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Particle vs. Bulk

Bulk “Particle”

Particle

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 fortjgée vs. bulk.

Generalization:

Particle size dominates at small diameter, shaparddes at larger diameter
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CalcZAF Program
alab.‘uoregon.edu/calczaf.htm

hitp://epm

T

MEE

Welcome to Calczaf, Probe for Windows (Enterprise Edition) v.

8.11

Probewin
WU8200

Written by John J. Donovan,

This software is registered to

Copyright (¢) 1995-2009 John J. Donovan

ﬂ Calculate ZAF Corrections

Element List {click element row to edit). calculations based on 40 degrees and 15 KeV

Press the Fl key in any window for context sensitive help. To get help on a menu item simply highlight
with the mouse and hit the F1 key.

|Slandﬂrd

Element Analyzed Cations Std K-fac. Std Inten. Unk'Wt. % |Unk K-fac. ~

w
(® Calculate Intensities From Weight Concentrations Elrilet Copy Grid To el
" Calculate Weight Concentrations From Intensities (counts) Clipboard

(" Calculate Weight Concentrations From Intensities (k-raw)
" Calculate Weight Concentrations From Intensities (k-ratio)

Calculation

% ‘ Combined Conditions
Options

e

Enter Composition as Atom String
Enter Composition as Weight String
Enter Composition as Standard

i start B~

3>

@ Temp

Inbo...

| & wind... | Mcro... | /o NST.. | & xray.. | @@ Mico...

M caicz...

Cancel

B cacu.. &)%) =l

Le, B:10PM
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CalcZAF Particle Analysis Example
Fluorite Cak Bulk Standard

&; Standard For Windows [C:\Program Files\Probe Software\Probe for Windows\standard.mdb]
Fle Edit Standard Opfions Xray Analytical Output Help

Standards (double-click to see composition data) Stal Add Standards to Run
104 BN Taylor 4 St 1 B B - B
105 0|ivin?-|9;y|m 5 (-Boyd Fo?) & TO 4 Available Standards in Database {multi-select) Current Standards in Run
106 MgO Taylor 6 CaF| | 12 MgO for Matrix app ~ | | 110 CaF2 Taylor 10
107 Spinel MgAl204 Taylor 7 14 Si02 for Matrix App
108 Al203 Taylor 8 25 MnO for Matrix App

109 Kyanite Taylor 9 i
101 Albite Taylor 1
102 NaCl Taylor 2

111 Orthoclase MAD-10 Taylor 11

112 KBr Taylor 12 -0} | 103 Carbon Taylor 3
113 FeS2 Pyrite Taylor 13 .0f (104 Bh_l '_I'aylur 4
114 Apatite Wilberforce Taylor 14 s n| | 105 Olivine Taylor 5 (=Boyd Fo?)

106 MgO Taylor b
107 Spinel MgAl204 Taylor 7
108 Al203 Taylor 8

Press the F1l key in any window for conte] [ 109 Kyanite Taylor 3
on a menu item simply highlight with the| MALREEIZAEVILIAL)

111 Orthoclase MAD-10 Taylor 11 b’
Enter Standard To Find: Add Standard To Run >3 ‘ oK
St 110 CaF2 Taylor 10 |

St 110 CaF2 Taylor 10 «< Remove Standard from Run ‘ Cancel

TakeOff = 40.0 KiloVolt = 15.0

CaF2 of Taylor
Elemental Composition

Average Total Oxygen: .000 Average Total Weight%: 100.000
Average Calculated Oxygen: .000 Average Atomic Number: 14.647
Average Excess Oxygen: .000 Average Atomic Weight: 26.026

Oxygen Equiv. from Halogen: 20.491

ELEM: Ca F
XRAY : ka ka

ELWT: 51.340 48.660
KFAC: .5054 21537
ZCOR: 1.0158 3.le64
AT% 33.338 66.662

Cancel
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Analytical Conditions, ZAF and mac selections

Select Individual Corrections:
Armstrong/Love Scott (default)
Conventional Philibert/Duncumb-Reed
Heinrich/Duncumb-Reed
Love-Scott |

Love-Scott I

Packwood Phi(pz) (EPQ-91)
Bastin (original) Phi{pz)

Bastin PROZA Phi(pz) (EP0-91)
Pouchou and Pichoir - Full
Pouchou and Pichoir - Simplified

R CE BN RN e)

Mean lonization Potential Corrections

Mean lonization of Berger-Seltzer

Mean lonization of Duncumb-Da Casa

Mean lonization of Ruste and Zeller

Mean lonization of Springer

Mean lonization of Wilson

Mean lonization of Heinrich

Mean lonization of Bloch (Love-Scott)

