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Welcome to QMA 2019 TC!
MAS Presidential Message
It is my pleasure on behalf of the Microanalysis Society and the organizing committee to
welcome you to QMA 2019. The advancement of microanalysis has been the core mission of
MAS for over fifty years. Our Topical Conference (TC) series fulfills this mission through
continued dedication to education in focused areas microanalysis topics. The TC meetings
complement the broader Microscopy & Microanalysis meeting, which MAS co-hosts with the
Microscopy Society of America annually. This year, MAS has organized Quantitative
Microanalysis, QMA 2019, the 17th topical conference since 2002. The MAS TC program has a
plenary program structure that highlights the contributions of young scientists, and is made
possible with generous support from the vendor community. The MAS early career scholars
(ECS) receive financial support from the National Science Foundation (NSF) coupled with
support from the ECS awardees institution. I hope you will take full advantage of the TC format
to engage deeply in discussion of the latest advances in Quantitative Microanalysis during the
meeting, and carry forward our mission of advancing microanalysis to the scientific and
technical communities world-wide.

Rhonda Stroud, President of the Microanalysis Society
On behalf of the organizing committee, I welcome you to QMA 2019, the second topical
conference dedicated to quantitative microanalysis. Continuing in the tradition from EPMA
2016, we return to the broad topic of microanalysis with an emphasis on electron-probe
microanalysis and scanning-electron microscopy, using the techniques of wavelengthdispersive and energy-dispersive spectrometry. Emphasis is placed on the importance of
microanalysis standards, measurement procedures, quantitative analysis, the use of software
tools, and advances in both instrumentation and applications. Most importantly, we take on
these topics with our sponsors, and will engage in group discussions and product
demonstrations to improve our knowledge.
We continue our scientific partnership in support of international ECS awardees cosponsored
by MAS and our partner IUMAS societies from Europe, China, and Brazil. We are proud to have 33 ECS awardees from
the United States, Germany, Canada, and Nigeria supported through NSF funds. I want to thank the QMA 2019
committee members that have worked to make this conference come to reality during the many months it took to get
here. We also thank MAS council and MAS members who have helped along the way.
Many of us understand the importance of technical knowledge and competence with microanalytical techniques, and the
role they play in the earth and materials sciences. We come together at QMA 2019 to learn about microanalysis from the
experts and to make new friends. As members of the scientific community we highlight problems in microanalysis, and
with members of the sponsor community we search for solutions. With our ECS awardees, we build knowledge and
relationships for the future.

Heather A. Lowers, Chair of MAS QMA 2019
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Meeting Information
Meeting Location and Venue
The QMA 2019 Topical Conference is being held on the University of Minnesota Twin Cities campus
in Minneapolis. All plenary technical meetings, breaks, and group meals will take place in the
Tate Hall building, which houses the Department of Earth Sciences. The room is set up for both
wireless and wired internet connectivity.
There is a light rail station (East Bank; green line) less than 5 minutes away from Tate Hall as well as
many bus lines connecting to downtown St. Paul and Minneapolis, as well as the airport and the Mall
of America (blue line). There are multiple parking ramps and surface parking lots close-by. Parking
passes can be arranged for $8 per day.

Metro Transit: light rail / bus info & online tickets at... https://www.metrotransit.org/metro

Registration & Information Desk
The registration and information desk is located in the Tate Hall Foyer.
Sunday
Monday
Tuesday – Thursday

3 PM to 6 PM
8 AM to 5 PM
7:30 AM to 5 PM

On-site registration will be accepted (payment by check, cash, or online / PayPal).
• Students & Early Career Scholars: $100.
• Other attendees: $400.

Lodging Information
(1) Dorm rooms are available on University of Minnesota, 7th Street Dorm (5 minute walk from Tate Hall).
(2) Double Tree by Hilton
511 Huron Blvd SE
+1-612-504-3000
www.hilton.com
(3) Graduate Minneapolis Hotel
615 Washington Ave SE
+1 612-379-8888
www.graduatehotels.com
(4) Days Hotel
2407 University Ave SE
+1 612-623-3999
www.wyndhamhotels.com
(5) Hampton Inn & Suites
2812 University Ave SE
+1 612-259-8797
hamptoninn3.hilton.com
(6) Courtyard Marriott Downtown 1500 S Washington Ave
+1 612-333-4646
www.marriott.com
(7) Aloft Minneapolis
900 S Washington Ave
+1 612-455-8400
www.marriott.com
(8) Renaissance Minneapolis Hotel 225 3rd Ave S
+1 612-375-1700
www.marriott.com
(9) Hyatt Place Downtown
425 S 7th St
+1 612-333-3111
www.hyatt.com
(10) Hilton Garden Inn Downtown
1101 S 4th Ave
+1 612-339-6633
hiltongardeninn3.hilton.com
(11)Days Inn by Wyndham
1964 University Ave W
+1 651-645-8681
www.wyndhamhotels.com
(12) Como Lake B&B
1205 W Como Blvd
+1 651-402-7930
www.comolakebnb.com

Eating & Drinking
Suggestions for places to eat and drink are available on the QMA2019 website:
https://the-mas.org/events/topical-conferences/qma-2019
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Monday, June 24th 2019 — User Meetings
User meetings are organized by the Sponsors of MAS QMA 2019 TC. These meetings are an
excellent opportunity to meet other scientists who use instrumentation and representatives from
companies. You will also find out about product capabilities and recent developments.
User meetings will take place in the Tate Hall. Room locations will be indicated on site.
These user meetings are open to all attendees (except employees of other sponsors) and
require registration with the sponsor contact person listed below. On site registration will be
possible.

Welcome
reception at
the Northrop
Building,
84 Church St SE
(see map, p.3).
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Technical Program at a Glance

Reception & banquet:

Campus Club

Coffman Memorial Union
4th floor
300 Washington Ave SE
MAS Quantitative Microanalysis 2019 TC
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Tuesday, June 25th 2019
All plenary sessions will be in the Tate Hall main auditorium, room B050.
7:30 - 8:15

Registration & breakfast

8:15 - 8:30

Welcome message

8:30 - 9:15

Buse, Ben

An Overview of Electron-probe Microanalysis

9:15 - 9:45

Johnson, Cathy

Probing Sample Preparation as a Pathway to Analysis Improvement

9:45 - 10:00

Lowers, Heather A.

Practical Aspects of Quantitative Microanalysis

10:00 - 10:30 Coffee break
10:30 - 11:00 Carpenter, Paul

Matrix Corrections in Microanalysis and the CalcZAF Matrix
Correction Program

11:00 - 11:15 MacRae, Colin

Quantification of hydrated minerals

11:15 - 11:45 Nachlas, William

Use of Standards and Reference Materials for Quantitative
Microanalysis of Trace and Light Elements with EPMA

11:45 - 12:00 Fournelle, John

Standard Reference Materials – Critical Elements for Microanalysis
(WDS and EDS): A Cautionary Tale, and a Hopeful Future

12:00 - 1:00

Lunch & group discussion

1:00 - 1:30

Carpenter, Paul

EPMA Quality Control I: WDS Spectrometer Alignment, PHA
Calibration, and Deadtime Measurement

1:30 - 2:00

Allaz, Julien M

Quality Control II: Reproducibility, Precision-Accuracy, EDS analysis,
& Imaging

2:00 - 2:30

Donovan, John

Advances in Quantitative EPMA Compositional Mapping

2:30 – 3:00

Coffee break

3:00 - 3:15

Fournelle, John

CASINO: A Free Software Program to Enhance Your EDS and WDS
Experience

3:15 - 3:45

Goemann, Karsten

Electron Probe Microanalysis of Complex Natural Sulphides Using a
Single Shared Background Method

3:45 - 4:00

Feig, Sandrin

The EPMA – Method Development Tool, the Home of Perfect Waves

4:00 - 4:30

Group discussion

4:30 - 6:00

Poster session

6:00 - …

Dinner on your own
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Quantitative Microanalysis
Posters
Alharbi, Najat

A Microscopic Characterization of Alkali Activated Slag

Cronberger, Karl

The Petrogeneses of KREEP Basalts

Donovan, John

Integration of WDS X-Ray Maps and EDS Spectrum Images for Quantification

Fournelle, John

And Now for Something Completely Different: A Probe Potpourri

Ihinger, Phillip

Geochemical Characterization of North American Glass Trade Beads: Variable
Pressure vs High Vacuum Analysis on the SEM

Jiang, Peng

Capability of Cameca SXFive Field Emission EPMA in Acquiring High-precision and
High-accuracy Minor and Trace Elemental Data at High Spatial Resolution

Livingston, Kelsey

Imaging of Granitic Textures in Three-Dimensions: Using X-ray Diffraction Contrast
Tomography Paired with Energy-Dispersive Automated Mineralogy for Textural
Characterization in the Mount Rosa Granite, Pikes Peak Batholith, Colorado

Mori, Norihisa

Advances in Mapping Data That Now Include AI, Machine Learning, Neural Networks
and Deep Learning - High Speed Cluster Analysis (HSCA)

Moy, Aurélien

Monte Carlo Simulations to Evaluate Analytical Spatial Resolution in EPMA

Neill, Owen

The FIGMAS Online Database of Standards and Reference Materials

Olisa, Olusegun

Preliminary Mineral Chemistry of Accessory Minerals in Pegmatites of Igangan NW
240, Southwestern Nigeria

Poeml, Phillip

Experimental Determination of Mass Absorption Coefficients for O K in Actinides

Schneider, William

Using Quantitative and Qualitative Analysis to Confirm Phase Identities for Large Area
EBSD Mapping of Geological Thin Sections

Takakura, Masaru

Chemical Bonding State Analysis with Si L line spectra of Silicate Minerals using a Soft
X-ray Emission Spectrometer installed on an EPMA

UW-Madison probe class (Barshi et al): Seeking Compositional Truth: EDS vs. WDS to Evaluate New
Standard Materials
Walker, Jeffrey

Using Linear Regression of SEM/EDS Analyses to Distinguish Saponite and Nontronite
in Altered Basalt from the Mountain Home ICDP Core, Idaho (USA)

Werner, Jonas

Automated Orientation Imaging and Phase Mapping in the TEM: Detection Limits for
Reliable Martensite Identification in Steels

Wiegel, Philip

Evaluation of MPI-DING and Smithsonian Glasses for Use as Electron Probe
Standards: Inter-Set Consistent Calibration

Wittmann, Axel

The Composition of Chicxulub Allanite

Wright, Karen

Determining Mass Absorption Coefficients of O k and C K in Uranium

All posters will be on display during the entire conference.

MAS Quantitative Microanalysis 2019 TC
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Wednesday, June 26th 2019
All plenary sessions will be in the Tate Hall main auditorium, room B050.
7:30 - 8:30

Registration & breakfast

8:30 - 9:15

Ritchie, Nicholas

The Potential of Modern Quantitative EDS

9:15 - 9:45

Mengason, Michael

Quantitative EDS Analysis of Small Rhyolitic Glass Particles 2.5 to 15
µm

9:45 - 10:00

Lowers, Heather A.

Exploring the Limits of EDS Microanalysis for Rare Earth Element
Analyses

10:00 - 10:30 Coffee break
Location of sponsors demo: see on-site indications.
10:30 - 11:00 Sponsors demo #1:

Thermo Fisher

11:00 - 11:30 Sponsors demo #2:

Cameca

…or…

JEOL

11:30 - 12:00 Sponsors demo #3:

Bruker

…or…

Oxford

12:00 - 1:00

Lunch & group discussion

1:00 - 1:15

Li, Chao

Monte Carlo Study on the Charging Effect Induced by Electron Beam
Irradiation

1:15 - 1:30

Alpert, Samuel

Using WDS Mapping to Identify the Modal Mineralogy of Meteorites

1:30 - 1:45

Cohen, Miriam

Mineralogy and Bulk Composition of Lunar Mare Basalt Northwest
Africa 12008

1:45 - 2:00

Mixon, Emily

Seeking Compositional Truth: EDS vs. WDS to Evaluate New
Standard Materials

2:00 - 2:30

Goemann, Karsten

Energy and Wavelength Dispersive X-Ray Spectrometry in Electron
Probe Microanalysis – The Best of Both Worlds is the Combination
of the Two

2:30 - 3:00

Coffee break

3:00 - 3:15

Seddio, Steve

A Comparative Evaluation of the Intensities, Spectral Resolution, and
Overall Time of Acquisition Achievable by SEM-based Parallel
Beam WDS and SEM-based Rowland Circle WDS

3:15 - 3:30

Burgess, Simon

Standardless Quantitative X-ray Microanalysis with Energy Dispersive
Spectrometers

3:30 - 3:45

Bullock, Emma

Combined Energy Dispersive Spectrometry/Wavelength Dispersive
Spectrometry Analysis of Basaltic Glass using an Electron Probe
Microanalyzer

3:45 - 4:15

Moy, Aurélien

Modern Thin Film Analysis by Electron Probe Microanalysis
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Energy-Dispersive Microanalysis
4:15 - 4:30

Ritchie, Nicholas

Uncertainty Calculations: More Than Just Error Bars

4:30 - 4:45

McAleer, Ryan

Microanalysis of Germanium-rich Sphalerite from Mississippi Valley
Type Deposits

4:45 - 5:15

Group discussion

6:00 - 7:00

QMA 2019 reception

7:00 - 9:00

QMA 2019 banquet

MAS Quantitative Microanalysis 2019 TC
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Thursday, June 27th 2019
All plenary sessions will be in the Tate Hall main auditorium, room B050.
7:30 - 8:30

Registration & breakfast

8:30 - 9:00

Jercinovic, Michael J. Trace Element Analysis by EPMA – Review and Updates

9:00 - 9:30

MacRae, Colin

Cathodoluminescence Analysis of Quartz at LN Temperatures

9:30 - 9:45

Lam, Thomas

A Correlative Imaging and Analytical Study of Mesoamerican Jades

9:45 - 10:00

Adams, David

Barite Cathodoluminescence as a Potential Indicator of Undiscovered
Ore Deposits

10:00 - 10:30 Coffee break
10:30 - 10:45 Hill, Tina

Adding to the Analytical Toolbox: Spatially-Resolved µ-XRF

10:45 - 11:00 Steel, Eric

Micro-XRF Applied to Forensic Particle Analysis

11:00 - 11:30 Moy, Aurélien

Absolute Calibration Curves for the Quantification of Fe by EPMA
using the Soft Lα-Lβ X-ray lines

11:30 - 11:45 von der Handt, Anette SXES is in Da House: An Investigation of the Extended Range Soft Xray Spectrometer (SXES-ER)
11:45 - 12:00 McSwiggen, Peter

Effect of Absorption on Chemical Bonding State Analyses using
Wavelength Dispersive and Soft X-ray Emission Spectrometers

12:00 - 1:00

Lunch & group discussion

1:00- 1:15

Miná, Émerson

Microanalysis investigation of alloying partitioning in Ni-base alloy due
to microsegregation

1:15 - 1:30

Hoffman, Andrew

Quantitative Microanalysis of Irradiation Induced Segregation and
Precipitation in Ultrafine-grained and Nanocrystalline SS304
Austenitic Steel

1:30 - 1:45

Yuan, Yu

The Inverse Modeling of the Quantitative X-ray Microanalysis Applied
to Heterogeneous Materials

1:45 - 2:00

Linzmeier, Benjamin

Using QGIS to Map on the Micrometer Scale

2:00 - 2:15

Godbole, Eeshani P.

Use of Microanalysis Techniques to Understand the Stability of the
Garnet Phase in the Context of Reactions Between Ceramic
Coatings and Silicate Based Environmental Deposits

2:15 - 2:30

Koshiya, Shogo

Chemical State Analysis of Boron Compounds Using a Soft X-ray
Emission Spectrometer (SXES) and First-Principles Calculations

2:30 - 3:00

Coffee break
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Advances in Microanalysis
3:00 - 3:15

Buse, Ben

Quantifying Fe-bearing minerals at high spatial resolution: Measuring
on the Lα line and at low overvoltage the K line

3:15 - 3:30

Wittmann, Axel

Electron Microprobe Analysis of Fe, Ni Carbide Precipitates in
Planetary Materials

3:30 - 3:45

Buse, Ben

Time-dependent FeL/FeL analysis of amphiboles

3:45 - 4:00

Ritchie, Nicholas

HyperSpy: A Python-based Toolkit for Hyperspectral Data Analysis

4:00 - ?

Final discussion

MAS Quantitative Microanalysis 2019 TC
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Tuesday, June 25th 2019
An Overview of Electron-probe Microanalysis
Ben Buse1
1.

School of Earth Sciences, University of Bristol, Bristol, UK

Electron-probe microanalysis (EPMA) is a microanalytical technique where a focused electron beam
is used to excite X-rays in a volume of approximately a micron. Excellent texts on the technique exist [13]. X-ray analysis is made by Rowland circle wavelength-dispersive spectrometers (WDS), with electron
microprobes having typically 3-5 WDS. These are a form of Bragg spectrometer, where the X-ray of
interest is reflected into a proportional counter by a crystal. The wavelength reflected is dependent on the
Bragg equation: nλ = 2d sin θ, where n is an integer, λ is the wavelength and d is the d-spacing of the
crystal. The sample, crystal and counter lie within a circularly geometry (the Rowland circle) and require
the sample height to be fixed with respect to the spectrometer. To ensure this electron microprobes have
a reflected-light microscope. To ensure the spectrometer is in focus (the angle of incidence satisfies the
Bragg condition) only limited source displacement in x and y is possible preventing large area beam
scanning.
WDS measure a single wavelength at a given time for a given spectrometer. For quantitative analysis
the background (X-ray continuum or bremsstrahlung), the height of which varies with mean atomic
number, must be subtracted. This is achieved by measuring at the peak maximum and at two positions on
either side of the peak, allowing the background under the peak to be interpolated, usually with a linear
regression. When measuring trace elements an accurate determination of the background is critical, things
that must be considered are (1) is the background strongly curved, (2) are there any holes in the
background, where lattice planes in the WDS crystal reflect X-rays away from the counter, (3) are there
steps in the background resulting from absorption edges and (4) are there any interfering X-ray lines.
Electron microprobes have a choice of crystals of different d-spacing (TAP, PET, LIF and multilayer)
covering the X-ray energy range from 0.1 to 14 keV and allowing optimization for resolution or count
intensity (Figure 1). In addition, different types and sizes of crystal are available (e.g. regular, large,
Johann, Johansson) and spectrometers vary in the radius of the Rowland circle (JEOL 140 & 100 mm,
CAMECA 160 mm). This has implications for intensity, resolution and elemental range. Crystals must be
curved to maintain the same incidence angle as X-rays are emitted from a point source. Johann crystals
are curved to a radius of twice the Rowland circle, reducing the loss of focus along the length of the
crystal. Johansson crystals, in addition to being bent, are ground to the radius of the Rowland circle and
therefore maintain focus along the length of the crystal. This provides improved resolution particularly at
low spectrometer angles and for large crystals.
In WDS proportional counters are used to convert X-ray energy into a voltage pulse, which is
measured. For low energy X-rays a thin window is used together with argon pumped through at
atmospheric pressure (gas-flow counter). For high energy X-rays high pressure argon gas-flow counters
or sealed xenon counters are used. The counter window affects X-ray transmission, and the counter gas
controls X-ray absorption and ionization of gas molecules, which produce the voltage pulse. In addition
the counter gas results in an absorption edge within the X-ray spectrum. Careful spectrometer selection
allows counts to be optimized and absorption edges to be avoided or minimized
Bragg spectrometers are subject to high-order reflections (as denoted by n, in the Bragg equation).
Where these interfere with the X-ray measurement, they can be largely removed through pulse-height-
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Tuesday, June 25th 2019
analysis (PHA). The voltage pulse measured in the proportional counter, is proportional to X-ray energy,
by setting an upper voltage threshold higher energy X-rays can be excluded.
1st order interferences may also occur, where X-rays have similar energies. These can be minimized
by choosing the crystal which gives maximum resolution. In addition, slits may be used to reduce the
entrance window to the proportional counter, and overlap corrections may be employed. Overlap
corrections utilize the intensity ratio between different X-ray lines to subtract the interfering line.
Microanalysis requires the sample to be flat and micro-polished. EPMA is a standard based technique,
with X-ray intensities on unknowns compared to X-ray intensities on standards of known composition.
Well-established matrix correction algorithms exist to account for differences between standard and
unknown allowing standards to differ substantially in composition. Matrix corrections account for
differences in (1) mean atomic number (Z), which affects electron energy loss and backscattering, (2)
characteristic X-ray absorption (A) and (3) fluorescence (F). This can be expressed as ZAF factors.
Improvements particularly for light elements, were made in the 1970s-1980s with the incorporation of
phi-rho-z curves, which describe the change in X-ray generation with depth, from which absorption can
be calculated. EPMA matrix corrections are designed for the analysis of bulk samples, although
modifications have been made to look at particles and thin films, available in software such as CalcZAF,
Stratagem and GMRFilm.
The precision and detection limits of EPMA are typically 1-2% relative for major elements with
detection limits of 100s of ppm, although 10s of ppm can be achieved using multiple spectrometers and
high beam currents. The error on X-ray counts is: σ = n1/2, where n is the number of X-ray counts. When
considering the error on an analysis, the error on the peak and background measurements must be
considered for both the unknown and the standard giving the equation:

where Rp is the count rate on peak (cps), Rb is the count rate on background (cps), Tp is the count time
on peak and Tb is the count time on background [4].
The detection limit is given by the error on the background counts expressed to 3 sigma: DL = 3*b1/2,
where b is the number of counts on the background. It is usually converted into concentration using the
count rate and concentration of a standard: DL (wt. %) = (3/RP-B*I)*(RB*I/t)0.5 * 100, where RP-B is the
net intensity (cps/nA) on a pure metal standard, I is the beam current (nA) and RB is the background
intensity (cps/nA).
Precision and detection limits are a function of the number of counts and the peak-to-background ratio.
Total counts are proportional to the counting time and the beam current (except where deadtime occurs),
and also vary with accelerating voltage, which affects the probability of X-ray ionization. Figure 2 shows
how by increasing the count time or beam current the detection limit can be reduced.
The volume of analysis depends on (1) the accelerating voltage, (2) the density of the sample, (3) the
diameter of the electron beam and (4) overvoltage (the ratio of accelerating voltage to X-ray critical
excitation energy), with (5) X-ray absorption affecting the depth of analysis. These affects are readily
observed using Monte Carlo simulations, such as illustrated in Figure 3. Accelerating voltage and density
determine the distance electrons travel before losing all their energy. As electrons lose energy they can no
longer excite the higher energy X-rays, resulting in the X-ray generation volume, varying with
MAS Quantitative Microanalysis 2019 TC
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overvoltage. Finally X-rays are only measured if they are not absorbed by the sample, soft X-rays such as
oxygen Kα are typically strongly absorbed, with the depth resolution controlled by the maximum depth
from which X-rays are emitted.
At high voltage the beam diameter is a small component of the lateral resolution, with electrons
travelling large distances. The beam diameter is therefore only important either at low voltage, or when a
defocused beam is used to reduce sample damage. In the last ten years field-emission (FEG) EPMA has
become a common technique. This uses a different electron gun and column. The source of electrons, a
sharpened tungsten crystal, is smaller than a tungsten hairpin or LaB6 crystal, providing improved
resolution. The smaller beam diameters at low voltage permit submicron analysis [6].
References:
[1] SJB Reed, “Electron-probe Microanalysis 2nd edition”, Cambridge Press (1997).
[2] VD Scott, G Love and SJB Reed, “Quantitative Electron-Probe Microanalysis, 2nd edition”, Ed. Ellis
Horwood (1995).
[3] J Goldstein et al, “Scanning Electron Microscopy and X-ray Microanalysis”, Springer (2003).
[4] NAU class notes; available at https://www2.nau.edu/micro-analysis/wordpress/index.php/class-notes
[5] DTSA-II available at http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/index.html
[6] The author would like to thank the contributors to the EMAS EPMA short course and subsequent
NERC ATSC short courses, on which much of this tutorial is based, with particular thanks to Stuart Kearns
and Mike Matthews. The author would also like to thank Paul Carpenter for contributions.

Figure 1. The range of X-ray energies covered by different crystals. The 2d spacing are: 4.027Å LIF
(Lithium fluoride 200), 8.742Å PET (Pentaerythritol 002), 25.757Å TAP (Thallium acid phthalate 1011),
and for multilayer synthetic crystals: 45Å PC0/LDE45, 60Å PC1/LDE1, 100Å PC2/LDE2, 200Å
PC3/LDE3; PC (pseudo crystal) are CAMECA notation and LDE (layered dispersive element) JEOL
notation.
14
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Figure 2. Detection limit as a
function of counting time and
beam current. Note the
concentration
will
vary
depending on the number of
counts per weight percent.

Figure 3. Monte Carlo simulation (using DTSAII [5]) for two materials of different density and two
accelerating voltages. In green are shown the beam electron trajectories, in the red the source of emitted
x-rays for C Kα in graphite and Cu Kα in copper. Note Cu Kα has a very low overvoltage at 10 kV (Ec =
8.98 keV).
MAS Quantitative Microanalysis 2019 TC

15

Tuesday, June 25th 2019
Probing Sample Preparation as a Pathway to Analysis Improvement
Cathy Johnson1, Katherine L. Crispin2 and Dalia Yablon3
Mager Scientific, Inc. Dexter, MI 48130, USA.
Pennsylvania State University, Materials Characterization Laboratory, University Park, PA 16802,
USA.
3.
SurfaceChar LLC, Sharon, MA 02067, USA.
1.

2.

Sample preparation is a critical process which determines the quality of the final sample, and yet
practices for obtaining the optimal analysis surface are seldom found in the literature. Preparation
techniques tend to be acquired experimentally, and relegated to the confines of the working laboratory.
Sample preparation is a dynamic process that generates deformation (Table 1), and results in an
assortment of prep artifacts including, but not limited to scratches, smearing, compression, delamination
and pull-outs. These artifacts result in microstructural deformation as well, and subsequently generate a
misrepresentation of the true nature of the actual sample. Surface flatness is essential when performing
microanalysis by EPMA, EBSD, WDS, EDS or AFM. Ultramicrotomy (for polymeric materials),
mechanical or electro polishing, ion milling and FIB milling are the most common preparation methods
utilized for these analysis techniques. Each method has limitations, and can generate specific artifacts
that can have a significant impact on the final analysis data.
Mechanical or electro polishing are the conventional prep methods for EPMA and EBSD samples.
Samples are typically embedded in resin prior to polishing, and resin selection requires careful
consideration. Mismatched resin/sample hardness and multiphase composites with hard/soft phases can
often result in smearing and deformation artifacts [1]. In case of edge or near surface analysis for a metal
sample, plating can serve as a protective coating to avoid edge rounding during the grinding/polishing
process [2]. Both vibratory polishing and ion milling can be utilized to minimize any surface artifacts
and further improve the final surface prior to analysis. For EBSD, vibratory polishing serves as a
finishing technique to improve the surface and to better resolve the Kikuchi patterns (Fig. 1). AFM data
clearly show the improvement in surface finish when comparing conventional polishing to vibratory
polishing as a finishing step (Fig. 2). In ion milling, advances in controlling the orientation of both the
ion beam and sample, yield a more consistent surface while maximizing the available analysis area.
FIB/SEM is routinely used for sample preparation especially for TEM sections, resulting in samples that
possess near flatness. Analysis areas prepared by FIB are limited, thereby making this technique
impractical for large bulk samples as often encountered in geological and metallurgical studies.
Once the surface has been prepared, beam interaction with the sample can often generate charging
effects and result in an insufficient signal to noise ratio. Coating minimizes high energy and heating
effects that can promote sample damage. Particle size, process vacuum, and coating material all
contribute significantly in producing a coating layer with the microstructural integrity needed to serve as
a protective shield to the analysis surface. Coating with iridium has been shown by J.T. Armstrong &
K.L. Crispin experimentally to be an acceptable alternative to carbon, and yielded improved quantitative
data, particularly for insulating geological samples [3].
Guidelines for best practices in sample preparation will be presented. Particular emphasis will be
placed on the theory behind grinding & polishing. A review of preparation artifacts for various methods
will also be discussed.
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[1] JD Geller and PD Engle J. Res. Natl. Inst. Stand. Technol. 107 (2002), 627-638.
[2] S Richter and J Mayer, EMAS 2012 10th Regional Workshop on Electron Probe Microanalysis
Today - Practical Aspects (2012).
[3] JT Armstrong and KL Crispin, AGU Fall Conference Proceedings (2012).
Table 1. Deformation depth.
Process

Material

Grade

Velocity [m/s]

Removal [um/300 m]

Deformation [um]

Grinding
Stone
Si Paper
Lapping Plate
Silk Cloth
Napped Cloth

Alumina
SiC
Diamond
Diamond
Diamond

150
120
9 um
3 um
1 um

4.8
2.4
1.3
1.3
1.3

300
120
30
5
1

220
80
5
1
0.05

Figure 2. Kickuchi pattern.

Figure 3. AFM data comparison of surface topography in steel.
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Practical Aspects of Quantitative Microanalysis
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Quantitative microanalysis of the elements beryllium through uranium at major (>10 wt.%), minor (>
1 wt.%), and trace (> 0.001 wt.%) concentrations is possible with wavelength dispersive and energy
dispersive spectrometers on scanning electron microscope or electron microprobe platforms. In some
instances, detection of Li is also possible as is analysis of transuranium elements. The spatial resolution
and availability to access these techniques makes them desirable for analysis of metals, alloys, ceramics,
minerals, glasses, and thin films in a variety of professional fields. Regardless of the field, there are
several aspects to consider to achieve successful analysis by WDS and EDS including a thoughtful
analytical protocol, well prepared samples, proper instrument configuration, data evaluation, and correct
reporting of the data.
The suitability of the technique to address the analytical goal is the first consideration. The user must
decide the element(s) that will be analyzed and desired levels of detection. Trace elements may be better
analyzed with other techniques such as laser ablation inductively coupled plasma mass spectrometry or
ion microprobe. Mineral databases and/or reconnaissance work with EDS and full spectrometer
wavescans will ensure elements in the matrix were not neglected and on and off peak interferences are
avoided (Figure 1). Be aware that analysis of soft x-rays often adds challenges such as changes in peak
shape or positions between the standard and the unknown.
The next consideration is sample preparation. For quantitative microanalysis, samples must be flat,
well-polished, grounded, and vacuum stable. Additionally, the samples should remain level across the
field of analysis. This is best achieved with top referencing sample holders. Typical holders include
those for thin sections and 25 mm or 30 mm diameter mounts. When working internationally be aware
that “typical” thin section dimensions are not all equal. For samples that do not fit typical holders,
custom holders can be machined (Figure 2).
Once the analysis protocol has been selected, samples have been prepared, and data collected, it must
be evaluated for accuracy. For anhydrous materials, totals of 100 wt. % are expected. Anhydrous
minerals offer a second check of analysis accuracy by confirming the proper formula stoichiometry.
Glasses may be more difficult to evaluate data quality since they may contain water and are not
constrained by stoichiometry.
At a minimum, data reporting should include accelerating voltage, beam current, count times, and
diffracting crystals used. If space allows also report x-ray line, background, standards used, and matrix
correction factors. A statement of the precision and accuracy of the analyses based on replicate analysis
of known materials (secondary standards) should also be included. The number of significant figures
reported should reflect the precision of the analyses.
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Figure 1. The upper background position for potassium was placed too close to a second order iron Ka
x-ray resulting in less than expected potassium values. Wavescans are a useful tool to check for on and
off-peak interferences.

Figure 2. A variety of holders are available or one can custom make to fit the varying sizes of samples
that require analysis. Top referencing holders are preferred to keep sample surfaces level across the field
of analysis. Flat, well-polished samples are necessary to achieve greater precision and accuracy.

MAS Quantitative Microanalysis 2019 TC

19

Tuesday, June 25th 2019
Matrix Corrections in Microanalysis and the CalcZAF Matrix Correction Program
Paul K. Carpenter1, John J. Donovan2
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Corrections for matrix effects are central to quantitative microanalysis, where the measured relative
X-ray intensity k emitted from a sample is divided by the same intensity emitted from a standard, k = (PB)smp/(P-B)std, where P and B are the peak and background intensities and k is referred to as the “k-ratio”.
The value of k varies from zero at the background level, to exactly one for the pure element standard. The
element concentration in wt% is iteratively calculated from C = k * ZAF, where Z, the atomic number
factor, corrects for differential electron energy-loss and backscattering, A corrects for characteristic X-ray
absorption, and F corrects for characteristic X-ray fluorescence; all terms are compositionally-dependent.
The early ZAF algorithm utilized terms without reference to the depth distribution of X-ray production
described by f(rz), which is superior in treatment of near-surface production. The f(rz) correction
algorithm utilizes experiment-based X-ray generation curves measured on a buried layer in a binary
element sample and are generalized by curve-fitting. We discuss the individual values as well as the
multiplicative term “ZAF” to highlight matrix correction. For most materials, the X-ray absorption
correction A dominates and is a function of X-ray path length and the mass absorption coefficients (mac)
for the analyzed element in a matrix of absorber elements. The value of f(c) “f of chi” is the ratio of emitted
to generated X-ray intensity and is a convenient metric for identifying the magnitude of absorption (Fig.
1). Accurate analysis requires that samples are well polished, presented normal to the electron beam, and
are at the correct takeoff angle relative to the X-ray spectrometers coupled with measurement of
calibration standards. The “bulk” correction is intended for materials with no heterogeneous structure, and
should not be used for analysis of non-traditional samples such as grain boundaries, inclusions and
multiphase regions, particles, and thin films. Analysis of these materials require modifications to the f(rz)
algorithm such as particle and thin-film correction software, or use of a sophisticated Monte Carlo
algorithm that includes treatment of X-ray absorption and fluorescence. Use of the conventional f(rz)
correction on these non-traditional samples results in significant errors.
CalcZAF is a PC-based public-domain and open source software tool for the microanalyst. It is based
on the CITZAF code package written by Armstrong which contains the algorithms for ZAF and f(rz)
correction procedures [1]. Significant additions and the VB front end were made by Donovan [2]. The
core capabilities of CalcZAF are to explore the fundamental equation: C = k * ZAF in the forward and
reverse direction. CalcZAF allows entry of C to calculate k and ZAF for known materials, and k relative
to pure element or working standards to calculate C and ZAF. This capability highlights aspects of the
matrix correction. The program includes correction algorithms for the Philibert-Duncumb-Reed
conventional ZAF correction, 9 f(rz) algorithms, and 6 mac data tables. We typically use the Armstrong
f(rz) algorithm with Henke 1985 macs as default in Probe for EPMA runs. This selection is also used by
the JEOL f(rz) correction. The Pouchou and Pichoir PAP and XPP algorithms allow calculation of results
to compare with CAMECA microprobe data, and for comparison with the Armstrong f(rz) algorithm.
Example materials which highlight ZAF correction factors include a NIST SRM 462 Cu-Au alloy (Z), an
Al3Cu97 alloy (A), and a Fe-Ni alloy (F); where ZAF factors that differ from unity highlight those aspects
of matrix correction (Table 1). Analytical data for a Si-Ir alloy is used as a simple demonstration of the
importance of using a standard similar in composition to an unknown (Table 2). Two approaches are used
in standards-based microanalysis, primary calibration using high-concentration standards coupled with
analysis of secondary standards to demonstrate accuracy over a wide compositional range, compared with
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use of standards similar to the samples being analyzed with a more limited range of applicability. These
two extremes represent reliance on the ZAF correction over wide range of composition vs. measurement
precision and reduced dependence on the ZAF correction, respectively. The Ir-Si example serves as a
warning regarding reliance on correction algorithms to project over large ranges of composition space and
assumptions of accuracy applied to all materials.
The capabilities of CalcZAF include a standard database with search and match capabilities,
calculation of ZAF factors and listing of average-Z, overvoltage, and f(c) as a function of kV, inspection
of mac data sets including selection of user macs, correction of a given analysis using all correction
algorithms, calculation of a-factors as an aid to identifying non-linear correction within a binary system,
and correction of experimental binary k-ratio data sets to evaluate accuracy. An unbiased demonstration
of analytical accuracy can be made by comparing the experimental kexp with the calculated kcalc for a given
standard, and has been used to identify instrumental vs. compositional and algorithmic errors and to aid
in WDS spectrometer alignment and multiple spectrometer agreement. CalcZAF can be used for
quantitative analysis of particles as the Armstrong correction algorithm can be set up for a given idealized
particle geometry (Fig. 2) [3].
References:
[1] JT Armstrong, Microbeam Analysis 4 (1995), 177-200.
[2] https://probesoftware.com/Technical.html
[3] JT Armstrong, “Electron Probe Quantitation”, Eds. KFJ Heinrich and DE Newbury (1991), 261-316.

Fig. 1

Figure 1 Armstrong f(rz) curves for generated and emitted intensity (area under curve) for Al Ka vs. Cu Ka and f(c) is the
emitted / generated intensity. Table 1. Calculated ZAF factors for example compositions illustrating magnitude of correction
parameters. Table 2. Comparison of correction results using all correction algorithms, for Ir4Si5 analyzed using pure element
standards vs. Ir3Si5 standards, illustrating inaccurate results and wider range of values using pure element standards compared
to accurate results and better agreement using Ir3Si5 standard. Figure 2. Comparison of particle analysis results using bulk
correction vs. Armstrong f(rz) particle correction algorithm in CalcZAF.
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Matrix correction procedures were greatly enhanced with the advent of the ф(ρz) model of Pouchou
and Pichoir [1,2] which has largely replaced the ZAF matrix correction procedure. ZAF relied upon the
Philibert model [3] which used a simple representation of the depth distribution of primary x-ray
generation ф(ρz). The Pouchou and Pichoir (PAP) matrix correction and the simplified version (XPP) [4]
procedures have been improved by updated mass attenuation coefficients such as NIST database and also
through the use of matrix matched standards to reduce the matrix correction. PAP and XPP models have
enabled light elements to be corrected with improved accuracy and a number of implementation are
available where one can mix and match parameters to optimise the solution for example Armstrong’s
CITZAF software [5]. When one accounts for unanalysed elements such as O, F, H or C then further
improvements can be made in the analysis of a number of minerals e.g. apatite Ca5(PO4)3(OH,F,Cl) or
carbonate-rich fluorapatite Ca10(PO4)5(CO3,F)F2 [6].
Increasingly new secondary minerals discovered contain hydroxyls and water as well as being
ultrafine or platy in nature, see Fig. 1. Examples of hydrated minerals recently discovered are
manganflurlite,
ZnMn2Fe(PO4)3(OH)2(H2O)7.2H2O,
[7]
or
ferrirockbridgeite,
(Fe0.67□0.33)2Fe3(PO4)3(OH)4(H2O) [8]. To analyse these minerals we need to do address two key issues.
Firstly, to be able to routinely correct for the water and improve the accuracy of analysing these minerals
we have developed a novel correction procedure which involves adding in O by stoichiometry with OH
and H2O as unknowns in either fixed amounts or locked to an analysed atom and calculated as a ratio.
This procedure has yielded improved analyses with stoichiometry’s agreeing with structural solutions.
The H2O and OH are iterated in a secondary loop outside the main matrix correction procedure with its
own convergence criteria. Secondly, to analyse ultrafine minerals we are progressively reducing the
accelerating voltage which can lead to increased beam damage unless acquisition times are shortened and
beam currents are lowered. For many analyses performed at 12kV we operate with beam currents of 35nA, spot sizes of 1-2µm and acquisition times of down to 6s on the peak.
The example given in Tables 1 and 2 shows a proposed new mineral where we have calculated oxygen
by stoichiometry for the cations and OH and H2O calculated by ratio with P following the formula
(Ca3.80Mn0.17)Mg0.40Mn0.35Zn0.10Fe0.15(Al3.71Fe0.29)(PO4)6F1.14(OH)2.86(H2O)12. In this case the combined
OH and H2O amounts to approximately 25% of the total content. In a more general sense we can also
allow the OH and H2O to be calculated from a ratio with number of atoms, this is especially important
where substitution of the atom being ratioed to OH and H2O occurs. The ф(ρz) model of PAP and XPP as
implemented in STRATA [9,10] has been used as the base matrix correction. In this implementation we
usually switch on the secondary fluorescence correction. Where possible we have matrix-matched the
standards and in this example they were wollastonite CaSiO3, rhodonite MnSiO3, spinel MgAl2O4,
hematite Fe2O3, phosphophyllite Zn2(Fe,Mn)(PO4)2•4(H2O) and berlinite AlPO4. To minimise the
absorption correction in the carbon coat a 4nm thin carbon coating was employed using a Leica ACE-600
carbon thread coater. The technique is still being refined but has so far being used to solve the chemistry
of a number of new minerals.
References:
[1] JL Pouchou and F Pichoir, Rech. Aerosp. 3 (1984), 13.
[2] JL Pouchou and F Pichoir, Proc. ICXOM 11, Univ. W. Ontario (1987), 249.
22

University of Minnesota - Twin Cities (MN)

Tuesday, June 25th 2019
[3] J Philibert, Métaux 465 (1964), 157
[4] JL Pouchou et al, Proceedings of the 25th Annual Conference of Microbeam Analysis Society
(1990), 120-126.
[5] JT Armstrong, Microbeam Analysis 4 (1995), 177-200.
[6] Schafer et al, Hydrology 562 (2018), 809-820.
[7] AR Kampf et al., European Journal of Mineralogy 31 (1) (2019), 127-134.
[8] IE Grey et al, European Journal of Mineralogy. DOI: 10.1127/ejm/2019/0031-2846
[9] JL Pouchou and JF Thiot, Microscopy & Microanalysis (1996), 486-487.
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Figure 1. BSE image showing the platelet habit
of a proposed new mineral from the Hagendorf
Süd pegmatite mine, Bavaria, which contains
OH and H2O.

