.05m 418.55m

PAL0163 – 418.29m

417.55m 418.29m

Optical

Workshop April 2025Innovation with Integrity 32
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BRUKER AXS – MICROANALYSIS & AUTOMATED MINERALOGY WORKSHOP

Automated Mineralogy (AMICS):
Micro-XRF vs SEM

Micro-XRF SEMAutomated Mineralogy (AMICS) possible with both
Micro-XRF and SEM. Difference primarily in resolution.

Thin Section of Co-Ore showing the Sulphide phases.
Principally Pyrrhotite and Cobaltite

Workshop 2022Innovation with Integrity 33
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BRUKER AXS – MICROANALYSIS & AUTOMATED MINERALOGY WORKSHOP

Li-Pegmatite from Portugal: 
AMICS: Mineralogy

34Innovation with Integrity 2025

Sample Description: Pegmatite from Portugal

Optical Image

Total X-ray Intensity Map
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Li-Pegmatite from Portugal
AMICS: Modal Mineralogy Comparison

35Innovation with Integrity 2025

15:05 hh:mm

50 µm and 20 ms

01:43 hh:mm

100 µm and 10 ms

00:52 hh:mm

200 µm and 20 ms

00:39 hh:mm

200 µm and 10 ms

00:26 hh:mm

200 µm and 05 ms
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Ferromanganese (Fe-Mn) Crusts:
AMICS: Modal Mineralogy Comparison

36Innovation with Integrity 2025

Mineral Wt% Wt% Wt% Wt% Wt%

Eucryptite 0.1 0.1 0.1 0.1 0.1

Spodumene 10.1 10.5 10.6 10.5 9.5

Petalite 2.0 1.7 1.5 1.7 1.8

Lepidolite 15.6 14.5 14.4 14.2 13.4

Amblygonite 0.6 0.6 0.6 0.6 0.6

Sanidine 0.1 0.2 0.2 0.2 0.2

Albite 57.9 59.3 59.4 59.7 61.5

Apatite 0.0 0.0 0.0 0.0 0.0

Quartz 12.7 12.3 12.3 12.3 12.2

Perhamite 0.0 0.0 0.0 0.0 0.0

Topaz 0.9 0.9 0.9 0.9 0.8

Others 0.0 0.0 0.0 0.0 0.0

Pixel Size (um) 50 100 200 200 200

Dwell Time (ms) 20 10 20 10 5

Measurement Time (hh:mm) 15:05 01:43 00:52 00:39 00:26



|© 2021 Bruker |
-Bruker Confidential-

© 2025 Bruker

To add an image 

to the background, 

follow these steps: 

▪ Right click -> 

Format Background

▪ Picture or texture fill

▪ Picture source -> 

Insert…

||

Case Study 3 – Battery Elements: Cobalt (Co)
Co Concentration

Assay 
Calculations
Comparison

Total Spectrum (Whole Rock)

Micro XRF: Co 1.04 wt. %

Co

Cobalt content at the depths of 417.55  - 418.05 m
Back Calculated (Mineralogical) 
Co concentration → 9340 ppm

Total Spectrum (Whole Rock) 
Co concentration → 10400 ppm 

Cobalt content at the depths of 417.6  - 418.6 m:
Chemical assay
Co concentration → 9769.3 ppm 
(reported by Mawson Oy)

BRUKER AXS – MICROANALYSIS & AUTOMATED MINERALOGY WORKSHOP

Workshop 2022Innovation with Integrity 37
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