Mean lonization of Armstrong (Springer-Berger)
Mean lonization of Joy (Wilson-Berger)

I R N ey

BackScatter Coefficients

(" Backscatter Coefficient of Heinrich

& Backscatter Coefficient of Love-Scott

" Backscatter Coefficient of Pouchou and Pichoir

(" Backscatter Coefficient of Hungler-Kuchler (A-W Mod))

BackScatter Corrections

No Backscatter (used for Packwood and Bastin original)
Backscatter of Duncumb-Reed (FRAME-I)

Backscatter of Duncumb-Reed (COR-II) and Heinrich
Backscatter of Duncumb-Reed (COR-II) and Heinrich
Backscatter of Love-Scott

Backscatter of Myklebust-|

Backscatter of Myklebust and Fiori {not implemented)
Backscatter of Pouchou and Pichoir

Backscatter of August. Razka and Wernisch
Backscatter of Springer

OO M e N

—

(o |

Cancel ‘

Phi Equations

(" Phi(pz) Equation of Reuter

& Phi{pz) Equation of Love-Scott

" Phi{pz) Equation of Riveros

(" Phi{pz) Equation of Pouchou and Pichoir
(" Phi{pz) Equation of Karduck and Rehbach
(" Phi{pz) Equation of August and Wernisch
" Phi{pz) Equation of Packwood

Enter Default Analytical Conditions

ZAF, Phi (pz) and Characteristic Fluorescence Selections Rnalfhcal Conditions

Take Off Kilowvolts

OK

|0 |20

Beam Current (nA)

Beam Size {um)

|25 0

Cancel

Absorption Correction

Absorption of Philibert (FRAME)

Absorption of Heinrich (Quadratic Anal. Chem.)

Absorption of Heinrich {Duplex 1989 MAS)

Absorption of Love-Scott (1983 J. Phys. D)

Absorption of Sewell-Love-Scott (1985 J. Phys_ D)
Absorption of Sewell-Love-Scott (1985-1 J. Phys. D)

Phi(pz) Absorption of Packwood-Brown 1982 /XRS Alpha
Phi(pz) Absorption of Bastin 1964/XRS Alpha

Phi(pz) Absorption of Armstrong/Packwood-Brown 1981 MAY
Phi(pz) Absorption of Bastin 1966/ Scanning

C W See s

Mass Absorption Coefficients File Source

.

i N N o

LINEMU Henke (LBL, 1985) < 10KeV / CITZMU > 10KeV:

CITZMU Heinrich (1966) and Henke and Ebisu (1974)
MCMASTER McMaster {LLL, 1969) {modified by Rivers)
MAC30 Heinrich (Fit to Goldstein tables, 1987)
MACJTA Armmstrong (FRAME equations. 1992)

FFAST Chantler (NIST v 2.1. 2005)

0K

Cancel

Phi(pz) Absorption of Riveros 1987 /XRS

Phi(pz) Absorption of Pouchou and Pichoir (Full)
Phi(pz) Absorption of Pouchou and Pichoir (Simplified)
Phi(pz) Absorption of Packwood (New)

Phi(pz) Absorption of Bastin Proza (EPQ-91)

CBCNC R )

Stopping Power Comrections

(" Stopping Power of Duncumb-Reed (FRAME)
" Stopping Power of Philibert and Tixier

" Stopping Power (Mumerical Integration)

(® Stopping Power of Love-Scott

(" Stopping Power of Pouchou and Pichair

(" Stopping Power of Phi(pz) Integration

Fluorescence Corrections

(®* Reed/JTA w/ M-Line Correction and JTA Intensity Mod.

(" Reed/JTA (CITZAF.BAS- original with no M-Line Correction)
" Reed/JTAw/ M-Line Correction Only

" Reed/JTA w/ M-Line Correction and Reed Intensity Mod.
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Data entry:
Element, X-ray, k-ratio, standard

ZAF Element Parameters

Unknown Parameters

OK

ﬂ Cancel

® Analyzed

Standard Parameters

Assigned Standard

Element X-Ray Line Cations Oxygens
F = fka =] =~ o
¥eight Percent Intensity
| |0]2214