Table 1. Shows analyses with oxygen calculated by stoichiometry.
Analysis

Mg

F

Mn

Zn

Ca

Al

Fe

P

O

H

Total

1

0.62

0.98

2.23

1.13

13.00

7.87

1.62

14.39

32.38

NA

74.21

2

0.90

1.29

2.42

0.97

12.97

7.93

2.61

13.91

32.31

NA

75.29

3

0.81

1.89

2.32

0.75

11.19

8.61

2.40

14.31

32.23

NA

74.51

Average

0.77

1.39

2.32

0.95

12.39

8.13

2.21

14.20

32.31

NA

74.67

Table 2. The bottom table shows oxygen calculated by stoichiometry for the cations and OH and H2O
calculated by ratio with P following the formula
(Ca3.80Mn0.17)Mg0.40Mn0.35Zn0.10Fe0.15(Al3.71Fe0.29)(PO4)6F1.14(OH)2.86(H2O)12.
Analysis

Mg

F

Mn

Zn

Ca

Al

Fe

P

O

H

Total

1

0.65

1.05

2.37

1.21

13.74

8.29

1.72

15.09

53.20

2.20

99.52

2

0.94

1.38

2.57

1.03

13.68

8.34

2.77

14.56

52.21

2.12

99.60

3

0.86

2.04

2.46

0.80

11.82

9.07

2.55

14.98

52.74

2.18

99.51

Average

0.81

1.49

2.47

1.01

13.08

8.57

2.35

14.88

52.72

2.17

99.54
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Use of Standards and Reference Materials for Quantitative Microanalysis of Trace
and Light Elements with EPMA
William O. Nachlas1
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Quantitative analysis of unknown materials relies on the use of materials whose composition is already
known. Standards and reference materials (RMs) are the two primary materials used in the process of
making quantitative measurements, but the procedures by which they are applied are specific to different
methods. This talk will discuss the ways in which standards and RMs are used in the process of acquiring
quantitative measurements with EPMA (in comparison to other quantitative microanalysis techniques:
SIMS, LA-ICP-MS, µ-XRF), evaluate the availability and suitability of standards and RMs for a few
specific examples of trace and light element analysis, and discuss some strategies for developing new
standards and RMs from natural and synthetic materials. The presentation will conclude with a discussion
of ongoing efforts to centralize and disseminate information about standards and RMs to the broader
microanalysis community.
For EPMA, standards are required to collect a quantitative measurement. Standards are materials with
fixed and uniform composition known by some independent means (stoichiometry, chemical analysis).
Standards for EPMA are used to compare the x-ray signal from materials with known composition to the
x-ray signal from a material of unknown composition. Because they are essential for making quantitative
measurements, there has been considerable effort to systematically characterize and distribute materials
as standards for quantitative analysis [1]. As a result, there exists a broad and nearly-comprehensive suite
of crystal, metal, and glass standards that are widely available and used in the majority of microprobe labs.
In contrast, RMs are not required to collect an EPMA measurement. However, RMs are necessary to
evaluate measurement quality, and for challenging or unconventional EPMA applications where analytical
errors can be magnified, it is essential to measure RMs to evaluate the accuracy and precision of the
analysis routine. A good RM is matrix-matched with the unknown sample and should contain a
homogeneous distribution of the analyte of interest at mass fractions similar to those expected for the
unknown. Additionally, RMs should be homogeneous both at the intragrain and intergrain scale and
should consist of enough material for widespread distribution. Independently-demonstrated homogeneity
is critical for high-quality RMs because it enables testing of the effects of different analysis conditions on
measurement quality (Figure 1). RMs are often difficult to obtain because (1) they are specific to each
particular analysis type (matrix, analyte, mass fraction), and thus must be developed on a by-case basis;
(2) they require demonstrated homogeneity at the scale of microanalysis; and (3) they should consist of a
large enough quantity of material for distribution to all interested labs. It is thus important to continue in
the development and distribution of RMs for a growing variety of types of measurements.
Technological advances in analytical instrumentation, theoretical improvements in modeling electron–
x-ray–specimen interactions, and advanced strategies for mitigating beam damage associated with highenergy and/or long-duration measurements have all contributed to a pronounced advancement in EPMA
measurement precision. These strategies increase net count rate, which in turn improves analytical
precision as determined by counting statistics. Thus it is possible for modern electron probes to push limits
of analytical detection to single ppm concentrations. However, lagging behind these advances in precision
are improvements in constraining the quality of analytical measurements, a task that requires the
development, characterization, and distribution of RMs suitable for evaluating measurement accuracy.
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This presentation will focus on two types of measurements where the appropriate usage of standards
and RMs is essential for obtaining highly precise and accurate EPMA results: analysis of light elements
(B, C, N) and analysis of elements present at trace-level concentrations (<0.1 weight %). Both of these
measurement types can be substantially impacted by analytical errors associated with peak shape and
position, closeness of fit of the modeled background regression, and beam damage from prolonged
analysis, and they require careful selection of suitable standards and RMs to mitigate these errors. Tests
of standard and RM suitability for light element analysis will be presented for determining N content in
silicate minerals and C content in steel, and tests for trace analysis will be performed with quartz (Ti, Al),
rutile (Zr, Al, Si), kyanite (Ti), coesite (Ti), and orthoclase (Ti). This talk will evaluate natural sources of
standards and RMs and present experimental methods capable of synthesizing materials for use as
standards and RMs. Critical to the widespread usage of standards and RMs is the development of a
centralized database containing information on materials available to microanalysts. The Focused Interest
Group on MicroAnalytical Standards (FIGMAS) aims to lead such an effort [2] and will be a focus of
ongoing work to systematize information on standards and RMs used by the microanalysis community.
References:
[1] E Jarosewich, Journal of NIST 107 (2002), 681-685.
[2] OK Neill et al, this conference.

Figure 1. Using a reference material (quartz, 205 ppm Al) to test the effect of different beam conditions
on measurement accuracy. A grid of analysis spots collected from a homogeneous reference material
across a range in beam current (50, 100, 200, 500 nA) and beam diameter (0, 5, 10, 20 µm) enables
evaluation of measurement quality at different analysis conditions. Results indicate that measurement
accuracy for trace Al analysis of quartz is <10% for all beam conditions investigated.

MAS Quantitative Microanalysis 2019 TC

25

Tuesday, June 25th 2019
Standard Reference Materials – Critical Elements for Microanalysis (WDS and
EDS): A Cautionary Tale, and a Hopeful Future
John Fournelle1
1.
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One of the hallmarks of EDS and WDS microanalysis is the fact that measured X-ray intensities
from the unknown sample are immediately referenced to acquired X-ray intensities of standard reference
materials (producing the K-ratio). The term "standard-less EDS" is a misnomer – rather the standards
were typically acquired years before at the factory and buried in the software. Accuracy in EDS and
WDS analysis requires an appreciation of standards, in WDS where they are required to be explicitly
measured, but also in "standardless" EDS where they should be used, minimally, as quality controls.
There are 4 general categories of standards: (1) pure elements, (2) simple compounds (oxides, binary
or ternary compounds), (3) glasses (natural and synthetic) and (4) minerals (natural and synthetic).
Where do standards come from? Mainly from (1) standards organizations (e.g. NIST), (2)
research/archival institutions (e.g. Smithsonian), (3) individual researchers/other probe labs, (4)
chemical supply houses (beware!), and (5) commercial vendors. How much confidence should you place
in materials from these sources? A very good question, and the subject of the rest of this abstract. There
are two essential factors: (1) the method of verification of chemical composition and homogeneity, and
(2) the degree of fidelity of the fraction of material you have.
I have experience with all of these sources of standards, and make two points: (1) just because you
spent $2000-$5000 for a commercial standard mount, does not necessarily indicate you can
unquestionably assume each standard is what its supposed to be. Rather it is critical to evaluate them
both for homogeneity and, using other standards, verify that they are not the wrong substance (this has
happened). Be a bit suspicious of stated compositions that are exactly 100.00 wt%. (2) The second point
is essential for users of natural minerals and glasses, such as those available from the Smithsonian
National Museum of Natural History Dept of Mineral Sciences. During 1968-78, 31 mineral and glass
standards were developed by Gene Jarosewich and his co-workers (Joe Nelen, Julie Norberg) [1-2].
They were masters of classical wet chemical analysis in an era without SEMs; they crushed potential
standard minerals and glasses to 100-250 micron fragments to separate out inclusions, then mounted and
first found what was homogeneous enough, then did wet chemical analyses.
Gene was very clear about the limitations of these (tiny) standards, that X-ray counts should be
acquired from multiple grains, as the stated wet chemical compositions represented averages of a large
number of small of grains: “a reasonably large number of counts on a reasonably large number of
grains" needed to be acquired on these standards (my rule of thumb: 15-25 grains). Overall, they have
served the community well, despite some shortcomings of some of these materials – e.g., tiny grains
difficult to mount and polish, and for some, only small numbers of grains available.
Several years ago I was asked to help troubleshoot a student's EPMA results for some experimental
orthopyroxenes. I ended up demonstrating a critical point; that sometimes depending upon only one or
two small grains from an official standard, will not yield the correct result. In this case, using Probe for
EPMA software where it is easy to post process using different standards, I used 9 "good" standards to
measure the Mg – 4 of the standards gave one value (assumed correct), the others diverged. (Figure 1)
Then, with assistance of Tim Rose at NMNH, I mounted multiple grains of their pyroxene standards,
and found a range of compositions for each one. (Figure 2). Thus, using only one grain for a standard,
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which might not be representative of the wet chemical average, could explain the problem we'd observed
with the student's opx project.
One obvious question occurs to someone who’s experienced mounting and then polishing and
repolishing tiny grains such as the Kakanui ones: if the source Kakanui reference material occurs as
megacrysts, what about larger standards, to make mounting and polishing easier? What is the level of
megacryst homogeneity? If there are inclusions, are they easily seen and avoided? Is there any way that
instead of crushing into 150-250 micron fragments, 1-2 mm “blocks” could be harvested? Can they then
be accurately chemically characterized in situ? Currently larger fragments of these megacrysts are being
studied at UW (Figure 3), to evaluate the potential for larger size standards, observing that some do have
small inclusions (easily identified and avoided). This may be an acceptable limitation, if they are
otherwise homogeneous for the major elements for which they are intended, with the benefit of being
easily mountable and polished. They would need, however, to be individually characterized using
primary standards (such as a mount of 25-50 grains of a wet chemically analyzed NMNH standard), as
each one might be slightly different
UW-Madison Geo777 students have evaluated 3 Kakanui megacrysts, as well as NIST K530 glass
which potentially may be a replacement for the K412 standard which is no longer available. They report
on some promising results for these 4 materials here at this conference, e.g. Kakanui augite (Table 1).
References:
[1] E Jarosewich, JA Nelen and JA Norberg, Geostandards Newsletter 4 (1) (1980), 43-47.
[2] E Jarosewich, Journal of Research of NIST 107 (6) (2002), 681-685.
[3] I acknowledge the assistance of Tim Rose of the Smithsonian NMNH, for providing the larger than
usual number of standard grains for this study, and James Scott (U. Otago) for the megacrysts.
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EPMA Quality Control I: WDS Spectrometer Alignment, PHA Calibration, and
Deadtime Measurement
Paul K. Carpenter1
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Electron-probe microanalysis (EPMA) uses wavelength-dispersive spectrometry (WDS) to perform
quantitative microanalysis. Accurate measurement using WDS requires a quality control program to
maintain the level of performance established at installation of the microprobe. This includes a verification
of spectrometer alignment and mutual agreement of WDS and EDS k-ratio measurements, calibration of
the WDS pulse-height analysis (PHA) system, and characterization of the WDS deadtime behavior. This
discussion is with reference to quality control procedures established on JEOL electron microprobes.
WDS alignment consists of a baseplate adjustment where the spectrometer Rowland circle is set to
coincide with the sample Z-axis focus position of the optical microscope, followed by alignment of the
diffraction crystal to be tangential to the circle where the highest X-ray intensity is observed (Fig. 1). The
baseplate adjustment is made using an X-ray peak close to the spectrometer lower limit that is sensitive to
Z-axis positioning, such as Si Ka and Cr Ka on TAP and PET. A Z-axis line scan is performed
symmetrically about the optical focus Z-axis position, where the spectrometer is peaked at each step in
the scan. The maximum intensity identified from a plot of intensity vs. Z-axis position indicates the
Rowland circle position, and the spectrometer assembly is moved vertically to coincide with the optical
focus. Each diffracting crystal is then aligned using an X-ray peak at a higher spectrometer position, and
a Z-axis line scan is again performed with spectrometer peaking at each point to identify the maximum on
the intensity vs. Z-axis plot. These tests should be performed on pure metal or high concentration
standards. A linearity check is also performed to confirm consistent agreement between observed peak
position and the theoretical value. This procedure is repeated for all WDS on the microprobe. An important
confirmation of mutual alignment is to measure k-ratio data for a set of elements relative to end-member
standards on a suite of well characterized secondary standards. For example, k-ratio data are acquired for
Mg Ka and Ca Ka on TAP and PET measured on Mg2SiO4, MgAl2O4, CaAl2Si2O8, and CaMgSi2O6,
relative to MgO and CaSiO3 primary standards. These measurements are made on all spectrometers
simultaneously using the same diffracting crystal (e.g., TAP, then PET, etc.). If the WDS are properly
aligned, the same measured k-ratio should be observed on the secondary standard relative to the primary
standard, within counting statistics. Note that for Si Ka measured on PET it is necessary to repeak the
spectrometer on the secondary standard as the WDS is sensitive to peak shift due to chemical bonding
(e.g., primary SiO2 vs. secondary CaSiO3). The WDS k-ratios should also agree with k-ratios measured
with the EDS, again confirming correct alignment.
Calibration of the WDS PHA system is important for proper discrimination of detected photons vs.
baseline noise. Amplification of the detector signal is made using detector voltage referred to as bias
(typically in the 1600-1800 volt range) and a gain setting in the electronic amplifier (e.g., 16x, 32x, 64x,
or 128x). The WDS is set to the X-ray peak position, and the bias and gain are set on a per-element basis
to obtain a calibrated pulse position on a single channel analyzer (SCA) scan. For JEOL instruments this
SCA scan is 0-10V with a baseline level of 0.5-0.7V and the main pulse located at 4V (Fig. 2). This
provides clearance above baseline noise and room to adjust the baseline around Ar or Xe escape peaks
and headroom for pulse coincidence. Element X-ray energies are selected which span the energy range
for each spectrometer, and an effort is made to measure all elements on all detectors simultaneously for
simplicity. A spectrometer with PET and LiF crystals can use the Ka lines of Si, Ca, Ti (all on PET), and
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Fe, Cu, and Ge (all on LiF) for calibration, with measurements made on pure metals and CaSiO3 in this
example. All spectrometers are peaked on the same X-ray peak using the appropriate gain value, and the
probe current is adjusted for no higher than 20 kcps count rate. The spectrometers are all set to the same
gain value (e.g., 64x), and a bias scan is acquired with the SCA set to a 4 volt baseline with 0.2 volt
window in differential mode so that only 4-4.2V is counted. A bias scan is acquired from 1500 to 1800V
in 2-5V steps and spectrometers counted at each bias step. The resulting peak on the bias scan, if any, is
the value at which an SCA scan will produce a 4V pulse (Fig. 1), and confirmed using an SCA scan as
necessary. This procedure is repeated for each set of gain values, and then the entire procedure is repeated
for the other elements, in order to obtain a set of bias values at each gain setting for each element. An
Excel sheet is used for processing of the PHA data; a plot for each spectrometer is made using the natural
log of the X-ray energy vs. the bias value measured at that gain setting, for each element. For Ti Ka the
energy is 4.508 keV, ln(4.508) =1.506 and a bias scan at 32x gain measures a peak at 1685V (Fig. 3, green
diamond). Note that the same bias will be observed using either PET or LiF since it is the energy not
spectrometer position that matters. The relationship between ln(E) and bias is linear (of form y = mx + b,
where x=ln(energy) and y=bias in volts), and a linear least squares fit is made to these data to determine
the slope and intercept. This equation can then be used for any element on that spectrometer to calculate
the bias by inputting the energy value, and using that bias for measurement of that X-ray line. Note that
several gain and bias combinations can be used on the JEOL (e.g., 32x, 64x, and 128x in Fig. 4), and
experience shows these combinations produce identical intensities and P/B ratios. In our lab we use higher
gain coupled with lower bias to prolong detector life, and also limit the bias to the range 1600-1750 V.
WDS detector dead time is not actively managed as is done with EDS pulse processing electronics.
The deadtime is determined by measuring the X-ray intensity as a function of probe current over a count
rate range significantly larger than that used for routine measurement (e.g., 1 kcps – 200 kcps). WDS
deadtime is calculated from N = Nm / (1-Nm*t), where N is the true count rate, Nm is the observed count
rate, and t is the deadtime constant (Fig. 4). The deadtime constant is determined from a plot of Nm vs.
Nm/i, where i is the probe current in nA. Data are collected using Si Ka and Ti Ka on TAP and PET,
respectively, with the bias and gain properly set. The probe current range necessary for the count rate
range is divided into 10 equal steps, and replicate counts are acquired at each probe current on a pure
element standard at 25 kV. These data are plotted and deadtime values are determined for each count, two
segments of the count rate range with linear least squares fit to the data, and an average of all
measurements. A perfectly linear detection system exhibits a straight line plot, but systems typically have
sigmoidal or paralyzable behavior. The deadtime constant observed from these measurements is entered
in the software used for measurement so that the observed count rate is corrected for deadtime losses.
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Figure 1. WDS baseplate adjustment using Cr Ka and PET crystal alignment using Si Ka.

Figure 2. SCA scan at bias value of 1632 V determined using bias scan. Baseline at 0.5 V allows for pulse
shift due to count rate and change in P-10 gas. Use of integral setting allows headroom for pulse pileup at
high count rates.
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Figure 3. Plot of ln(energy) vs. bias for data collected on JEOL spectrometer with PETH-LiFH and sealed
Xe detector, illustrating linear relationship and internal consistency of bias data. Least squares fit equations
LS are used to calculate bias for any X-ray energy on this spectrometer.

Figure 4. WDS count data for Si Ka acquired on spectrometer with TAP crystal at count rate up to 150
kcps. Plot of measured intensity Nm vs. Nm/i shows excellent linearity. Excel sheet shows data at 10 probe
current settings and comparison of individual deadtime values, fitted least squares data, and average
deadtime values.
MAS Quantitative Microanalysis 2019 TC

31

Tuesday, June 25th 2019
Quality Control II: Reproducibility, Precision-Accuracy, EDS analysis, & Imaging
Julien M. Allaz1 and Paul K. Carpenter2
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Each analytical laboratory should develop quality control procedures to evaluate the performance,
optimum imaging and analytical capabilities of electron microprobe (EMP) or scanning electron
microscope (SEM), and to demonstrate the precision and accuracy of data collected [1, 2]. It is important
to record the performance at the time of installation and acceptance when specifications have been met.
Quality control tests should be run regularly (weekly to monthly) over the lifetime of the instrument, to
identify subtle changes and to reveal long-term drift, such as abnormal variations in count rate on
Energy (EDS) or Wavelength dispersive spectrometer (WDS), beam instabilities, a change in imaging
quality, etc. EMP and SEM instrument designers have their own series of standardized tests to ensure
data quality and instrument reliability (e.g., image resolution, spectrometer intensity, stage &
spectrometer reproducibility). Whereas these tests are necessary, they are often insufficient, and
additional tests adapted to the type of analyses specific to the laboratory needs should be performed.
Carpenter [1] covered the key elements for testing WDS, and this paper focuses on imaging, data
reproducibility, and additional quality controls.
Field emission gun on SEM or EMP has opened the potential for sub-micron analysis. At this level,
it becomes of utmost importance to ensure stage reproducibility (hardware) and the efficiency of
software-aided beam positioning, especially if the instrument is running in automated mode and has to
target – or to avoid – small features such as inclusions, edges, or particles. It is also necessary to check
the accuracy of image scale and distortions at different magnifications, along with image resolution and
actual beam size. Stage reproducibility and auto-focus tests should be run regularly to make sure they
meet the specifications (usually ±1 µm, or better with software-aided beam positioning). A certified
magnification calibration standard should be used to ensure that the image resolution is optimal (SE and
BSE), without any image distortion, and with orthogonal axes. Regular checks on the current stability
over a short or long period (½ to 12 hours), beam resolution (e.g., edge or grain contact test; Fig. 1),
stray beam, and contamination in the chamber (e.g., C Ka in C-free material) should also be performed.
After a perfect column alignment, a look at the electron beam via a cathodoluminescent material or a
look at the emission pattern can ensure that the beam is well-centered, without any abnormal emission
point, and that the defocused beam size is accurate. In addition, the exact beam position should change
minimally (ideally, <1 µm) when changing the magnification, the acceleration voltage, or when moving
the spectrometer (vibration isolation). A change in beam stability and/or a strong correction on the tilt or
the shift, or the astigmatism is often sign of a dirty column or the end of a filament. Electron column
should be cleaned at least once a year, or whenever necessary, and is usually accompanied by a change
or cleaning of the beam aperture.
The energy dispersive spectrometer (EDS) energy calibration on copper should be checked
regularly along with the fine gain calibration for each time constant. For spectral resolution, EDS
vendors usually have a reference sheet for the full-width at half maximum (FWHM) for a range of
energies. However, EDS devices usually exceed these specifications, and a series of FWHM
measurement at different energy levels and throughputs should be run for their device. A reference EDS
spectrum obtained, for instance, on a well-characterized material, should be stored to permit comparison
of peak resolution and intensity. If the EDS is used for standard-based quantitative analysis, a record of
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the element intensities should be kept in order to identify abnormal behavior. Moreover, tests should be
run to ensure that the background correction is adequate, and that other artefacts such as pile-ups and
escape peaks are accurately removed. This can be done by measuring an element absent in a material,
but at an energy level equal to the sum of two other X-ray lines generated by the material. The EDS can
also be used to test the accuracy of the acceleration voltage (Duane-Hunt limit) and to identify possible
charging issue.
WDS is what makes EMP (and some SEM) unique [2]. Great care should be taken with all WDS
components (step motor, gears, monochromators, X-ray detectors) to ensure not only optimum analytical
conditions, but also excellent reproducibility of the spectrometer position. For performance monitoring
of the WDS it is important to separate electronic and mechanical issues in order to monitor detector vs.
spectrometer drive behavior. For instance, keeping a record of peak position and intensity of some key
elements on a specific standard, and of analysis of some secondary standards can ensure analytical
reproducibility over time. Assuming the analyzed material is perfect (perfectly horizontal and wellpolished, homogeneous, stable, coated, etc.), a change in peak position or intensity can be a sign of a
spectrometer alignment issues, beam instability, or other issues that would require further attention.
Basic spectrometer tests such as jumping and counting between two X-ray peaks over a large
spectrometer range is a good start and help identifying major problems. However, a more sensitive test
consists of setting the “peak” positions to a position along the flank of the peak (“half-peak”). Hence, a
small reproducibility error on the spectrometer positioning will translate in a larger variation in count
rate (∆N1 > ∆N2; Fig. 2), and if the slope of the peak flank is known, a spectrometer reproducibility
value ∆L can be calculated (Fig. 2). To check the accuracy of quantitative data, the use of a secondary
standard is required. An alternate usage of secondary standard consists of measuring the absence of an
element (blank test); such a method is extremely valuable to check for accurate background and/or peak
interference corrections. Finally, the quality of standards used can potentially be a source of systematic
errors. Whenever possible, standards used should be traceable, certified by a trustable company (e.g.,
NIST, USGS), homogeneous, and with a well-defined composition [3]. Participating in round robin and
other inter-laboratory analysis tests can also be useful to check for accuracy and to improve the
reputation of the laboratory.
References:
[1] J Fournelle and PK Carpenter, Microscopy & Microanalysis 12 (S02) (2006), 880-881.
[2] PK Carpenter, this conference.
[3] OK Neill, JM Allaz, A von der Handt, WO Nachlas, this conference.
Figure 1 (left).
Evaluation
of
beam size using
the grain contact
method at 16-84%
BSE intensity.
Figure 2 (right).
Spectrometer
reproducibility test
using the “half-peak” method. At half-peak position, a small reproducibility error (∆L) yield a larger
counting error ∆N1, compare to the on-peak position (∆N2) making the half-peak reproducibility test
more sensitive.
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Advances in Quantitative EPMA Compositional Mapping
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Compositional mapping by EPMA has historically utilized x-ray intensity maps for interpretation of
zoning and phases. Recent advances include full quantification at each pixel to correct for deadtime,
beam drift, standard intensity drift, background using either an off-peak or mean atomic number (MAN)
correction [1], correction of matrix and spectral interferences [2] via iterated k-ratios, treatment of beam
sensitive behaviors, and other methods normally associated with conventional point analyses.
Of course the same normalization and correction procedures are also applied to the standard
intensities from point measurements, which will be utilized in the construction of the intensity k-ratios.
Essentially we simply replicate the quantitative methods already developed for point analyses, but apply
these methods to each pixel in the x-ray map. These software capabilities complement instrumental
improvements in stability and reproducibility of both spectrometers and stage/beam automation for x-ray
mapping. Improvements in cluster and modal analysis further provide excellent tools for quantitative
evaluation of compositional maps.
Typical point analyses now approach and often exceed 2% relative accuracy in most matrices, while
improvements in both hardware and software allow EPMA sensitivity to reach single digit PPM levels
for many materials. Compared to point analyses, x-ray mapping requires more time since dwell times
per pixel rapidly accumulate, resulting in lengthy acquisitions. In practice, EPMA point analyses can be
performed in minutes for a complete 10 element analysis. On the other hand, x-ray maps obtain spatial
information by limiting the dwell time per pixel to hundreds to thousands of milliseconds, which
depending on the number of pixels can take hours to days of acquisition time. This restriction in x-ray
integration time at the pixel level limits sensitivity, but not accuracy, if these acquired pixel x-ray
intensities are treated appropriately for all of the correction and normalizations that we already employ
for point analyses, as seen in the application of a spectral interference correction for S Ka on trace Mo
in figure 1.
To further improve acquisition times we can utilize the MAN background correction to eliminate
the acquisition of WDS (off-peak) background x-ray maps thereby reducing acquisition times by up to
50%, at the same time improving sensitivity as seen in figure 2. Additionally we can improve trace
sensitivity by utilizing multiple spectrometers and aggregating intensities, in addition to applying a
blank correction for improving accuracy [3].
Therefore if these normalization and correction procedures are rigorously applied to each map pixel,
similar accuracy can be achieved when compared to point analyses. Mapping sensitivity can then be
improved (and evaluated) by pixel averaging, just as we already do for point measurements by averaging
point analyses. Quantitative measurements require an average and a variance regardless of whether we
are performing point or pixel measurements.
References:
[1] JJ Donovan, JW Singer and JT Armstrong, American Mineralogist 101 (2016), 1839-1853.
[2] JJ Donovan, DA Snyder and ML Rivers, Microbeam Analysis 2 (1993), 23-28.
[3] JJ Donovan, HA Lowers and BG Rusk, American Mineralogist 96 (2011), 274-282.
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(a)

(b)

Figure 1. (a) Quantitative x-ray maps of pyrite and chalcopyrite phases without a spectral interference
correction, showing a significant interference of S Ka on Mo La. (b) After the spectral interference
correction is applied, the Mo concentrations in the two phases are statistically similar.
(a)

(b)

Figure 2. (a) Quantitative x-ray maps of trace elements in a zircon grain using the traditional off-peak
method, and (b) using the MAN background correction method, in order to eliminate the necessity for
off-peak map acquisitions, thus saving significant time and improving sensitivity.
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CASINO: A Free Software Program to Enhance Your EDS and WDS Experience
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We are here because we do microanalysis, using high-energy electron beams with SEMs and electron
microprobes to generate X-rays, which fingerprint the target. One important question – since this is
microanalysis -- is how small a region or a particle can you get an accurate quantitative analysis from?
And one day, someone may come in your lab and ask you about measuring a thin film or a coating upon
some substrate. In both cases, in less than a couple of minutes, you can provide a first approximation of
the analytical size potentially available with your instrument – using CASINO!
The key to this is a Monte Carlo simulation program into which you input information: what is the
electron source's kV and what is the material you are studying. Key fact: It is the kV your electron gun is
emitting (the so-called "E0") –NOT THE BEAM DIAMETER – which defines the critical excitation
electron volume for the X-rays. The simulation will apply probabilities of different types of scattering of
the high energy electrons – elastic scattering (which also results in BSE images) and inelastic scattering
which produces secondary electrons, Auger electrons, characteristic X-rays, continuum (bremsstrahlung)
X-rays and cathodoluminescent (CL) photons. And in this process there will be randomization of the
directions of scattering; in this manner, a region in the modelled sample becomes the locus for the
generation of X-rays—what is commonly referred to as the interaction volume.
There are several electron à X-ray Monte Carlo programs available, with CASINO [1] probably the
most widely used, given its ease of operation. There are 2 versions available; my personal preference is
the v. 2.51, easily downloaded from <http://www.gel.usherbrooke.ca/casino/What.html>. It can give you
useful visuals for important estimations about where your X-rays may come from: (1) the scattering
("interaction") volume of the high energy electrons (diameter and depth); (2) the depth distribution of Xrays (the so-called phi-rho-Z distribution) and the associated amount of absorption of the generated Xdays (though the nomenclature is unnecessarily confusing); (3) an estimation of the internal energy
distribution ("energy onion") within the interaction volume, helpful for estimating which X-rays can be
generated where; and (4) in addition to modelling bulk samples, you can simulate single or multi-layer
thin films, as well as (vertical) grain boundary samples.
Taking for example a simple bulk intermediate olivine, Fo50 (FeMgSi2O4) with approximate density
of 3.9, using a 15 kV electron beam (nominal radius of 10 nm, which is not critical here), we can run
10,000 simulations in 59 seconds on my Parallels Win 7 emulator (2.9 GHz Intel Core i5): we can
determine that the 15 keV primary electrons scatter, to a depth of ~1.3 microns and a width of ~1.8 microns
(Figure 1). CASINO also provides the ability to display other visual representations of the distribution of
both SEs and BSEs. "Energy by position" (Figure 2, 4) displays the quasi-concentric envelopes of
maximum beam energy, shown for % of remaining electrons – thus mapping out zones where X-rays may
– or may not – be generated. Each characteristic X-ray requires a minimum excitation "edge" energy, thus
some X-rays will not be generated everywhere within the electron scattering volume – as described in
Figure 3. This adds additional meaning to the requirement, for EDS/WDS EPMA that the sample be
homogeneous.
This simulation also provides the basis to understand that while high resolution SE images are possible
with field emission electron sources (e.g. 20 nm beam diameter), quantitative EPMA at 15 kV on the
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example olivine will have an analytical spatial resolution of at least 1 micron – limited by the necessary
edge (excitation) energy of Mg, assuming oxygen by stoichiometry.
Figure 5 shows another important aspect of EDS/WDS operation: the depth distribution of X-rays,
which is critical to understanding the effect of absorption – that once an X-ray is generated, there may be
a low probability that you can actually "read" it with your X-ray detector. This is a function of the
composition of the matrix in which the atom of interest resides; some X-rays may be absorbed by photoelectric absorption more than others.
There is one important effect missing from CASINO, which is secondary fluorescence: the ability of
some X-rays to escape absorption within the initial interaction volume, and to travel hundreds of microns
away: this is very important in trace element analysis. PENEPMA in another Monte Carlo program and is
unique in modelling secondary fluorescence, though is less easy to use than CASINO; there now is an
easier to use GUI [2].
References:
[1] D. Drouin et al, 2007, Scanning, 29, 92-101.
[2] A Moy and J Fournelle, this conference.
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Figure 1. Electrons scattered in Fo50 at 15 keV.
Red=BSE.
Figure 2. Regions of decreasing electron energy
(=reduced ability to generate X-rays).
Figure 3. Blow up of legend, showing where the
3 measured X-rays may occur. "%" indicates
maximum value of remaining E0 electron energy.
Figure 4. Blow up of central region with
decreasing electron energies with increasing
inelastic scattering.
Figure 5. Phi-rho-Z plots for Fe K (top) and Fe L
[L3 edge {bottom). Blue = generated X-rays; red
= X-rays escaping matrix absorption.
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Electron Probe Microanalysis of Complex Natural Sulphides Using a Single Shared
Background Method
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Rocks from ore deposits can contain a wide range of sulphide minerals with very different major,
minor, and trace element compositions (Fig 1), presenting a challenge for electron microprobe analysis of
these minerals. Numerous spectral interferences occur in this system, such as within the first row transition
metal K series, the L series of elements Ag-Cd-In-Sn-Sb-Te (Fig. 2), or the L or M series of elements AuHg-Tl-Pb-Bi. As element presence and concentrations vary strongly in these minerals, conventional
background correction (by measuring the intensity in 1-2 positions close to the peak) using wavelength
dispersive x-ray spectrometers (WDS) requires the development and maintenance of multiple methods
with different background positions for different minerals of this group. To improve background
correction accuracy, the multi-point background (MPB) technique [1-2] measures the background in
multiple positions for each x-ray line, followed by fitting a curve to the background data. Compromised
backgrounds can be excluded automatically or manually during post-processing, using an interactive
graphical user interface. MPB is well suited for high accuracy analysis of complex phases such as
monazites [1-2], but acquiring multiple backgrounds for many elements can substantially increase the total
acquisition time. As an extension of the MPB method, the shared background method acquires two
conventional off-peak backgrounds per element, and shares these between all elements measured on the
same monochromator [2]. For example, if four elements were acquired on a spectrometer, each element
has an array of eight background intensities after "sharing". Afterwards the data is processed in the same
way as for MPB. Using the method for analysis of 16 trace elements in scheelite (CaWO4), the final shared
background correction provided better accuracy and precision (up to 60% better) for almost all elements
compared to the original 2-point correction [3].
At University of Tasmania we have developed a single shared background method for sulphide,
sulphosalt, and related minerals on our Cameca SX100 electron microprobe to analyse S, V, Mn, Fe, Co,
Ni, Cu, Zn, As, Se, Ag, Cd, Sn, Sb, Te, Au, Hg, Pb, and Bi at 20 kV accelerating voltage [4]. We have
now transferred this method to our new JEOL JXA-8530F Plus microprobe and added the elements Ge,
Mo, In, W, Tl, and also Si and Ca as indicators for silicate or carbonate host mineral contributions. Around
70 natural and synthetic minerals (mostly sulphides, but also some tellurides, selenides, arsenides and
metals) were analysed in 1 session. Between 5 and 7 elements are measured on each of the 5 WDS, hence
10-14 background measurements are available for each element, and the selection of 2 or more noninterfered background measurements from the acquired data is usually possible, even in the worst
interference scenarios. As the background positions can span a fairly wide angle range, often not the whole
range can be used for a specific element, for example due to counter gas or major element absorption
edges (see example in Fig. 3), or background curvature.
References
[1] MJ Jercinovic et al, Mater. Sci. Eng. 32 (2012), 012012.
[2] JM Allaz et al, Microsc. Microanal. 25 (2019), 30-46.
[3] K Goemann et al, Electron Probe Microanalysis Topical Conference (EPMA 2016). University of
Wisconsin, Madison, WI, USA, 16-19 May 2016.
[4] K Goemann, JJ Donovan, 14th Australian Microbeam Analysis Symposium (AMAS). Queensland
University of Technology, Brisbane, Australia, 8-10 February 2017.
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Mineral

Elements

Arsenopyrite FeAsS

S, As, Fe, Co, Bi, Se, Au....

Bournonite PbCuSbS3 –
Meneghinite Pb13CuSb7S24

S, Pb, Sb, Cu, As, Fe, Ag, Se, Bi...

Chalcopyrite CuFeS2

S, Cu, Fe, Zn, Sn, Se, As...

Galena PbS

S, Pb, Ag, Bi, Se, Sb...

Gudmundite FeSbS

S, Fe, Sb, As, Ni...

Pyrite FeS2

S, Fe, Co, Ni, As....

Pyrrhotite Fe1-xS

S, Fe, Ni, Cu, V....

Sphalerite ZnS

S, Zn, Fe, Mn, Cd, Cu, Ag, In, Pb....

Tetrahedrite (Cu,Fe)12(Sb,As)4S13

S, Cu, Sb, As, Fe, Ag, Cd, Hg, Bi,
Pb...

Figure 1. Rock from Swedish Cu-Zn deposit with 9 different sulphide minerals in close association.

Figure 2. Wavescans of acanthite (purple), greenockite (pink), InSb (blue), cassiterite (red), stibnite
(green) and Te metal (light brown) for L series of elements Ag, Cd, In, Sn, Sb, Te acquired on PETL
crystal with P10 counter on 8530Fplus. The counter gas Ar K edge at L = 124 mm is clearly visible.

Figure 3. Wavescans (light blue) and background selections for Mn in galena (left) and pyrite (right)
acquired on LLiF crystal on SX100. The blue square indicates the peak intensity, green circles background
intensities. Backgrounds circled red are used in the background fit represented by the blue curve.
MAS Quantitative Microanalysis 2019 TC

39

Tuesday, June 25th 2019
The EPMA – Method Development Tool, the Home of Perfect Waves
Sandrin T. Feig1
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Tasmania, Hobart TAS 7001, Australia.
1.

