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CalcZAF / CITZAF Program
Particle Prep and Sampling: Flyash, Microwaved CD
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Particle vs. Bulk

Bulk Sample
All e- scattering contained
Symmetric distribution of electrons 
and X-rays

Particle
Sidescatter = loss of X-ray production
Reduced path length = reduced X-ray 
absorption

Differential X-ray absorption and sidescatter for particle vs. bulk.
Generalization:
Particle size dominates at small diameter, shape dominates at larger diameter

“Particle”Bulk Particle
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CalcZAF Program
http://epmalab.uoregon.edu/calczaf.htm
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CalcZAF Particle Analysis Example
Fluorite CaF2 Bulk Standard
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Analytical Conditions, ZAF and mac selections
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Data entry:
Element, X-ray, k-ratio, standard
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Particle Correction:
on/off, model, diameter, density, TF, step
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Correction of 0.5 um CaF2 particle
Bulk vs. Particle Correction

The wrong way, bulk correction, CaF5.17

Particle correction, CaF1.96  Ideal Ca 51.34 , F 48.66
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EPMA Particle Analysis Data: Armstrong PTC 
Fluorite CaF2

Norm. El. Wt%  Atom Proportions Sample Model Diameter 
Ca F 

Unnorm. 
Total Ca F 

1 1 10000 16.26 83.74 17.00 0.388 2 
2 1 10000 18.95 81.05 95.17 0.468 2 
3 1 10000 21.07 78.93 38.53 0.534 2 
4 1 10000 25.79 74.21 61.33 0.695 2 
5 1 10000 31.22 68.78 105.23 0.908 2 
        
1 5 0.5 51.69 48.31 80.91 1.014 2 
2 3 1 51.68 48.32 96.99 1.014 2 
3 5 2 52.04 47.97 88.20 1.028 2 
4 5 5 51.67 48.33 90.80 1.013 2 
5 2 10 51.82 48.18 98.73 1.020 2 
        
Actual Composition:  51.33 48.67 100.00 1.00 2.00 
 

CaF2 particles analyzed by EPMA using CaF2 bulk standard
Data acquired at 20 keV, 40 degrees TOA, Density 3 g/cm3

Particle Diameter Model Geometry k-Ca k-F 
1 0.5 mm 5 Sq. pyr. 0.0531 0.2214 
2 1 mm 3 Tet. Prism 0.6092 1.9057 
3 2 mm 5 Sq. pyr. 0.2692 0.6881 
4 5 mm 5 Sq. pyr. 0.5040 0.8622 
5 10 mm 2 Rect. prism 1.0019 1.1546 
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EPMA and Compositional Mapping
Lunar Sample Research Program

Lunar samples: Apollo missions and lunar meteorites
Compositional Mapping

BSE mosaic imaging baseline for research
EPMA WDS and SDD stage mapping of ~ 1-2 cm samples
Micro/Milli-XRF stage mapping at NIST

Eagle mXRF spectrum imaging
AXSIA processing of SI data sets

Analysis of heterogeneous phase mixtures
Density correction
Defocused-beam analysis (DBA) via EPMA and XRF
Function of spatial resolution of sampling

WDS Trace element analysis
Multiple-WDS trace element measurement 

Ti-zircon
Sr-plagioclase
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Lunar Map with Landing Sites
Apollo 11-12, 14-17, Meteorites from Near/Farside

Lunar history
Separation from Earth
Formation of lunar magma ocean
Flotation -- anorthosite crust

� Lunar Highlands
Cataclysmic bombardment
Eruption of flood basalts 

� Lunar Maria
Lunar “weathering” from meteorite 
impacts– crushing, melting,
evaporation, mixing over short and long 
distances, solar wind implantation