" Specified Only

Intensity

Delete

110 CaF2 Taylor 10 ~ |

il calculate ZAF Corrections DExX
Element List {click element row to edif). calculations based on 40 degrees and 20 Ke¥
Element Analyzed Cations |Standard Std K-fac. Std Inten. Unk Wt %  |UnklInten. ~
Ca ka : 111 110 .0ooooo 1.00000 .0oo 053100
F ka Yes 1/0 110 .00oo000 1.00000 .0oo £.221400
w
(" Calculate Intensities From Weight Concentrations P T P Copy Grid To Close
(" Calculate Weight Concentrations From Intensities (counts) Clipboard
(e Calculate Weight Concentrations From Intensities (k-raw) .
(" Calculate Weight Concentrations From Intensities (k-ratio) C%:':ilg::sun Combined Conditions
Enter Composition as Atom String
Enter Composition as Weight String
Enter Composition as Standard
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Particle Correction:
on/off, model, diameter, density, TF, step

Display Current Sample Elements

Calculate Elemental To Oxide Factors
Calculate Oxide To Elemental Factors
Students "t" Table

Empirical MACs
ZAF Selections
Operating Conditions
Particle and Thin Film

Particle and Thin Fim (single-layer) Calculations(chick to turn on)

Particle/Thin Film Options
OK

Cancel

Use Conductive Coating Correction For Energy || | Use Particle or Thin Film Calculations With Selected Phi-Rho-Z Cormrections (click to turn on)

Particle/Thin Film Model |Thin Film or Thick Polished Section (unsupported film or no substrate) ﬂ
Calculate and Plot Binary Alpha Factors Only unsupported thin
Calculate and Ouput Binary K-Ratios and Apha F§ | particle Diameter 100000 Use 10000 mg/cm™2 far infinitely thick specimens (micrans for particles) films (TEM) or low-Z
substrates are allowed.

Binary Calculation Options
Binary Histogram Options Particle Density 3.00000 3g/om™3 is typical for silicate minerals (irrelewvant for thick specimens) Use overscanned ar

i ; defocussed beam for
g:gﬂi:g E:::x i:ts:zi:sz Egﬂ:ﬁﬂ; g:ztg;;i i: Particle Thickness Factor 1.00000 Sample thickness to diameter ratio = 1 (typical for equant particles) patticles.
Calculate Binary Intensities (Output Calculated In Thanks ta Jah

4 (Outp Numerical Integration Step 000010 0.00001 gfem™2 (typical for 15 ke) irr]mitruon; "

Calculate Standard Concentrations (Output Calc
Calculate Standard Concentrations for All Matrix (e T e T e e T T e T T T T T e e 2 T T T

Calculate Binary Intensities (Output Corrected Atf Particle and Thin Film (single-layer) Calculations(click to turn on)

Calculate Binary Intensities (Output Corrected M3 Particle/Thin Film Options

Calculate Binary Intensities (Output Corrected Elg OK
Calculate First Approximations Only (Atomic Frac§ | [+ Use Particle or Thin Film Calculations With Selected Phi-Rho-Z Corrections (click to turn on)

Calculate First Approximations Only (Mass Fractio Cancel
Calculate First Approximations Only (Electron Fraj | Particle fThin Film Model |Rectangular Prism (flat top and flat sides or cube) ﬂ

Update Edge Line Flur Files Only unsupported thin

Update Mac Fies Particle Diameter ] IUse 10000 mg/cm™2 for infinitely thick specimens (microns for paricles) SEL";SEEL?‘QEQHD;‘:\;E:{

Convert Text To Data
Particle Densi 3 "3 ical for silicate mi I (irrel tfor thick i
article Density 3.00000 gfcm™3 is typical for silicate minerals (irelewant for thick specimens) Use overscanned o
defocussed beam for
Particle Thickness Factor 1.00000 Sample thickness to diameter ratio = 1 (hypical for equant particles) particles.
Thanks to Joh
Numerical Integration Step 000010 0.000071 gfem”™2 (typical for 15 ke irr]m?struon; f
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Correction of 0.5 um Caghparticle
Bulk vs. Particle Correction

The wrong way, bulk correction, Cak;

Particle correction, CaF, o, ldeal Ca 51.34 , F 48.66
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EPMA Particle Analysis Data: Armstrong PTC
Fluorite Cak

CaF, particles analyzed by EPMA using Cdtulk standard

Data acquired at 20 keV, 40 degrees TOA, DensgicB?