The acquisition of wavescans is an independent measuring mode available on the electron
microprobe. Similar to quantitative analysis, the static beam interacts with the sample material and all
elements present in the interaction volume will emit characteristic x-rays. The main difference to
quantitative analyses is the constant movement of the spectrometer during the measurement. The
spectrometer moves the diffracting crystal and the counter along the Rowland circle over a defined
wavelength range and the signal is collected. The result can be displayed as a graph showing the signal
strength versus the spectrometer position (see image 1). The scan shows the continuum with
characteristic peaks that are produced each time the spectrometer position matches the wavelength of the
characteristic x-rays emitted by the sample.
Wavescans are a crucial part of electron microprobe analyses. Before a quantitative measurement
can be conducted, peak positions of all elements present or expected in the unknown material need to be
determined, background positions selected and interferences identified. All this can only be achieved by
using wavescans. While peak positions can be obtained by a quick peaking procedure on standard
materials (quick short wavescan), background positions and interferences can only be identified by
overlaying longer wavescans acquired on the standard materials of all elements present in the unknown
material. Acquiring these wavescans is a rather time consuming step.
I would like to present the EPMA – Method Development Tool. The tool that I have created removes
this time consuming step from the setup routine when preparing the instrument for quantitative analysis.
The main feature of the tool is a wavelength scan database. It contains full wavelength scans of the most
common standard materials which are available in most electron microprobe facilities (e.g.,
Smithsonian, Astimex, P&H Developments, Harvard, Hanchar, etc.) covering the whole periodic table.
It currently contains scans of 228 standard materials collected using a CAMECA SX-100 (all scans are
available for PC2, PC1, PC0, TAP, PET, LPET, LLIF) and scans of 200 standard materials collected
using a JEOL JXA-8530F Plus (all scans are available for LDE1L, TAP, TAPL, PETJ, PETL P10,
PETL Xe, LIFL Xe). All scans available in the tool were collected in the Central Science Laboratory at
the University of Tasmania, Australia.
The tool allows the user to overlay scans to identify interferences of significance or edges that need
to be avoided and to select background positions for quantitative analysis. The tool also offer the option
to upload own scans that the user has collected on an unknown material or on a standard material that is
not available in the tool yet. These scans are only visible to the person who uploaded them and can be
used in a similar way as all other scans in the tool.
To demonstrate the usage of the tool I will select wavescans of standard materials containing high
concentrations of elements representative of a typical basic silicate program (O, Na, Mg, Al, Si, K, Ca,
Ti, Cr, Mn, Fe). For such a program I would select the wavescans of Jadeite, Olivine, Plagioclase,
Wollastonite, Orthoclase, Rutile, Eskolaite, Mn metal and Hematite. We can use the selected wavescans
to search for suitable background positions and identify potential problems (e.g., interferences,
absorptions edges, etc.). To make it a bit more complicated we now assume that we have a user who
wants to analyse Strontium in feldspar (see Figure 1; we add Strontianite for Sr).
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Of course the tool can be used for any substance to be analysed (e.g., silicates, sulphides,
phosphates, etc.). Try it yourself! The tool can be accessed here: http://epma-mdt.csl.utas.edu.au/ (no
www!)

Figure 1. Screenshot of the EPMA – Method Development Tool. The graph shows wavescans
representative of all common major elements in silicate minerals plus Strontium. Selected is the
wavelength range that contains the Sr peak. Clearly visible are interferences from other elements.
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1.

In the early days of the Si(Li) energy dispersive X-ray (EDS) detector, Reed and Ware[1] and others
realized that despite the relatively poor resolution, the spectra could be used to perform accurate
quantitative X-ray microanalysis. However, the practical application was limited by the throughput of
Si(Li) detectors which peaked at around 5,000 cps. With the advent of the silicon drift detector (SDD)[2],
throughput improved by more than an order-of-magnitude and it became much more practical to measure
major, minor and trace elements (down to 500 ppm) using an EDS detector. Furthermore, improved Xray windows[3,4], improved energy calibration stability[5], better light element performance[6] and
improved quantum efficiency stability all contributed to make the modern SDD an excellent detector for
quantitative analysis.
There is an enormous quantity of information in an EDS spectrum. See for example, Figure 1 which
shows a spectrum from a Drake and Weill rare-earth standard[7]. The measured elemental characteristic
X-ray signatures are complex convolutions of X-ray generation physics and detector performance. These
shape signatures distinguish the elements and fortunately don’t change significantly when an element is
combined with others to form a compound. We are therefore able to pull apart complex spectra and get
to the constituent elemental intensities even in situations in which elemental characteristic x-ray signatures
overlap. Figure 2 shows how the complex spectrum in Figure 1 can be deconvolved. The residual, the
blue line in Figure 2, demonstrates that the remaining continuum intensity has the expected shape. While
this was first demonstrated with early Si(Li) EDS detectors with resolutions of 160 eV (at Mn Ka) and is
even more so with the modern SDD with resolutions of 130 eV or better and output count rates that can
exceed 100,000 cps.
It is this ability to pull apart spectra using mathematics even when the human eye has a hard time that
surprises many. The presence of a Bremsstrahlung continuum makes it more difficult but using linear
least squares fitting, it is possible to make use of the full information present in the elemental signatures
to extract minor constituent element peaks from under much larger peaks from other elements[5]. Even
in situations in which multiple elements with complex interfering line structures, like rare-earth minerals,
it is possible to accurately attribute characteristic X-ray intensity by element. Once we know the
characteristic intensity to assign to each element, it is necessary to convert the measurements of X-ray
intensities into estimates of material composition using a matrix correction algorithm.
The combination of stability, linearity and count rates permit precise and accurate quantification. In
the example Drake and Weill standard spectrum, each rare earth element contributed over 500,000 counts
in the spectrum. Using the Poisson estimate, this suggests a precision of better than 1 part in 700 for each
of these elements. As with wavelength spectrometry, the accuracy is typically limited by the matrix
correction which must be applied to convert intensities to mass fractions[8].
Today, a combination of factors make it possible to perform fast, precise and accurate compositional
measurements using an energy dispersive X-ray detector. However, making high quality measurements
still requires care and an understanding of and a respect for the basic assumptions underlying the
measurement. We will discuss both the opportunities and the pitfalls.
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Figure 1. A spectrum (red) from a Drake and Weill standard containing the rare earths Eu, Gd, Tb, Eu
and Tm and the residual (blue) representing the continuum remaining after the characteristic x-rays from
the rare earth elements have been accounted for.

Figure 2. The Drake and Weill standard decomposed into the elemental characteristic X-ray signals. The
red spectrum is the sum of the residual and the elemental contributions.
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Quantitative EDS Analysis of Small Rhyolitic Glass Particles 2.5 to 15 µm
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An individual analysis can be given important context by comparison with a database of chemical
compositions of previously analyzed materials. An example of this from the Geosciences is the
comparison of small fragments of unknown volcanic tephra (fallout from eruptions, largely glass) found
in one location to the chemical composition of samples known to have come from a particular eruption.
Small particles of volcanic tephra found in sediment and ice cores are used to help determine the age of a
particular layer (strata) of the core when other methods are not available by tying that layer to an eruption
of known age. However, these particles may be scarce and challenging to find amid the other material
present. Energy Dispersive Spectrometers (EDS) are commonly fit to Scanning Electron Microscopes
(SEM’s) found in many labs and could provide a method for screening particles for further analysis.
An evaluation of the potential for analyzing small particles of glass of rhyolitic composition using an
SEM/EDS combination was performed using NIST DTSA II [1] software on prepared samples of
available microbeam standards Lipari (ID3506) [2] and MPI-Dingwell (ATHO-G) [3] and a pumice
sample (Mono Craters area). Standards-Based EDS provides a method grounded in the use of standards
through the K-factor approach determining ratios of detected x-ray intensity between sample and standard
generated at the time—and on the instrument—used for the analysis of “unknowns” of interest. The
prepared samples were designed to mimic small shards of volcanic glass of Rhyolitic composition
encountered in Antarctic ice cores.
Samples were powdered and filtered (14 µm to 0.4 µm), mounted in epoxy, and polished to a final
0.25 µm diamond grit. Portions of the initial unpowdered (bulk) glass were also mounted and polished.
Samples were analyzed on a Tescan* TIMA Field-emission SEM with four Pulse-tor SDD EDS detectors
of 30 mm2 collection area each at NIST. Acceleration voltage was 15 kV. A brief collection time of 30
seconds was used to suite the intended use evaluating many samples from a given core. Na-loss from the
analytical volume was tested on a high-Na glass standard reference material from NIST (SRM 1830) and
minimized by the use of low beam current (0.5 nA) and spreading the beam to a 1 µm FOV. The beam
area on the sample was chosen to be large enough to reduce Na-loss but projected to be small enough for
the analytical volume to remain within most glass particles. Recorded Spectra contained 1.5 to 2 million
total counts.
Elements analyzed included O, Na, Mg, Al, Si, K, Ca, Ti, Mn, and Fe as well as P, S, and Cl.
Comparison of published literature values to analyses of both the bulk starting glass and glass particles
greater than 5 µm minimum visible diameter agreed to within 2 sigma for most elements. A comparison
of apparent particle size by composition for normalized and unnormalized analyses suggests that particles
as small as 2.5 µm could also be used as the normalization was shown produce values consistent with the
bulk glass regardless of particle size. These data suggest that analyses produced on SEM/EDS using
DTSA II and appropriate standards can be meaningfully compared to values produced by a variety of
instruments recorded in global volcanic databases and that SEM/EDS may be a useful tool for the
identification of small particles separated from ice and other cores.
* Commercial equipment is identified for experimental detail and does not imply recommendation or
endorsement by NIST.
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In 1973, Reed suggested that energy dispersive spectrometers (EDS) could perform quantitative
measurements much as the wavelength-dispersive detector (WDS) has been doing for decades [1].
Despite poor energy resolution of early detectors and controversies over fitting models [2] quantitative
measurements with EDS have been performed over the many decades and are not new. However, new
improvements in detector and electronics technology have allowed for accuracy and precision, even in
the presence of severe peak interferences, that rivals WDS. Materials of known concentration were
analyzed to demonstrate the improvements in accuracy, precision, and detection of trace quantities of
REE.
For the ﬁrst example of a REE analysis, we considered the four Drake and Weill engineered rare
earth element containing glasses called REE1, REE2, REE3 and REE4 of which the homogeneity and
provenance of these materials are well documented [3]. The data was collected on a TESCAN MIRA3
equipped with four independent 30mm2 PulseTor SDDs2. The beam energy was 20keV and the probe
current was 0.9nA. The probe current was remeasured between spectra and the spectra from the four
independent SDD were combined into a single spectrum for quantiﬁcation using NIST DTSA-II [4].
Standards were collected from an SPI Rare Earth Phosphate standard block. Five replicates of each
standard were collected for 60.0s each. The ﬁve replicates were combined into a single 300s standard
spectrum. The spectra for each element were combined with the necessary references into a standard
bundle to facilitate quantiﬁcation. Many of the standards also required a reference to resolve interference
of the REE M-lines with either the P K or the O K lines with GdP5O14 serving as the P K peak-shape
reference and MgO serving as the O K peakshape reference. Since we were not generally using the REE
M-lines in the quantiﬁcation and since we had a clean P K reference, this procedure proved adequate,
although it did sometimes leave structure in the residual near the P K peak. In addition, the research
glass K411 (NIST Standard Reference Material 470) was used as a standard for Si and Ca, and pure Al
for Al. For comparison, the research glass K412 was used as a standard for Si, Al, Ca and O. Oxygen
was computed using stoichiometric assumptions.
Nine or ten 600s spectra were collected from a randomly selected set of points on each unknown.
An example of a spectrum from glass REE1 and the residual generated during the quantiﬁcation is
shown in Figure 1. The marker lines are shown for the elements O, Si, Al, Ca, Nd, Sm, Yb, and Lu
giving an indication of the complexity of the REE L-line structure. The residual under the REE L-lines
is seen to be particularly smooth and structureless because of the high quality unknown and standard
spectra. The ﬁt under the Ca K lines has a small but unexplained structure and the ﬁt under the Al K
(1.48keV), Si K(1.74keV), and REE M-lines shows additional structure but remains fairly clean.
Overall, this represents an excellent residual and suggests that other elements haven’t been overlooked
and that we can expect reliable k-ratios.
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Figure 1. A raw spectrum from Drake and Weill glass REE1 along with the residual generated
during quantification. (5.6 x 107 total counts).
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1.

The irradiation by a primary electron beam on an insulating sample may induce a charge buildup
inside the bulk and on the surface due to the poor conductivity. Naturally, the charge buildup will generate
a distribution of electrostatic potential or an electric field in the entire space around the sample, which may
severely affect the electron signal detection in several experimental techniques. The resultant bizarreries
observed in the experiment is called “charging effect”.
This work reports the use of a Monte Carlo simulation method to study the charging effect induced
by the electron beam irradiation. In our modeling, we use the Mott’s cross-section and a dielectric
functional approach for the respective description of the electron elastic and inelastic scattering. In addition,
we also consider the influence of the bandgap and the electron-phonon interaction on the transport of
primary electrons and cascaded secondary electrons. To simulate the charging, a uniform distribution of
the trapping site is assumed in the sample to model the charge trapping by defects, vacancies and impurities
etc. Although one can simulate the charging for the structures with simple geometries, i.e. planar surface
or interface, by the use of the image charge method for solving the Poisson equation; however, it is
necessary to consider practical structures with very complex geometries with which the image charge
method cannot be applied. Therefore, we have developed a self-consistent method [1] which can be used
to obtain the spatial potential distribution for complex boundary conditions. Together with the finite
triangle mesh method [2], which is for constructing a complex geometry, we are able to simulate the
charging effect for any structures with arbitrary geometries.
As an example of the structure with a simple geometry, we consider a semi-infinite SiO2 bulk. Fig. 1
displays the evolution of the surface potential and the total electron yield with time at the incident position
of primary electrons of 400 eV. Here, the surface potential is calculated by the mono-image charge method.
From the beginning of the irradiation, the sample is positively charged, evidenced by the positive surface
potential, due to the initial large secondary yield. However, the induced positive surface potential will in
turn hinder the secondary electron emission so that the steady state will be reached quickly.
For investigating the charging of the structure with a complex geometry, we at first test the reliability
of the self-consistent method by comparing it with the mono-image charge method. Fig. 2 displays the
comparison on the steady potential distribution for a semi-infinite SiO2 bulk, and the agreement with the
mono-image charge method validates the reliability of the self-consistent method. Other evidences,
including the agreement on the steady polarized charge distribution on the sample surface and on the
evolution of the surface potential with time, can be found elsewhere [1].
We then consider the charging in the SEM imaging for a SiO2 line structure which is grown on a Si
substrate. By applying the self-consistent method, we have simulated the SEM image of the structure under
the charging condition. It can be found that the contrast of SiO2 line is smaller under charging than the
case of charging absent. An experiment [3] shows the contrast reversal as the primary energy is increased
from 200 to 2000 eV, i.e. the relative brightness of the SiO2 line evolves from weaker to greater than that
of the Si substrate. The simulation for charging reasonably reproduces the experimental observation,
implying the important role played by charging in this case. Simply, in the primary energy range considered
here, the SiO2 line will be positively charged, whereas the charging magnitude is expected to be different,
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leading to different secondary electron impediment and to different contrast change [4].
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Figure 3. SEM images of the SiO2 line structure.
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1.

Meteorites represent a ground truth for most remotely-observed planetary data. Spectroscopic data is
highly sensitive to convolution by multiple overlapping signals. As such, having an accurate
understanding of the modal mineralogy of the different meteorite subgroups is critical to using
spectroscopic data as a predictor for the composition of future mission targets. Additionally,
understanding the modal mineralogy of meteorites helps constrain their formational histories which
places constraints on the conditions of the proto-planetary disk and has implications for the history of
the Earth.
There are multiple ways to attack the problem of modal mineralogy. Chemical separation of
minerals is possible, but requires destruction of the sample, and there is no single technique to separate
mineral phases such that each phase remains completely unaltered; methods must be tailored to separate
specific subsets of mineral phases (for example SiC) at the expense of other phases [1]. Quantitative
analysis using the wavelength dispersive spectrometers (WDS) on an electron microprobe gives highly
precise, non-destructive measurements, but requires huge numbers of analyses (hence instrument time)
to form a representative modal abundance. Mapping of large (2 cm3) areas is possible with both WDS
and energy dispersive spectrometers (EDS), however tools for EDS quantitative mapping, require long
dwell times and high current on the electron beam. WDS mapping is considered qualitative, and
mapping of large areas with EDS requires proprietary software. EDS mapping is slow without the use of
large-area detectors which are becoming more common but are still not as ubiquitous as WDS systems.
Our technique combines limited quantitative WDS analyses with WDS mapping and open-source code
to create quantified maps of mineral phases.
First, major element WDS maps are collected of both samples and standards under identical
conditions. Count times for these maps can be as little as 15 milliseconds (at 40 nA beam current), and
mapping 10 elements for a 5122 µm area (1282 µm on standards) at 1 µm step can be accomplished in
under 3 hours per map set. WDS point analysis of standards is then conducted to obtain their exact
compositions (if standard composition is already well characterized this step can be skipped). Next both
sets of maps are passed code written in Python developed during the AMNH “Hack the Solar System”
Hackathon [2], along with a list of target mineral phases to be identified. The code uses the element
maps of the standards to create a calibration from grayscale to weight percentage of an element. It then
uses these calibrations to simulate what the target minerals should look like in sets of element maps
form the real samples. A machine learning model is trained on the simulated data and then applied to
each pixel of the meteorite maps to classify the minerals. This process also allows standards with pure
endmember composition to be analyzed for absent elements to generate background calibrations.
Older versions of this algorithm were written in IDL and constraints on the mineral phase
composition were based on user-defined boundaries for algebraic combinations of raw 32 bit grayscale
maps. For example, a mineral such as olivine has two endmember phases: forsterite (Mg2SiO4) and
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fayalite (Fe2SiO4). These two phases have solid solution between them, meaning that olivine could be of
any composition between fully magnesian and fully ferroan. A user would have to find the
minimum/maximum Mg and Fe grayscale intensities in known olivine grains to define a boundary for
what pixels to classify as olivine. Such a "trial-and-error" algorithm depends on user interpretation of
map combinations, so values must be assigned conservatively. With the creation of the Python code
described above, pixels are assigned based on unbiased classification and therefore a closer
representation of the true modal abundance of the mineral phase can be established.
Figure 1 below shows an example output from the code compared to the raw microprobe output
maps. Note that this map demonstrates the need for careful masking of areas not intended for image
analysis by the code; the area in the upper right portion of the example was epoxy that had been
previously disturbed during mapping. This has the effect of stippling the epoxy, which is actually picked
up as a false detection by the probe in the Si map. This area was classified by the code as olivine as it
most closely matched the grayscale intensity range for olivine in composition, despite lacking either Mg
or Fe. The code already has features that allow for input of a mask file so as to only classify pixels of
interest. Future versions of the code are being developed to further address this issue by considering
minimum/maximum compositions required to classify each pixel as a mineral on the target list.
References:
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Figure 1. 32-bit grayscale images from probe data that are used as inputs to the code. Grayscale images
are against output form code where pixels are colored based on their mineral phase as identified by the
code.
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The Moon is largely composed of two different terranes of rock–the highlands (or terra) and the maria
(Latin for seas). Rocks of the highlands–the lighter colored portion of the Moon–are feldspathic, with a
high proportion (60-99%) of the calcium-rich plagioclase anorthite; most lunar highland rocks are
anorthosites. The darker colored portion of the Moon, or mare, consists of basalts that are mainly
comprised of pyroxene, plagioclase, olivine, and ilmenite [1]. Meteorite NWA 12008 is one of only twelve
lunar basaltic meteorites identified at this writing, which is unsurprising considering that only 0.1% of
meteorites are from the Moon [1], and mare basalts are exposed over only 17% of the lunar surface [2].
Mare basalts are commonly classified on the basis of their TiO2 contents into one of three groups: very
low-Ti (<1.5 wt%), low-Ti (1.5 to 9 wt %), and high-Ti (>9 wt %). NWA 12008 is a low-Ti basalt.
Meteorite NWA 12008 was found in southern Morocco and purchased from a dealer in Zagora,
Morocco by B. Hoefnagels in August of 2018. The mineralogy and whole rock chemistry of NWA 12008
confirm that it is a lunar rock and not of terrestrial origin. NWA 12008 contains native iron which cannot
occur in terrestrial rocks due to oxidizing conditions found on Earth. On a plot of aluminum content vs.
iron + magnesium content, NWA 12008 plots with all lunar samples along a line connecting the
composition of plagioclase and the average composition of olivine, pyroxene, and ilmenite. The lunar
origin of NWA 12008 is further expressed by its characteristic FeO/MnO ratio (73.2) which plots along a
line with almost all other lunar samples.
NWA 12008 weighs 577 grams and contains small olivine phenocrysts (Figure 1) in an intersertal
groundmass of mainly clinopyroxene and plagioclase that has been shocked to maskelynite (An86.887.6Or0.4-0.3), as well as accessory ilmenite, Ti-chromite, Cr-Ti-Fe spinel, troilite, rare kamacite, and minor
secondary barite. Olivine (cores Fa36.6-42.3, rim Fa90.0) contains inclusions of Cr-Ti-Fe spinel and quenched
melt inclusions (surrounded by radial cracks) composed of Al-Ti-bearing augite (Fs28.8Wo50.1, Al2O3 =
10.5 wt.%, TiO2 = 5.3 wt.%) plus K-bearing glass. Pyroxene shows extensive compositional zoning from
pigeonite (Fs31.1Wo14.0) to subcalcic augite (Fs25.9-71.4Wo28.6-23.1) to augite (Fs23.2Wo39.7) to ferropigeonite
rims (Fs80.1Wo19.5).
NWA 12008 has compositional similarities to mare basalt meteorites NWA 032/479, NWA 4734 and
the Antarctic LAP meteorites from the LaPaz Icefield. They have similar REE (Figure 2) and major
element abundances. NWA 12008 could potentially be a launch pair of these meteorites, but age dating
and further chemical analysis would be needed to test this hypothesis. Although similar in bulk TiO2
content to some olivine-bearing mare basalts collected by the Apollo 12 astronauts, NWA 12008 differs
in being more ferroan, and also has more elevated REE abundances. The positive Ce anomaly implies
some terrestrial contamination in an oxidizing environment.
Microanalysis played a large role in the study of NWA 12008. Work on the electron microprobe and
SEM was integral in the establishment of NWA 12008 as a lunar meteorite, and the further exploration of
its chemical and textural properties. Textural images were taken using the Hitatchi S3400N SEM at the
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University of Puget Sound. Chemical analysis of minerals was done using the JEOL 733 Superprobe at
the University of Washington. Whole rock chemical analysis was done using the Agilent 5100 ICP-OES
at the University of Puget Sound quadrupole ICP- MS at the University of Notre Dame.
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Figure 1. Phenocrystic aggregate of olivine and Cr-Ti-Fe spinel with more ferroan rims that may have
reacted with the changing melt as crystals formed to produce zoning.
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Figure 2. Chondrite-normalized REE plot comparing mare basalt meteorites with mare basalts from
Apollo 12 and 15 landing/sampling sites.

MAS Quantitative Microanalysis 2019 TC

53

Wednesday, June 25th 2019
Seeking Compositional Truth: EDS vs. WDS to Evaluate New Standard Materials
Naomi Barshi1, Ben Bruck1, Emily Mixon1, Alexandra Valencia Villa1, George Koutsakis2, Ankur
Kumar3 and John Fournelle1
Department of Geoscience, University of Wisconsin-Madison, Madison, WI, USA
Department of Mechanical Engineering, University of Wisconsin-Madison, Madison, WI, USA
3.
Department of Materials Science & Engineering, University of Wisconsin-Madison, Madison, WI,
USA.
1.

2.

Both energy-dispersive spectrometry (EDS) and wavelength-dispersive spectrometry (WDS) are
widely used for compositional micro-analysis of major elements in minerals and materials. However, EDS
is often considered a less robust method for quantitative analysis than WDS since it doesn’t directly
measure standards during a single analytical session and analytical totals are forced to 100 wt% -removing one critical criterion for analytical confidence. We investigated two questions about these
common methods of microanalysis: 1) How well can EDS quantitative analysis compare with the “gold
standard” of WDS analysis? 2) And are there new materials which might make new microanalytical
standards? -- we used three of these potential candidates in our comparison of EDS and WDS. Answering
these questions can be a useful tool to investigate analytical quality and identify high quality candidates
for internal analytical standards. Our results suggest that under ‘standard operating conditions’ EDS can
be a fast and useful quantitative tool that comes close to WDS in analytical uncertainty. In addition, the
three materials we analyzed could make good laboratory standards due to their homogeneity on the scale
of analysis.
We tested EDS and WDS on three samples in a Hitachi S3400N scanning electron microscope for
EDS (Oxford AZtec) and an CAMECA SX51 electron microprobe for WDS, both housed at the University
of Wisconsin-Madison. The samples were >1-2mm crystals of new Kakanui Anorthoclase and new
Kakanui Augite and a similarly sized fragment of the National Institute of Technology and Standards
(NIST) glass material, K530 [1]. Both the anorthoclase and the augite were donated by James Scott
(University of Otago, NZ) the same eastern New Zealand locality as corresponding Smithsonian standards
[2]. Critically, it retains its megacryst character, not being crushed into small particles. The K530 glass is
a potential candidate to replicate a previous NIST standard, K412, no longer available. Oxford AZtec
provides a protocol for quasi-current measurement using a metal such as Co, to extract a reference probe
current. For SEM analyses, both the sample and a Co standard were run at the following conditions: E0 =
15 kV, processing time = 4 ms, and a deadtime of 30-35%. For WDS analyses, the operating conditions
were E0 = 15 kV, current = 20 nA, and ‘defocused’ beam (5 um). EDS analysis of all three materials was
within 3% of the WDS composition, indicating that EDS under ‘standard operating conditions’ can be
considered a reliable tool (Table 1).
Standards are expected to be well characterized, homogeneous materials similar in composition
and/or crystal structure to the materials of analytical interest. In geological settings, we often analyze
silicate minerals, such as feldspars and pyroxenes. Thus, identifying standard reference materials that
represent these complex compositions is necessary to improve geologic microanalysis. To test the
homogeneity of the minerals and glass, we automated analyses as grids of points in both EDS and
WDS. For both EDS and WDS, we consider the standard deviation to be a good measure of homogeneity.
In the case of WDS, we can also compare counting statistics. For all three samples, both the EDS relative
standard deviations and WDS comparison of standard deviation and counting statistics (t-test at 1.0%
precision) indicate that the samples are homogeneous (Table 2).
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After normalizing EDS results, which removes the effect of the non-negligible beam drift observed,
EDS and WDS compositional results for the three tested materials were comparable. This underscores the
quantitative utility of EDS for geologic problems. Furthermore, the three samples tested display
homogeneity on the scale of analysis, making them potential candidates for geologic reference materials.
A key feature of these three new materials is their large size which makes mounting and polishing simple,
unlike to 100-400 um size of the original distributed grains by the Smithsonian. Future work should
further constrain compositions in different institutional labs with different operating parameters to fully
establish known compositions and to test laboratory calibration.
References:
[1] Doug Meier (October 2015).
[2] E Jarosewich, JA Nelen and JA Norberg, Geo-standards Newsletter 4 (1980), 257-258.
Table 1: EDS and WDS Compositions of Materials (reported with RSD %).
New Kakanui Anorthoclase
EDS

WDS

EDS/WDS

New Kakanui Augite
EDS

WDS

NIST K530 Glass

EDS/WDS

EDS

WDS

EDS/WDS

Si

31.49
(0.16)

31.17
(0.85)

1.01

23.36
(0.39)

23.11
(1.31)

1.01

21.51
(0.14)

21.11
(0.90)

1.02

Al

10.69
(0.37)

10.66
(1.90)

1.00

4.60
(1.30)

4.68
(3.12)

0.98

5.10
(0.59)

5.09
(0.98)

1.00

Fe

-

0.10
(0.68)

-

5.81
(1.89)

5.48
(1.58)

1.06

8.01
(0.75)

7.79
(1.45)

Ca

0.43
(4.65)

0.43
(0.08)

1.00

11.84
(0.68)

11.91
(1.54)

0.99

10.68
(0.37)

10.91
(1.45)

0.99

Na

6.83
(0.59)

7.13
(5.18)

0.95

1.09
(3.67)

1.13
(2.89)

0.97

-

-

-

K

2.10
(1.91)

2.07
(3.58)

1.01

-

-

-

-

-

-

Mg

-

-

-

8.86
(0.79)

9.00
(0.87)

0.98

11.52
(0.35)

11.66
(1.10)

0.99

O

48.45

48.12

1.01

43.76

43.63

1.00

43.18

42.93

1.01

Total

100.00

99.69

100.00

99.72

100.00

99.49

Table 2: Summary of Homogeneity Tests.
Sample
New Kakanui Anorthoclase
New Kakanui Augite
K530 NIST glass

EDS Relative Standard Deviation (%)
0.16-1.91 %
0.39-3.67 %
0.14-0.75 %
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WDS Homogeneity
T-test at 1% precision
T-test at 1% precision
T-test at 1% precision
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Energy and Wavelength Dispersive X-Ray Spectrometry in Electron Probe
Microanalysis – The Best of Both Worlds is the Combination of the Two
Karsten Goemann1
1.

Central Science Laboratory, University of Tasmania, Hobart TAS 7001, Australia.

Standards-based quantitative energy dispersive x-ray spectrometry (EDS) on electron beam
instruments has been around for almost half a century (e.g. [1]), and modern EDS systems on scanning
electron microscopes (SEM) provide excellent throughput and stability. At University of Tasmania,
Kakanui Hornblende [2] has since 2013 been measured by multiple users as secondary standard on a
Hitachi SU-70 SEM with Oxford AZtec XMax 80 mm2 EDS. The method was optimised for high
throughput using conditions of 15 kV, 2-3 nA, » 10 µm scan area, 5 s live time, 40-50% dead time, and
35 kcps throughput at 133 eV Mn Ka spectral resolution. In spite of only occasional energy and element
re-calibration, the long-term standard deviation (s.d.) for all elements except O and Si is well within the
measurement precision (Fig. 1). Good accuracy can be routinely achieved if critical parameters like the
beam stability have been determined for the individual SEM-EDS system and are monitored. This includes
establishing how much changes of working distance and lateral beam position affect the x-ray intensities.
Careful EDS analysis can match accuracy and precision of wavelength dispersive spectrometry (WDS)
[3]. 195 simultaneous EDS-WDS points were acquired on the basaltic glass BHVO-2G on a JEOL JXA8530F Plus electron probe microanalyser (EPMA) with five WDS and Thermo UltraDry Extreme 30mm2
EDS at 15 kV, 20 nA, and 10 µm beam diameter with 4.0 µs time constant for » 40 kcps stored at » 38%
dead time. EDS counting of 90 s live time was matched to the total WDS counting times. The Probe For
EPMA software was used for quantification of both EDS and WDS with the same primary standards and
matrix corrections, off-peak WDS backgrounds, and the top hat filter fit to generate EDS net intensities.
The accuracy of the two techniques is similar for all elements >1 wt% (Fig. 2), but significantly better by
WDS for the lower level elements K, Mn, P. This can potentially be improved by EDS processing
optimisation. S.d. of the 195 points is lower for EDS for all elements except Ti, P, and especially Mn.
The real strength of EDS and WDS in EPMA lies in their full integration for simultaneous major and
trace element analysis, especially if the full ED spectral data is stored and used flexibly during postprocessing, and advanced WDS interference, blank and background corrections can be performed within
the combined dataset. Selected application examples using the same EPMA as above will be presented:
(1) Natural rutile analysis for Zr thermometry, Ti by EDS, Si, Ca, V, Cr, Mn, Fe, Cu, Zr, Nb, Mo, Sn, Ta,
W by WDS, 20 kV, 200 nA; (2) olivine grain traverses to decode kimberlite rock evolution, Mg, Si, Fe by
EDS, Al, Ca, Cr, Mn, Ni by WDS, 15 kV, 300 nA [4]; (3) plagioclase standard development for laser
ablation ICP-MS, Si, Al, Ca by EDS, Na, Mg, P, K, Ti, Mn, Fe, Sr, Ba by WDS, 20 kV, 300 nA. In all
cases standards with well characterised and homogeneous major and trace element concentrations and/or
high purity "blank" standards are crucial for method validation. For rutile and olivine, results for recently
released standards agree well with the published compositions [5,6]. For plagioclase, two sets each of
Plagioclase Lake County and Anorthite Great Sitkin [2] that were received >30 years apart show excellent
consistency between the two generations (Table 1), but only limited trace reference data is available.
References:
[1] SJB Reed and NG Ware, J. Petrol. 16 (1975), 499-519.
[2] E Jarosewich, JA Nelen and JA Norberg, Geostand. Newslett. 4 (1980), 43-48.
[3] NWM Ritchie, DE Newbury and JM Davis, Microsc. Microanal. 18 (2012), 892-904.
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[6] VG Batanova et al, Geostand. Geoanal. Res. (2019), accepted.

Wt%
reference
average
std. dev.
precision 1s

O
43.06
43.04
1.23
0.36

Na
1.93
1.90
0.05
0.07

Mg
7.72
7.69
0.09
0.09

Al
7.89
7.65
0.07
0.09

Si
18.87
18.74
0.23
0.12

K
1.70
1.79
0.03
0.06

Ca
7.36
7.29
0.06
0.10

Ti
2.83
2.90
0.06
0.09

Fe
8.49
8.38
0.12
0.18

Figure 1. Kakanui Hornblende over time by SEM-EDS. Each data point represents an average of 3
measurements. Red vertical lines indicate energy calibration, blue lines re-calibration of the elements.
BHVO-2G, n = 195
Reference, wt%
WDS
Xtal
Counting, seconds
Intensity, cps/nA
Average wt%
Std. dev., wt%
Precision 1s, wt%
EDS (90 s live)
Intensity, cps/nA
Average wt%
Std. dev., wt%
Precision 1s, wt%

Si
23.30

Ti
1.63

TAP
PETL
20
30
477
52
23.45
1.63
0.11
0.010
0.05
0.010
558
23.45
0.06
0.08

17
1.66
0.02
0.03

Al
7.16

Fe
8.63

TAP
LiFL
20
20
129
59
7.25 8.47
0.04 0.13
0.03 0.06
168
7.13
0.03
0.03

42
8.43
0.09
0.08

Mn
0.129

Mg
4.36

Ca
8.17

Na
1.64

K
0.43

P
0.120

LiFL
TAPL PETL TAPL PETL PETL
30
20
20
20
20
20
1.4
181
257
33 10.8
0.8
0.131
4.34 8.05
1.61 0.42 0.115
0.010
0.02 0.05
0.03 0.014 0.009
0.009
0.02 0.03
0.01 0.008 0.009
1.3
0.213
0.05
0.02

96
4.26
0.02
0.02

113
8.04
0.03
0.04

30
1.65
0.02
0.02

6.0
0.38
0.01
0.02

3.2
0.159
0.01
0.01

Figure 2. Comparison of simultaneous EDS and WDS EPMA measurements performed on BHVO-2G.
Table 1. Plagioclase standard results. Lake County 2012 mount was used for calibration of Si, Al, Ca.
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A Comparative Evaluation of the Intensities, Spectral Resolution, and Overall Time
of Acquisition Achievable by SEM-based Parallel Beam WDS and SEM-based
Rowland Circle WDS
Stephen M. Seddio1
1.

Thermo Fisher Scientific, Surface Analysis and Microanalysis, Madison, Wisconsin, 53711, USA.