Lithologies
Mare basalt olivine, pigeonite, low-Ca and Ca-pyroxene, ilmenite
Highland anorthosite Ca-plagioclase, minor mafics
Breccias complex mono- and polylithic fragmental rocks, diverse textures
Glassesimpact, pyroclastic
AgglutinatesCommunition / condensation products (nanophase Fe)
Meteorite fragments(Ni metal)
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Lunar Regolith
A16 Lunar Sampling – Rocks, Soils (bag, core)
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Apollo 17 High-Ti Basalt 70017 (Taurus-Litrow)
20x, Plane light, Final A17 Sample Collected

Pyroxene: zoned augite-pigeonite-Fe-rich rim  Plagioclase, poikilitic  Ilmenite Hollacher photo

Width 8 mm
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Apollo 17 High-Ti Basalt 70017
20x, Crossed polars

Pyroxene: zoned augite-pigeonite-Fe-rich rim  Plagioclase, poikilitic  Ilmenite Hollacher photo

Width 8 mm
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Apollo 16 Ferroan Anorthosite 60025
20x, Plane light, Plagioclase ~An95, minor pyroxene

Hollacher photo

Width 8 mm



MAS McCrone Particles 2009

Apollo 16 Ferroan Anorthosite 60025
20x, Crossed polars

Hollacher photo

Width 8 mm
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Apollo 14 Polymict Breccia 14305
20x, Plane light

Breccia clasts Shocked Anorthosite Hollacher photo

Width 8 mm
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Apollo 14 Polymict Breccia 14305
20x, Crossed polars

Breccia clasts Shocked Anorthosite Hollacher photo

Width 8 mm
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Lunar Polymict Breccias, A16 Highlands Site
Fragmental Mixtures of Mare and Highland Materials

Lunar Sourcebook

Apollo 16 Samples 67016 and 61015
Cube 2 cm
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A17 Orange Glass 74220
40x, Plane light, Pyroclastic Ti-rich glass and ilmenite

Hollacher photo

Width 4 mm

Ti-rich orange glass, 20-45 mm diameter, Devitrified glass
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Lunar Mare Soil Components

1 mm

Volcanic Glass
BeadImpact-Glass

Bead

Agglutinate

Plagioclase

Rock
Chips

Impact
Glass
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Lunar Soil BSE Image
Rock, Mineral, Glass, Agglutinate Grains

Larry Taylor
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Mare Soil Agglutinates
Micrometeorite impact, welding, evaporation-condensation
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Compositional Mapping
EPMA and mXRF

���������	

����
�������
�������
���������������������� !



MAS McCrone Particles 2009

NWA 3333 Stage Map BSE Mosaic
Clast delineation and mineral ID difficult
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Basalt

Fe-rim Olivine

Plagioclase

Melt vein

Gabbro

SiO2

Ilm.

Breccia

Lunar Meteorite NWA 3333 R-Al, G-Mg, B-Fe
Lithologies: Basalt, Impact-melt breccia, Cumulate olivine gabbro
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Lispix ternary traceback
RGB phase map
Red: Fe-rich olivine
Green: Basalt clasts and melt veins
Blue: Mg-olivine

Requires good X-ray statistics to 
discriminate phases, 16 hr stage map
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Dhofar 961 Meteorite
Lunar Impact-melt Breccia

BSE image with main lithic clasts outlined.
Blue surrounds the prominent mafic impact-melt clast lithologies.
Yellow: Granulite, White: less mafic impact-melt breccias.
Orange: Small, rounded aluminous basalt clasts.
Two bright spots at left-center are Fe-Ni metal.
Scale bar is 3 mm.
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Dhofar 961 Meteorite
Stage mapping using mXRF and EPMA

Red: mXRF mapping coverage, Eagle mXRF, Jeff Davis at NIST
Blue: EPMA stage mapping coverage, WDS/SDD
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mXRF Maps + AXSIA Spectral Simplicity Processing
Sampling Issue due to Beam Volume