Particle | Diameter | Model | Geometry k-Ca k-F

1 0.5mMm 5 Sq. pyr. 0.0531 0.2214

2 1mm 3 Tet. Prism 0.6092 1.9057

3 2 nm 5 Sq. pyr. 0.2692 0.6881

4 5nm 5 Sq. pyr. 0.5040 0.8622

5 10mm 2 Rect. prism 1.0019 1.1546

. Norm. El. Wt% Unnorm. | Atom Proportions

Sample | Model | Diameter Ca = Total Ca E
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 68.78 105.238 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 48.67 100.0D 1.00 2.0
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EPMA and Compositional Mapping
Lunar Sample Research Program

E Lunar samples: Apollo missions and lunar meteorites

E 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
EaglenXRF spectrum imaging
AXSIA processing of Sl data sets

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

E 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, ilmenit
Highland anorthosite Ca-plagioclase, minor mafics
Breccias complex mono- and polylithic fragmental rocks, dsetextures
Glassesimpact, pyroclastic
Agglutinates Communition / 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

\ \ Width 8 mm

Pyroxene: zoned augite-pigeonite-Fe-rich rim Rlalgise, poikilitic llmenite  Hollacher photo
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Apollo 17 High-Ti Basalt 70017
20x, Crossed polars

\ Width 8 mm

Pyroxene: zoned augite-pigeonite-Fe-rich rim Rlalgise, poikilitic llmenite  Hollacher photo
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Apollo 16 Ferroan Anorthosite 60025
20x, Plane light, Plagioclase ~gnminor pyroxene

Width 8 mm

Hollacher photo
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Apollo 16 Ferroan Anorthosite 60025
20x, Crossed polars

Width 8 mm

Hollacher photo
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Apollo 14 Polymict Breccia 14305
20x, Plane light

Width 8 mm

Breccia clasts Shocked Anorthosite Hollacher photo
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Apollo 14 Polymict Breccia 14305
20x, Crossed polars

Width 8 mm

Breccia clasts Shocked Anorthosite Hollacher photo
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Lunar Polymict Breccias, A16 Highlands Site
Fragmental Mixtures of Mare and Highland Materials

Apollo 16 Samples 67016 and 61015
Cube 2 cm

Lunar Sourcebook
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Al7 Orange Glass 74220
40x, Plane light, Pyroclastic Ti-rich glass andalmie

Width 4 mm

Ti-rich orange glass, 20-48n diameter, Devitrified glass Hollacher photo
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Lunar Mare Soil Components

Volcanic Glass |

Impact-Glass
Bead \

Bead
/ /

.

Agglutinate

Rock
Chips

T

N

 »

Plagioclase

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-concius
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Compositional Mapping
EPMA and mXRF
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NWA 3333 Stage Map BSE Mosaic
Clast delineation and mineral 1D difficult
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Lunar Meteorite NWA 3333 R-Al, G-Mg, B-Fe
Lithologies: Basalt, Impact-melt breccia, Cumulaligine gabbro

Fe-rim Olivine

SiO,

[Im.

Breccial

Basal]

Melt vein

Gabbro

Plagioclase
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EZIN I .

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

MAS McCrone Particles 2009



001 —

001 I
+ 3%+ | 3

MAS McCrone Particles 2009



Dhofar 961 Meteorite
Lunar Impact-melt Breccia

I
BSE image with main lithic clasts outlined.
Blue surrounds the prominent mafic impact-melttdiisologies.
Yellow: Granulite, White: less mafic impact-melebcias.
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 usingKXRF and EPMA

Red:nXRF mapping coverage, EagiXRF, Jeff Davis at NIS‘If
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, Al, Si, Ca, Fe: Ca:
olivine, low-Ca pyx Plagioclase + mix Plagioclase, carbonate
Mg, Fe, Si, Ca: Zr | P, Ca, Fe: REE ?:

Olivine, low-Ca pyx, Ca-pyxZircon, Phosphate KREEP, unknown
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Phase Density Correction
Analysis of Heterogeneous Materials

1.0 ; ; :
a N \ e
Fayalite Bo8{ N SO
FeSIO, T07 1 N\ S P SRR S
g 061 N\ N S 7 ‘ ‘
r =4.2 Bosl N |7 Fayalite
Eoal O [T Tridymite
So3| 7N X
Measure 50:50 Area Fraction Fa:Trid |02 /-7 Ilx
7 NN
Assume: N I R NG
Volume Fraction = AF 0.0
. .. 0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0
No e scattering, X-ray transmission Volume Fraction Fayalite
_ * Conversion VF to WF, Fa:Trid mixtures
r bulk — S(Vthase r phase) ST . .
Solid line density correction, dashed no corr.
Weight Fraction Calculation If density correction is disregarded:
WF = VF *rr I _
Phase” ™ bulk FOrm 2> ,ui WF value underestimated
Requires knowledge of phage Fe-rich silicates, ilmenite, etc.
for quantitative analysis of FOrm jase <M pux WF value overestimated
multiphase sample volumes Plagioclase, low-Z silicates, etc.
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Analysis of Multiphase Sample
Anorthite — En80 50:50 Mixture