Wavelength-dispersive spectroscopy (WDS), when applied to X-ray microanalysis, can achieve
excellent quantitative results, even for elements at trace concentrations, and can achieve excellent
spectral resolution. Such performance is owed to the use of a diffractor to only detect X-rays of a single
energy. Traditionally, WDS spectrometers rely on a Rowland circle geometry and are mounted on an
electron microprobe—an electron microscope specifically designed for WDS. An electron microprobe
typically has 5 Rowland circle WDS (RC-WDS) spectrometers which can acquire data concurrently.
WDS spectrometers have also been mounted on scanning electron microscopes (SEMs), which are
specifically designed for electron imaging. Typically, only one WDS spectrometer is mounted on an
SEM. The traditional RC-WDS approach has been applied to SEMs. However, most modern WDS
spectrometers available for SEMs rely on a parallel beam geometry [1]. These parallel beam WDS (PBWDS) spectrometers rely on a collimating optic inserted near the sample. As well as eliminating the
need for the Rowland circle geometry, the collimating optic, particularly a hybrid collimating optic [1],
acquires X-rays with a large solid angle yielding high count rates while maintaining excellent spectral
resolution. Comparative work has been done evaluating the X-ray intensities and spectral resolution
achieved on RC-WDS spectrometers on an electron microprobe and a parallel beam WDS spectrometer
with a hybrid collimating on an SEM [2]. However, no such comparative evaluation has been done for a
RC- WDS spectrometer on an SEM and a PB- WDS on an SEM.
Here, the intensity, spectral resolution, peak to background, and time of analytical spectrometer
motion measurements are reported (Table 1) using a commercially-available 210 mm radius RC-WDS
spectrometer on an SEM and a commercially-available parallel beam WDS spectrometer with a hybrid
collimating optic (i.e., a Thermo Scientific MagnaRay WDS spectrometer). The samples analysed on
each system were the same pure metal and oxide standard samples. The accelerating voltages and beam
currents for each analysis were identical between the two acquisitions. Working distances will be those
specified by the WDS and SEM manufacturers. On-peak analysis positions for each spectrometer were
optimized using each spectrometers peak search functions. Low and high background positions were left
at default positions and were inspected to confirm a valid position based on standard composition. For
intensity measurements acquired with the RC-WDS, the slit width was left at the default positions and
the slit position was optimized as a part of the peak search position. Furthermore, the WDS intensity
results will be compared to the calculated intensities for each spectrometer based on calculations of solid
angle and X-ray reflectance and transmittance experienced in each spectrometer [3, Fig. 1]. Intensity
values for Si, Ti, Fe, and Cu on the RC-WDS were lower than expected (the left side of the arrows,
Table 1), which may be indicative of a hardware issue. Expected values are given to the right of the
arrows. An asterisk (*) in Table 1 means that only 1 background position could be measured for that Xray on that diffractor. Time of Analytical Motion refers to how much time of an off-peak, on-peak, offpeak style analysis is a result of spectrometer motion.
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PB-WDS with hybrid optic
210 mm radius RC-WDS

Expected Intensity (sr)

0.10

0.08

0.06

0.04

0.02

0.00
0.1

1

10

X-ray Energy (keV)

Figure 1. Calculated expected X-ray intensities as a function of X-ray energy. “Expected intensity” is
calculated as a measure of the X-ray intensity observed by the diffractor. It is the solid angle of the
diffractor or the solid angle of the collimating optic (all collimated X-rays are incident upon the
diffractor) which is then scaled by the appropriate transmissivity or reflectance of the optic.
Table 1.
B Kα NiC80
C Kα NiC80
O Kα NiC80
O Kα TAP
Al Kα TAP
Si Kα PET
Ti Kα PET
Ti Kα LiF
Fe Kα LiF
Cu Kα LiF

Intensity (cps/nA)
RC-WDS
PB-WDS
1000
80
3950
500
230
470
80
13
2200
2800
1400
530 → 800
1940
1860 → 3000
1400
630 → 800
1100
820 → 1200
740 → 1200
1000
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Peak/Background
PB-WDS RC-WDS
470
129*
346
66.2
194
24.8
154
427*
712
2840
2280
3350
715
787
1690
1360
870
763
472
469

Time of Analytical Motion (s)
RC-WDS
PB-WDS
5.9
16.5
4.9
14.2
3.2
6.6
4.0
5.6
4.4
6.5
3.5
5.4
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Spectrometers
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In its simplest form, quantitative X-ray microanalysis is the conversion of X-ray intensities, generated
by an electron beam and detected by a wavelength dispersive or energy dispersive (ED) spectrometer, to
an elemental composition. Since the pioneering work of Castaing, different approaches have been
developed to achieve this conversion by essentially combining empirical and theoretical methods. For
example, k-ratios relative to standards and calibration curves are empirical methods to address the
inaccuracy in fundamental physical parameters that prevents the direct calculation of X-ray intensities.
Monte Carlo simulations and φ(ρz) models are theoretical methods to model and predict X-ray generation
and absorption. The combination of these empirical and theoretical methods to quantify unknown samples
has enabled electron probe microanalysis to address a wide range of problems.
In this regard, standardless quantification is like standard-based quantification but incorporates
different empirical and theoretical methods. As selected methods can vary between approaches [1], this
may explain why standardless quantification is often described as an inaccurate, unverifiable “black box”
[2]. One should not however assume that all “standardless” approaches are the same and that standardbased quantification is without caveats. At its best, standardless quantification can overcome empirical
difficulties related to the availability, maintainability and consistency of standards as well as reduce the
analysis time. This presentation describes one approach to standardless quantification for ED
spectrometers and how standards have been critical in its development and validation [3,4].
Development of our standardless approach began with the acquisition of X-ray intensities from a
series of standards, consisting of pure elements and simple binaries (e.g. SiO2, FeS2). The take-off angle
of the ED detector, thickness of carbon coating on standard block, homogeneity of standards, etc. were
carefully measured prior to the measurements. Instead of measuring the beam current, a calibration
standard was periodically measured, Co for the acquisitions at 20 kV and Si for those at 5 kV. By operating
with good current stability and measuring intensities relative to the single calibration standard, this
empirical solution eliminated the need to have a Faraday cup in the microscope. The X-ray intensities
from the standards were stored in a database as ratios to the Co K or Si K X-ray intensity. To use these
ratios for different ED detectors, the specific detector efficiency as a function of X-ray energy was required
for each type of detector. A theoretical model for the detector efficiency was constructed based on
experimental measurements at the Bessy II synchrotron, intimate knowledge of the manufacturing
processes and detector parameters, and ratios of X-ray intensities measured on different standards [3,5].
In summary, standards were used to produce a universal “factory” standards database and a specific
detector efficiency curve for each type of detector.
To perform unnormalized, standardless quantification of unknown samples, the end user first acquires
a spectrum on a pure element standard. This is equivalent to measuring the beam current and can be
repeated if the beam current fluctuates. After this “beam calibration”, the user acquires spectra on
unknown samples. As in standard-based quantification, k-ratios are calculated for each identified element.
The only difference is that the X-ray intensity for the standard (denominator of the k-ratio) is calculated
using the factory database and detector efficiencies. For an unknown sample containing Fe and a beam
calibration performed on Mn at 20 kV, the standard X-ray intensity of Fe K (𝐼"#$ ) is equal to
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where the subscript 𝑢 and 𝑓 respectively indicate an intensity (𝐼) or detector efficiency (𝜀)
corresponding to the user or factory configuration. Note that all intensities in the equation are measured
intensities from standards. The composition is then iteratively computed using the k-ratios and the XPP
φ(ρz) model as the matrix correction procedure. When the beam energy, take-off angle or specimen tilt
differs between the user and factory configuration, an additional theoretical correction is applied based
on the ratio of matrix corrections calculated for the respective setups.
This standardless quantification approach has previously been validated [3,4] and this test has been
repeated with a new generation of silicon drift detector using 53 standards at 20 kV. Fig. 1 compares the
measured and expected weight fractions and analytical totals. As before, quantification with a relative
error below 5% was achieved. Further validation is underway to further evaluate the standardless
quantification using standards containing more than 4 elements.
Although the development and production of homogeneous, consistent, specialized standards can be
used to improve empirical standard-based quantification, a more comprehensive approach is to develop
standards to advance theoretical methods (physical parameters, matrix correction models, etc.) with the
objective to continually improve standardless quantification and make accurate analysis more practical
and applicable to an increasingly wider range of materials.
References:
[1] J Trincavelli et al, Spectrochimica Acta, Part B 101 (2014), 76-85
[2] J Goldstein et al, “Scanning electron microscopy and x-ray microanalysis” (2018), Springer
[3] PJ Statham, Microscopy & Microanalysis 15 S2 (2009), 528-529
[4] PJ Statham, Microscopy & Microanalysis 20 S3 (2014), 690-691
[5] M Alvisi et al, Microscopy & Microanalysis 12 (2006), 406-415

Figure 1. Comparison between measured and expected (a) weight fractions and (b) analytical totals. ED
spectra were acquired from the MAC6260 standard block with an UltimMax 100 ED detector on a Zeiss
Leo 1450VP microscope at 20 kV, an input count rate around 50kcps, a live time of 20 s, PT5, 10
eV/channel. A beam calibration was performed on Co for every five acquisitions.
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Combined Energy Dispersive Spectrometry/Wavelength Dispersive Spectrometry
Analysis of Basaltic Glass using an Electron Probe Microanalyzer
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In recent years, there has been much discussion of the merits and drawbacks of Energy Dispersive
Spectrometry (EDS) analysis versus Wavelength Dispersive Spectrometry (WDS) [e.g. 1, 2] for analyzing
samples. Both techniques have distinct advantages and disadvantages. For EDS, the advantages include
ease of use (with one click, a user can collect an entire spectra of the elements present in their sample, and
software comes with automatic peak identification); speed of acquisition (depending on how the system
is set up, a representative qualitative spectra can be collected in a matter of seconds); and stability of the
EDS system. The disadvantages include the lower energy resolution of the detection system (~130eV),
which can cause problems resolving interferences between elements with similar x-ray emission energies
[e.g. 3]; lower count rate; and reports of lower reproducibility. In contrast, WDS analyses have better
energy resolution (~10eV) allowing for better peak discrimination; higher count rates, and better light
element analysis. The downside of WDS analyses include more complex procedures required to set the
instrument up; and the ability to only analyze for a limited number of elements at once, which can result
in longer analysis times.
In this work, we combine WDS and EDS to quantitatively analyze a basaltic glass, as a proxy for a
typical geological material, in order to try and take advantage of the positive aspects of both techniques
while minimizing the downsides. Basaltic glass is a beam-sensitive material, and is easily damaged under
long exposure to high beam currents. We use two different systems, both of which are situated on the
JEOL 8530F FE electron probe at the Carnegie Institution for Science in Washington, DC. The first setup utilizes a 30mm2 JEOL EDS detector, combined with the JEOL software. The second set-up used a
30mm2 Thermo Scientific EDS detector running the Pathfinder software, combined with the Probe for
EPMA (“PfE”) software. In both cases, processing times for the EDS systems were set to optimize count
rates, with a dead time of around 30%.
The idea of this study was to determine the precision and accuracy of measurements made by
collecting major element data on the EDS systems, and minor elements on the WDS system. The analytical
conditions for the analyses were 15kV, 20nA, and a 5µm electron beam. Mg, Si, Ca, P, and Fe were
collected using EDS, and Na, K, Ti, S, and Al were collected using WDS. Counting times were 20 seconds
on peak and 10 seconds on background (WDS; except for Na, where counting times were 10 seconds and
5 seconds respectively), and 30 seconds live time for EDS analysis.
The combined PfE/Thermo system utilizes two different software packages, but they are integrated
well so that set-up is straightforward, and follows many of the same procedures as for analysis solely by
WDS. Conditions for EDS analysis are set in the Thermo Pathfinder system, but all standardization and
data collection steps are performed using PfE. In the JEOL/JEOL system, the EDS and WDS aspects of
the software are combined into one system, and the user allocates each element to be analysed by EDS or
WDS, then standardizes and collects the data in the same way as with regular WDS analyses.
The data obtained show that both combined EDS/WDS systems gave robust data - see Table 1 for a
comparison of each system with the published values for the basaltic glass. All of the elements analysed
are within 5% of the published value, with elements present in higher concentrations typically within 1.5%
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of the published value. In addition, each analysis took around 1 minute, in comparison to 2-3 minutes for
WDS analysis alone, allowing more data to be collected within a given time period. In summary, both of
the possible combinations of EDS and WDS system available on the electron probe at Carnegie gave
reliable quantitative data, were straightforward to set up, reduced analysis time, and minimized sample
damage.
References:
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[2] PT Pinard , R Terborg, T Salge and S Richter, Microsc. Microanal. 21 (2015), #0938.
[3] P McSwiggen, http://www.mcswiggen.com/TechNotes/WDSvsEDS.htm
Basaltic Glass 812
Element

n = 50
EDS/WDS

Published value

JEOL/JEOL

PfE/Thermo

MgO

EDS

14.56

14.29

14.39

SiO2

EDS

38.42

38.44

38.66

Na2O

WDS

3.59

3.41

3.41

K2 O

WDS

1.31

1.31

1.29

TiO2

WDS

3.9

4.01

4.01

SO3

WDS

N/A

0

0

Fe2O3

EDS

13.43

13.19

13.33

Al2O3

WDS

10.41

10.25

10.14

CaO

EDS

13.19

13.08

13.01

P2 O5

EDS

0.96

0.98

1.00

99.77

98.94

99.31

Total

Table 1. Comparison of compositional data for a basaltic glass using combined JEOL EDS detector and
JEOL software versus Probe for EPMA software and the Thermo Scientific Pathfinder EDS system.
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The use of the electron probe microanalyzer (EPMA) to determine the thickness and composition of
thin film samples using special techniques has been attempted since the 60’s. It is used in many fields to
determine, for example, coating thicknesses and oxidation layers. However, it is only since the 90’s that
the method drastically improved with the introduction of realistic and accurate analytical description of
the X-ray production depth distribution, the so-called φ(ρz) distribution. The most used models, the PAP
and XPP [1] or XPHI [2] models, are also widely used to perform quantification of bulk samples, at least
30-100 µm thick. However, sometimes a lab is asked to determine a thin film (nanometers to submicron
thick) composition on top of a substrate (e.g., engineering new electronic devices). This cannot be done
using the traditional EPMA software. Though, the electron microprobe’s raw data—the k-ratios—can be
used, when combined with specialized software. But, availability of thin film analysis programs not
common in most laboratories and, with exception of GMRFilm [3], is not free. GMRFILM is a research
grade, shareware DOS program for thin film analysis created by R. Waldo at General Motors Research
Labs in the beginning of the 90’s. However, modern operating systems does not readily support it anymore
and its use becomes more complicated. We undertook the creation of a modern thin film analysis program,
inspired by GMRFilm, with a simple graphical user interface. The program implements the PAP model
as described in [1], as well as a fitting algorithm to determine film composition and thickness. The input
data provided by the user are the elements present in the different layers of the studied system, plus at
least one set of k-ratios for the thin film. The program calculates theoretical k-ratios and tries to match
them with the experimental data by modifying the compositions and thicknesses of the studied system.
However, the predictions and quantification results obtained with the φ(ρz) models, and especially
with their implementations into computer code and software, are difficult to test. Very few certified thinfilm reference samples are available. The National Institute of Standards & Technology (NIST) made a
thin film Mg-Si-Ca-Fe standard composed of a glass film deposited onto a 20-nm thick C film supported
by a Cu grid (SRM 2063a) [4]. The standard had a certified film composition and a known glass film
thickness that can be used to validate the predictions of φ(ρz) models. However, the distribution of this
standard is now discontinued. NIST is also distributing a Ni/Cr Thin Film Depth Profile Standard
consisting of alternating layers of Cr and Ni of known thickness (±5.2% and ±6.8% for the Ni and Cr
layers, respectively) that can be used to test the models on multilayer system.
Another, less accurate, way to test the predictions of the analytical φ(ρz) models is to compare them
to Monte Carlo (MC) simulations that are known to give very accurate predictions for bulk and layered
sample geometries. In our implementation of the PAP φ(ρz) model, we found that using this model in
conjunction with the atomic parameters (ionization cross sections, fluorescence yields, mass absorption
coefficients, ...) used in the PENELOPE/PENEPMA MC code [5], resulted in calculated characteristic Xray intensities, in absolute value, that were similar between the two methods. Characteristic X-rays emitted
from pure materials, binary compounds and thin film on substrate with various compositions and
thicknesses were calculated for accelerating voltages ranging from 5 to 30 kV using our “modified” PAP
model and the MC code PENEPMA. Calculated absolute characteristic X-ray intensities were in excellent
agreements between the two methods (Fig. 1). These results confirm the accuracy of the φ(ρz) model used.
Secondary fluorescence (SF) can play an important role in determining the thickness and composition
of thin films as these values are very sensitive to the measured X-ray intensities (k-ratios). Fluorescence
64

University of Minnesota - Twin Cities (MN)

Wednesday, June 25th 2019
of the film by characteristic X-rays emitted from the substrate can increase the X-ray intensity emitted
from the film by more than 30% in some cases. For example, at 25 kV, the Fe Kα X-ray intensity of a 100
nm film of FeSi2 deposited onto a substrate of Ni is increased by 9.5% due to fluorescence by the Ni KαKβ X-ray lines. SF by the bremsstrahlung can also increase the measured X-ray intensity by a few percent.
This phenomenon increases as the difference between the measured characteristic X-ray and the electron
beam energy increases. Our thin film program considers all the characteristic X-rays with energy higher
than the studied X-ray to calculate the SF due to characteristic X-rays. SF by characteristic X-rays
calculated with our program is in good agreement with PENEPMA results (Fig. 2). SF by bremsstrahlung
X-rays is harder to calculate as their depth distribution, a function of the X-ray energy, is not well
described by analytical theories. MC simulations can be used to calculate these distributions for a given
sample [6] but this adds another layer of complexity and is time consuming. An approximation method
used to analytically calculate this distribution consists in calculating the φ(ρz) depth distribution emitted
by a quasi-random element for X-rays corresponding to the considered bremsstrahlung energy. However,
this method, which was used in GMRFilm, tends to overestimate the calculated SF. But, by applying two
correction factors, depending on the element and sample studied, the SF can very well match the one
calculated by PENEPMA (Fig. 2). The program, in its last stage of development, will be freely available,
but is still intensively tested against experimental and MC data.
References:
[1] JL Pouchou and F Pichoir, “Electron Probe Quantitation”, Plenum Press (1991), 31.
[2] C Merlet, Mikrochimica Acta 114/115 (1994), 363.
[3] RA Waldo in “Microbeam Analysis”, (San Francisco Press) (1988), 310.
[4] E Steel et al in “Analytical Electron Microscopy” (San Francisco Press) (1981), 65.
[5] X Llovet and F Salvat, IOP Conference Series: Materials Science and Engineering 109 (2016).
[6] Y Yuan et al, Microscopy and Microanalysis 25 (1) (2019), 92.
[7] Support for this research came from the National Science Foundation: EAR-1337156 (JHF), EAR1554269 (JHF) and EAR-1849386 (JHF & AVDH).

Figure 1. Characteristic X-ray intensity calculated Figure 2. Fe Kα X-ray intensity excited by SF
with the PAP model (lines) and PENEPMA from characteristic X-rays and bremsstrahlung.
(symbols), both using the same atomic parameters. PAP model: lines; PENEPMA: symbols.
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Uncertainty Calculations: More Than Just Error Bars
Nicholas W. M. Ritchie1
Materials Measurement Science Division, National Institute of Standards and Technology,
Gaithersburg, MD 20899, USA.
1.

We all know that measurements should have error bars so that the consumer can evaluate its utility for
the intended purpose. Most EPMA and EDS software provides a basic uncertainty metric but these metrics
are limited to measurement precision and don’t address measurement accuracy. Measurement precision is
a function of Poisson statistics while accuracy is typically limited by the matrix correction.
However, error bars are useful for more than simply evaluating the utility of a measurement. They can
also be used to optimize measurements. In a certain sense, the optimum measurement is the one that
minimizes the uncertainty within a set of constraints. By constraints, we typically mean such things as
how long we are willing to invest in the measurement, what standards are available, and what are the
instrumental limitations. But using uncertainty metrics this way requires a change in the way we think
about uncertainty metrics. Instead of computing uncertainty metrics after we’ve finished a measurement,
our tools need to start allowing us to dry-lab measurements before we make them. The tools need to allow
us to consider different measurement conditions, different detectors, different preparations and different
standards and to evaluate the consequences. However, this goes far beyond simple Poisson based estimates
of precision. To be useful, the uncertainty calculation needs to be able to evaluate uncertainty in the matrix
correction process due to choice of instrument parameters, standards, sample preparation and
measurement protocol.
In 2012, we started to make progress in this direction by considering the influence of uncertainty in
the mass absorption coefficient and backscatter coefficient[1]. These calculations allow us to consider the
influence of choice of standard and beam energy. Using this calculation as a basis, we developed tools for
NIST DTSA-II to allow users to model measurements, to evaluate different selections of standards and
beam energy, and to estimate how long an acquisition is required to meet precision requirements[2]. This
calculation is quite complex because it pulls together many different types of calculation. For one, it is
necessary to be able to perform dose-correct simulations of X-ray production and emission from the
sample. This means being able to produce simulated spectra that are essentially correct in both shape (the
peaks in the right places and with the right relative intensities) but also in absolute intensity. To do this, it
is necessary to be able to model the entire X-ray lifespan from generation in the sample, through transport
to the detector and finally to detection and display[3]. The model doesn’t need to be perfect to be helpful
but the better you are able to model the spectra you are about to measure, the better you understand the
measurement.
Recently, we’ve re-considered how to perform this uncertainty calculation to extended it to additional
sources of uncertainty. The previous model had been based on applications of the rules within the ISO
Guide to Uncertainty in Measurement[4] (JCGM 100:2008). This document provides the basic framework
for considering univariate measurement models. However, there are some limitations associated with this
framework that have been addressed by subsequent documents from the same ISO committee. Our new
model[5] is based on JCGM 102:2011[6] which represents an “Extension to any number of output
quantities.” Compositional measurements are inherently multiple output measurements, one output per
element, and represent a very general class called “implicit measurement models” because of the circular
interaction between the composition of the unknown (what we are measuring) and the matrix correction.
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As an example, consider uncertainty calculations for K240 glass [O (24 %), Mg (3 %), Si (19 %), Zn
(4 %), Zr (7 %) and Ba (27 % by mass)] shown in Figure 1. This glass offers many different challenges
which are evident in the relative contributions of the mass absorption coefficient [µ/ρ], the surface
roughness, dz, the beam energy, E0, the take-off angle, TOA, the composition of the standard and
unknown, C, the mean ionization potential, J, the k-ratio, k, and the ionization cross-section, m for
different choices of standard and beam energy. On an element-by-element basis, the overall uncertainty
represented by the black line can be used to optimize that element. However, to optimize the entire
measurement it is necessary to consider how the measurement is going to be used and which elements are
more important. The trick is going to be wrapping these complex calculations in a tool that makes it quick
and easy for the analyst to evaluate a measurement and provide actionable suggestions to improve it.
References:
[1] N Ritchie & D Newbury, Analytical Chemistry 84 (2012), 9956-9962.
[2] N Ritchie, Microscopy & Microanalysis 20 (S3) (2014), 746-747.
[3] N Ritchie, Microscopy & Microanalysis 23 (2017), 618-633.
[4] JCGM, Guide for the Expression of Uncertainty in Measurement, ISO 100 (2008), 1-167.
[5] N Ritchie & D Newbury, Microscopy and Microanalysis, 24 (S1) (2018), 708-709.
[6] JCGM, Evaluation of Measurement Data – Extension to Any Number of Output Quantities, ISO 102
(2011), 1-80.

Figure 1. Comparing the uncertainty budgets for three elements O, Si and Zn in K240 glass measured
using the K-L3 line over a range of incident beam energies from 12 keV to 30 keV. A), B), and C)
represent simple standards and D), E), and F) represent using an identical standard (K240 measured
using a K240 standard). The sources of uncertainty are the mass absorption coefficient, [µ/ρ], the
surface roughness, dz, the beam energy, E0, the take-off angle, TOA, the composition of the standard
and unknown, C, the mean ionization potential, J, the k-ratio, k, and the ionization cross-section, m. The
black ‘Overall’ line represents the total uncertainty budget (the sum in quadrature of the independent
contributions.)
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Microanalysis of Germanium-rich Sphalerite from Mississippi Valley Type Deposits
Ryan McAleer1, Nadine Piatak2, Sarah Jane White2 and Robert Seal2
U.S. Geological Survey, Florence Bascom Geoscience Center, Reston, VA, USA.
U.S. Geological Survey, Eastern Mineral & Environmental Resources Science Center, Reston, VA,
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Germanium has recently been identified as a critical element for domestic production [1]. However,
despite its moderate crustal abundance (~1.4 ppm [2]) Ge rarely occurs as a major component in minerals.
As a result, Ge is recovered as a byproduct of Zn mining, where it typically is present at 100s of ppm in
sphalerite in deposits where its recovery is viable [3]. The low-level enrichment makes identifying the Ge
distribution in host phases at the small and large scale analytically challenging. However, characterizing
and understanding distribution of Ge is critical for identification and recovery, as well as for the prediction
of its transport and fate in the environment.
In this study we characterized sphalerite from Mississippi Valley Type deposits in Tar Creek,
Oklahoma, Pend Oreille, Washington, and Gordonsville, Tennessee using electron microprobe (EMP)
quantitative analysis and cathodoluminescence (CL) imaging. The grains studied were in polished thin
sections of ore, mill concentrates, or mine waste. A major goal was to document not only the
concentrations of Ge, but also the micrometer-scale variability in those concentrations as well as the
crystal chemical relationships between Ge and other minor elements.
EMP analyses of grains were conducted at the U.S. Geological Survey in Reston, VA using a
JEOL8900 Superprobe and Probe for EPMA software. All analyses were done at 20 kV and 100 nA beam
current and with a spot size that varied between 1 and 10 µm. Fifteen elements were analyzed, but typically
only Zn, S, Cd (500-9300 ppm), Fe (800-5900 ppm), Cu (<50-2100 ppm), Ga (<60-2900 ppm), and Ge
(<50-1200 ppm) were detectable.
The measurement of the Ge was complicated by the Zn-rich sphalerite matrix. For example, the Zn
absorption edge sits directly above the Ge Kα peak, complicating background measurement (Figure 1A),
whereas Ge Lα X-rays are strongly absorbed by the Zn-rich matrix. To avoid background interference
issues, Mean Atomic Number (MAN) backgrounds were used for all elements, and to improve accuracy
the data were blank corrected using a synthetic sphalerite [4,5]. Additionally, the Ge concentration was
determined using both the Ge Kα and Ge Lα lines for a subset of points as an additional test for accuracy.
Comparison of these results yield similar calculated detection limits (~50-80 ppm) and identical zonation
patterns, however, concentrations determined using the Ge Lα line were systematically higher by ~10%
for points well above the detection limit (Figure 1B).
In general, sphalerite grains exhibit high intragrain variance in minor element concentrations. The
spatial pattern of minor element concentrations correlates with and was clarified by CL images of the
same grains. Panchromatic, RGB filtered, and spectroscopic data were collected from sphalerite grains
using a Delmic SPARC CL detector fitted to a Hitachi SU-5000 field emission scanning electron
microscope. Grains with high Fe-content (> 0.3 wt %) exhibited low overall CL intensity. In contrast, CL
images of grains with low Fe-content revealed a diverse set of zoning patterns within single sphalerite
grains, including sector, oscillatory, patchy, and turbid zoning patterns (Figure 1D), and spectral data show
that this zoning reflects variation in the intensity of a broad peak at ~600 nm.
Comparison of CL images with initial EMP data demonstrated that CL zoning in the low Fe grains
correlates closely with variations in Cu and Ge concentration. Published work suggests the red CL may
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originate from Cu [6], but the luminescence centers are not well known. We are now using the CL images
as maps to guide subsequent microprobe analyses. Preliminary data indicate that in low Fe grains Cu and
Ge occur in a ~2:1 molar ratio suggesting the coupled substitution 3Zn2+ 2Cu1+ + 1Ge4+, but that the
concentrations of minor elements (e.g. Cd, Fe, Ga) may affect this ratio. In the studied low Fe sphalerites,
CL images provide rapidly acquired and high-resolution maps that correlate with Ge concentration and
reveal complex zonation patterns that ore genesis models must account for.
Note: Any use of trade, firm, or product names is for descriptive purposes only and does not imply
endorsement by the U.S. Government.
References:
[1] KJ Schulz et al, U.S. Geological Survey Professional Paper 1802-A (2018).
[2] AA Yaroshevsky, Geochemistry International 44 (2006), 48-55.
[3] J Bonnet et al, The Canadian Mineralogist 54 (2016), 1261-1284.
[4] JJ Donovan and TN Tingle, Microscopy and Microanalysis 2 (1996), 1-7.
[5] JJ Donovan, JW Singer and JT Armstrong, American Mineralogist 101 (2016), 1839-1853.
[6] AB Bol et al, Journal of Luminescence 99 (2002), 325-344.

Figure 1. A. Wavescans from synthetic sphalerite (zero Ge) and Ge-rich sphalerite on a LIF crystal. The
Zn absorption edge and the Zn Kᵦ peak affect off-peak background measurements for Ge Kα.
B. Comparison of data using MAN backgrounds and Ge Kα or Ge Lα for quantification. C. BSE image of
sphalerite, quartz and the weathering product hemimorphite in a waste pile from a Zn mine. D. RGB
filtered CL image of sphalerite indicated in Figure 1C. The grain exhibits a variety of zoning patterns. Red
areas have higher Cu and Ge concentrations.
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The use of micro-beam techniques for measuring low concentrations of elements in micro-volumes
has been an objective in the physical sciences for many decades. The electron probe micro-analyzer
(EPMA), offers a non-destructive, in-situ means to acquire concentrations into the trace element level, 1
wt.% to 1ppm. EPMA involves the acquisition of electron beam induced X-ray counts from microvolumes (primary experimental result) ultimately formulated into elemental concentrations (secondary
result). For trace element analysis, precision is dictated by the number of counts on the analytical line
above background (net intensity). High intensity detection systems (and multiple spectrometer
integration), long count times, and high electron beam currents are all utilized in maximizing the
acquisition of counts. The modern EPMA is better suited to this task than ever before, particularly as
trace analysis has entered the realm of “routine”, daily use. EPMA instrumentation offers key attributes
beyond acquisition optimization that are often less readily recognized, these being the measurement and
high-precision regulation (stabilization) of beam current, tightly controlled analytical geometry, and
accurate counting time control. All of the components of counts per second per nanoamp must be
exactingly controlled and measured.
As the primary constraint on the precision of the analysis follows from the Poisson statistics of X-ray
production, as analogous to spontaneous radioactivity, the standard deviation of acquired counts (N) is
simply s = N1/2. With knowledge of the X-ray counts for the analytical line and backgrounds for both
sample and standard, basic error propagation, and a way to relate intensities to concentration a precision
value can be calculated for a concentration measurement at a selected confidence level. Armed with such
an evaluation of sensitivity, it is possible to estimate a detectability limit, which has been done in various,
but not unrelated ways [1-6]. There are assumptions, and in some cases, assumed criteria, in all of these
estimates of detectability limit. This implies that the user, as always, needs to have a grasp on what the
numbers mean in the context of the problem under investigation (including confidence level). We may
conclude that there may be no absolute correct answer, but that the analyst has to decide on a meaningful
criterion for the problem at hand, using these calculations as a guide. This becomes particularly significant
in the acquisition of multiple analyses from real materials that you may consider homogeneous.
There are a few obvious conclusions to be drawn from the statistical treatments of precision and
detection limit mentioned above that relate to trace element analysis:
1) The contribution of calibration to overall precision should be minimized, meaning that precision
should primarily reflect the acquisition of counts on the unknown. As such, a high abundance
standard for the element of interest is optimal.
2) The precision on the background should rival that of the peak acquisition of the unknown. This
is not just count time, but overall counts.
3) Background is a measurement in and of itself, requiring every bit as much rigor as peak
acquisition for trace element analysis if not more.
4) Acquisition of peak counts obviously controls detection limit. Current, voltage, count time, and
detection efficiency are the major variables, and the user must be mindful of diminishing returns
(Fig. 1).
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Accuracy comes from the recognition that trace element analysis in EPMA is effectively an exercise
in background characterization. Any trends or features in the background must be accounted for as the
subtracted background intensity under the peak of interest must be very accurately estimated. Measuring
background intensity from different spectral locations near the analytical line is used, but simple
wavelength scanning is insufficient for determining measurement positions. The assessment of subtle
interferences or background curvature may be missed unless scans are acquired at a precision roughly
equivalent to that of the peak acquisition. The multi-point background method [7] offers a useful, practical
approach, particularly when analyzing complex, multi-component materials or where boundary
fluorescence may produce “unexpected” features in the spectrum.
Interference corrections also enter into both questions of precision and accuracy in trace element
analysis. In this regard, minimizing corrections is an obvious choice if possible. In revisiting the analysis
of trace Co in Fe, Co Kα is interfered substantially by Fe Kβ. The interference calibration is compromised
by the Fe K edge, implying that a background slope must be estimated. However, the simplest approach
is measuring background on the Fe Kβ flank as revealed by blank tests (Fig. 2), but this requires that the
background must be measured with each point if the Fe concentration varies in the unknown (e.g. Fe-Ni
meteorites).
The analysis of trace fluorine in phosphorous-bearing glass highlights the significance of high order
interference effects (F Kα is interfered by satellites on the short wavelength flank of P Kα). This effect
can be completely avoided by the use of Layered Synthetic Microstructures (LSMs) which suppress high
order reflections. Careful interference correction must otherwise be performed.
References:
[1] HA Leibhafsky, HG Pfeiffer and PD Zemany in “X-ray Microscopy and X-ray Microanalysis”,
Elsevier, NY (1960), 321.
[2] R Theisen in “Quantitative Electron Microprobe Analysis”, Springer-Verlag (1965).
[3] TO Ziebold, Anal. Chem. 39 (1967), 858.
[4] JI Goldstein, J. Geophys. Res. 72 (1967), 4689.
[5] M Ancey, F Bastenaire and R Tixier, Applications des méthodes statistiques en microanalyse, in
“Microanalyse microscopie electronique a balayage, Les Editions de Physique, Paris (1978).
[6] E Lifshin, N Doganaksoy, J Sirois, R Gauvin, Microsc. Microanal. 4 (1999), 598.
[7] JM Allaz et al, Microscopy and Microanalysis 25 (2019), 30.

Figure 1. Detection limit (Ancey et al.) for PbMα as a
function of number of acquired points. Curves illustrate Figure 2. Results of blank tests for Co in Fe metal using different
interference estimates and backgrounds. Measurement of
examples with different count time and beam voltage
backgrounds on the flank of Fe Kβ, yields the best results.
(all at 200nA)
MAS Quantitative Microanalysis 2019 TC

71

Thursday, June 25th 2019
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Field emission equipped electron probe microanalysers (FEG-EPMA) offer high beam power density
at a range of accelerating voltages, and excellent beam stability over days of operation. However, with
high beam current densities the onset of damage occurs faster1. It has been previously observed that
destruction of the specimen and defect formation is time dependent and provided spectral measurements
can be performed quickly enough “undamaged” hyperspectral maps can be collected. To slow the onset
of beam damage we have integrated a liquid nitrogen (LN) cold stage into a modern FEG-EPMA. The
LN cold stage has been optimised for stage mapping, which has the advantage that large area maps of up
to several mm2 can be collected at low temperatures using a variety of detectors, such as grating optical
and x-ray spectrometers for hyperspectral data collection.
We have applied this technique to the investigation of trace Ti in Quartz with the aim of understanding
the growth history of the associated deposits. Recent experimental calibration of Ti concentration in
quartz2,3 provides the basis for a quantitative analysis for the understanding of crystal growth in both
hydrothermal and geothermal forms. The investigation of high temperature quartz shows that it contains
trace element fluctuations, at the micron length scale, which are records of the complex interaction
between crystals and their host magmas or fluids. However, for detrital quartz formed at low temperatures
Ti incorporation into the structure does not appear to be energetically favorable, although Al is easily
incorporated. While this quartz is crystalline it is easily damaged by the electron beam and high-resolution
imaging without damage is routinely performed at LN temperatures.
A sample from Harvey 3, Perth Basin, approximately 150km south of Perth, was mapped at LN
temperature using a JEOL8530F-CL equipped with a JEOL-Gatan-CSIRO cold stage. Mapping
conditions were 15kV, 25nA, 20ms, 2200 X 1800 pixels, 500 nanometre step and defocus, Figure 1.
Samples were coated with a 1nm Ir metal coat. Spectra were fitted at each pixel for three peaks, 2.64eV,
2.05eV and 1.924eV using Gaussian peak fitted. The detrital quartz peak intensities were typically one
eighth of the intensity of the high temperature quartz yet still well above background to allow accurate
peak fitting. The sample was analysed at 20kV, 100nA, 10micron spot for the following trace elements
Ti, Al, K, and Fe. Titanium was not found at detectable levels in the detrital quartz, but Al was found
with concentrations up to 0.1wt% being observed. A good anti-correlation between the 19.24eV peak and
the Al concentration, Figure 2, was found indicating at the lower temperatures in quartz it has a role in the
recording the formation history.
References
[1] CM MacRae, NC Wilson and A Torpy, Mineralogy and Petrology 107 (3) (2013), 429-440.
[2] OV Vasyukova et al, American Mineralogist 98 (2013), 98-109.
[3] WP Leeman et al, Microscopy and Microanalysis 18 (6) (2012), 1322-1341.
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Figure 1. (a) Quartz grains (orange) showing detrital intergrowths (blue) with analysis points indicated as
crosses. (b) The CL spectra from the high temperature quartz (red) versus the detrital quartz (blue). The
detrital spectra show a shift to higher energy compared to the high temperature quartz.
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Figure 2. The measured trace Al concentrations shows good anti-correlation with the 1.924eV CL peak.
The scatter in the plot may reflect the rapid formation of the detrital quartz giving rise to sub-micron
variability.
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A Correlative Imaging and Analytical Study of Mesoamerican Jades
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Jade archaeological artifacts hold interest for the cultural heritage community given their significant
value in the ancient world. Jadeite (NaAlSi2O6)-rich stone represents a variety of jade with only 19 known
localities worldwide [1]. Three samples from Belize, Guatemala, and Mexico that were part of a large
Mesoamerican archaeological effort have been examined here [2]. In this study scanning electron
microscope (SEM)-based methods, including: backscattered electron imaging (BSE), hyperspectral x-ray
imaging via energy dispersive spectrometry (EDS), dispersive multispectral cathodoluminescence (CL)
imaging, and standards-based EDS analysis have been performed to correlate jadeite microstructures and
elemental compositions.
An Hitachi S-3700N SEM equipped with a Bruker XFlash 6|60 silicon drift detector and a Gatan
ChromaCL2 were used to examine jade specimens. Imaging and analysis utilized an electron accelerating
voltage of 15kV and standards-based analyses were performed with 1 nA of beam current. CL montages
measuring roughly 1 mm x 1 mm were collected simultaneously with electron imaging signals.
Images of the jades show macro- and meso-scale differences from uniformly light green coloration,
to heterogeneity owing to veins, or admixtures of light and deep green grains (Fig. 1 A-C). BSE images
display a limited range in average atomic number zoning within jadeite, along with associated omphacite+
albite +/- titanite, in the assemblages (Fig. 1 D-F). CL images show a range of luminescence emission
bands and microsctructures, including: luminescence in the near ultraviolet (NUV), green, with regions of
non-luminescent (NL) jadeite (Fig. 1 G), NL jadeite with NUV, red and blue luminescence (Fig. 1 H), and
core to rim oscillatory luminescence zoning in the NUV, green and orange (Fig. 1 I). Locations for
standards-based EDS were informed by CL imagery and performed within each spectrally distinct or nonluminescent zone (Table 1). Quantitative EDS results reveal compositional correlations with CL features,
including: 1) NUV and the blue CL regions are low in Fe relative to the other luminescent and nonluminescent zones, and 2) Cr in jadeite is only detectable in regions of red or orange luminescence. The
latter observation differs from an earlier study that linked elevated Cr with green CL emission in jadeite,
however the Cr concentrations and detection limits reported here are larger [4]. Quantified EDS data were
used to calculate pyroxene cation site occupancy, including Fe2+ and Fe3+ and the molecular percentage
of jadeite-aegerine- diopside components indicates all mean CL band compositions span a relatively
narrow range of 90.0 - 98.9 % endmember jadeite [5]. These results represent the initial phase of a larger
study that will incorporate trace element data in jadeite with CL imaging and spectroscopy.
References:
[1] GE Harlow et al, Annual Review of Earth and Planetary Sciences 43 (2015), 105-138.
[2] FW Lange in “Precolumbian jade: New geological and cultural interpretations” (1993).
[3] Photo credit to Keats Webb (Smithsonian Institution, Museum Conservation Institute).
[4] SS Sorensen et al, American Mineralogist 91 (2006), 979-996.
[5] N Morimoto, American Mineralogist 73 (1988), 1123-1133.
[6] Authors would like to thank Dr. Ronald Bishop (NMNH) for making samples available for this study
with additional thanks to Janet Douglas (MCI emeritus).
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Barite Cathodoluminescence as a Potential Indicator of Undiscovered Ore Deposits
David T. Adams1, Heather A. Lowers1 and Danielle Olinger1
1.

U.S. Geological Survey, Geology, Geophysics, and Geochemistry Science Center, Denver, CO USA.

Barite (BaSO4) forms in diverse geologic environments of sedimentary, hydrothermal,
metamorphic, and igneous origins. Elemental substitutions of Ba by K, Ra, Sr, REE, Fe, Cu, Zn, Ag, Ni,
Ra, Hg, and V have been reported [1]. Laser induced luminescence in barite has been attributed to
substitutions of Ag+, Bi2+, Bi3+, Eu2+, Ce3+, Nd3+, and (UO2)2+ [2]. Given the presence of barite as a
gangue in many types of economic mineral deposits and its ability to incorporate other cations, it was
investigated as a potential indicator mineral for undiscovered ore deposits. Barite from three carbonatitehosted REE deposits (Bear Lodge, Mountain Pass, and Elk Creek), a volcano massive sulphide deposit
(Cap), a Sherman-type deposit, core from a black oil shale, and a Mississippi Valley Type deposit
(Cornwallis) were characterized to determine if cathodoluminescence (CL) could differentiate deposit
model types.
Polished sections of all samples were coated with approximately 20 nm of carbon. Target areas
representing different generations of barite growth were selected by backscattered electron imagery.
Simultaneous spectral CL and element maps were acquired on a JEOL 8530F Plus operated at 20 kV, 50
nA (cup), 1 um step, and 80 to 100 ms dwell. Data were collected and processed with the xCLent
software. Scatter plots of element intensities or RGB channels were used to select all barite pixels in the
dataset to create sum CL spectra of barite (Figure 1). A JEOL 8900 operated at 20 kV and 50 nA (cup)
were used to collect element concentrations for Mg, S, K, Ca, Sr, Ba, Ce, and Pb with the count times
for each element were optimized to lower detection limits. A precipitated barite standard spiked with a
range of trace element concentrations is under development for future laser ablation inductively coupled
plasma mass spectroscopy analysis.
The sum spectra of a representative barite sample analysed to date from each deposit type is shown
in Figure 2. There are many similar features among the spectra most obviously between carbonatite
specimens, but also the MVT and massive sulphide deposit, particularly between 3.2 – 5.0 eV; however,
the spectra from shale specimens are very different in this range. The spectra differ most in the region
less than 2.5 eV. It is notable that both the carbonatite samples have similar features at approximately
1.5 eV. To date, published elemental compositions by EPMA have only been acquired from carbonatite
samples where Ce (500 - 2000 ppm), Sr (500 – 50,000 ppm) and Ca (<50 – 300 ppm) have been
detected. Pb (200 ppm), Mg (100 ppm), and K (40 ppm) were below detection for all analyses. LA-ICPMS is planned to determine the trace element distribution of barite from numerous deposit types. The
limited data collected thus far suggests further investigation of trace element concentrations and CL
spectra of barite from different economic mineral deposits is warranted.
References:
[1] JS Hanor, Reviews in Mineralogy and Geochemistry 40 (2000), 193-275.
[2] M Gaft, R Reisfeld and G Panczer in “Luminescence Spectroscopy of Minerals and Materials”,
(Springer, Berlin Heidelberg) (2005), 606.
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Figure 1. Left to right: Red, blue, green CL image of an area from a Sherman-type section (scale bar is
500 µm); scatter plot of Ba and S intensities used to select barite pixels from the dataset; sum CL spectra
of barite from the area shown on the left.