Fe: Metal,
olivine, low-Ca pyx

Al, Si, Ca, Fe:
Plagioclase + mix

Ca:
Plagioclase, carbonate

Zr / P, Ca, Fe:
Zircon, Phosphate

REE ?:
KREEP, unknown

Mg, Fe, Si, Ca:
Olivine, low-Ca pyx, Ca-pyx
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Phase Density Correction
Analysis of Heterogeneous Materials

Fayalite
Fe2SiO4

r = 4.2

Tridymite
SiO2

r = 2.26
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Measure 50:50 Area Fraction Fa:Trid
Assume:
Volume Fraction = AF
No e- scattering, X-ray transmission

rrrr bulk = SSSS (VFphase* rrrr phase)

Weight Fraction Calculation

WF = VF * rrrr phase/ rrrr bulk

Conversion VF to WF, Fa:Trid mixtures
Solid line density correction, dashed no corr.
If density correction is disregarded:

For rrrr phase> rrrr bulk WF value underestimated
Fe-rich silicates, ilmenite, etc.

For rrrr phase< rrrr bulk WF value overestimated
Plagioclase, low-Z silicates, etc.

Requires knowledge of phase rrrr
for quantitative analysis of 
multiphase sample volumes
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Analysis of Multiphase Sample
Anorthite – En80 50:50 Mixture

Key: An and En80 ZAF : Combined ZAF factor relative to pure elements for  anorthite and En 80Fs20 pyroxene.
K-el 50:50 AF : Calculated k-ratios for a 50:50 area fraction usi ng k-ratio for anorthite and En 80.
1. Ideal analysis for 50:50 AF anorthite – En 80 sample in weight percent using rrrr = 2.76 for anorthite and r r r r = 3.81 
for En80.
2. DBA analysis using k-ratios from 50:50 area frac tion and ZAF factors for anorthite and En 80. 
3. Analysis obtained using k-ratios from 50:50 area  fraction and assumption of homogeneous sample.

46.2246.8845.420.19561.8743.045O

5.105.106.070.04431.1801.191Fe

6.987.026.050.06621.0901.089Ca

22.6422.6723.740.17621.3181.322Si

10.459.458.150.07681.5531.262Al

8.618.8810.570.06131.4861.414Mg
Homog 3DBA 2Ideal 1K-el 50:50AFEn80 ZAFAn ZAF
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Analysis of Multiple Phases in Analytical Volume
Work in progress
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Normative Analysis

CIPW normative analysis – apportionment of rock analysis to weight percent 
minerals that would form under equilibrium conditions

Normative analysis can be used to take EPMA analysis and calculate wt% 
mineral phases; could be expanded to other compositional systems

Example: Na – Albite, K – Ksp, Ca  – An, Al – Ab, An, Ksp, Cor, etc.
Issues: Assignment of Fe to Fe metal, Fe-oxides, olivine, pyroxene, etc.

Also need densities of phases to convert to weight percent bulk sample

Element Bulk

Na 1.39
Al 6.30
Si 36.74
K 5.61
Ca 0.57
O 49.38

Sum 100

Norm Norm Wt%

Albite 15.87
Anorthite 3.96
Microcline 39.96
Quartz 40.00
Corundum 0.06

99.85

Albite NaAlSi3O8
Anorthite CaAl2Si2O8
Microcline KAlSi3O8
Quartz SiO2
Corundum Al2O3
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Analysis of Multiple Phases in Analytical Volume
Work in progress

Requires knowing C in discrete phases and their weight fraction P in sample volume. 
Correction for ZAF parameters is for that specific phase, not homogeneous volume.
If you know the phases and WF in sample volume, you already have analysis data!

Revitalized work in progress, use normative analysis to calculate proxy phases from 
initial ZAF correction and iterate for final analysis.

Albee et. al. 1977
Berlin 2008
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Conclusions

Quantitative particle analysis available using CalcZAF
Combined EPMA and mXRF compositional imaging of lunar meteorites

Improved discrimination of mineralogy and lithologyof clasts
Applications to discrete vs. local bulk analysis

Progress in analysis of multiphase sample volumes
Density correction, normative analysis method