AnZAF | Eng ZAF | K-el 50:50AF | Ideal 1 DBA 2 Homog 3
Mg 1.414 1.486 0.0613 10.57 8.88 8.61
Al 1.262 1.553 0.0768 8.15 9.45 10.45
Si 1.322 1.318 0.1762 23.74 22.67 22.64
Ca 1.089 1.090 0.0662 6.05 7.02 6.98
Fe 1.191 1.180 0.0443 6.07 5.10 5.10
® 3.045 1.874 0.1956 45.42 46.88 46.22

for En 80"

2. DBA analysis using k-ratios from 50:50 area frac
3. Analysis obtained using k-ratios from 50:50 area

Key: An and En80 ZAF : Combined ZAF factor relative to pure elements for
K-el 50:50 AF : Calculated k-ratios for a 50:50 area fraction usi
1. Ideal analysis for 50:50 AF anorthite — En

g0 Sample in weight percent using

anorthite and En 4 Fs,, pyroxene.
ng k-ratio for anorthite and En
r = 2.76 for anorthite andr = 3.81

tion and ZAF factors for anorthite and En
fraction and assumption of homogeneous sample.

80"
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Analysis of Multiple Phases in Analytical Volume
Work in progress

Analysis of homogeneous phase, ZAF parametersaarigle homogeneous phase
C = K* ZAF, or equivalent Bence-Albee C = Kb*with Armstrong
polynomial a-factor algorithm:

C
K—A =a, +(-a,)C, wherea, =c+dXC,)+eXC,)
A
_(P-B)™™
A (P_ B)Std

If multiple phases in analytical volume, must tr&atay production in discrete phase
and correct for weight fraction of phase in volume:

whereP,B = X - ray peakandbackground

plag p plag plag+ PYXD PYX /4 PYX NTVIS npHh 4N
CSi P bSi CSi P bSi CSiP bSi

M _
bSi " Cf Pf
L Si
C; = weightfractionelementin phasée
P’ = weightfractionphasef in multiphasevolume

b’ = betafactorfor elemenin phasef Albee et. al. 1977
el .
Berlin 2008
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Normative Analysis

E CIPW normative analysis — apportionment of rock gsialto weight percent
minerals that would form under equilibrium condiiso

E Normative analysis can be used to take EPMA arsabssil calculate wt%
mineral phases; could be expanded to other connpaelitsystems

E Example: Na — Albite, K — Ksp, Ca — An, Al — Ab, Ansg, Cor, etc.

E Issues: Assignment of Fe to Fe metal, Fe-oxid®eanel pyroxene, etc.
Also need densities of phases to convert to wgaghtent bulk sample

Elemen Bulk Norm  Norm Wt
Na 1.3¢ Albite 15.8 Albite NaAIS,Oq
Al 6.3C Anorthite 3.9¢ Anorthite CaAlSi,Oq
Si 36.7¢ Microcline  39.9¢ Microcline KAISi,Oq4
K 5.61 Quart: 40.0( Quartz SiQ
Ce 0.57 Corundun  0.0¢ Corundum AlQO,
O 49.3¢
Sumn 10C 99.8¢
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Analysis of Multiple Phases in Analytical Volume
Work in progress

Requires knowing C in discrete phases and theightdraction P in sample volume.
Correction for ZAF parameters is for that spegiiase, not homogeneous volume.

If you know the phases and WF in sample volume,aloeady have analysis data!

Revitalized work in progress, use normative analigicalculate proxy phases from
initial ZAF correction and iterate for final analys

Or por AbpAb AnpAn Or 4, 0Or Ab g Ab An 4 An
C, P +CIPT+C"P Pb. +PTbH."+PThH

bsM = n + Or Ab An +
i PO +PA 4 P
CsPs
Wot+En+Fs ° Fot+Fa n
CPxb + CPxb +...+ CPxb
Si Si Si

WhereCPand b arefor normativecomponentfrom CIPW or catanorm

Albee et. al. 1977
Berlin 2008
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Conclusions

B Quantitative particle analysis available using CAE

B Combined EPMA and mXRF compositional imaging of lumeteorites
Improved discrimination of mineralogy and lithologfyclasts
Applications to discrete vs. local bulk analysis

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