Figure 2. Sum CL spectra of barite from Elk Creek, Iron Hill, Bear Lodge, and Mountain Pass
carbonatites, Cap massive sulfide deposit, Cornwallis Mississippi-Valley-type deposit, Sherman-type
deposit, and the Woodford Shale. Similarities and differences are noted among the spectra.
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Adding to the Analytical Toolbox: Spatially-Resolved µ-XRF
Tina Hill1, Roald Tagle2 and Falk Reinhardt2
1.
2.
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BrukerNano, Inc., Berlin, Germany.

Micro-X-ray fluorescence is a spatially-resolved form of X-ray fluorescence analysis. Although µXRF provides significant complementary analytical information for complex sample evaluation when
compared with well-known material analysis techniques, it isn’t yet standard in the university/higher
education facility toolbox and has mostly remained a niche technique common only in some industrial
applications. Early publications highlighted the same advantages we see today including: fast nondestructive analysis and ability to study well-defined small sample areas and inhomogeneous materials,
in addition to achieving major and trace element sensitivity. Recently, technological developments in
excitation sources, enhanced detection, and better signal processing capabilities and algorithms have
improved the usefulness and performance of µ-XRF. Despite recent improvements, standardless
Fundamental Parameters (FP) quantification is still sometimes considered “semi-quantitative” and thought
to be less accurate than standard-based quantification. Here we show quantification with a nicelycorrelated set of data quantified with FP to dispel this myth.
Figure 1 depicts some results obtained from a set of 15 certified reference stainless steel samples from
Analytical Reference Materials International (ARMI) evaluated by the Bruker M4 Tornado tabletop µXRF and quantified using its standard Fundamental Parameters (FP) algorithm. Instrumental and
measurement conditions were: Rh tube operated at 50 kV and 200 µA with a polycapillary lens for high
excitation intensity. Ten points on each sample were measured for 10 s live time each at 20 mbar pressure.
No sample preparation was required.
Simply placing a sample on the stage and analysing can certainly be done but does not always yield
optimal results. Quantification is feasible without sample preparation but requires more caution by the
user, and some sample preparation can greatly influence measurements. For ideal quantitative analysis,
the sample should be placed horizontal to the measurement plane, be infinitely thick (the depth from which
a defined amount of the fluorescence X-rays produced in the sample can still reach the detector), and
homogenous within the analysed volume. In conventional XRF, large sample areas (several mm) are
usually analysed for quantification. Quantification is optimized by homogenization (destruction) of
samples. This ensures standardized sample evaluation and high result reproducibility. If sample
preparation is inherently destructive but sample inhomogeneity is an important facet of the analytical
question, spatially-resolved µ-XRF can use a small spot to excite a predefined sample location (unlike
XRF) and can play a key role in analysis of inhomogeneity.
Quantitative XRF analysis can be based on empirical models (standard-based) or FP. In contrast to
conventional XRF where sample preparation can be standardized (e.g. metals, concrete), µ-XRF
applications may involve more complex material analysis where high enough quality standards/reference
samples might not even be available. Therefore, µ-XRF necessitates the flexibility of an FP quantification.
Bulk FP models are applicable to infinitely thick, homogeneous samples. Although µ-XRF is designed
for inhomogeneous samples, if a homogeneous area can be identified within the spatial resolution of the
X-ray beam and information depth of the analyzed elements, quantification can be performed. The FP is
a fully mathematical description of fluorescence based on sample composition, natural constants (the
fundamental parameters), and instrument-specific parameters. The composition of the sample used for
calculation is varied by iteratively solving the Sherman equation [1] until the measured and calculated
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spectrum match. Steels are typically flat and homogeneous with limited information depth for included
elements. Thus, the criteria for the applicability of FP quantification is satisfied and the mathematical
model for quantification yields very good results (Figure 1). The correlation between known and
quantified concentrations for Mn, Cr, Fe, and Ni is clearly linear. For Cr and Ni, the slope of the correlation
function is not as close to 1 as for Mn and Fe (Fig.1, left). This is due to tertiary fluorescence prominent
in stainless steels which is usually not included in the calculations. Even though Ni concentrations are
usually underestimated, and Cr concentrations are overestimated, a linear correlation of given and
measured values is still observed. FP can quantify many different samples but can also use a simple onepoint “type” calibration to correct for minor deviations in the FP model. A type calibration here can
account for tertiary fluorescence (Fig. 1, right) and significant improvement is observed in the data.
The data presented here is intended to illustrate the accuracy of standardless FP quantification in µXRF analysis. The acceptance of this technique has increased in recent years due to its broad range of
application, minimal sample preparation, and increasingly precise FP algorithms. The FP parameters are
by far not all known with the best possible precision, so more work is needed to continue improving the
performance of FP calculation. However, wider use of µ-XRF is illustrated in an increasing number of
academic publications. It is being applied to an even broader variety of samples and used in completely
new fields of application, such as automated mineral analysis. Current and future improvements will most
likely help this niche technique to become a standard tool for material analysis.
References:
[1] JH Scofield, Physical Review A 9 (1974), 1041.

Figure 1. Left: 4 plots (Mn, Cr, Fe, Ni) with correlations of FP-quantified results for steel samples
vs. their reference values. The slope is used to create a type calibration factor applied to the
quantification. Results post-correction are shown in the 4 plots at right. Significant improvement is
observed, i.e. the slopes of the correlations is 1 within 3 permille.
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Micro-XRF Applied to Forensic Particle Analysis
Eric Steel1, Ruthmara Corzo1 and Donald Windover1
National Institute of Standards & Technology, Material Measurement Laboratory, Gaithersburg, MD,
USA.
1.

Forensic evidence can include particles from a variety of sources including soils, architectural and
automotive glass, paint, fibers, etc. Physical and chemical properties including major to trace elemental
comparison among particles has been used to say whether the sources of the particles can be distinguished
or not, e.g. is the glass shard on the suspect from the broken glass at the scene of the crime or not? MicroXRF has the advantage of seeing most major to trace elements in samples down to a few tens of
micrometers, depending on the spot size of the instrument. The sensitivity for our instrument and similar
Be window silicon drift detectors (SDD) vary from the few percent level at the sodium K-lines to about
10 ppm at the Zr K-lines. However, detection limits can vary greatly depending on how the instrument
and sample are arranged and the type of sample.
One of the first considerations is whether the sample is thin or thick (bulk) to both the exciting and
emitting x-rays. Most particle samples will appear thin to some fraction of the x-rays unless the specimen
is many millimeters thick. This means that the primary x-rays will irradiate both the sample and whatever
is below the sample, e.g. the stage. To reduce the scatter from the stage the sample is placed on a thin
polymer foil and raised above the stage[1]. We have determined a reasonable design of a stage insert to
optimize the signal from a thin (particle) specimen. We used the Rh K-line Rayleigh and Compton peaks
to monitor how much of the scatter spectrum is from the specimen versus extraneous materials to help
design the stage insert. This ratio can also be used to estimate the average atomic number of the specimen
and illuminate the presence of unanalyzed elements, such as Li and B in borosilicate glasses[2].
The approach to analysis may further depend on the specimen. For example, we had an interest in
analyzing zircons and traces of U, Th, and Pb in sediments as a potential way of comparing forensic soil
samples. But zircon is a strong scatterer of x-rays and diffraction peaks often obscure major to trace
elemental peaks in the x-ray spectrum. Our instrument is equipped with two SDDs that allow some
discrimination between elemental and diffraction peaks in the spectrum. Taking two spectra from the same
point analysis allows two geometric views and therefore different diffraction maxima to be observed in
each spectrum. Then, taking minimum of either of the spectra allows construction of a spectrum with
largely elemental peaks as shown in Figure 2.[3]
Further insights into forensic analysis of particles from automotive and architectural glass will be
discussed. Approaches to comparing particles and glass samples will be discussed including impacts of
particle size, shape, sample heterogeneity and other factors. See Figure 3 as an example.
References:
[1] TC Roedel, H Bronk and M Haschke, X-ray Spectrometry 31 (2002).
[2] VD Hodoroaba et al, Nuclear Instruments and Methods in Physics Research Section B 268 (2010).
[3] W Nikonow and D Rammlmair, Spectrochimica Acta Part B 125 (2016).
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Figure 1. Calibration curve for converting
Compton/Rayleigh ratio to average atomic
number measured on our instrument using
reference glasses.

Figure 2 (below). Left diagram shows a
spectrum from each of two SDDs from the
identical spot on a zircon grain. Right
diagram shows a plot of the minimum taken
at each channel from the two spectra.

Figure 3. Measured Ca/Si intensity
ratios for particles from four different
soda-lime glass samples.
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Absolute Calibration Curves for the Quantification of Fe by EPMA using the Soft
Lα-Lβ X-ray lines.
Aurélien Moy1, Anette von der Handt2 and John Fournelle1
1.
2.

Department of Geoscience, University of Wisconsin, Madison, WI 53706, USA.
Department of Earth Sciences, University of Minnesota, Minneapolis, MN 55455, USA.

A recent technological improvement in electron probe microanalysis (EPMA), introduced in the last
decade, is the use of Schottky field emission electron sources. These sources provide smaller and brighter
electron beams resulting in sharper electron images. However, for quantitative microanalysis, reducing
the beam size does not drastically reduce the analytical volume as the defining variable for EPMA spatial
resolution is mainly the electron source voltage rather than the beam diameter. Thus, to fully take
advantage of the reduction of the beam size, the analytical spatial resolution should also be improved by
reducing the electron beam accelerating voltage, typically from 15-20 kV to 6-8 kV (Fig. 1).
Unfortunately, low kV EPMA produces a dilemma as important elements such as the first-row
transition metals (21 ≤ Z ≤ 30) can no longer emit Kα and Kβ X-rays and the lower energy L X-ray lines
must be used to perform quantification in their stead. For the first-row transition metals, the behavior of
the characteristic Lα and Lβ X-ray lines, the most intense lines of the L series, is difficult to predict and
not well understood because complex chemical and physical effects modify their properties. The Lα and
Lβ X-ray lines of those transition metals are produced by the transition of an electron from the partially
filled 3d electron shell to the 2p1/2 or 2p3/2 “inner” electron shells (also denoted as L2 and L3 electron shells,
respectively). Because the 3d shell is part of the valence band, it is subject to strong bonding effects with
the electrons of the neighboring atoms. As a consequence, these bonding effects change the state of the
outer electronic shells and in return also the properties of the associated electrons (binding energy,
transition probabilities, ...). It is worth noting that similar effects occur for the rare-earth elements (57 ≤ Z
≤ 71) with the main M X-ray lines. Because of these bonding effects, electron transitions from the valence
shells will produce X-ray lines whose peak shape and characteristic energy may change depending on
coordination types and/or oxidation states of the studied element. Consequently, atomic parameters of
these X-ray lines, such as the mass absorption coefficient, the fluorescence yield, or the Coster-Kronig
factors, differ from one chemical state to another [1, 2]. In addition, because the electron transition
involves a weakly bonded outer shell electron, the energy of the absorption edge of the inner shell falls in
the vicinity of the produced X-ray line and, as a result, the high-energy side of the line will be strongly
self-absorbed. As the shape of those absorption edges are also modified by the bonding effects, selfabsorption and distortion of the recorded X-ray line will vary between compositionally different
compounds, inducing peak shifts and changes in the peak maximum intensity. Hence, the traditional ZAF
or φ(ρz) matrix corrections cannot be used to obtain quantitative results.
In the present work, we report a low kV EPMA method to measure the concentration of the transition
metal Fe in Fe-bearing mineral groups using simple, platform/spectrometer-independent calibration
curves that can directly be applied to most electron microprobes currently in use. The method differs
somewhat from traditional approaches and uses the combined Fe Lα-Lβ X-ray lines. To obtain the
calibration curve for a material type, the Fe Lα and Lβ X-ray lines spectra are measured on a set of Febearing standards of well-known composition, including a pure Fe standard, and then the total recorded
X-ray intensities (corresponding to the area of these lines) is calculated for each. A set of area k-ratios is
then constructed for each Fe-standards relative to the pure metallic Fe standard. These area k-ratios can
be plotted as a function of the Fe concentration and fitted by a polynomial function to create the calibration
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curve. Using the peak area instead of the peak maximum has the advantage that the k-ratio value is
independent of the spectrometer detection efficiency, which is otherwise not the case because of the
proximity of the absorption edge to the characteristic X-ray line. The only instrumental dependency
remaining is due to the spectrometer takeoff angle. Hence, the only variables between calibration curves
are the accelerating voltage (each one requires a different calibration curve) and the spectrometer takeoff
angle, which was 40° in the present work and for most electron microprobes. Otherwise, the calibration
curves can be used regardless of the spectrometer or instrument used without the need to “rescale” them.
We applied the proposed method to the quantitative analysis of several different families of materials:
iron-silicides, olivines, iron-sulfides (Fig. 2). The calibration curves were acquired and tested on three
different microprobes, totaling eight different wavelength dispersive spectrometers (WDSs) and one Soft
X-ray Emission Spectrometer (SXES). This last spectrometer consists of variable spacing diffraction
gratings (this study, JEOL JS2000 extended range grating) and a Peltier-cooled CCD camera [3], acquiring
the entire X-ray spectrum of the grating energy range (240 eV to 2800 eV) in parallel, similar to the
traditional SiLi or SDD EDS. For each set of materials, the data acquired with the different spectrometers
are in good agreement with each other. The area k-ratios vary smoothly with the Fe concentration allowing
each data set to be fitted by a third-order polynomial function with a good coefficient of determination.
The calibration curves have been used to quantify Fe in unknown Fe-silicides and olivines at 7 kV with
good accuracy. This method gives more accurate results than the traditional EPMA quantification method
using the Fe Lα X-ray line, with average deviations of less than 4% from actual Fe concentration. This
method provides an easy and accurate way to quantify Fe in families of Fe-bearing minerals using the LαLβ X-ray lines. Further work will focus on developing this method to other mineral families and more
elements (e.g. Cu, Ni) [4].
References:
[1] X Llovet et al, Microsc. Microanal. 22 (2016), 1233-1243.
[2] B Buse and S Kearns, Microsc. Microanal. 24 (2018), 1-7.
[3] M Terauchi et al, Microsc. Microanal. 17 (S2) (2011), 604-605.
[4] Support for this research came from the National Science Foundation: EAR-1337156 (JHF), EAR1554269 (JHF), EAR-1625422 (AVDH), EAR-1849386 (JHF) and EAR-1849465 (AVDH).

7 kV

15 kV
Fo80 olivine, Mg Kα X-rays

Figure 1. PENEPMA simulations of Fo80 olivine. Figure 2. Calibration curves obtained at 7 kV
Contours represent 99% of the Mg Kα X-ray using the Fe Lα-Lβ area k-ratios measured on
emission at 7 kV and 15 kV (analytical volume).
olivines, Fe-sulfides and Fe-silicides.
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SXES is in Da House: An Investigation of the Extended Range Soft X-ray
Spectrometer (SXES-ER)
A. von der Handt1
University of Minnesota, Department of Earth Sciences, 116 Church Street SE, Minneapolis,
MN55455, USA.

1

Recent innovations in electron microprobe technology include a novel type of soft-X-ray emission
spectrometer (SXES) by JEOL Ltd. The SXES is composed of a CCD area detector that can be coupled
to multiple varied-line-spacing (VLS) aberration-corrected gratings (JS50XL, JS200N, and JS2000) that
cover a combined energy range from 50 eV to 2.3 keV. It provides higher spectral resolution and higher
sensitivity for soft X-rays (<1 keV) relative to traditional wavelength dispersive spectrometers (WDS),
yielding information on electronic structure and bonding.
The SXES spectrometer is available in two configurations: (1) SS-94000SXES with JS50XL and
JS200N gratings, covering a combined energy range of 50 eV – 210 eV and (2) SS-94040SXSER with
JS300N and JS2000 gratings, covering the energy range of 100 to 2300 eV. The JS50XL grating allows
the observations of the lithium K X-ray line whereas the JS2000 grating covers the energy range of the 3d
transition metal elements L-lines. The JS200N and JS300N gratings are physically identical but a
difference in the CCD position and the focusing mirror in their respective spectrometer leads to slight
differences in energy range and performance. The JS50XL grating boasts a resolution of 0.3 eV as
demonstrated using the Fermi edge Al-L emission line. The curvature of the gratings and dispersion gives
rise to a change in resolution over the energy range of the spectrometer, leading to decreased spectral
resolution at higher energies.
The Electron Microprobe Laboratory of the University of Minnesota houses the extended range SXES
with JS300N and JS2000 gratings on a JEOL JXA-8530FPlus electron microprobe. The system was
installed in 2018 and research has been focused so far on applications around the light elements nitrogen
and boron, the 3d transition metal elements as well as the general evaluation of the performance of the
SXES spectrometer.
A key advantage of the SXES – in addition to its higher spectral resolution – is that it provides parallel
acquisition over the energy range of the grating. This carries many advantages among them a) the ability
to do hyperspectral mapping b) combining spectroscopic information from a range of X-ray lines and (3)
studying the effects of beam damage and carbon contamination on spectroscopic information.
A comparison of SXES spectra to WDS layered synthetic microstructure crystals shows much
improved spectral resolution. Higher orders of more energetic X-ray lines are present which allows the
observation of more than 70 elements through the SXES but can complicate spectra interpretation through
spectral overlaps in complex materials. For example, in a study of borosilicate minerals and glasses with
the JS300N grating, simultaneous detection of the second and third order oxygen Ka lines together with
the boron Ka peak can be used to supplement and refine spectroscopic information but at the same time
complicates quantification of boron in these materials.
I will discuss the advantages, challenges and pitfalls of SXES analysis so far and present examples of
SXES-ER applications in the UMN lab. Overall, SXES combined with electron microscopy provides a
sensitive tool for elemental and chemical identification and brings back the potential for EPMA-based
spectroscopy.
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Figure 1. JEOL JXA-8530FPlus with SXES spectrometer (JS300N, JS2000) at the Department of Earth
Sciences, University of Minnesota.
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Figure 2. Spectra comparison of (a)
nitrogen Ka in BN and (b) boron Ka in
borosilicate glass SRMK326 between
SXES (JS300N) and various WDS LSM
crystals. Spectra intensities are scaled to
allow direct comparison of spectra shapes.
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narrows the spectrum width to the expected
natural line width of the respective X-ray
and allows the observation of the fine
structure of the spectrum as well as high and
low energy satellites which carry specific
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Effect of Absorption on Chemical Bonding State Analyses using Wavelength
Dispersive and Soft X-ray Emission Spectrometers
Peter McSwiggen1
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Both wavelength dispersive spectrometers (WDS) and soft X-ray emission spectrometers (SXES) are
capable of resolving very small changes in X-ray spectra. For X-ray lines that involve the outer electron
shells of the atoms, these small changes can provide information on the nature of the bonding between
the target element and the surrounding atoms. Properly characterized, these spectral changes not only
provide information on the change in energy, but also identify oxidation states and phase identifications.
In the Ti system, Ti metal, TiO2, TiO, Ti2O3, Ti3O5, TiN, TiC and TiB2 all can all be readily
differentiated by changes in the positions and relative intensities of their Ti La and Lb X-ray lines (Figs.
1A and 1B). In Ti alloys this has importance because of the role that micron- and sub-micron-size
inclusions play in the structural integrity of components, such as in medical devices, where the
inclusions can lead to a concentration of stresses, thereby cracking and failure. Being able to identify
the specific phase of the inclusion, even when it is sub-micron in size, may help to target the processing
conditions that lead to the growth of these inclusions in first place.
This chemical bonding state analysis becomes more challenging when it involves the L-lines of the
first row transition elements in the Periodic Table. A number of the elements with atomic numbers
between Ti and Ge have an absorption edge, or multiple edges, that interfere with their La or Lb lines.
These absorption edges can change the relative intensity of the peaks, their widths, or even their
positions. For example, the Fe La / Lb lines show a dramatic change in their ratios with accelerating
voltage (Fig. 2A). This change is a result of the different path lengths that the X-rays travel through the
sample. At the higher accelerating voltage, the X-rays are generated deeper in the sample and therefore
have a greater distance to travel before exiting. This longer path length results in more absorption.
However, absorption is not uniform across these X-ray lines, due to the presence of the LIII and LII
absorption edges. The X-rays on the high-energy side of each edge will be preferentially absorbed,
changing the relative intensities. For the Fe system, the Lb line is preferentially absorbed over the La
line at the higher kV. Due to the specific placement of the LIII absorption edge, it causes the width of the
Fe La peak and the asymmetry of the peak to change fundamentally, as well as a small shift in the peak
position. None of these changes have anything to do with the chemical bonding state of the iron.
Therefore this effect of the differential absorption has to be corrected for before any changes due to the
chemical bonding state can be properly characterized. In addition, because this is self-absorption (Fe Xrays being absorbed by Fe atoms), changes in the Fe abundance will also result in a change in the La /
Lb peak intensities, again independent of any change in chemical bonding (Fig. 2B). The Ti system has
these same issues, with dramatically changing peak shapes due to differences in absorption, but initially
it also is a more complicated system.
One solution to this problem of asymmetric absorption is to run the analyses at extremely low overvoltages. At accelerating voltages very near the critical ionization energy, the X-ray can only be
generated very near the surface. As a result, the escape path length is very short, resulting in very little
absorption. At very low kV, changes in composition no longer have a significant impact on the
geometry of the spectra. However at low kV, the surface chemistry begins to play a more dominant role.
Oxide layers and carbon coatings will have a greater impact. Alternatively, extrapolating from higherkV analyses can produce similar results (Fig. 3B). Future work may show that the spectra can be
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calculated from the information buried in the high-kV spectra themselves. For example, simply
calculating the ratio of two spectra at significantly different accelerating voltages will show the position
of the actual absorption edges and the relative difference in absorption on the two sides (Fig. 3A).

Figure 1. Ti La and Lb lines for Ti phases; (A) oxides, and (B) nitride, carbide and boride.

Figure 2. Fe La and Lb lines showing spectral changes due to (A) kV and (B) Fe composition.

Figure 3. (A) Fe LIII and LII absorption edges revealed by dividing different kV spectra. (B) Spectra for
different Fe composition alloys calculated for 0.71 kV from higher kV spectra.
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Microanalysis investigation of alloying partitioning in Ni-base alloy due to
microsegregation
Émerson Mendonça Miná1, Arthur Vieira de Souza1, Marcelo Ferreira Motta1, Hélio Cordeiro de
Miranda1 and Cleiton Carvalho Silva1
Department of Metallurgical and Materials Engineering, Federal University of Ceará, Fortaleza,
Brazil.
1.

Microsegregation is a deleterious and inherent phenomenon that occurs in all solidification process:
casting, welding and additive manufacturing, as well. During the solidification, the very fast process does
not permit that the solid accommodate all alloying elements in solid solution, rejecting a fraction of these
alloying elements to reminiscent liquid. This impair the elements distribution and, consequently, affect
the properties of materials. Ni-based alloys are strongly affected by microsegregation phenomenon, since
it is in general oversaturated with substitutional solid-solution atoms.
The best way to assess the microsegregation is by quantitative microchemical analysis with a high
spatial resolution. Several studies have successful evaluating the microsegregation using energy dispersive
X-ray spectroscopy (EDS) through scanning electron microscopy (SEM) [1,2]. Miná et al assessed the
dilution effect on microsegregation for dissimilar welding of claddings manufactured by the deposition of
a Ni-Cr-Mo alloy on steel plates [1]. All claddings were manufactured using the same heat input. The
authors observed a slight increase on segregation potential for the Mo, which was attributed to a reduction
in the solubility limit of Mo, as consequence of increase in dilution with steel due to Fe addition.
Nonetheless, other welding parameters may to demonstrate strong effect on microsegregation and must
be also investigated.
In this context, the present study assessed the effect of welding heat input on microsegregation for
dissimilar welding of alloy 686 (UNS N06686) deposited on steel plates, in order to reduce the effect of
microsegregation. It was assessed 6 single weld beads, where each one was manufactured by different
heat inputs: 1.5, 1.8, 2.1, 2.4, 2.5 and 2.8 kJ/mm. The concentration of Ni, Fe, Cr, Mo and W were obtained
by 50 EDS measurements for each condition and the solute partition coefficient (k) for each element was
calculated based on these results. The EDS measurements were performed following the main
recommendations of ASTM E1508 standard. A low accelerating voltage (15 keV) was selected, aim to
reduce the beam interaction volume. Nonetheless, an overvoltage of at least 1.5 times the critical excitation
potential of the highest energy X-ray line analyzed was defined to guarantee a good measurement. Beside
this, a statistical analysis was performed based on ASTM A1245 standard, and a 95% confidence interval
was adopted.
Figure 1 shows the EDS microchemical map, highlighting the microsegregation of alloying elements
for 2.5 kJ/mm heat input. It was observed a strong concertation of Mo and Cr in secondary phases at
interdendritic region. Figure 2 shows the solute partition coefficient of all alloying elements for each heat
input condition. For a k > 1 means that element was incorporated by solid phase, while for k < 1 the
element was segregated to liquid. The solid phase shown a great ability to solubilize Fe and Ni in all cases.
Cr shown a slight decrease on k coefficient when the heat input was increased above 2.5 kJ/mm. The
behavior observed for Mo was different, in this case, there was a strong tendency to decrease the k
coefficient as the heat input rises. Normally, the increase in heat input causes a reduction in the cooling
rate, and according to the literature, low cooling rate potentialize the microsegregation [3]. Similar to
observed for Mo, the W shown a tendency to segregate to liquid, with to coefficient changing from almost
1.0 to 0.9 for higher heat input. It was assumed that the decrease in cooling rate caused by the rise of heat
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input was enough to increase the segregation potential of a heavy element such as W. Based on
experimental results shown by present study it was concluded that the increase in heat input shown low
effect on Ni and Fe partition coefficient, which shown k > 1 in all cases. The Cr shown a partition
coefficient close to 1. The Mo shown the lowest k coefficient among all conditions, and a significant
increase in microsegregation potential was observed. The W shown a tendency to be segregated by the
solid phase. This study it was demonstrated that the increase on heat input and, consequently, on the
reduction of cooling rate caused more effect on microsegregation than Fe addition, as evaluated in
previous studies [1].
References:
[1] ÉM Miná et al, Metall. Mater. Trans. A 47 (2016), 6138–6147.
[2] CC Silva et al, J. Alloys Compd. 684 (2016), 628–42.
[3] L Gong et al, J. Mater. Sci. Technol. 34 (2018), 811–20.
[4] The authors acknowledge the facilities of Laboratório de Pesquisa e Tecnologia em Soldagem (LTPS)
and the funding from the Sociedade Brasileira de Microscopia e Microanálise (SBMM) and the
Microanalysis Society (MAS).

Figure 1. The solute partition coefficient k of Ni, Fe, Cr, Mo and W for all heat input conditions.

Figure 2. The solute partition coefficient k of Ni, Fe, Cr, Mo and W for all heat input conditions.
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SS304 is a Fe-18Cr-8Ni austenitic steel and a common core-internal structural material for light-water
reactors (LWRs) due to its advantageous mechanical properties and corrosion resistance. Life extension
of LWRs requires steels with enhanced irradiation tolerance and higher strength. Studies have shown that
grain boundaries (GBs) act as sinks for radiation-induced defects [1]; therefore, nanostructured materials
that have increased volume fraction of GBs have recently become of interest. The present study involves
pre- and post- ion irradiation characterization of nanocrystalline (NC) and ultrafine-grained (UFG) SS304
austenitic steel prepared using two different severe plastic deformation (SPD) techniques.
SS304 commercial bar stock was manufactured into UFG and NC samples using two forms of SPD:
equal-channel angular pressing (ECAP) and high-pressure torsion (HPT) [2]. After SPD, x-ray diffraction
(XRD) showed that both HPT and ECAP processed samples were purely austenitic and no deformation
induced martensite transformation occurred. Transmission electron microscopy (TEM) revealed HPT 304
had an average grain size of 85 nm and electron backscatter diffraction (EBSD) showed that ECAP 304
had an inhomogeneous microstructure with a multimodal distribution of grain sizes, a high number
fraction of low-angle GBs, and an estimated average grain size of 500 nm.
Atom probe tomography (APT) was also conducted post deformation. Although no distinct features
were observed in the ECAP 304, HPT 304 showed three unique phenomena after SPD. First, GB
segregation was observed across several GBs showing depletion of Fe and enrichment of Ni, Mn, and Si,
and P. Enrichment of Ni, Mn, and Si led to the formation of a Ni-Mn-Si g-phase along GBs. Moreover,
Cu enriched precipitates were found near ang along grain and phase boundaries. The cause of segregation
and precipitation was attributed to deformation induced vacancy flux towards GBs [3].
After SPD, samples were irradiated using 3.7 MeV Fe2+ ions up to 50 displacements per atom (dpa)
at 500 °C. Low-angle incidence XRD was performed in order to compare the phase change during
irradiation. Within the irradiated region, coarse-grained (CG) 304 contained 14% BCC-ferrite, ECAP 304
contained 2.3% BCC-ferrite, and HPT 304 contained 6.0% BCC-ferrite. In order to understand the reason
for this enhanced resistance to phase change, scanning transmission electron microscopy (STEM)
combined with energy dispersive spectroscopy (EDS) was performed on all SS304 samples. STEM-EDS
showed the formation of Cu and Ni precipitates within ferritic grains of the CG material, which are
expected to form due to segregation along dislocation loops (see Figure 1). ECAP 304 and HPT 304
showed the formation of a limited amount of Ni-Ti-Si g-phase along GBs.
APT was also performed on irradiated HPT 304 as well as HPT 304 annealed at 500°C for 24 hrs.
After annealing, GBs in HPT 304 showed enrichment in Cr and Mo and depletion in Fe. After irradiation,
GBs showed depletion of Fe and Cr and enrichment of Ni, Si, and Co. One ultrafine GB was analyzed and
the amount of segregation was significantly more severe when compared to other NC GBs. Additionally,
several NC GBs showed enrichment of Cr and Mo (see Figure 2). Average Fe and Cr depletion and Ni
enrichment in the UFG GBs was approximately -11 Δat.% Fe, -7 Δat.% Cr, and +14 Δat.% Ni. In the NC
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GBs, average Fe and Cr depletion and Ni enrichment was -4 Δat.% Fe, -4 Δat.% Cr, and +5 Δat.% Ni,
showing a drastic improvement due to smaller grain size. Cr enriched GBs had an average Fe depletion of
approximately -7 Δat.% Fe, and average enrichment of Ni and Cr of +1.5 Δat.% Cr and +2 Δat.% Ni.
Furthermore, with the UFG region many Cu precipitates were observed. These Cu precipitates were pure
Cu, and are expected due to the formation of dislocations within the matrix. Within the NC grains, Cu
precipitation was significantly reduced or not present.
References:
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Figure 1. STEM high angle annular dark field (HAADF) image of irradiated CG 304 showing many Cu
and Ni nanoprecipitates and two neighboring Cr enriched M23C6 with the associated EDS chemical maps.

Figure 2. a) APT reconstruction volume showing Si atoms, and 2 at.% Si isoconcentration surfaces to
highlight GBs with a region of interest across a Cr enriched GB in the irradiated NC HPT304. b) and c)
show 1-D concentration profiles across the ROI in a) showing Cr and Mo enrichment across the GB.
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The Inverse Modeling of the Quantitative X-ray Microanalysis Applied to
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Scanning Electron Microscope (SEM) is widely used to obtain topography and composition
information [1]. Through the interaction of electron beam with the specimen, multiple signals are
emitted. Among those signals, the intensities of characteristic X-rays can be detected by Energy
Dispersive Spectroscopy (EDS) so that the qualitative and quantitative chemical analysis can be
performed. Currently, the quantitative X-ray microanalysis can only be applied to flat and homogeneous
bulk materials. When it comes to heterogeneous samples like multilayer materials, particles inside the
matrix, other destructive method is needed. On the other hand, Monte Carlo simulation has been widely
used to predict X-ray emissions, so called forward modeling. With knowledge of the sample
composition, it uses random numbers and physical models to simulate the electron trajectories one step
by step and then computes the X-ray emission and is available for arbitrary geometries. This work is to
develop an inverse modeling program applied to heterogeneous materials based on iterations of forward
modeling using Monte Carlo. With input of the experimental X-ray intensities, the composition and
geometry of the sample can be predicted.
The composition and geometry information of the sample in Z direction (depth) is extracted from
the X-ray intensities under different beam energies since the X-ray emission depth varies with beam
energy. And the information in X and Y direction is obtained by changing the electron beam position.
The forward modeling is performed by a well-known Monte Carlo software, MC X-ray [2]. We will
begin with the inverse modeling of 2D heterogeneous materials in this paper and extend it to be applied
to 3D materials in the future.
As shown in Figure 1 is the schematic of the sample geometry for 2D heterogeneous materials. The
electron beam hits on the sample in Z direction, which is vertical to the sample surface. In our
simulation, the sample that is consistent in Y direction is split into prisms. Within each prism, the
sample is homogeneous. By changing the size and composition of the prism, arbitrary 2D specimen can
be simulated. The program starts with the initialization of compositions according to the experimental
X-ray intensities. Then the simulated X-ray intensities are computed using MC X-ray regarding to
current guess of compositions. The composition of each prism is updated by comparing the simulated Xray intensities and the experimental one. Again, the forward modeling is performed. This process is
iterated once and once again until the difference of the experimental intensities and the simulated one is
small enough.
Take Al-Cu alloy as an example. To test the program, we design a specimen with 9 9 prisms and
get the X-ray intensities from MC X-ray, which is taken as the “experimental” X-ray intensities to be
input into the inverse modeling program. Figure 2 b) shows the designed geometry in X-Z plane with a
matrix of 98 wt% Al and 2wt%Al and a precipitate of Al2Cu in the middle. The simulated geometry is
shown in Figure 2 b). The comparison of the “experimental” X-ray intensities and the X-ray intensities
of the simulated geometry is shown in Figure 3. All the errors at different beam energy and different
beam positions are smaller than 2%. Close match of the composition and geometry indicates that the
program works well. More examples are going to be shown in the future.
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a)
b)
c)
Figure 1. The schematic of 2D heterogeneous materials a) The whole sample with electron beam hits in
Z direction b) Th sample is split into prisms c) The sample is homogeneous within each prism.

a)

b)
Figure 2. The Al concentration distribution in X-Z plane for (a) The ‘real’ geometry with two
compositions: precipitates Al2Cu with 45.9wt% Al and 54.1wt% Cu (the center red part) and the matrix
with 98wt% Al and 2wt% Cu (the light-yellow part). (b) The predicted geometry given by our program.

a)
b)
Figure 3. The X-ray intensities comparison between the experiments (the solid line) and the simulated
results (the points) under different beam energies for (a) Al K line and (b) Cu K line.
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The burgeoning field of quantitative microanalysis requires visualizing spatially-related data collected
on multiple instruments from different manufacturers to fully characterize samples [1, 2]. Compilation,
analysis, and sharing of these data is commonly done using image-editing software that produce static
figures for the purpose of showing spatial relationships; however, this invariably causes loss of contextual
information and is inefficient if done with many samples. Here we show how to use the free, open-source
geographic information system (GIS) software, QGIS (QGIS.org, Fig. 1), to integrate a variety of datasets
from several different microanalytical techniques [3]. This software works across platforms and efficiently
combines data to produce figures, inter-method comparisons, and dynamic supplemental datasets.
For years geoscience has integrated a variety of field-scale data using GIS to communicate and analyze
spatially related phenomena. GIS uses two data formats—vector and raster. Vector data are points, lines,
and polygons that have clearly defined geometric limits. Raster datasets store information as pixels (e.g.
digital photos, LIDAR). Data integration in QGIS is possible because all data is positioned in a shared
coordinate reference system. In the case of most field-scale data in geoscience, this reference system is
latitude and longitude. Local reference systems based on cartesian grids (e.g. a plane defined in meters E
by meters N) are also sometimes used for GIS applications. In quantitative microanalytical applications,
data are often collected with cartesian coordinates that reference analysis location in the instrument.
Electron microscopes, laser ablation systems, and both ion and electron microprobes commonly record
X-Y coordinates in micrometers. Direct correlation of raw instrumental X-Y coordinates without a
platform like QGIS is difficult because of the differing position of the origin (0, 0) and potential rotation
of the sample surface between machines or analysis sessions.
The problem of reconciling microanalytical datasets containing overlapping spatial distributions is
easily solved using QGIS. Maps can be created in a top-down or bottom-up approach, depending on if
you are beginning to collect data from a sample or are compiling existing data. To create a map of existing
microanalytical data, first choose a dataset with known scale (e.g. micrometers) to import and serve as the
map units. Then import additional datasets by using surface features that allow different data to be
correlated. To create a map before analysis, capture a large overview image and combine it with a series
of at least three X-Y coordinates to define the locations of corners to set the map scale. Then import each
additional microanalytical dataset as you capture it. Visit our website for complete instructions [4].
QGIS has powerful built-in data analysis and visualization tools, and because it is open source, custom
plug-ins can be created. Options include line transects perpendicular to growth zoning, user defined
polygons for correlating within or across mounts [5], point shape and color adjustment based on
continuous and discrete variables, raster color/transparency scaling, scatterplots of data subsets, and maps
with linked overviews, insets, and dynamic scale bars. In addition to these built-in tools, we have created
a custom plug-in that interfaces with the Cameca IMS-1280 at WiscSIMS so users can position analyses
using high resolution SEM maps and populate them in real-time with analyses. We hope that in the future,
community-wide development using this platform will facilitate broad-ranging data compilation efforts,
streamlined data sharing, and a pathway for big data in microanalysis.
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Figure 1. Screen capture of the QGIS user interface showing combination of data from three instruments
and different data visualization options. Point data are from electron and ion microprobe analyses of
backscatter electron microscopy imaged dolomite cement. Visualization options include the yellow line
transect oriented perpendicular to growth zonation in the dolomite and crossplots of data from the EPMA
and SIMS analysis tables. Layer visibility can be changed quickly by checking boxes in the panel on the
right side of the window.
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Use of Microanalysis Techniques to Understand the Stability of the Garnet Phase in
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The hot section components of modern-day jet engines rely on ceramic thermal and environmental
barrier coatings for insulation and corrosion prevention. During service, these engines ingest sand,
volcanic ash, dust and debris composed primarily of calcium magnesium alumino silicates (CMAS). The
ingested particles deposit over the ceramic coatings and form silicate melts at in-service temperatures.
Reactions between the molten environmental deposit and coatings lead to the formation of a variety of
crystalline reaction products that adversely affect the thermophysical, thermochemical and
thermomechanical properties of the coatings [1-4]. To design more robust coatings that can withstand
CMAS attack, it is important to develop a deeper understanding of the entire range of crystalline products
that can form during the coating-deposit interactions. While reaction product phases such as silicate apatite
have been studied extensively, the rare earth-containing aluminosilicate garnet phase is thus far
understudied. This work aims at expanding the understanding about the garnet solid solution field in the
coating-deposit system using microanalysis techniques.
The theoretical range of the garnet solid solution stoichiometry in the chosen yttria-CMAS system was
identified using crystal chemistry and charge balance calculations. These compositions were synthesized
using reverse co-precipitation and annealed at 1400 ºC to study phase equilibria above the solidus. SEMEDS was used to gain semi-quantitative data about the temperature dependent phase fields and phase
equilibria and EPMA-WDS was then used to perform more quantitative chemical analysis.
EDS and EPMA were used to determine the equilibrium garnet stoichiometries [5] and the extent of
the garnet phase solid solution field at 1400 ºC. With an increase in the concentration of Ca+2 or Mg+2 ions
and a corresponding decrease in the Y+3 ions in the nominal stoichiometry, phases other than garnet were
seen to become prevalent. Additionally, the equilibrium garnet phase stoichiometries helped identify
cation partitioning in the different sites of the garnet crystal structure. Given the accuracy of microanalysis
experiments, the data is now being used in the development of thermodynamic databases which can
support computational ceramic coating design tools.
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Figure 1. The chemical formulae in the top row correspond to the equilibrium garnet stoichiometries
attained using EDS or EPMA while the bottom row corresponds to the nominal garnet stoichiometries
that were synthesized. In case of nominal stoichiometries containing increasing Ca+2 ion content and a
corresponding decrease in Y+3 ions, the equilibrium phase assemblages at 1400 ºC are no longer singlephase garnet. Amount of garnet formed also reduces. Similar trends are seen in nominal stoichiometries
that have increasing Mg+2 ion content.
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Boron is a hard and brittle element with metalloid properties. It has industrial applications as an
abrasive because it has a very hard diamond-like property when combined with nitrogen. It is often part
of glasses because of its heat resistance and hardening properties. In steel, adding, and accurately
controlling, small quantities of B adds to the hardening properties in high strength steel. For
semiconductors, it is important to precisely dope boron as designed in order to produce high-quality LSI
devices. To understand the characteristic features of boron and boride materials, it is important to observe
and quantify the chemical state of boron down to sub-micron regions. In a pioneering work, Bastin and
Heijligers reported the quantitative analysis of several binary boride materials [1]. But, up until now, a
conventional method of chemical bonding state analysis with EPMA/SEM has largely been lacking.
The typical energy spread of the valence band (VB), which has the information of chemical bonding
state of materials, is usually from 5 to 10 eV. Thus, the energy resolution for obtaining fine structures of
the energy state of bonding electrons (density of states (DOS) of VB) should be better than 1 eV. JEOL’s
commercially developed wavelength-dispersive soft X-ray emission spectrometers (SS-94000SXES and
SS-94040SXSER) for EPMA/SEM both have ultra-high spectral energy resolution. For example, the
energy resolution of Al metal is 0.3 eV for the Al-L emission spectrum (aprox.70 eV) is guaranteed for
the SS-94000SXES [2,3]. These SXES spectrometers are capable of detecting the chemical bonding state.
In this work, we report the B-K emission SXES spectra of boride materials and introduce the chemical
bonding state analysis compared to the calculated DOS using first-principles calculations. The SXES
spectra were obtained using the JS200N grating with the SS-94000SXES spectrometer attached to a JXA8530FPlus FEG EPMA. The first-principles calculations were performed using the WIEN2k package [4].
The chemical bonding state of boron in borides differs greatly depending on their physical properties
(metal, metalloid, oxide, etc.). As a result, B-K emission spectra due to the B 2p-1s electron transition
show a waveform change and a peak position shift. Figure 1 shows B-K emission spectra and crystal
structure models of several borides. The waveform of the spectra drastically changes depending on the
material. LaB6 and SrB6 have similar crystal structure, but the physical property is metallic and nonmetallic. As a result, most parts of the waveform are similar. In addition, the LaB6 spectrum shows the
Fermi-edge. In this presentation, we will report the explanations of other spectra and comparison results
of experimental and calculated spectra.
In the case of crystalline compounds, the waveform and the intensity of the spectra may change
depending on the orientation of the crystal and the geometry relative to the spectrometer. Especially for
anisotropic materials, this effect is very important in analyzing the spectra. Figure 2 shows the AlB2
specimen anisotropic analysis results. As shown in Fig. 2(a), the crystal structure of AlB2 is anisotropic.
The randomly oriented single crystal grains of AlB2 are observed in the base material (Fig. 2(b)). Figures
2(c) and 2(d) are spectrum maps using integrated area counts of the B-K emission where the geometry
(orientation) to the spectrometer is different. It means that the specimen is rotated 90 degree toward the
spectrometer. The intensity distributions are separated into red and green areas. The waveforms, peak
intensities, and area counts of B-K emission spectra are also different depending on the crystal orientation
even in the same crystal (Fig. 2(e)). The explanation of why the spectrum changes will be reported in the
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presentation using DOS calculations. In addition, the difference of integrated count strongly affects the
results of quantitative analysis. We will also demonstrate the effect of anisotropic effects for quantitative
analysis in the presentation.
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Figure 1. B-K emission spectra and crystal structure models of several boride materials. The spectra are
listed in "Handbook of Soft X-ray Emission Spectra Version 4.0".
(https://www.jeol.co.jp/download_soft_x-ray.html)

Figure 2. AlB2 analysis. (a) Crystal structure models, (b) Backscattered electron image, (c), (d) Spectrum
map using B-K emission, and (e) B-K emission spectra obtained with a different geometry (crystal
orientation) to the SXES spectrometer.
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Quantifying at high spatial resolution requires either low overvoltages or low accelerating voltages.
At low accelerating voltages some of the common x-ray lines can no longer be excited. In the case of Fe
the Kα line cannot be excited below 7.1 keV. The Lα x-ray line is the result of electron transitions
involving outer shells which are partially filled and involved in chemical bonding. The result is self
absorption with the mass absorption coefficient (MAC) varying with electronic configuration and
variations in the fluorescence yield as electron occupancy changes [e.g. 1]
Quantification of the Lα line therefore requires variable mass absorption coefficients and partial
fluorescence yields derived from a fit to experimental measurements [e.g. 2]. Two methods have been
applied; conventional WDS peak-and-background measurements [2,3] and peak area measurements [4].
Previous applications have been to simple binary series such as Ni silicides [2], and simple silicate
minerals such as olivine, (Mg,Fe)2SiO4, [3] where a single substitution dominates. Here we look at a range
of minerals with different Fe valance states and co-ordinations. As previously shown the self absorption
is very sensitive to the Fe valence state [6, 7], with reduced absorption for Fe2+, associated with a shift in
the absorption edge (see Figure 1).
Two approaches were tested. Firstly, measure before the absorption edge in an attempt to eliminate
the sensitivity to valance. This is shown in Figures 1 and 2, where measured k-ratios are compared to
calculated k-ratios. Measuring at this position removes sensitivity to valance, but requires measurement
on a flank position. Secondly, determine the MAC for a range of both ferric and ferrous minerals and
parameterise the MAC, based on the Fe content and the La/Lb ratio. This is shown in Figure 3, where the
intensity was measured at the andradite peak position, which is close to the true position of the emission
line for the minerals.
An alternative to measuring at low voltage is measuring at low overvoltage, using multiple voltage
conditions. In the case of Fe, measurements of Kα at 10 kV, can yield accurate precise data at high spatial
resolution, provided contamination is considered.
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Figure 1. Absorption spectra, for Fe
metal and almandine (Fe3Al2Si3O12)
and andradite (Ca3Fe2Si3O12) garnets.
The absorption edge shifts from Fe2+
(almandine) to Fe3+ (andradite),
reducing the absorption of the
emission peak.

(a)

(b)

Figure 2. Measurements made at (a) peak maximum and (b) at the high wavelength side of the absorption
edge using the Fe peak position, compared to expected values for the standard matrix correction. The clear
distinction between between Fe3+ minerals (in red) and Fe2+ minerals (in blue) in (a) is removed in (b).

Figure 3. Measurements of the Fe MAC by Fe, for measurements at the emission peak (andradite peak
position). The MAC can be parameterized in terms of the Fe concentration and the La/Lb ratio.
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We are probing the promises and pitfalls of electron microprobe analysis (EMPA) of carbides in
planetary materials to establish a generally applicable analytical protocol. A broader exploration of the
compositional variation and occurrence of carbide phases is required to survey the reservoirs of light
elements in the crusts, cores, and mantles of planets, and in asteroids.
Over the past ~50 years, methods have been refined for electron microprobe analysis (EMPA) of low
carbon concentrations in steel. These include the use of calibration curves to correct for non-linear
backgrounds, cold-traps and air-jet devices to mitigate carbon contamination, and the calculation of X-ray
intensity count rates over peak-areas instead of peak heights (e.g., [1‒3]). However, surprisingly few welldocumented, quantitative EMPA data exist for Fe-Ni carbides in planetary materials (e.g., [4‒7]); instead,
the carbon concentrations in meteoritic minerals is commonly assumed by difference (e.g., [8-10]).
Notwithstanding, Fe-Ni carbide phases (cohenite [(Fe,Ni)3C], haxonite [(Fe,Ni)23C6)] are common
constituents of some groups of iron meteorites and have been detected as components in chondrites and
lunar rocks. Moreover, Fe-Ni carbides also occurs in terrestrial rocks, most typically, where magmatic
intrusions met carbon-rich crustal rocks.
We used the Arizona State University’s JEOL JXA-8530F electron microprobe with 5 wave-lengthdispersive spectrometers, including a LDE2 crystal with a lattice spacing of 10 nm, to analyze Fe,Ni
carbides in iron meteorites and a terrestrial rock from Qeqertarsuaq (Disko Bay), Greenland. We plasma
cleaned all samples and standards for at least 20 minutes immediately before they were inserted into the
electron microprobe. As standards for the spectrometer calibration, we used pure metal, troilite (FeS),
schreibersite [(Fe,Ni)3P)], and cementite (Fe3C – standard IRMM-471 from the European Commission
Reference Materials Unit) and applied a peak overlap correction for the Fe-Kβ X-ray line interference
with the Co-Kα X-ray line. To allow for comparison of different analytical conditions, we varied the
accelerating voltage between 10 and 20 kV and the beam current between 20 to 50 nA. We kept the beam
diameter at 1 µm and the combined counting times on the peaks and backgrounds of 130 seconds for C,
and 60 seconds for Fe, Ni, Cr, Co, S, and P constant. For data reduction, we relied on the Probe for EPMA
software.
Carbide grains in our samples are typically associated with Fe,Ni,Co metal, schreibersite, and troilite.
Cohenite tends to be much more coarse-grained than haxonite and the latter occurs as small-scale
intergrowths with Ni-rich phosphides. A shock metamorphosed sample of Canyon Diablo IAB octahedrite
exhibits a partly decomposed and recrystallized cohenite assemblage.
We tested the effect of carbon build-up during the analyses with repeated measurements on
schreibersite and kamacite. In these analyses, significant increase in C abundance were detected after
measurement times of ca. 10 minutes at 20 kV & 20 nA, and 6 to 8 minutes at 10 kV & 50 nA, respectively.
Preliminary results (Tables 1-3) indicate that we obtained precision for C to ca. ±0.15 wt%, which was
mainly limited by spurious C Kα signals [13].
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Table 1. EMPA data of cementite (Fe3C) standard IRMM-471#.
beam Ø [µm]

kV

nA

n

Fe [wt%]

Ni [wt%]

Co [wt%]

C [wt%]

Sum [wt%]

C CDL [wt%]

0#

10#

200#

50#

n.r. #

n.d. #

n.d. #

6.69 ±0.27#

n.r. #

n.r. #

1

20

20

40

93.2 ±0.19

<0.03

<0.01

6.75 ±0.18

100.0 ±0.23

0.03

1

20

20

13

93.4 ±0.22

<0.03

<0.01

6.68 ±0.10

100.1 ±0.20

0.03

1

20

20

6

93.3 ±0.39

<0.03

<0.02

6.64 ±0.06

100.0 ±0.35

0.03

1

15

20

27

93.2 ±0.31

<0.06

<0.03

6.65 ±0.06

99.9 ±0.29

0.007

1

10

50

18

93.2 ±0.23

<0.10

<0.08

6.63 ±0.09

99.9 ±0.24

0.007

1

10

50

31

93.1 ±0.41

<0.10

<0.08

6.63 ±0.10

100.1 ±0.26

0.007

[10]; n-number of analyses; C CDL-detection limit for carbon; n.a.-not applicable; n.r.-not reported; Cr, S, and P concentrations were below their
detection limits.

#

Table 2. EMPA data of Qeqertarsuaq (Disko Island) cohenite.
kV

nA

n

Fe [wt%]

Ni [wt%]

Co [wt%]

C [wt%]

Sum [wt%]

n.r.‡

n.r.‡

n.r.‡

92.6‡

0.6‡

0.28‡

(6.52)†

n.r.‡

20

20

14

92.6 ±0.24

0.53 ±0.02

0.33 ±0.01

6.45 ±0.15

99.9 ±0.23

20

20

7

92.8 ±0.25

0.51 ±0.02

0.33 ±0.01

6.43 ±0.49

100.1 ±0.28

20

20

3

92.6 ±0.13

0.57 ±0.02

0.35 ±0.00

6.49 ±0.03

15

20

6

92.2 ±0.28

0.49 ±0.03

0.36 ±0.04

6.67 ±0.07

10

50

19

92.5 ±0.26

0.57 ±0.05

0.36 ±0.04

10

50

18

92.4 ±0.24

0.58 ±0.05

0.36 ±0.04

C CDL
[wt%]

Fe [afu]

Ni [afu]

Co [afu]

C [afu]

2.992

0.019

0.009

0.980

0.03

3.000 ±0.017

0.016 ±0.001

0.010 ±0.000

0.972 ±0.018

0.03

3.006 ±0.058

0.016 ±0.001

0.010 ±0.000

0.967 ±0.058

100.0 ±0.13

0.03

2.995 ±0.002

0.018 ±0.001

0.011 ±0.000

0.976 ±0.003

100.1 ±0.25

0.007

2.939 ±0.009

0.015 ±0.001

0.010 ±0.000

1.036 ±0.009

6.68 ±0.07

100.1 ±0.26

0.007

2.972 ±0.008

0.018 ±0.002

0.011 ±0.001

0.998 ±0.008

6.67 ±0.07

100.1 ±0.25

0.007

2.972 ±0.008

0.018 ±0.002

0.011 ±0.001

0.998 ±0.008

[7]; †C-concentration by difference; n.a.-not applicable; n.r.-not reported; n-number of analyses; C CDL-detection limit for carbon [wt%]; afu-atoms per formula unit.

‡

Table 3. EMPA data of Canyon Diablo cohenite.
kV

nA

n

Fe [wt%]

Ni [wt%]

Co [wt%]

C [wt%]

Sum [wt%]

C CDL
[wt%]

Fe [afu]

Ni [afu]

Co [afu]

C [afu]

20

20

15

91.8 ±0.20

1.40 ±0.10

0.10 ±0.01

6.58 ±0.03

99.9 ±0.19

0.03

2.965 ±0.005

0.043 ±0.003

0.003 ±0.001

0.989 ±0.003

20

20

8

91.5±0.36*

1.69±0.19*

0.15±0.01*

6.55±0.05*

99.9±0.27*

0.03*

2.964±0.018*

0.049±0.009*

0.004±0.000*

0.975±0.020*

20

20

3

92.6 ±0.13

0.57 ±0.02

0.35 ±0.00

6.49 ±0.03

100.0 ±0.13

0.03

2.995 ±0.002

0.018 ±0.001

0.011 ±0.000

0.976 ±0.003

15

20

15

91.5 ±0.17

1.35 ±0.08

0.10 ±0.02

6.81 ±0.11

99.8 ±0.21

0.019

2.938 ±0.012

0.041 ±0.003

0.003 ±0.000

1.017 ±0.013

10

50

15

91.8 ±0.27

1.35 ±0.17

0.10 ±0.03

6.70 ±0.10

100.0 ±0.29

0.007

2.953 ±0.010

0.041 ±0.005

0.003 ±0.001

1.002 ±0.014

shock metamorphosed sample ASU catalog #CD34.66.165; n-number of analyses; afu-atoms per formula unit.

*
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Time-Dependent FeLβf/FeLαf Analysis of Amphiboles
Ben Buse1, Ingrid Laubscher1 and Stuart Kearns1
1.

School of Earth Sciences, University of Bristol, Bristol, UK.

Amphiboles are complex silicate minerals, with cations distributed across multiple sites. They have a
general formula; A0-1B2C5T8O22W2 and the common cations are;
A = Ca, Na, K or a vacancy
B = Na, Mg, Fe2+, Ca
C = Mg, Fe2+, Al, Fe3+, Ti
T = Si, Al, Ti
W = OH, Cl, F, O2Amphiboles occur in a variety of geological environments and at a range of pressure and temperature
conditions. This makes them ideal for use as thermometers, barometers and redox sensors.
Empirical estimates of ferric iron from mineral compositions using a knowledge of stoichiometry are
hampered in amphiboles because the A-site occupancy varies. Instead a range of permissible structural
formulae and ferric iron contents can be calculated [1].
The oxidation state of Fe in amphiboles has previously been successfully measured using a variety of
techniques: Mossbauer, wet chemistry, XANES, which is affected by crystal orientation [2], and EPMA
[3,4,5]. EPMA has the potential for high spatial resolution which is important because many amphiboles
are small and highly zoned. By analysing individual zones, a dynamic record of redox would be possible.
Enders et al. [4] applied the flank method [6] to amphiboles determining ferric/ferrous ratios to within ±
5%. To avoid beam damage, a 10 μm area was analyzed. Li [5] used a 20 μm beam to avoid beam damage.
Using the approach of Hughes et al. [7] we show that by correcting for time-dependent variation the
original redox can be successfully recovered (Figures 1), allowing analysis under analytical conditions
where the redox state is changing. This permits smaller spot sizes to be used increasing the resolution of
the technique; tests were conducted at 50 nA and spot sizes of 1, 2, and 5 μm. We have looked at a range
of amphibole compositions (Figure 2a) and examined their susceptibility to changes in Fe redox with
beam irradiation (Figure 2b). The samples oxidise to various extents during beam irradiation, with a partial
correlation with Fe content.
References:
[1] Schumacher JC, Canadian Mineralogist 35 (1997), 238.
[2] Dyar et al, Canadian Mineralogist 40 (2002), 1375.
[3] Lamb et al, American Mineralogist 97 (2012), 951.
[4] Enders et al, Contribution to Mineralogy and Petrology 140 (2000), 135.
[5] Li et al, Chemical Geology 509 (2019), 152.
[6] Hofer HE and Brey GP, American Mineralogist 92 (2007), 873.
[7] Hughes et al, American Mineralogist 103 (2018), 1473.
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Measured/Stable [FeLb/FeLa ratios]
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Figure 1. FeLβf/FeLαf measurements at 5 μm, both corrected and uncorrected for changes in redox
during beam irradiation. Measurements are compared to measurements made at stable conditions for
different amphiboles given by their Fe content.

Figure 2. (a) Range of amphibole compositions examined. Fields on plot represent the 5 main types of
amphibole classified based on their B-site occupancy. (b) Plots of time-dependent ratio (TDR) for
various amphiboles
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HyperSpy: A Python-based Toolkit for Hyperspectral Data Analysis
Nicholas W. M. Ritchie1
1.

Microanalysis Group, National Institute of Standards and Technology, Gaithersburg, MD, USA

There are many sources of hyperspectral data in electron microscopy – X-ray spectrum images,
automated particle analysis data sets, cathodoluminescence images, electron energy loss spectroscopy
datasets and electron holography to name a few. These datasets are characterized by a multi-dimensional
navigation axis and a high dimensional signal axis. For example, an X-ray spectrum image is represented
by a two-dimensional navigation axis (the row and columns of a pixelated image area) and a signal
consisting of an X-ray spectrum at each pixel. As a consequence of the high-dimensionality, these datasets
tend to be large (megabytes to gigabytes) and traditional analysis tools and approaches are often poorly
matched. Often the signal-to-noise in the individual signals is much lower than is traditionally seen in
point analyses so classical quantitative techniques struggle to provide useful analyses. So typically,
multivariate statistical techniques like principle component analysis, multivariate curve resolution and
machine learning algorithms are used instead[1].
In the EDX domain, there are many commercial products to process spectrum image data including
Bruker AutoPhase, EDAX Smart Phase Mapping, Oxford AutoPhaseMap, and ThermoFisher
COMPASS1. In the Open Source domain, there are products like FIJI[2] with extensions like the Cornell
Spectrum Imager[3], LISPIX[4] and HyperSpy[5]. HyperSpy is a unique approach in that it is built on
the robust numerical computing infrastructure around the Python scripting language taking advantage of
libraries like NumPy, SciPy, matplotlib and scikit-learn[6]. While HyperSpy is initially challenging to
learn, HyperSpy has many advantages including that it is 1) open-source; 2) scriptable; and 3) extensible.
Open Source is becoming increasingly important as scientific journals become more concerned about
replicability and reproducibility[7]. With commercial software, it is rarely possible to know how the data
is analyzed and the research community has to rely on the vendor that the software does what it is intended
to do. With Open Source software, it is always possible to examine the source code to determine exactly
how the data is being processed. The ability to script an analysis is also important for replicability. If the
authors provide a script detailing the analysis of their data, there is no ambiguity as to how the data was
processed and the same methods can be applied to subsequent data sets. Finally, extensibility allows users
to build on the work of others to develop new, innovative algorithms without having to reinvent the basic
algorithms. This produces a virtuous “snowball-effect” in which a community slowly builds a
increasingly sophisticated base of shared algorithms.
While we are only users and can take no credit for HyperSpy, we will discuss the tool and its
capabilities and present some uses for processing EDS data.
References:
[1] PG Kotula, MR Keenan and JR Michael, Microscopy & Microanalysis 9 (1) (2003), 1-17.
[2] J Schindelin et al, Nature methods 9 (7) (2012) 676-682
[3] P Cueva et al, Microscopy & Microanalysis 18 (2012), 667-675.
[4] LISPIX at https://www.nist.gov/services-resources/software/lispix
Disclaimer: Any mention of commercial products is for information purposes only; it does not imply recommendation or
endorsement by NIST.
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[7] M Wilkinson et al, Sci Data 3 (2016), 160018.
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Figure 1. An example of a high-dimensionality EDS data set processed using HyperSpy from a FIB-SEM
investigation of Ni-based superalloy. Surface reconstruction of high Ni Kα intensity in green (γ' dendrite),
high Ta Mα intensity in red (carbide precipitate) and high Hf Mα intensity in purple (oxide precipitate).[8]
Source: https://github.com/hyperspy/hyperspy-demos/blob/master/electron_microscopy/EDS/SEM_EDS_4D_visualisation.ipynb

MAS Quantitative Microanalysis 2019 TC

107

POSTERS
A Microscopic Characterization of Alkali Activated Slag
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2.
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1.

Blast furnace slag is a non-metallic byproduct generated by the production of iron and steel in a blast
furnace at temperatures in the range of 1400°-1600° C. The alkali activation of blast furnace slag has the
potential to reduce the environmental impact of cementitious materials and to be applied in geographic
zones where weather is a factor that negatively affects performance of materials based on Ordinary
Portland Cement. Alkali-activated blast furnace slag cements have been studied since the 1930s due to its
high compressive strength; they can exceed 100 MPa in 28 days. The low Ca/Si ratio in slag improves its
resistance to aggressive chemical materials such as acids, chlorides and sulphates [1, 2, 3].
Blast furnace slag is a highly heterogeneous material. It is well known that its chemical composition
affects the physical properties of the alkali activated material, however there is little work on how these
inhomogeneities affect the microstructure and pore formation. In this study we characterize slag cement
activated with KOH using scanning electron microscopy (SEM), x-ray microanalysis and quantitative
element mapping. Attention is focused on delineating the phases [4] induced by the alkali activation, as
these phases are important in determining the mechanical properties of the material. Quantitative
elemental mapping was done with Bruker Qmap software on spectrum images using standard-based
elemental quantification to show the quantitative spatial distribution of each element of interest.
Figure 1 shows the BSE image of the cement sample (top left) and quantitative mapping images for
the elements magnesium, silicon, potassium, calcium, and aluminum. The BSE image is divided into
“particles” (bright features) and “background” (nonbright features). Magnesium and aluminum show a
uniform distribution over the particles areas while potassium appears only in the background areas that
correspond to the formation of calcium aluminosilicate (C-A-S-H) where aluminum substitutes for silicon
is possibly formed. Silicon and calcium show a relatively high concentration in the particles with
concentration between 14-20 for Si and 17-25 for Ca, with much lower concentration in the background.
References:
[1] H Xu et al, ACI Materials Journal 105 (2) (2008), 131-139.
[2] C Shi, AF Jiménez and A Palomo, Cement and Concrete Research 41 (7) (2011), 750-763.
[3] R San Nicolas et al, Cement and Concrete Research 65 (2014), 41-51.
[4] N Alharbi, R Hailstone and B Varela, Microscopy & Microanalysis 23 (S1) (2017), 1094-1095.
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Figure 1. BSE image of the alkali activated slag (top left), and quantitative mapping of the elements.
Color scale in atom%.
MAS Quantitative Microanalysis 2019 TC

109

POSTERS
The Petrogeneses of KREEP Basalts
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KREEP basalts have an evolved trace element com-position (i.e., possessing elevated concentrations
of K, REE, and P, plus other incompatible trace elements - ITEs) [1]. However, paradoxically these same
basalts have relatively primitive major element chemistry [1]. This paradox led to the development of two
hypotheses for their formation, 1) KREEP basalts are endogenous melts of the lunar interior, and 2) they
are the result of 2 or more lithologies mixing together via impact melting [2,3]. By utilizing in situ major
and trace element analyses, qualitative and quantitative petrographic methods, element mapping, and the
calculation of equilibrium liquid compositions for plagioclase and pyroxene, we evaluate the petrogeneses
of the endogenous and impact-derived KREEP basalts samples 15386 (an endogenous melt) and
14160,218 (an impact melt).
Electron Probe Micro Analysis (EPMA) on the samples was conducted using a JEOL JXA-8200 at
Washington University in St. Louis, and a Cameca SX-50 Microprobe at Notre Dame. Trace elements
were analyzed using a Thermo Scientific Element 2 with a New Wave UP213 laser system at Notre
Dame’s MITERAC facility. Equilibrium liquid compositions were calculated using the trace element data
for pyroxene and plagioclase [4-7].
Equilibrium liquids (ELs) derived for plagioclase and pyroxene form three groups (Fig. 1): 1) a
LREE>>HREE liquid (greater than high-K KREEP [8]), called “über-KREEP”; 2) High-K KREEP-like;
3) LREE-depleted.
The über-KREEPy liquid and LREE depleted liquids are only found in pyroxene ELs, whereas those
of the high-K KREEP-like group are found in pyroxene and plagioclase (Fig. 1). Importantly, überKREEPy equilibrium liquids are found within the cores of low-Ca, high-Mg# pyroxene crystals, implying
that these liquids were present at the initial crystallization of these basalts. The LREE-depleted ELs are
only derived from rim/ground-mass analyses, suggesting these liquids were present during the latter stages
of crystallization.
Element maps of 14160 and 15386 show Opx with resorption rims and overgrowths of pigeonite and
augite (Fig. 2a,b). In 14160,214 the large Opx cores (uber-KREEPy EL) appear to be xenocrysts, unmelted
relict crystals. The pyroxenes with LREE depleted ELs are found as rims or within the groundmass and
are always near a phosphate (Fig. 2a,b). If a High-K KREEP-like liquid undergoes 13% fractional
crystallization of whitlockite a LREE-depleted liquid is produced (Fig. 3, partition coefficients from [9]).
Fractional crystallization modeling using a pyroxenitic source with LREE depleted or LREE-enriched
(parallel to high-K KREEP) REE profile can reproduce the über-KREEP and high-K KREEP like ELs
(Fig. 4a,b).
KREEP basalt 15386 appears to be the product of partial melting of a pyroxenitic source with a LREEdepleted or LREE-depleted like REE composition. This partial melting produced the über-KREEPy and
high-K KREEP-like liquids recorded by the pyroxenes. The late forming Fe-Pig and Augite with LREE
depleted ELs are the result of a high-K KREEP-like liquid co-crystalizing with a phosphate mineral.
Furthermore the large Opx cores with uber-KREEPy ELs from 14160,214, are relict crystals likely form
a former KREEP-basalt that was incorporated in to the impact melt.
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Figure 1. [Ce/Sm]N vs [Ce/Dy]N of pyroxenes
and plagioclase equilibrium liquids.

Figure 2. element maps of (a) 14160,214 and (b) 15386,5. Red-Fe, green-Ca, blue-Mg, yellow-P.

Figure 3. fractional crystallization
of a high-K KREEP like liquid
(14160,214 Pyx-1) of 13%
whitlockite to produce the LREEdepleted liquid composition
(14160,214 Pyx-4)
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Figure 4. Partial melting models to produce the uber-KREEP and
High-K KREEP like liquids found in 14160,214 and 15386,5
using, a, LREE-depleted source, and b, LREE-enriched source
(parallel to Hihg-K KREEP). Both sources are pyroxanites with
minor plagioclase.
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2.

Quantification of WDS stage or beam scan x-ray maps at the pixel level has recently been
demonstrated, utilizing all necessary normalizations (integration time, beam current, and dead time) and
full background, matrix and interference corrections [1]. Although quantification of EDS spectrum
images can also provide accurate quantification, especially when standards are utilized, integration of
both WDS and EDS mapping methods has not yet been demonstrated. The obvious application for
electron microprobe analysis would be to allow for characterization of trace element concentrations
(below 1%) by WDS (which has intrinsically better sensitivity and spectral resolution than EDS), while
performing quantification of major element concentrations by EDS, if only to provide an accurate
composition for the matrix correction procedures. A method that would allow the analyst to integrate
both the acquisition and the quantification of WDS x-ray maps and EDS spectrum images would have
significant advantages in reducing acquisition time in complex samples with many elements, and also to
minimize beam damage to beam sensitive samples. In fact, some have referred to this integrated WDS
and EDS x-ray spectrum image mapping goal as the “Holy Grail” of microanalysis.
The integration of WDS x-ray maps and EDS spectrum images requires synchronous acquisition of
the EDS spectrum pixels along with the WDS x-ray map pixels, by utilizing the frame, line and pixel
mapping output pulses generated by the WDS stage scan and/or beam scan mapping system on the
electron microprobe, with the external trigger input of the EDS spectrum imaging system, in order that
the x-ray intensities from both the WDS and EDS spectrometers are correlated and stored precisely and
efficiently. Once this is accomplished, the quantification of WDS x-ray maps and EDS spectrum images
can proceed, by the methods discussed above.
The actual pixel dwell times of the WDS and EDS pixels need not be exactly the same, so long as
both the WDS and EDS pixels are appropriately normalized to their respective pixel live times. For the
WDS x-ray mapping scan pixels, the pixel dwell time will be the specified pixel dwell time of the WDS
system and is fixed by the WDS scanning system, so each pixel intensity is simply divided by this fixed
pixel dwell time. And because the WDS dead time is essentially a constant for each WDS spectrometer,
the dead time correction for a given WDS detector is based on the raw x-ray intensity of that pixel. For
the EDS spectrum images, the raw net intensities need to be normalized to the actual live time of each
EDS pixel because the EDS dead time will vary as a function of count rate, which will be phase
dependent. Therefore the EDS software needs to store not only the spectrum of each pixel, but also the
live time of each pixel. In this way, the dead time of the intensities are already corrected for by the
detector electronics.
See figure 1 for an example of such an integrated WDS and EDS quantification, and also table 1
which gives the “published” concentrations for each element and the calculated average map
concentrations and variances using the following standards: nepheline for Na and Al, BaF2 for Ba,
RbTiOPO4 for Rb, SrTiO3 for Sr, magnetite for Fe, SiO2 for Si and orthoclase for K. Spectral
interferences for K on Rb and Si on Sr were also corrected for.
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Figure 1. Integrated quantification of WDS x-ray maps for Na, Ba, Sr, Rb and Fe (trace elements), with
EDS spectrum image extractions for Si, Al and K (major elements). Acquisition was 64 x 48 pixels, 100
msec per pixel, 15 keV, 26 nA on an orthoclase standard (MAD-10).
Table 2.
Si
Published
Average
Variance

Al
30.28
29.82
0.945

K
8.84
8.41
0.7

12.86
13.17
1.17
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Fe
1.461
1.347
0.558

Na
0.675
0.722
0.25

Ba
0.054
0.058
0.171

Sr
n.a.
0.01
0.17

Rb
0.027
0.166
0.171

O (calc.) Total
45.798 100.009
98.53
3.21
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And Now for Something Completely Different: A Probe Potpourri
John Fournelle1
1.

Department of Geoscience, University of Wisconsin, Madison, WI, USA

Life in the electron microprobe lab is never dull…it can be tense (why are the damn totals 102 wt%)
and it can be dramatic (why did the damn water pipe decide to burst over the top of the probe?)…
1. Polishing Dilemma: The Soft Thing Inside of a Hard Thing: How do you polish a relatively soft
25x40 micron inclusion (ferropericlase, Mohs hardness=5.5) in a very hard host (diamond,
hardness=10)? This problem walked in my door 3 months ago… Turns out we had been
demoing/borrowing an Hitachi IM4000Plus ion mill polisher earlier this year (to polish some clay
minerals, did a fairly decent job, but ran out of time) and knew of its potential. Unfortunately, we no
longer had it. No problem, Bob Passeri, the area Hitachi rep had access to one, so I drove the sample
down to Chicago. First try, we had a melt down (lesson: never use even a tiny drop of crystal bond
where you might end up heating and melting it). After an improved remounting (epoxy), it took ~4 hours
to achieve the stated goal, removing the grungy rough surface of the ferripericlase. Before polishing the
analytical total was ~82 wt%; after polishing, it was ~99 wt%. The process: 85° tilt; 60 minutes at 4 kV,
then 120 minutes at 5 kV (in 30 minute increments). See Figures 1 and 2.
2. Hey, my benitotite has nice colors! And so does my zircon! The light optics for viewing the
camera image on our CAMECA SXFive FE are very good (ok, excellent). And we saw living CL
whenever we chanced to accidentally scan over the benitoite we use to focus the beam and adjust the
aperture. The thought then occurred to us: why not capture the CL image seen by the camera? We
picked a zircon and played around with various settings: current—need a lot (>100 nA); several scans
were merged. The result shows not only color but spatial resolution at or below 1 micron (much better
than the image via PMT). See Figure 3.
3. When one lab's misfortune is a benefit to the rest of us: K409. (No, not the household cleaner
409). As Dale Newbury told me, it was a failed NBS standard. K411 and 412 glass reference materials
did not have sodium, so a composition with sodium was attempted—but found to be grossly
heterogenous, unlike K411-412. When I came to run the Madison EPMA lab 27 years ago, I found a
cabinet full of vials of standards, left by my predecessor Everett Glover (1918-2018). So I ended up
mounting some and saw lots of small blobs of Fe-oxide in the Na-rich aluminosilicate glass. Once
Henny Cathey and I started playing with K409 on her 8530 [1], it became clear that K409 was special:
very uniform 800 nm euhedral crystal of magnetite Fe3O4 (by EBSD). We now use K409 regularly for
aligning our SXFive FE (the uniform size and shape are great for stigmation adjustment). See Figure 4.
4. Taking the mystery out of your vacuum: RGA (Residual Gas Analyzer). Every electron probe
should have one. And they are relatively inexpensive (i.e., Stanford RGA100 ~$3800). Allows leak
checking (active and passive) and provides immediate feedback about the reasons for long pumpdowns,
providing the knowledge to modify your sample procedures (e.g. heat/bake porous samples that are full
of moisture). See if you have P10 gas leaking (Ar is the dead giveaway). And if you are lacking (or
questioning) a high vacuum gauge, here is a quantitative "second opinion" which gives all the partial
pressures. See Figure 5.
5. The Big Chill: Using a Cryo-chiller: Once you have an RGA, you understand the vacuum in your
instrument. And understand why pump down can take so long. The RGA takes out the mystery….the
culprit is good old water adsorbed to all the surfaces, cracks, crevices and vesicles in whatever you just
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stuck in the chamber. So a cold plate or cold finger is not only useful for "anti-contamination" (trapping
hydrocarbons in the vacuum chamber) but also to rapidly suck out the water in your samples, reducing
pumping delays. The RGA shows that water freezes at a chamber vacuum of 10-5 Pa at around -90°C
(and releases it when it warms up to that). Typically, cold plates use LN, which must be refilled
(although there are semi-automated refillers). Our engineer Peter Sobol developed a cryo-chiller
attachment, so that we never have to worry about LN (and someone
forgetting to refill it over a weekend). See the water pressure dive in
Figure 5.
References:
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[2] Research support from the
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Figure 1 Periclase in
diamond before ion milling.

4

Figure 2: after 3 hours of
polishing. Light microscope
images. From deep mantle
(Gu et al, 2019, submitted).
Figure 3. Zircon CL image
acquired via optical camera
on SXFive FE.
Figure 4. K409: "failed
experiment" -- 800 nm
crystals of Fe3O4 in the
glass. There are tiny glass
inclusions (dark specks) in
the crystals.
Figure 5. RGA scan on
pump down of UW
Madison SXFive FE with
cryo-chilled cold plate in
operation. As in all such
instruments,
polar
molecule water is the
defines gas pressure and
does not pump easily with
usual pumps. It remains
the dominant gas until ~
-90°C where it crash dives
and then nitrogen defines
the vacuum.
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With the advent of state-of-the-art energy dispersive x-ray detectors (EDS), rapid and economical
element characterization of geologic samples is now readily achievable at many regional analytical
facilities. When employing electron beam analyses, geologists have traditionally applied a conductive
layer to decrease charging of the samples under high vacuum (HVAC) settings. This procedure takes time,
costs money, and impacts the surface of samples. In contrast, the variable pressure (VP) method offers
an alternative approach to SEM analysis on non-conductive samples. Here, we present the results of a
series of SEM analyses on aluminosilicate glasses to compare the two methods. Although measurable
sodium loss is observed in samples with >4 wt% Na2O, our study re-evaluates the need to carbon coat
samples for routine SEM analysis of glassy material. The unfortunate loss of lighter, volatile elements
such as Na during electron beam analysis is well known (e.g., [1]). Additionally, we present results of a
preliminary study characterizing alkali loss in Na-rich glasses as a function of electron beam conditions
using the VP method.
Glass trade beads manufactured in Europe were widely traded with local peoples throughout North
America. The style and composition (both major element and hydroxyl speciation) of glass beads can be
used to trace intercontinental connections between the 16th and 20th centuries [2, 3]. Major and minor
elements, trace constituents used for coloration, and the constituent hydroxyl species are all diagnostic of
the material used to manufacture the glass. We are developing a rich database of diagnostic chemical
compositions of trade beads across North America in an on-going effort to characterize the source and
distribution of native American glass trade beads [4, 5]. These historic artifacts are often of important
cultural and spiritual significance, so minimizing damage to the sample is of high priority.
We acquired a series of 18th century glasses of French origin, including samples from their
manufacturing context in Europe and in their historic context excavated from the trade outpost at Ft.
Mackinac, Michigan. Samples were characterized for total water content and individual hydroxyl species
using infrared analysis [6]. All major and minor element measurements were made using the Thermo
Noran UltraDry energy dispersive x-ray spectrometer on a Hitachi S-3400N Scanning Electron
Microscope. Two homogeneous artifacts of French manufacturing glass with differing composition were
used to compare the HVAC and VP methods (Figure 1A and B). Accelerating voltage was held at 25kV
with a sampling deadtime at 20 ± 5% for HVAC vs VP analyses.
Compositional analyses (water content, speciation, and major & trace element composition) can be
used to distinguish the origins of North American trade beads. Elemental analyses using VP mode provide
the same results as in HVAC mode, demonstrating that supplemental conductive coatings are not required
for accurate SEM EDS analyses on aluminosilicate glasses. However, in glasses with significant Na2O
contents (> 4 wt%), spot analyses will result in observable loss of x-ray counts from Na [7].
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Figure 1. Geochemical analyses of 18th century French glass artifacts recovered from the manufacturing
site at Saint-Nicolas-des-Biefs, France show that VP (noncarbon coat) analyses replicate HVAC (with
5
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15
20 artifact (Al2O3-rich glass); B) Results for Liliane artifact
carbon
coat) analyses.
A) Results
for Marcel
HVAC
wt%
(Al2O3-poor glass). Spot analyses (hollow symbols, ~1 µm sampling dia.) and area analyses (solid
symbols, 5-10 µm sampling dia.) were all conducted at 25 kV and show one-to-one correlation for both
artifacts.
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With increasing attention being paid to micro-scale geochemical information, in-situ analytical
techniques including EPMA, LA-ICP-MS and SIMS are being further developed. The detailed isotopic
and elemental variations within individual complexly zoned grains can reveal fine-scale mineral growth
details and provide insights into regional tectonic evolution. Despite the capability of LA-ICP-MS and
SIMS in obtaining both isotopic and elemental compositions with high-precision and accuracy (esp.
SIMS), such techniques are restricted by their large analytical beam size (i.e., 10-60μm). Consequently,
if thin rims or tiny zones (<5μm) are present in chronologically and petrologically significant minerals
(Figure 1), such techniques are not optimal to use. EPMA, though basically used for major element
analysis, has recently been developed for trace elements analyses [1]-[3]. One superior advantage of
EPMA is its exceptional high spatial resolution down to sub-micron scale. The Cameca SXFive field
emission (FE) EPMA recently installed at University of Florida has a high beam current density source
and excellent stability [4], which provides unprecedented potential for minor and trace element analyses.
Our goals are to develop protocols for high-precision, high-accuracy EPMA minor and trace elements
analyses with high spatial resolution to address various geologic problems.
In order to explore the potentials of EPMA precision and spatial resolution, different parameters (i.e.,
beam current, counting time, spectrometers integration and beam size) were tested on U-Th-Pb and Ti in
monazite, zircon and quartz. Results indicate that a focused beam (beam size at 100nm, i.e., 0.1μm) has
almost the same precision (detection limits) compared to 1-5 μm beam size (Figure 2). Generally, under
15kV, a focused beam could generate a 1-5 μm dimension interactive volume depending on the beam
current that is applied (i.e., 200nA to 600nA). With 200nA, the 1μm spatial resolution is sufficiently
high to analyze thin rims or tiny zones in minerals (<5μm). Under such spatial resolution, low detection
limits (i.e., better precision) of Th, U and Pb in monazite and Ti in zircon/quartz have also been reached
(Figure 2). Our results indicate that higher beam current, longer counting time, and multiple
spectrometers integration on a single element can significantly lower the detection limits. However, the
detection limits cannot be infinitely improved due to the presence of high backgrounds. Under 15kV,
510nA, and 480s peak counting with a focused beam, the detection limits of U, Th, and Pb in monazite
are 95-120 ppm, 45-90 ppm, and 50-55ppm, respectively. For Ti in zircon/quartz, under 15kV, 340nA,
600s peak counting, with three spectrometers simultaneously collecting, its detection limits reach 6 ppm
(Figure 2). The detection limits can be further improved if lower backgrounds can be attained.
The accuracy of EPMA data under high spatial resolution is crucial. Traditional EPMA background
acquisition (two-point linear interpolation) for major elements generally does not work for minor or
trace element analyses in that the latter have extremely low peak to background ratios (P/B) and are
often interfered with by surrounding elemental peaks. In this study, we analyzed the Moacyr monazite
standard to evaluate data accuracy. Using the traditional background acquisition method, we obtained
consistent Th contents, but overestimated U and underestimated Pb contents (Figure 3). However, the
data is significantly improved when the detailed WDS scan [5] and two-point auto-exponential
regression were applied (Figure 3), though U was still overestimated. Further improvements were made
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when the Savitsky-Golay (S-G) noise filtered and range exponentially modelled background rates were
used to correct the data (Figure 3). The resultant weighted mean U-Th-Pb age is 475 ± 22 Ma (with
several single ages at 500 Ma), statistically younger than the reference 506 ± 2 Ma. Considering the
existing peak interferences of Y Lγ2,3 and Th Mζ1,2 on Pb Mα, and the interferences of Th Mγ, Th M5P3
and Th M3N4 on U Mβ, further accuracy improvements on Pb and U can be reached if interference
corrections are made. Furthermore, the built-in “Matrix Definition and Stoichiometry” analysis mode in
EPMA software can also help improve the data accuracy by making the matrix correction. Therefore,
Cameca SXFive FE EPMA is promising to obtain accurate minor and trace elements concentrations [6].
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Figure 1. EPMA X-ray maps
on monazite from Damara
Orogen. Both show seven
generations of growth (G1-G7),
where the rims are very thin
(<5μm), and the internal zones
are also tiny.
Figure 2. The detection
limits of Pb in monazite and
Ti in zircon/quartz. Different
parameters were tested. “0.1
μm” means a focused beam;
“sp” or “mp” means single
or multiple spectrometers.

Figure 3. The accuracy improvements of monazite U-Th-Pb analyses using detailed WDS scan, S-G
filtering and exponential background modeling.
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Imaging of Granitic Textures in Three-Dimensions: Using X-ray Diffraction Contrast
Tomography Paired with Energy-Dispersive Automated Mineralogy for Textural
Characterization in the Mount Rosa Granite, Pikes Peak Batholith, Colorado
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The petrogenesis of the Pikes Peak batholith and the associated late-stage plutons has been a
discussion amongst researchers to resolve the occurrence of two series of plutons, potassic and sodic,
differing in ferromagnesian mineralogy and select major and trace element abundances and ratios [1, 2, 3,
4]. The Mount Rosa complex is characterized as a late-stage sodic pluton in the southeastern portion of
the batholith along the Colorado Front Range [1]. Emplacement of the complex resulted in a diverse
lithology from peraluminous to peralkaline granitic rocks with several associated minor rock types [5].
The most recent proposed genetic model for the Mount Rosa complex and other sodic plutons suggests
that the granitic magma is a product of extensive fractionation of mantle-derived basaltic magmas with no
significant influence of crustal anatexis, based on the trace element and Nd isotopic studies [3, 4, 6].
Recent studies on the lithologic units of the Mount Rosa complex revealed the Mount Rosa granite to
be the most complex in terms of petrogenesis within the complex [6]. Mineralogy of the Mount Rosa
granite reflects a sodic granite largely composed of albite, quartz, Na-Fe-amphibole and pyroxenes, with
minor amounts of biotite, zircon, astrophyllite, fluorite, and Fe-Ti minerals [5]. The abundance and
textures of the occurring mineralogy is highly variable in outcrops of the Mount Rosa granite. This study
aims to provide a textural analysis of the Mount Rosa granite which is currently lacking and explore the
connection between the granitic textures, and mineralogy and melt chemistry.
Heterogeneity in grain size and textures are observed most noticeably in the Na-Fe amphiboles, in
general heavily present in the Mount Rosa granite. The textural habit and size of the amphiboles are
consequently used in characterizing the different textural facies, which are mineralogically similar with
respect to the predominant mineralogy [6]. Abrupt, irregular contacts between the different facies (Figure
1) are seen in many outcrops, yet gradational contacts are not uncommon, and the occurrence of the
outcropping Mount Rosa granite is highly variable, observed as sill-like bodies, dikes, and enclaves of
one textural facies enveloped in another [6].
While the general petrogenesis of the Mount Rosa Complex has been previously proposed and
described in detail [6], the Mount Rosa granite proved to be more complex than the surrounding rock units
and other sodic late-stage plutons. Field observations of the Mount Rosa granite revealed contacts between
different rock units and granitic textures to be rather irregular and over a relatively small scale, leading to
small enclaves within the granite (Figure 1). The irregularity of the contacts do not support the proposed
concept [1, 4, 5] of intrusion of the Mount Rosa peralkaline parental melt into the previously emplaced
peraluminous Pikes Peak granite.
A detailed textural study using X-ray diffraction and nondestructive diffraction contrast tomography
(DCT) providing direct 3D crystallographic grain reconstructions allows to quantitatively describe textural
varieties and combine that information with quantitative automated mineralogy. The combination of these
powerful techniques allow us to better understand the formation and crystallization of a complex intrusive
center such as the Mount Rosa Complex.
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Figure 1. Field photographs of contact relationships between the varying Mount Rosa granite textural
facies [6]: A) typical oikocrystic granite displaying local heterogeneity, B) sharp contact between Mount
Rosa facies with heterogeneous amphibole distribution, C) enclave of Pikes Peak granite within the Mount
Rosa granite
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Advances in Mapping Data That Now Include AI, Machine Learning, Neural
Networks and Deep Learning - High Speed Cluster Analysis (HSCA)
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Data that can be collected and extracted from EDS &/or WDS maps has continued to evolve over the
last few decades. The original form of X-ray mapping was to collect an “analog dot map” on the recording
CRT of the SEM or EPMA onto Polaroid film. This was one element at a time, took a very long time, no
“overlay” was possible and the maps lost any of the data associated with the collection. The next step
forward in the mid-1980s was the implementation of digital X-ray maps. The systems could collect a
limited number of X-ray maps simultaneously, as ROI intensity maps. These maps could be collected and
displayed simultaneously but there was no ZAF correction or background subtraction available, and
limited post processing. They were just ROI maps and like prior maps, all of the numerical data associated
with the collection was not retained. The next forward step was the ability to collect maps with
hyperspectral data (a full spectrum at every pixel). This allowed ZAF Correction and background removal
of the map data. This also allowed the addition of a “missed” element to be added (or removed from the
display) after the acquisition (at least from the EDS side). These maps could also could be turned into
RGB overlays with transparency adjustments and overlays on the BSE or SE image. This was the early,
crude form of “Phase Mapping”.
With all of the data stored one could now create binary or tertiary phase scatter plots by manually
selecting the elements of interest, but it was limited to no more than three elements. If the sample contained
complex phases with the same elements this was a very subjective phase map. However, this step was a
major advance to just RGB overlays. The next step came with increased PC computing power and speed,
and allowed all of the elements in the data set to be expressed as a scatter plot. This still required manual
selection of the area in the scatter plot to be displayed. The next advance was the ability of the software
to automatically assess the data, create the scatter plots and create the phase maps with JEOLs “Phase
Map Maker” software. Even with this relatively advanced software there was an inherent lack of being
able to distinguish complex phases with the same suite of elements with only a trace or minor elemental
differences.
The next step is High Speed Cluster Analysis (HSCA) software that applies 1) Artificial Intelligence
which is the ability of the software to use “intelligence” rather than just carrying out calculations specified
by the programmer, 2) Machine Learning in which an algorithm in the software “learns” to make
predictions and classifications from the data, 3) Neural Networks in which the software takes a “human
like” learning approach where the algorithms process the data via interconnected nodes or “artificial
neurons”, and 4) Deep Learning which is a form of machine learning that uses network of many iterations
of computation allowing the software to more powerfully analyze, sort and classify the data. These steps
are the basis for how the software can recognize and create phase maps of only slightly variant phases.
HSCA software uses machine learning technology using a neural network such as deep learning has
made enormous progress in recent years. It's the ability of the neural network to obtain solutions
automatically with near human insight. It's possible to apply this capability to search for phases in EPMA
WDS and EDS map data. Until recently, this technique used statistical analysis and principle component
analysis (PCA) for samples with a small data set or a sample with simple components. But, when a sample
or analysis becomes more complicated with: complicated microstructures, trace elements, a lot of
dimensions, or a large amount of data, this method is not applicable. Complex samples required human
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judgement and a more detailed sample knowledge to determine the presence of a particular phase. It's now
possible to apply this judgement (this “human’s sense”) to machine learning with neural networks. When
using neural networks, the problem is how to get reproducibility and an acceptable confidence threshold.
To solve these problems, the high-speed cluster analyses (HSCA) using the hierarchy cluster analyses
(HCA) [1], which is a classic method, and self-organization method (SOM) [2], which is mechanical
learning by neural networks, has been developed as part of this research.
HSCA is an automatic phase analysis utilizing "unsupervised learning" for EPMA map data.
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Figure 1. Analog Dot Maps, Digital Dot Maps RGB Overlay, Phase Map with Tertiary Scatter Plots.

Figure 2. An example of Phase Maker Software using Principle Component Analysis (PCA).

Figure 3. HSCA Created Phase Maps and Scatter Plots showing more phases than PCA.
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The field emission electron gun, whose use was introduced in the electron probe microanalysis
(EPMA) realm over the last decade, allows the generation of an electron beam with a diameter down to
only ~10 nm under optimal voltage and very low beam current. As a consequence, electron images such
as secondary electron images (SE) or backscattered electron images (BSE) have an edge resolution as
small as ten or so nanometers. Edge resolution is defined as the capability to distinguish two adjacent
features, based upon difference in signal intensity (e.g. 84% - 16%). This also allows the determination of
the electron beam diameter as described in [1]: the beam diameter corresponds to the distance over which
some percentage change in signal intensity occurs in a scan over a sharp edge between two features. For
example, Figure 1a represents the SE image of a hexagonal Fe2O3 crystal in NIST glass K409 (described
and characterized in [2]). The image was acquired at 15 kV and 20 nA. For the line crossing the interface
in Figure 1a, the associated signal intensity values are plotted in Figure 1b. The experimental curve can
be well fitted with an error function and thus the beam diameter can be determined by calculating the
distance from which the signal rise from either 10 to 90%, 16 to 84%, or 25 to 75%. According to the
2003 publication of the International Organization for Standardization [3], the recommended interval is
the intermediate 16-84% rise. In our example, this corresponds to a beam diameter of 118 nm.
However, improving the image resolution does not drastically improve the EPMA analytical
resolution. Indeed, the latter is mainly governed by the electron beam accelerating voltage rather than the
beam size, except when these two are of the same dimensions. Thus, decreasing the beam accelerating
voltage from the traditional 15 kV to 6-8 kV reduces the electron interaction volume by a factor of 2 to 3,
depending on the material. It is important to distinguish the electron interaction volume and the X-ray
generation volume, which is different for each element of the material and each characteristic X-ray. This
X-ray generation volume or analytical volume, that encompasses primary and secondary fluorescence,
depends of the composition of the material analyzed, the material density, the X-ray line studied and the
electron beam energy or more precisely the overvoltage. This is of primary importance when analyzing
inhomogeneous samples such as diffusion profiles, diffusion couples or inclusions.
An accurate way to evaluate the analytical resolution is to perform Monte Carlo simulations. For
example, in the case of an inclusion embedded in the matrix, by assuming the geometry of the inclusion
being a defined shape (e.g. hemisphere), the analytical resolution for a given element and characteristic
X-ray can be determined by varying the diameter of the inclusion and recording the X-rays intensity. We
have developed a software program, WISC-Resolution, to determine the lateral analytical spatial
resolution of particle/inclusion systems, using a simple graphical interface to the powerful PENEPMA
Monte Carlo code [4]. Particle, matrix composition and beam kV are defined by the user, for a range of
sizes of inclusions (Fig. 3). As many parallel simulations as there are processors on the computer can be
run in parallel. Depending on the materials simulated and the X-ray lines studied, simulations can take
some time (hours) to reach desired tight statistical precision (e.g. 1%) but immediate output is shown and
updated every minute, useful to quickly observe preliminary data.
As an example, the program was tested on one published set of data [5], where small Cu-Mg-Pd
precipitates in a Mg-Pd matrix were measured at 6 kV. In this example, the calculated analytical resolution,
i.e. the radius of the smallest quantifiable precipitate, for all three measured X-ray lines (Mg Kα, 1.254
keV; Pd Lα, 2.838 keV; Cu Lα, 0.928 keV) is about ~0.35-0.4 µm. As shown in Figure 2, the simulated
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results match well the experimental data. The program is available to interested parties. Another “what if”
example is the determination of the smallest inclusion of MgSiO3 measurable in majorite
(Mg16.65Al3.7Fe15.3Si20.52O43.84 wt%) at 5 kV with a 60 nm diameter electron beam. As seen on
Figure 3, the X-ray intensity of large enough inclusions does not vary, but, when the inclusion size
decreases, the X-ray intensity drops because part of the primary electrons travel outside the inclusion. The
analytical resolution can be defined as the inclusion diameter for which the X-ray intensity reaches 99%
of the maximum plateau value [1]. Inclusions with a radius >175 nm give a Si Kα intensity equal to the
intensity measured on pure bulk MgSiO3, indicating that the Si Kα intensity from the majorite matrix is
negligible. However, by looking at the Mg Kα intensity, a 175 nm radius inclusion may not be large
enough to avoid contribution by the surrounding matrix. Also, the Fe Lα intensity from the majorite is not
negligible with this inclusion size and can lead to misidentification of elements in the inclusion and thus
to wrong quantification. Thus, the radius of the smallest inclusion safely measurable is ~200 nm.
References:
[1] I Barkshire et al, Microchimica Acta 132 (2000), 113.
[2] J Fournelle et al, IOP Conf. Series: Materials Science and Engineering 109 (2016).
[3] International Organization for Standardization, ISO 14594 (2003).
[4] L Llovet and F Salvat, Microsc. Microanal. 23 (2017), 634.
[5] C Hombourger and M Outrequin, Microscopy Today 21 (03) (2013), 10.
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Figure 1. SE image used to determine the edge resolution at 15 kV and 20 nA along the red
line. The rise of the signal from 16% to 84% gives a beam diameter of 118 nm.

Figure 2. Monte Carlo simulations of
hemispherical Cu-Mg-Pd precipitates in MgPd matrix.
MAS Quantitative Microanalysis 2019 TC

Figure 3. Monte Carlo simulations of
characteristic X-rays emitted from MgSiO3
inclusions in majorite.
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Reference materials and standards (RMS) are essential when performing quantitative electron beam
microanalysis. Necessary for instrumental calibration, data quality assurance, interlaboratory
comparability, and long-term checks on instrumental stability, good RMS should be chemically
homogeneous at the scale of analysis, chemically stable and resistant to degradation over time, easily
mounted and polished, readily available to all microbeam labs, and these materials should have accurate,
independently verified reference compositions. Unfortunately, materials meeting these criteria are
difficult and expensive to produce [1], and therefore labs are often forced to rely on materials that may
be inhomogeneous, poorly characterized, difficult to procure, or easily degraded by time, oxidation or
beam damage. Knowledge about the quality of reference materials is often difficult to obtain, and this
information is frequently disseminated informally between analysts, while systematic compilations and
evaluations of RMS, e.g. [2], are relatively rare.
The Focused Interest Group on Microanalytical Standards (FIGMAS) was founded in 2015 as a
joint Microanalytical Society and Microscopy Society of America project to catalog existing RMS
currently in use by the analytical community, and to facilitate the development of new RMS to fill gaps
in labs’ existing suites of RMS. To this end FIGMAS has created an online database [3] of over a
hundred RMS (Figure 1); this database is by no means complete, and new materials continue to be
added. This database can be edited by FIGMAS members, and members are encouraged to create entries
both for RMS not listed in the database, and for RMS that are currently listed but may have alternate
reference compositions depending on source, lot, and reference. Database entries for a given RMS
contain not only the reference compositions, but relevant metadata such as representative EDS spectra,
sources for obtaining the material, citations for the source of the reference values, and information on
homogeneity and impurities (Figure 2).
The goal of the FIGMAS database is to widely and systematically disseminate information about
RMS to the analytical community. To succeed, the database needs contributions from FIGMAS
members, filling in gaps in the existing collection. The authors thank members of the community who
generously donated their time and information, and hope that new analysts will continue to contribute to
this effort in the future.
References:
[1] RB Marinenko, J. Res. Nat. Inst. Stand. Tech 107 (2002), 687-691.
[2] JS Huebner and ME Woodruff, USGS Open File Report 85-178 (1981), 234 p.
[3] “FIGMAS – Home,” https://figmas.org (accessed May 10, 2019).
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Figure 1: Overview of the FIGMAS standard database.

Figure 2: Entry in the FIGMAS standard database showing the composition of a reference material, as
well as relevant metadata.
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Accessory minerals which include tourmaline, apatite, gahnite and garnet are important in
delineating the petrogenesis of pegmatites. Mineral chemistry of these mineral phases was determined to
understand the mineral species, infer pegmatite characteristics and provide previously unavailable
information on mineral chemistry of accessory minerals in pegmatites of this area.
Polished sections were prepared from twenty rock samples and examined using back-scattered
electron imagery in an attempt to detect phases with high back-scattered electron intensity. These were
subsequently analysed by means of energy dispersive X-ray spectrometry to determine chemical
composition of the phases.
Field features revealed garnet is deep red while backscattered electron images revealed an euhedral
shape with inclusions of apatite .Garnets are associated with plagioclase and schorl (figure 1 and 2);
garnet is spessartine with high concentration of SiO2, MnO, Fe2O3; Al2O3, and low concentration of
Na2O and CaO with high FeO + MgO and corresponding lower concentrations of CaO+ MnO
characteristic of muscovite class pegmatite. Tourmaline (schorl) occurs as dark elongate, euhedral
crystals which are moderately enriched in silica, with high alumina content of 36.2%, average Fe2O3 of
14.9% and low concentrations of CaO, TiO2, BaO, MnO, Na2O and MgO. On the Al-Fe-Mg plots,
tourmaline falls into the class of Fe rich quartz tourmaline rocks (hydrothermally altered granites)
indicating boron metasomatism during crystallization of the pegmatite. Gahnite occurs as a rare
accessory mineral with average concentration of 47.8; 0.6; 3.6 and 48.1% for Al2O3, MnO, Fe2O3 and
ZnO respectively. Gahnite compositions from the study fall within the igneous pegmatite field [1], [2],
[3]. The high Zn content in gahnite is characteristic of more fractionated magmas [1] and is associated
with LCT-type and Li-rich pegmatite which confirms the LCT nature of the pegmatite. Apatite is F-rich
with MnO in the 1-5wt% expected range for primary apatite [4]. It contains high average concentration
of P2O5 (39.9%), CaO (50.8%), MnO (4.48%) and F (3.45%) and itis primary in origin based on the F
content which would have been replaced by OH, Cl or carbonate in secondary apatite.
Pegmatites are LCT type pegmatites derived from moderately fractionated magmas.
References:
[1] R Batchelor and J Kinnaird, Mineralogical Magazine 48 (1984), 425-429.
[2] PG Spry and SD Scott, Canadian Mineralogist 24 (1986b), 147-163.
[3] A Heimann, P Spry and G Teale, Canadian Mineralogist 43 (2005), 601-622.
[4] D London in “Pegmatite”, The Canadian Mineralogist, Special Publication (2008), 347 p.
[5] This paper is part of the PhD research of the first author who acknowledges funding from the African
Universities Commission.
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Figure 1. Backscatter electron image of pegmatite showing plagioclase, schorl and garnet.

Figure 2. Backscatter electron image of pegmatite showing gahnite, apatite, plagioclase, mica and
columbite- tantalite group mineral.
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Electron probe microanalysis (EPMA) is a widely used analytical technique for a broad range of
applications in nuclear sciences. One main application deals with improving the safety of the nuclear
fuel cycle, by studying the chemical and physical properties of spent nuclear fuel and its fission
products, either solids, volatiles, or gases, after the irradiation [1]. Of particular interest for the nuclear
scientist is the distribution and quantity of actinides in the fuel, before and after irradiation. The fuel
types most commonly studied by EPMA are uranium oxide and Mixed Oxide Fuel (MOX) containing a
mixture of uranium and plutonium oxide. Minor actinides (Np, Am, Cm) are produced during irradiation
by neutron capture and/or alpha-decay of uranium and can be added during fuel fabrication (usually
containing the fissile material) in the case of transmutation schemes.
The mass absorption coefficient (MAC) plays a major role in the EPMA matrix correction
calculations, which account for the differences in electron transport and X-ray generation and transport
between sample and standard. Matrix correction models cannot yield accurate compositions without a
set of reliable MACs. MACs for most emitter-absorber pairs are tabulated in the literature (e.g. [2,3]).
These tabulations are based on direct measured values, theoretical calculations and, significantly,
extrapolations across Z. These tabulations, however, cannot accurately predict certain MACs, for
example those of soft-X-ray emitters (B Ka, C Ka, N Ka, …) in actinide absorbers or materials
containing a combination of actinides and light elements such as UO2 and PuO2. In addition, in most
published tables, MACs for O Ka in Am and Cm are missing.
Because of difficulties in directly measuring MACs for soft X-rays or near absorption edges, some
missing MACs have been determined indirectly by EPMA. Because the effect of X-ray absorption
eventually overcomes the increase in X-ray generation with increasing beam voltage, it is possible to
obtain the MAC by measuring and processing the variation of the X-ray intensity with increasing beam
voltage [4]. In this study, we determine the MAC of O Ka in ThO2, UO2, NpO2, and PuO2 by measuring
the X-ray intensity at various acceleration potentials using a shielded CAMECA SX100R EPMA
installed at the JRC Karlsruhe, Germany, and processing the measured intensities with the program
XMAC [5]. Measured intensities are corrected using the STRATAGEM program [5], because the
studied materials are coated with an Al layer. The thickness of the Al layer is obtained from
simultaneous EPMA measurements processed with STRATAGEM. The resulting MACs for O Ka in
Th, U, Np, and Pu will then be extrapolated for Am and Cm.
The measured MACs for O Ka in Th, U, Np, Pu, Am, and Cm will be compared with the MACs
implemented in the PAP model [6] and the tabulation by Farthing and Walker [7]. The latter MAC
database is currently used in most nuclear labs. The measured MACs are also compared with those
extracted from the Monte Carlo subroutine package PENELOPE, which are essentially based on
theoretical calculations of photoelectron cross sections covering a photon energy range from 50 eV to 1
GeV for elements with Z=1 to Z=100 [8].
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Table 1 lists the MACs for O Ka in actinide absorbers from different sources along with the results
derived from this study for U and Pu. The uncertainty of the latter is estimated to be 5 % as suggested in
[4]. The results show that the MACs for O Ka in Pu and U are significantly lower than the values
recommended by Farthing and Walker [7]. This can largely improve the quantification of O in nuclear
fuels and actinide compounds.
References:
[1] C Walker, Journal of Analytical Atomic Spectrometry 14 (1999), 447.
[2] KJF Heinrich, Proc. 11th Int. Congr. on X-Ray Optics and Microanalysis, University of Western
Ontario (1987), 67.
[3] CT Chantler et al, X-Ray Form Factor, Attenuation and Scattering Tables, version 2.1 (NIST:
Gaithersburg, MD; 2005). http://physics.nist.gov/ffast.FFAST
[4] JL Pouchou and F Pichoir in “Microbeam Analysis”, Ed. DE Newbury (San Francisco Press, San
Francisco; 1988).
[5] JL Pouchou, Microchim. Acta. Suppl 13 (1996) 39-60.
[6] JL Pouchou and F Pichoir in “Electron Probe Quantitation”, Eds. KFJ Heinrich and DE Newbury
(Plenum Press: New York; 1990), 31-75.
[7] IR Farthing and CT Walker, Heinrich’s Mass Absorption Coefficients, Technical Note: K0290140
Commission of the European Communities, JRC-ITU (1990).
[8] F Salvat, PENELOPE-2014 - A Code System for Monte Carlo Simulation of Electron and Photon
Transport Workshop Barcelona, NEA/NSC/DOC (2015) 3.
Table 1. MACs for O Ka in actinide absorbers from various sources along with the experimental MACs
(only for U and Pu) obtained in this study. Units are cm2/g.
Absorber

Z

Th
U
Np
Pu
Am
Cm

90
92
93
94
95
96

Farthing and
Walker [7]
11408
10838
10534
9784
9224
8547
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PAP [6]

PENELOPE [8]

FFAST [3]

11300
11100
9830
8530
-

10966
9947
8786
6562
4253
2201

10715
7537
-

This work
10115±505
8488 ± 424

131

POSTERS
Using Quantitative and Qualitative Analysis to Confirm Phase Identities for Large
Area EBSD Mapping of Geological Thin Sections
Bil Schneider1 and John Fournelle1
1.

University of Wisconsin-Madison, Geoscience, 1215 W Dayton Street, Madison, WI 53706, USA.

A common sample preparation technique for geologic bulk material entails polishing one side of a 30
µm thick slice of rock adhered to a glass slide called a thin section. The highly polished surface of the thin
section is amenable to Electron Backscatter Diffraction (EBSD) in the Scanning Electron Microscope
(SEM). Accelerated electrons from the SEM bombard the polished solid crystalline samples surface where
the intensity and angles and intersections of the escaping electrons produce multiple pairs of lines on a
phosphor screen called Kikuchi patterns. These patterns are compared and matched in analytic software
to known patterns for a specific crystalline material and are known as an EBSD Phase.
Some minerals, especially feldspars, have chemical constituents that vary enough to have distinct
mineralogical identities but don’t differ enough in structure to have distinct Kikuchi patterns, or, phase
identification. [1] One of the available analytical tools also on the SEM to help isolate each individual
phase is Energy Dispersive Spectrometry (EDS). This system captures characteristic X-rays emitted from
each element within a mineral or compound and displays the information in the form of a spectrum
comparing X-ray intensities to X-ray energies.
A common strategy for assigning the correct EBSD phase for an unknown element or mineral is Point
and ID EDS focusing on distinct brightness intensity difference while viewing in Backscatter Electron
(BSE) mode. By taking several EDS spectra on points in the suspected feldspar domains, a sense of
consistent spectra at many points coupled with recognizing the elements or minerals (or material) that
comprise homogenous domains within the sample assists in assigning an accurate EBSD Phase. Since
many types of feldspar can be mapped with the different feldspar phases, interpreting the comparative
ratios of elements in these collective spectra allows the experimenter to assign EBSD phases that correctly
match the composition of the area of detection.
To illustrate the point, several small EBSD maps were run on the same area of a sample using different
plagioclase feldspar phases as the Kikuchi pattern to match (Figure 1). Maps for albite, oligoclase,
bytownite, and anorthite all solved at a high rate with similar success. Point and ID EDS was used taking
five spectra from within the area that was mapped by EBSD. (See Table 1).
EDS (See Table 2) and WDS (See Table 3) were then conducted on an oligoclase standard (Emmons
FD 181 Oligoclase An 18).
Comparison of the EDS conducted on the sample to EDS and WDS taken on an oligoclase standard
demonstrates the precision added to analytic techniques including EBSD. Materials, minerals, and
crystalline structures that can be indexed using EBSD mapping are constructively authenticated by
Quantitative Analysis.
References:
[1] S McLaren and SM Reddy, Journal of Structural Geology 30 (2008) 1229.
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Figure 1. Sodium (Na) and Calcium (Ca) have an
inverse relationship on the bottom axis of the
diagram illustrating the proportions of each that are
differently named in the Plagioclase continuum.

Table 1. Spectra 1 through 5 were Point and ID EDS acquisitions made on feldspar in a geological thin
section using Oxford Instruments Aztec program. The quantifications were converted to oxide percentages
(normalized).
Spectrum
Spectrum 1
Spectrum 2
Spectrum 3
Spectrum 4
Spectrum 5
Label
O
48.40
48.43
48.38
48.36
48.21
Na
6.09
6.28
6.21
6.15
5.64
Al
12.24
12.25
12.19
12.33
12.87
Si
29.97
30.00
29.97
29.81
29.15
K
0.34
0.23
0.34
0.21
0.26
Ca
2.96
2.82
2.91
3.14
3.87
Total
100.00
100.00
100.00
100.00
100.00
Table 2. Statistical average of 9 EDS spectra taken on oligoclase standard (Emmons FD 181 Oligoclase
An 18).
Statistics
O
Na
Al
Si
K
Ca
Total
Max
48.34
6.27
12.71
29.64
0.55
3.59
100
Min
48.16
5.92
12.42
29.29
0.36
3.22
100
Average
48.22
6.04
12.54
29.43
0.42
3.39
100
Stand Dev
0.07
0.10
0.09
0.10
0.17
0.10
Table 3. Statistical average of 10 WDS spectra taken on oligoclase standard (Emmons FD 181 Oligoclase
An 18).
Statistics
O
Na
Al
Si
K
Ca
Total
48.14
6.20
12.46
29.30
0.61
3.46
100.28
Stand Dev
.717
1.23
2.78
.042
.230
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We have developed a Soft X-ray Emission Spectrometer (SXES) that is significantly different from
the conventional Rowland circle wavelength dispersive spectrometer (WDS). The SS-94000SXES is
capable of parallel x-ray detection in the ultra-soft X-ray region in the 50 eV to 210 eV range, with high
energy resolution [1,2]. Most of the characteristic X-rays in these energy ranges are based on the electron
transitions near the valence band of the element, reflecting the chemical bonding state of the material.
Such measurements are usually used with synchrotron radiation (SR). This spectrometer is compatible
with both existing EPMAs or FEG SEMs, and the soft X-ray emission spectrum with e- beam excitation
can be obtained with high energy resolution. In order to show this performance, we have measured the Si
L band emission spectrum of silicate minerals. Significant correlation was obtained between the silicate
composition and the change in the Si L band spectral shape.
The samples used for these analyses are a set of EPMA reference minerals with known compositions.
The surface was coated with evaporated, conductive carbon. In this case, the 3rd-order diffraction line of
the C K (~ 92.5 eV) largely overlaps with the Si L band (75 ~ 100 eV). The sample was repolished and
sputter coated with a thin (~ 5 nm) Au instead. A small Au N7-O5 line was observed around 81.5 eV, and
it overlapped with part of the small Si L band peak at 77 eV. However, the main peaks near 95 eV and 90
eV were little influenced with peak overlaps. These silicate samples were measured using JS50XL-grating
attached to JXA-8530FPlus Field Emission EPMA at an accelerating voltage of 2 kV, a probe current of
50 nA, and a probe diameter of about 10 μm.
Typical Si L band spectra of Quartz and Olivine obtained with the SXES are shown in Fig. 1. In this
figure, we can divide the Si L band into three parts: the high energy side peak (here referred to as region
A), the middle side peak (region B), and the low energy side peak (region C). In mineralogy, silicate
minerals can be classified to seven major groups based on the crystal structure of the silicates which is
defined by the [O]/[Si] atomic ratio in the unit cell [3]. Figure 2 shows the energy difference, ΔE, between
the peak position of region A and B, and the net peak area ratio IA/IB plotted against the [O]/[Si] atomic
ratio of the silicate minerals. Based on peak A, it is shown that as the number of oxygen atoms in the
silicate mineral increases, the ΔE value becomes smaller, while the IA/IB of the net peak area ratio becomes
larger. This is expected to be consistent with the interpretation that the valence electrons of Si shift to the
oxygen side as the coordination number of oxygen having high electro-negativity increases.
In order to verify these measurement results, the density of states (DOS) spectrum using the electronic
structure calculation was compared with the measured spectrum. The DOS spectrum of Quartz calculated
with the WIEN2k code [4], which is the synthetic spectrum of Si s-like and d-like components of valence
electrons excluding the p-like component that does not contribute to light emission is shown in Fig. 3.
This is referring to the measured peak position on region A. It is shown that region B contributes mainly
a Si s-like component, and region A contributes mainly to a Si d-like component. These peak differences
are corelate well between the measured spectrum and the calculated one. On the other hand, the net peak
area ratio of those shows opposite results between the measured data and the calculations. Further testing
is needed for this.

134

University of Minnesota - Twin Cities (MN)

POSTERS
In summary, further testing of quantum chemical calculations is necessary, but the Si L band spectral
shape of silicate minerals measured with SXES changes significantly corresponding to the O atom number
around Si atoms. It was shown that useful information could be obtained for the chemical state analysis
of silicate minerals.
References:
[1] M Terauchi et al, Journal of Electron Microscopy 61, (2012), 1-8.
[2] H Takahashi et al, IOP Conference Series: Materials Science and Engineering 109 (2016), 012017.
[3] WA Deer, RA Howie and J Zussman in “An introduction to the rock forming minerals, 2nd edition
edition”, (Longman, London; 1992)
[4] P. Blaha et al in "WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating
Crystal Properties", ed. K Schwarz (Technische Universität Wien, Austria; 2001).

A
B
C

Figure 1. Si L band spectra of silicate
minerals.

Figure 2. The energy difference, ΔE, between the
peak position between region A and B of the Si L
band, and the net peak area ratio IA / IB plotted against
the [O]/[Si] atomic ratio of the silicate minerals.

Figure 3. Calculated density of states (DOS)
spectra of Quartz.
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One challenge in the study of clay minerals is to distinguish between dioctahedral and trioctahedral
species of the same mineral family, such as between the dioctahedral smectite nontronite
(R+0.33VI(Fe3+)2IV(Si3.67Al0.33)O10(OH)2)
and
trioctahedral
smectite
saponite
2+
+
VI
+
+
+
2+
IV
(R 0.33 (Mg2.67Fe 0.33)3 (Si3.34Al0.66)4O10)(OH)2), (R = (Na + K + 1/2Ca ) in both cases). Random
powder X-ray analysis of the so-called "d060" peak can help indicate octahedral occupancy, but is of
limited use studying the details of bulk samples that mix dioctahedral and trioctahedral species [1].
In basalts from the Snake River Plain of Idaho (USA) sampled by the Project Hotspot Continental
Drilling Project at the Mountain Home AFB, precursor smectite in a transformation series from smectite
to corrensite to chlorite [2] can be either nontronite (if the basalt was subjected to deep weathering and
soil formation before burial by subsequent lava flows), or saponite (if the basalt was subjected to low
temperature hydrothermal alteration). In some cases, textural relationships suggest that both processes
have affected the same sample, leading to the potential of several different smectite phases [3]. SEM-EDS
analysis has the ability to analyze individual grains or masses of clay minerals, so a method to distinguish
nontronite from saponite by EDS analysis would help decipher the complex compositional and textural
relationships of these clays.
We propose a multiple linear regression method to determine the charge contributed per iron atom
over a series of EDS points. The method is based on the assumption that the consistent charges of other
atoms within the clay mineral structure can potentially be used to derive the iron oxidation state required
to neutralize excess charge. Using the number of atoms per structural unit, the sum of interlayer cation
charges (Ca + Na + K) was regressed on the charges contributed by the layer cations. The equation, which
initially assumes all iron is Fe2+, is:
(2𝐶𝑎 + 1𝑁𝑎 + 1𝐾) = β- + β. (𝑆𝑖) + 𝛽2 (𝑀𝑔) + β5 6𝐴𝑙(𝑉𝐼); + β< (𝐹𝑒) (1)
The coefficients of this regression can be interpreted as the effect on the layer charge of substituting
that cation into a perfectly charge-balanced structural unit. The ideal charge contribution for each cation
is determined by the change in interlayer charge resulting from potential substitutions that occur at the
cation’s position in the structural unit.
Except for iron, all of the atoms included in the regression have only one valence in the clay structure.
Because iron has a variable charge, its coefficient can potentially be used to distinguish between
dioctahedral and trioctahedral clays. A coefficient of -1 represents the contribution of Fe2+ to a
trioctahedral structure and a coefficient of -2 represents the contribution of Fe3+ to a dioctahedral structure.
Because the regression selects the most likely value between these two groups, the iron coefficient can be
interpreted as the mean charge contribution of iron, allowing calculation of the relative percentages of
each.
Large variations in clay composition within a sample are not necessary to derive this relationship.
Because the small analysis point size of a SEM-EDS system still encompasses many structural units,
sufficient variability is created by small numbers of substitutions. More homogenous points are likely to
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produce lower standard errors and a better estimate of iron oxidation state, as long as the instrument’s
measurement area is small enough (or sensitivity to compositional changes is high enough) to show some
variation between analysis points. Additionally, only one of the iron oxidation states is required to
determine its charge because small variations in iron content are sufficient to determine its effect on the
charge of the interlayer.
The method was tested on two smectite-bearing samples from the Mountain Home core, one (W37)
from the upper smectite zone and the other (W46) from the lower smectite zone. Random powder XRD
scans indicate that the clay fraction in W37 is dominated by trioctahedral saponite, whereas W46 is a
mixture saponite and dioctahedral nontronite. Figure 1 shows a partial residual plot of the regression
results. Analysis points from both samples are tightly clustered and are distinct over the majority of the
range. The sample from the upper smectite zone (W37) is almost entirely composed of trioctahedral
saponite. The sample from the lower smectite zone (W46) shows a mixed composition of approximately
60% saponite and 40% nontronite. The sample from this depth is highly altered, which these results
suggest may be the result of both weathering and hydrothermal processes.[4]
References:
[1] D Moore and RC Reynolds Jr in "X-ray Diffraction and the Identification and Analysis of Clay
Minerals", (Oxford Univ. Press, Oxford, UK; 1989), 223-224.
[2] JR Walker and J Wheeler, Clay Minerals 51 (2016), 691-696.
[3] DR Otto and JR Walker, NE Section Meeting Abstracts, Geol. Soc. Am. (2019), #40-14.
[4] The authors acknowledge funding from Vassar College ACCAS and Dean of Studies Academic
Enrichment Fund (travel and analyses); NSF (facilities); and DOE, USAF, and ICDP (Project Hotspot,
Dr. J. Shervais, PI). Dr. G. Gerapic is thanked for SEM/EDS facilities. Dr. A. Walton provided the
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Figure 1. Partial residual plot
showing the effect of iron after
controlling for the other
variables in the regression. The
x-axis is the Fe atoms and the yaxis is β< (𝐹𝑒) + the residuals of
the complete model. The solid
lines show the boundaries of
iron
oxidation
states
representing pure dioctahedral
and trioctahedral smectite. The
dashed
lines
show
the
difference in iron charge
between the samples as well as
their 95% confidence interval.
Deviation of the point from the
dashed line represents the
residual. W37 - upper smectite
zone, W46 - lower smectite zone.
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for Reliable Martensite Identification in Steels
J. Werner1 and T.E. Weirich1
RWTH Aachen, Central Facility for Electron Microscopy (GFE), Ahornstraße 55, D-52074 Aachen,
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The determination of carbon content in martensitic steels via diffraction methods is a continuously
challenging task in materials science. Neutron and X-Ray diffraction methods provide high accuracy for
quantitative bulk analysis, but lack for spatial resolution [1]. On the other hand, EBSD in the SEM can
be used for spatial analysis but is limited to qualitative conclusions circumstantial to the sample nature,
internal strain and large grain sizes. In TEM the high spatial resolution and undistorted spot diffraction
patterns promise an alternative method for carbon content determination in fine grained martensitic
steels by exploiting the tetragonal lattice distortion above 0.5 wt- % carbon (2.2835 at-%) [2]. Therefore,
it was highly interesting to determine the limits of a commercial system (ASTAR, NanoMEGAS SPRL)
for a TEM-EBSD-like scanning beam procedure for spot diffraction pattern acquisition and subsequent
automated orientation imaging and phase mapping via the ASTAR-Software ACOM-TEM [3].
In this work, we investigated the sensitivity of ACOM-TEM towards changes in the lattice
parameters in martensitic steels. Simulations were performed for 4 low indexed zone axis orientations
(<0 1 0>, <0 1 1>, <1 1 0>, [1 1 1]) and 5 frequently observed zone axis orientations ([2 1 9], [5 4 9], [2
1 5], [1 1 5], [6 1 9]) determined from experimental data of a martensitic steel sample (Fig. 1).
Therefore, diffraction patterns of these orientations for martensite were calculated by the JEMS program
[4] with steps of 0.1 wt- % in the range of 0.5 to 2.0 wt- % carbon (1.028 to 1.092 in c/a lattice
parameter ratio). An effective camera length of 176 mm and an image resolution of 144 by 144 pixels
was chosen for the calculation in order to imitate the working conditions of the ASTAR system on a FEI
Tecnai F20 TEM. Martensite diffraction pattern templates with a misorientation of 1° between each
pattern were generated by the DiffGen-software included in the ASTAR package for the subsequent
pattern matching process.
Pattern matching between calculated patterns and templates was performed via cross correlation by
ACOM-TEM [5]. Template diffraction patterns were assigned with a correlation index Q(i) which
represents the quality of the fit. The best fits of each template were compared via phase reliability index
RP. RP describes the relation between Q(i) of the best fitting template to Q(i) of another template. Hence,
table 1 shows the number of correctly matched patterns at a camera length of 176 mm. Out of 16
possible matches 8 matches had a correct fit for the <1 1 0> crystal orientation. The maximum RP of
14.55 % was observed for <0 1 0> with 7 matches. On the contrary, only a low RP of 3.06 % was
obtained by 7 matches for the <0 1 1> orientation. Indexing results for the remaining patterns (Table 1),
based on experimental data, show only a few correct fits with low RP scores.
These data show that martensite identification is not feasible within the given measurement
parameters since the expected minimum for reliable indexing requires an RP value ≥ 15 %. However,
considerable improvement is obtainable through an increase in camera length that extends the angular
resolution of the diffraction patterns. I.e. for the <0 1 0> orientation the lowest camera length for reliable
indexing is about 700 mm [6].
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Table 1. Pattern matching results at a camera length of 176 mm
Zone axis No. of successful matches [n]
Highest RP [%]
<0 1 0>
7
14.55
<0 1 1>
7
3.06
<1 1 0>
8
10.36
[1 1 1]
1
3.36
[2 1 9]
1
2.47
[5 4 9]
3
4.9
[2 1 5]
2
3.6
[1 1 5]
0
[6 1 9]
2
6.46

Figure 1. False coloured ASTAR orientation maps for bcc iron superimposed on a corresponding
conventional TEM-bright field image of a martensitic steel FIB lamella. Zone axis orientation
information was derived from several ASTAR scans for determining the most frequent orientations listed
in table 1.
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The accurate microprobe analysis of beam-sensitive natural (e.g. tephras and pillow basalt) and
experimentally produced synthetic glasses remains to be a challenging task in petrology. The well-known
problem of Na-loss [1] and concomitant analytical overrepresentation of other elements (e.g. Si, Al) have
been addressed by many researchers and there is a general agreement that to minimize the damage, the
current densities should not exceed a value of 0.1 nA/µm2 and 0.006 nA/µm2 when the most sensitive
anhydrous and hydrated (respectively) alkalis-rich rhyolitic tephras are probed [2]. The second problem
is associated with standards and reference materials used in an analytical protocol. In many microprobe
Labs, minerals and/or elemental oxides are routinely used as calibration standards for measurements of
glasses with a different matrix. The matrix effect can be reduced by the correction of raw analyses against
certified values of glass reference of similar composition (e.g. Smithsonian Institute natural glass
standards are widely used, [3]). However, the recommended values of glass references are not always
valid for all individual fragments distributed between Labs, due to the inhomogeneity of natural glasses.
For example, in our microprobe Lab, the nearly 15 years’ usage of Smithsonian glasses as references
demonstrated a minor, but systematic and statistically significant deviation of the analyses from
recommended values (e.g. MgO in USNM 111240 VG-2, Na2O in USNM 72854 VG-568). At last, few
natural (or re-melted) glasses are heterogeneous due to the presence of quenched crystals (MPI-DING
GOR128-G komatiitic glass [4]) or spherulites (NMNH 113716-1 Indian Ocean basalt [3]).
In this study we used two major sets of MPI-DING and Smithsonian Institute glass standards in an
attempt to revise their reference values for each particular fragment of glass standard used in our Lab. All
measurements have been conducted using a CAMECA SX-100 microprobe equipped with 5 spectrometers
(two high-P and three low-P) and installed at the Institute of Mineralogy, Leibniz University of Hannover.
Data were obtained using the Peaksight 5.1 Software and a PAP correction Model. All analyses were
carried out using an acceleration voltage of 15 kV, a probe current of 10nA and a beam diameter of 12µm.
These conditions have been checked for all glass standards used for element calibration, demonstrating a
lack of sodium loss during peak counting. To further minimize the beam damage, Na, K and Si were
analyzed first, and peak count time for Na was reduced to 8 seconds. For the whole set of glasses, no peak
shift was observed for Si, Al, Na within 4 units of sin theta.
All elements have been calibrated using glass standards obtained from three providers (Table 1): SPI
Supplies (synthetic glass K-0411 (Si, Mg, Ca, Fe), MPI-DING (andesitic glass StHs6/80-G for Al and Na,
komatiitic glass GOR132-G for Cr), Smithsonian Institute (basaltic glass VG-A99 for Ti, rhyolitic glass
VG568 for K, synthetic glass Corning D for Mn and P). Element concentrations of these standards along
with analytical conditions and crystal information are summarized in Table 1.
MPI-DING glasses were utilized as references, since they have certified values for most of the major
elements [4]. For each element, the slopes of lines constructed along measured and recommended values
and obtained for the whole set of MPI-DING glasses were used to revise (a) their own compositions, and
the sets of (b) Smithsonian and (c) few internal glass standards, along with (d) the compositions of the
standards used for elemental calibrations (only valid for glass grains used in Hannover Lab). The
concentrations of some minor (Mn, P, Cr) and few major (Ti, Na) elements were also checked by LAICPMS measurements using Ca, Al and Si as internal standards.
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Applying a new glass-based calibration, we report that nearly all MPI-DING and Smithsonian tektite
and A-99 basaltic reference glasses can be reproduced within 2SD (Table 1). Our measured and MPIDING-corrected VG2 and Indian MORB Smithsonian standards have 0.4 wt% lower SiO2 and 1 wt%
higher FeO respectively, and thus need to be revised. The measured values of SiO2 in rhyolites ATHO
and VG568 are 0.6 and 0.4 wt% SiO2 lower and higher respectively (exceeding their 2SDs). The SiO2
internal rhyolite standard mm3 is also barely reproduced. Considering that the majority of MPI-DING
glasses are mafic in composition refining rhyolitic composition should be performed with caution and
require further investigation using different probe current conditions.
In Table 2, the similarity of an analysis to the preferred values (assessed by a distance function D) is
presented for our measurements conducted on MPI-DING glasses using mineral and glass standards for
calibrations and also compared with analyses performed in 14 laboratories (obtained with a defocused
beam; only 2 Labs used glasses for selected element calibrations). Table 2 clearly demonstrates that glassbased calibration strongly improves the accuracy of the glass microprobe measurements.
References:
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[2] C Hayward, The Holocene 22 (1) (2012), 119–125.
[3] E Jarosewich, Journal of Res. Nat. Inst. Stand. and Techn. (2002), 681-685.
[4] K Jochum et al, Geochemistry, Geophysics, Geosystems 7 (2006), DOI 10.1029/2005GC001060.
Table 1. Calibration standards and analytical conditions utilized in the study. 2SD range – is the range of
two standard deviations observed for the whole set of standard compositions.
Element

Si

Al

Fe

Mn

K

Ti

P

Cr

Ca

Na

Mg

StHs6/80Corning
Corning GOR132StHs6/80Standard
K-0411
K-0411
VG568
VG-A99
K-0411
K-0411
G
D
D
G
G
MPIMPIMPIProvider
SPI
SPI
Smith.I.
Smith.I.
Smith.I.
Smith.I.
SPI
SPI
DING
DING
DING
Oxide wt%
54.3
17.8
14.42
0.55
4.89
4.06
3.93
0.37
15.47
4.44
14.6
2SD range 0.4 – 0.8 0.04 – 0.3 0.1 – 0.4 0.02 – 0.1 0.02 – 0.2 0.02 – 0.1 0.04 – 0.3 0.01 -0.05 0.1 – 0.4 0.05 – 0.5 0.03 – 0.4
PET,
Crystal
TAP, SP1
LLIF, SP2
LPET, SP3
TAP, SP5
SP4
Count. time
10s
10s
8s
10s

Table 2. Intra-laboratory comparison of distance function D demonstrating the similarity of analyses to
the preferred values. (D is assessed as the Euclidean distance between analyses normalized by the standard
deviation. When D=0, there is a perfect agreement between measurement and reference values).
Standard
Range for 14
Laboratories,
Jochum et al.,
2006
B. Nash‘s glass
protocol, Lab 28
in Jochum et al.,
2006
Hannover
Mineral-based
Calibration
Hannover new
Glass-based
calibration

KL2

ML3B

STHS6/80

GOR128

GOR132

BM90/21

T1

ATHO

4.6 – 18

3 – 12

3.3 – 10.2

3.6 – 53.3

3.8 – 10.5

6.2 – 12.0

4.2 – 24.6

4.4 – 26.0

4.6

3.0

5.1

4.4

3.9

6.3

7.8

6.9

3.2

3.3

7.9

3.0

2.9

2.5
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2.9
3.0

3.3

4.1

3.7

2.8

VG2

BCR-2G

2.9

7.9

3.4

3.6
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The Composition of Chicxulub Allanite
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Naturhistorisches Museum, Burgring 7, A-1010 Vienna, Austria.

Allanite is a REE-rich epidote group mineral with complex compositional variability (e.g., [1‒2]),
which makes it a challenging target for electron microprobe analysis. To add to the challenge, we chose
to characterize the composition of allanite crystals in granitoid rocks that experienced shock pressures of
12‒17 GPa in the peak ring of the 66 Ma old, 200 km-Ø K-Pg Chicxulub impact structure [2]. Our drill
core samples were recovered by International Ocean Discovery Program (IODP) Expedition 364 [4‒5].
Using Arizona State’s JEOL JXA-8530F electron microprobe, we surveyed petrographic thin sections
of 15 samples from the 584.7 m thick Lower Peak Ring section [5]. We characterized allanite grains and
their petrographic settings with back-scattered electron images and energy-dispersive spectrometry.
Utilizing wave-length-dispersive spectrometry, 20 kV accelerating voltage, 20 nA beam current and beam
diameters of 1 to 5 µm, and peak-overlap corrections for X-ray lines of V, Sm, Gd, and Eu with Ti, Ce,
Ce and Pr, respectively, we determined the concentrations of up to 29 elements (Ti, Si, Zr, Th, U, Al, V,
La, Ce, Nd, Pr, Sm, Gd, Dy, Er, Eu, Y, P, Nb, Ba, Mg, Fe, Ca, Mn, Sr, Zn, Na,Cl, and F) in selected
allanite grains. We evaluated the stoichiometry based on 12.5 oxygen-atoms, including an estimate for
Fe2+ and Fe3+ and H2O content, following the scheme devised by [2].
Allanite occurs in granitoid rocks throughout the 584.7 m thick Lower Peak Ring section. However,
we identified large, ~50 to 1000 µm grains only between ~779 and ~1221 mbsf (meters below sea floor).
These allanite-(Ce) grains are typically associated with epidote and some of them are transected by veins
of epidote. Alteration features include cellular voids, the crystallization of thorite (ThSiO4), and
replacement with spherulitic to acicular REE hydroxyl/halogen carbonates, likely bastnäsite
[(Ce,La)(CO3)F], parisite [Ca(Ce,La)2(CO3)3F2], and/or synchysite [Ca(Ce,La)(CO3)2F],) that are only a
few µm in size; the fine-grained, spherulitic shapes of these REE carbonates may indicate growth due to
rapid heating to relatively high temperatures >200 ⁰C under hydrothermal conditions because slower
approach to supersaturation produces euhedral crystal shapes in Nd-hydroxyl carbonate [6].
Well-preserved allanite-(Ce) grains are euhedral and composed of domains with modest ThO2
concentrations <~1 wt% that are stoichiometric allanite (Table 1). However, most allanite-(Ce) grains are
compositionally zoned and domains with ThO2 > ~1.30 wt% tend to be non-stoichiometric and metamict
(Figure 1). MgO shows a moderately negative correlation with ThO2 (R2=0.46), while FeO and Fe2O3
show weak negative correlations with ThO2 (R2=0.29 and 0.25, respectively). While their alteration is
variable and apparently increased if they are located close to impact melt-rich sections in the drill core,
we found that overall, the major and minor element concentrations of large, well-preserved allanite-(Ce)
grains in the lower peak ring have grossly similar compositions.[7].
References:
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[2] T Armbruster et al, European Journal of Mineralogy 18 (2006), 551.
[3] NE Timms et al, Contributions to Mineralogy & Petrology 174 (2019), 38.
[4] JV Morgan et al, Science 354 (2016), 878.
[5] JV Morgan et al, Proceedings of the IODP 364 (2017), 176.
142

University of Minnesota - Twin Cities (MN)

POSTERS
[6] B Vallina et al, Mineralogical Magazine 78 (2014), 1391.
[7] The Chicxulub drilling expedition was funded by the IODP as Expedition 364 with co-funding from
the ICDP, implementation by the ECORD, and contributions and logistical support from the Yucatán
state government and UNAM; AW acknowledges funding from NSF grant OCE-1737087.
Table 1. Representative electron microprobe analyses of Chicxulub allanite.
Drill core sample†

SiO2

TiO2

ThO2

Al2O3

La2O3

Ce2O3

Pr2O3

Nd2O3

Sm2O3

Gd2O3

Dy2O3

Er2O3

Eu2O3

FeO*

Fe2O3*

C247_1159.99

31.7

0.79

1.56

12.62

7.24

9.10

0.50

1.28

<0.05

0.20

0.23

<0.05

<0.05

7.64

6.49

C247_1159.99

30.8

0.87

2.47

12.26

5.51

9.10

0.66

1.95

<0.05

0.15

0.33

0.06

0.08

7.96

5.34

C247_1159.99

31.3

0.57

2.21

14.13

4.84

8.39

0.78

2.07

0.09

0.14

0.14

<0.05

<0.05

6.42

7.90

C247_1159.99

31.7

1.13

0.53

14.05

5.19

10.25

0.93

3.16

0.27

0.22

0.16

0.13

<0.05

8.01

8.33

C247_1159.99

31.6

1.82

0.27

13.34

5.09

9.99

0.95

3.01

0.20

0.26

0.21

0.09

<0.05

8.24

7.68

C116_805.2

31.1

0.85

2.79

13.17

4.92

8.66

0.72

1.92

0.09

0.16

0.40

<0.05

0.06

6.96

6.15

C116_805.2

32.3

0.61

1.28

16.04

5.50

8.83

0.78

2.52

0.09

0.16

0.17

0.07

<0.05

7.30

7.05

C266_1221.125

31.5

0.54

2.30

13.71

4.05

8.78

0.92

3.38

0.37

0.27

0.30

<0.05

0.09

8.11

6.27

C266_1221.125

30.8

0.58

1.32

14.09

5.62

8.92

0.74

2.42

0.09

0.17

0.19

<0.05

0.07

6.92

8.95

†

*

sample depth in meters-below-sea-floor (mbsf); calculated from charge-balancing after stoichiometry had been calculated based on 12.5 O-atoms;

Tab. 1 ~ Continued.
MgO

CaO

MnO

SrO

V2O3

Na2O

Cl

H2O*

Totals

T
(Si+Al)

M1 (Ti+
Al+FeIII)

M2
(Al)

M3 (FeII+Mn+
V+Mg+FeIII)

A1
(Ca+Na)

A2 (REE+
Th+Ca)

0.58

13.45

0.55

0.16

<0.05

0.04

0.07

1.51

95.7

3.108

0.999

1.000

0.758

1.118

1.000

0.38

13.02

0.83

0.16

<0.05

0.04

0.07

1.46

93.5

3.115

0.937

1.000

0.803

1.121

1.000

0.43

14.37

0.31

<0.08

<0.05

0.06

0.10

1.52

95.7

3.049

1.000

1.000

0.839

1.133

1.000

0.85

12.92

0.40

<0.08

0.12

<0.03

<0.01

1.59

100.0

3.000

1.000

1.000

0.996

0.993

1.000

0.93

12.91

0.40

<0.08

0.06

<0.03

<0.02

1.58

98.6

3.000

1.000

1.000

0.995

1.004

1.000

0.29

13.08

1.10

0.43

0.08

0.22

0.43

1.40

95.0

3.085

1.000

1.000

0.783

1.133

1.000

0.73

13.32

0.35

0.09

<0.05

0.12

0.13

1.58

99.0

3.008

1.000

1.000

0.994

0.997

1.000

0.47

11.90

0.68

0.21

0.07

0.35

0.42

1.42

96.1

3.091

1.000

1.000

0.883

1.027

1.000

0.46

12.81

0.38

0.32

<0.05

0.13

0.34

1.46

96.8

3.000

1.000

1.000

0.952

1.047

1.000

Figure 1. Back-scattered electron image (BSE) and X-ray maps of allanite grain C247_1159.99 A36.
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Carbon and oxygen play a critical role in the behavior of nuclear fuel. The elements can be present in
the fuel due to fabrication processes or can be released during irradiation. Once released, carbon and
oxygen can influence fuel behavior—affecting material, chemical, mechanical, and thermal properties.
The ability to measure C and O concentration at a µm spatial scale in nuclear fuel would be of great benefit
to nuclear fuel researchers studying fuel evolution during irradiation. Measuring C and O in uraniumbased fuels using electron probe microanalysis (EPMA) is not straight-forward. One substantial difficulty
is the lack of consensus concerning the mass absorption coefficients (MACs) for O Ka and C Ka in
uranium. For example, Table 1 shows O Ka and C Ka MAC values from the Farthing and Walker [1] and
NIST [2] databases. In a case study analyzing UCO fuel, we determined that analytical differences of
nearly 40% result from choosing to use one database versus the other (Table 2). As one of the goals of
this study is to be able to determine oxygen stoichiometry and its evolution during irradiation, accurate
MACs are essential.
We have initiated an experimental campaign to determine empirically the O Ka and C Ka MACs in
uranium. To that end, UC and U3O8 were purchased from International Bio-Analytical Industries. The
materials were mounted, polished to < 1µm, and coated with 15 nm of aluminum to maintain sample
conductivity. U3O8 was prepared in duplicate. Measurements of U Mb and O Ka in U3O8 were made using
a Cameca SX100R EPMA. Five measurement locations on each U3O8 specimen were selected for
measurement and six different voltages were used for measurement at each location (7, 11, 15, 19, 23, and
27 keV). A nitrogen cold finger was used at all times to reduce carbon contamination. The O Ka intensities
for the five locations, measured at a specific accelerating voltage were averaged. Once an average intensity
had been obtained from all six accelerating voltages for a single specimen, the results were entered into
the SAMx v. 15.6 MAC calculation program [3]. The first U3O8 sample was calculated to have an O Ka
MAC in U of 7494 (0.99% relative deviation) while the second U3O8 sample was calculated to have an O
Ka MAC in U of 6954 (1.02% relative deviation).
The difference between the measured O Ka MACs in U in the two U3O8 samples is unacceptably
large. While both measured values are much closer to the NIST [2] value than the Farthing and Walker
[1] value, choosing one experimentally determined value versus the other results in O concentrations for
the point in Table 2 to be 7% different depending on which MAC is chosen. Possible sources of error
include the sample quality and its preparation.
An analogous procedure was attempted with C Ka in UC; however, using the PC2 layered dispersive
crystal, the Uvi Oiv X-ray line overlaps substantially the C Ka peak (Figure 1). Because the SAMx program
requires interference-corrected data, this interference must be deconvoluted before an appropriate MAC
can be determined. Two methods to approach this problem are under consideration. The first is to use the
PC1 crystal instead of the PC2 crystal. The d-spacing of the PC1 is half that of the PC2, thus the C Ka
intensity will be lower, but may separate more effectively from the overlapping U peak. The other method
is to ascertain the magnitude of the interference using Probe for EPMA [4], and to use interferencecorrected k-ratios, rather than intensities in the SAMx MAC calculation program.
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To help address the experimental problems that have arisen measuring the O Ka MAC, a UO2
specimen synthesized at Los Alamos National Laboratory will be obtained and tested. Likewise, a high
purity UC specimen synthesized at Oak Ridge National Laboratory will be obtained and tested once the
peak deconvolution problem has been solved.
References:
[1] IR Farthing and CT Walker in “Heinrich’s Mass Absorption Coefficients for the K, L, and M Lines”
The European Commission, Institute for Transuranium Elements, Karlsruhe (1990), report K0290140.
[2] CT Chantler et al, in “X-Ray Form Factor, Attenuation and Scattering Tables (version 2.1)” at
http://physics.nist.gov/ffast [2018, June 19]. National Institute of Standards and Technology,
Gaithersburg, MD. Originally published as CT Chantler, J. Phys. Chem. Ref. Data 29 (4) (2000), 5971048, and CT Chantler, J. Phys. Chem. Ref. Data 24 (1995), 71-643.
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Emitter/Absorber
MAC (Farthing and Walker [1])
MAC (NIST [2])
6440
1869.23
C ka in U
11100
7498.27
O ka in U
Table 1. Shows the difference in MACs for emitter/absorber pairs, C Ka in U and O Ka in U for two
different MAC databases
Sample
Using Farthing and
Using NIST MAC [2]
% difference
Analysis
Walker MAC [1]
O wt%
12.9
9.41
38
C wt%
1.49
1.07
39
U wt%
80.6
79.9
1
Table 2. Shows the impact on analysis of one point in a UCO fuel kernel on O, C and U concentrations
when different MACs are chosen.

Figure 1. Shows the magnitude and position of the Uvi Oiv X-ray line (blue) using a PC2 crystal. C Ka
(from SiC) is shown in red while C Ka from UC is shown in green. All three peaks are shown at 7, 11,
and 23 keV.
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Early Career Scholars
The MAS Early Career Scholar (ECS) is the MAS-branded category for young scientists at the
undergraduate, graduate, and post-doctoral level, and early career professionals within 2 years of
their terminal degree. Awarded ECS can receive financial reimbursement for travel and lodging
costs up to $750; receipts for travel and lodging costs will be required.
ECS support program is a co-sponsorship between the sponsoring agency such as a local MAS
Affiliated Regional Society (AReS), a university advisor or an industry supervisor, and MAS QMA
2019 TC.
ECS financial support is provided by NSF (grant NSF-EAR 1923271) for domestic ECS, and by a
combination of MAS funds and co-sponsorship for three international ECS selected by the European
Microbeam Analysis Society (EMAS: https://www.microbeamanalysis.eu), the China National
Institute of Standardization (CNIS: http://en.cnis.gov.cn), Technical Committee 38 (Microbeam
Analysis), and the Brazilian Society for Microscopy and Microanalysis (SBMM: http://
www.sbmm.org.br).

The topical conference has benefited from the contribution of the
following ECS:
•
•
•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•

Najat Alharbi (Rochester Institute of Technology)
Samuel Alpert (The American Museum of Natural History)
Naomi Barshi (University of Wisconsin - Madison)
Ben Bruck (University of Wisconsin - Madison)
Miriam Cohen (University of Puget Sound)
Karl Cronberger (University of Notre Dame)
Eeshani Godbole (University of Minnesota - Twin Cities)
Andrew Hoffman (Missouri University of Science and Technology)
Peng Jiang (University of Florida)
Benjamin Linzmeier (Northwestern University)
Kelsey Livingston (Colorado School of Mines)
Emily Mixon (University of Wisconsin - Madison)
Aurélien Moy (University of Wisconsin - Madison)
Olusegun Olisa (Paulesi / University of Ibadan)
William Schneider (University of Wisconsin - Madison)
Alexandra V. Villa (University of Wisconsin - Madison)
Philip Wiegel (Leibniz University Hannover)
Yu Yuan (McGill University)

146

University of Minnesota - Twin Cities (MN)

Early Career Scholars
...and three international ECS from IUMAS’ world!
EMAS ECS:
Jonas Werner
RWTH Aachen

CNIS (China) ECS:
Chao Li

University of Science and Technology of China

SBMM (Brazil) ECS:
Émerson Miná

Federal University of Ceará (UFC)

The attendance of the following ECS was also partially supported through the NSF grant:
•
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Jackelyn Anderson (University of Wisconsin - Eau Claire)
Ruth Aronoff (Furman University)
Melinda Bahruth (University of Delaware)
Kirkland Broadwell (Viginia Tech)
Samantha Carruthers (McGill University)
Samuel Ducanson (University of Minnesota - Duluth)
Thomas Johnson (University of California Santa Barbara)
Katherine Langfield (University of Wisconsin - Eau Claire)
Zach Michels (University of Minnesota)
Lisa NurMarini Mohd Kamal (University of Wisconsin - Madison)
Xiaofei Pu (University of Michigan)
Natalie Raia (University of Minnesota - Twin Cities)
Nelson Bralade Selekere (University of Bremen Germany)
Rachelle Turnier (University of Wisconsin - Madison)
Duabchi Vang (University of Wisconsin - Eau Claire)
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EPMA software
The following EPMA programs are discussed at QMA 2019. See the respective websites for more information
and download instructions. Please download and ensure the programs are working PRIOR to arriving at the
conference.

Casino

http://www.gel.usherbrooke.ca/casino/

The CASINO acronym has been derived from the words "monte CArlo SImulation of electroN
trajectory in sOlids". This program is a Monte Carlo simulation of electron trajectory in solid
specially designed for low beam interaction in a bulk and thin foil. This complex single
scattering Monte Carlo program is specifically designed for low energy beam interaction and
can be used to generate many of the recorded signals (X-rays and backscattered electrons) in
a scanning electron microscope. This program can also be efficiently used for all of the accelerated voltage
found on a field emission scanning electron microscope(0.1 to 30 KeV).

CalcZAF

http://epmalab.uoregon.edu/calczaf.htm

The free CalcZAF program includes the algorithms for conventional ZAF and several (z)
corrections, including the Armstrong (z) and Pouchou and Pichoir PAP and XPP algorithms.
Forward and reverse calculation of C = k * ZAF can be made, and the effect of different mass
absorption coefficients can be evaluated. CalcZAF is an important tool to use when evaluating
a new matrix composition. Coupled with the Standard program, it also includes a GUI for
rigorous Monte-Carlo modeling of arbitrary composition and sample geometries, calculation of
generated and emitted x-ray intensities, and also a fast Monte-Carlo modeling GUI for
secondary fluorescence effects at vertical boundaries in addition to modeling bulk matrix corrections.

DTSA-II

http://www.cstl.nist.gov/div837/837.02/epq/dtsa2/

NIST DTSA-II is software for simulating, quantifying and optimizing energy dispersive electronexcited x-ray microanalysis measurements. The software is freely available with source code
and runs within the Java runtime environment so it works on MS Windows, Linux, Unix and OS
X. With NIST DTSA-II, you can quantify spectra collected on most vendors EDS systems
using the highest accuracy and precision standards-based quantitative algorithms. You can
simulate realistic spectra using first principle analytical and Monte Carlo models. These
simulated spectra compare well with measured spectra in both shape and intensity. The Monte
Carlo model can simulate complex sample shapes as well as simulating secondary emission (both
characteristic and Bremsstrahlung.) Finally, tools combine quantification and simulation into a measurement
optimization tool that helps you to plan the most accurate microanalysis measurement.

Hyperspy

http://hyperspy.org

HyperSpy is an open source Python library which provides tools to facilitate the interactive data
analysis of multi-dimensional datasets that can be described as multi-dimensional arrays of a given
signal (e.g. a 2D array of spectra a.k.a spectrum image). HyperSpy aims at making it easy and
natural to apply analytical procedures that operate on an individual signal to multi-dimensional
arrays, as well as providing easy access to analytical tools that exploit the multi-dimensionality of
the dataset. Its modular structure makes it easy to add features to analyze different kinds of signals.
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PENELOPE / pyPENELOPE

http://pypenelope.sourceforge.net/

pyPENELOPE is an open-source software to facilitate the use of the Monte Carlo code
PENELOPE and its main program PENEPMA in the field of microanalysis. It consists in a
graphical user interface to setup materials, geometry, simulation parameters and position of
the detectors as well as to display the simulation’s results. An application programming
interface is also available to create a large series of simulations using object-oriented
programming and to interpret efficiently the results from these simulations.
PENELOPE (Penetration and ENErgy LOss of Positrons and Electrons) is a a general-purpose
Monte Carlo code system for the simulation of coupled electron-photon transport in arbitrary materials.
PENELOPE covers the energy range from 1 GeV down to, nominally, 50 eV. The physical
interaction models implemented in the code are based on the most reliable information available at present,
limited only by the required generality of the code. These models combine results from first-principles
calculations, semi-empirical models and evaluated data bases.
To facilitate the application of PENELOPE to microanalysis (EPMA), a dedicated main program called
PENEPMA was written to perform simulation of x-ray spectra and calculates different quantities of interest.
Photon interactions are simulated in chronological succession, allowing the calculation of x-ray fluorescence
in complex geometries. PENEPMA makes extensive use of interaction forcing (a variance-reduction
technique which artificially increases the probability of occurrence of relevant interactions) to improve the
efficiency.

GMR thin film http://xraysrv.wustl.edu/web/probe/tutorials/EPMA2016/
GMR Film is a free alternative to STRATAGem. GMR (General Motors Research) Film was written by Ralph
Waldo of the GM EPMA laboratory and is used to perform forward and reverse calculation of k and C for
stratified film samples. It includes modified versions of the Pouchou and Pichoir (z), Bastin, and Packwood
algorithms. The program runs as a console application and has been recompiled to run on 64-bit Windows
operating systems. The program includes correction for both secondary and continuum fluorescence.
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MAS Archivist Corner
Why was Castaing's EPMA Thesis Translated by Two Guys at Caltech and Funded
by the US Army?
John Fournelle1
1.

Department of Geoscience, University of Wisconsin, Madison, WI, USA.

Many of us have a copy of the English translation of Raymond Castaing’s thesis, with a cover page
showing it as a Caltech/US Army Technical Report, translated by Pol Duwez and David Wittry. In January 2011, with the assistance of the Wittry family, I spent 40 hours poring thru David Wittry’s papers
in the family basement, and others at the Caltech archives…and began to understand why the first
American "Castaing" electron probe was built at Caltech, why it is associated with the names DuMond,
Duwez and Wittry, and how the US Army paid for it.
Jesse DuMond (1892-1976), a Caltech physics professor, accepted Wittry as his student to build an
electron probe. Born in France, DuMond had worked for GE and NBS, and did a Ph.D. at Caltech on
the broadening of the Compton effect in X-rays. He realized that the X-ray intensities being studied
(using flat crystals) were too weak and so came up with two solutions: use a series (up to 50!) of small
crystals oriented properly, or bending a crystal. He opted for the first, and Johann and Cauchois used
the second approach (and thus we know of Johann not DuMond crystal geometry). How did the probe
idea occur?
Pol Duwez (1907-1984) was a Belgian material scientist. He had been a postdoc at Caltech (193335) with von Karman, and returned to Belgium, and then escaped Europe in 1940. Returning to Caltech
as unpaid researcher on high-speed deformation of solids, he then studied the metals used in the V-2
rockets. He worked on various high temperature metals – he’d learned of Ti from German intelligence
reports, and convinced the Army Ordnance Lab at Watertown to fund a study. He began teaching part
time in 1947, and started up the first XRD lab on campus. (In 1960s he’d develop metallic glasses.) At
the end of 1951, Duwez was sent to Europe by Army Ordnance to visit labs there. It was during this
trip that he ran into Andre Guinier, in an episode recounted by Wittry:
“When my research professor, Jesse W.M. Dumond suggested that I construct an ‘electronic X-ray
probe’ as part of my Ph.D. thesis, I had no idea of what he was talking about. The year was 1952.
Dumond’s friend and colleague, Pol Duwez had just returned from a trip to Europe where he had a
chance meeting with Andre Guinier on the boat train from London to Paris. Guinier told him about a
wonderful new analytical instrument that his student, Raimond Castaing, had recently developed and
Duwez asked Dumond if he had any students who might want to work on development or applications
of such an instrument. As it happened, I became that student, and this was the beginning of a long and
continuous association with Professor Castaing’s work.”
Documents in the Caltech Archive show that in mid 1952, DuMond was trying to get funds to get
Guinier to visit Caltech. This apparently wasn’t to happen for many years. And then on Oct 3, 1952 a
telegram was sent by DuMond to Duwez (in France):
DAVID WITTRY DEVELOPING CASTAING TYPE X-RAY PROBE AWARDED RESEARCH
ASSISTANTSHIP FIFTEEN HUNDRED DOLLARS BY PHYSICS DEPARTMENT STARTING
OCTOBER FIRST. WOULD APPRECIATE IF ONE OF YOUR MECHANICAL ENGINEERING
RESEARCH CONTRACTS COULD ASSUME EXPENSE OF THIS ASSISTANTSHIP SINCE MY
OWN FUNDS NOW MORE RESTRICTED BOTH IN AMOUNT AND SCOPE OF WORK. IF YOU
COULD WIRE ME WHICH OF YOUR CONTRACTS TO CHARGE SINCE DOCTOR CLARK
UNCERTAIN.
Duwez sent off an airmail letter the next day: “I am very glad that Dave was awarded the research
assistantship… I hope to be in Philadelphia on Oct 24 for the meeting of the Am Inst of Met Eng. At
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that time I will talk to both the [US Army] Ordnance and the ONR [Office of Naval Research] people
in Washington and find out the best way to obtain a sponsor for the project as soon as possible. There
should not be any serious difficulty but the red tape will take a few months. I am going to visit
Castaing this week at the ONERA [French aerospace agency] and get all the information on his new
equipment.”
DuMond would then write Duwez at his hotel in Philadelphia on Oct 13, 1952:
“[…] I am writing to enclose a roughly estimated budget which I have asked Wittry to prepare.
[…] I tend to think it would be best not to name me as supervisor of the new contract because my time
is already 100% accounted for […] Wittry is quite energetic and has attacked the problem with much
good-will. Unfortunately his academic record is not first-class either but there was and still is no other,
more promising, graduate student in Physics to put on this work. I hope he will continue to make as
good progress with the job as he has so far and that his grades will permit the Department to encourage
him to go on beyond the M.S. to the Ph.D. in which case he would have time to finish the development
of the probe for a thesis.”
David Wittry (1929-2007) was winning prizes for his scientific projects and inventions in Green
Bay, WI, by the 9th grade. From 1947-1951, he was at UW-Madison, working on a BS in Applied Math
and Mechanics – and getting a patent (#2,656,644) on a submersible toy (one of many over his whole
life). In 1947, he was in the car with his parents when there was a fatal collision and both parents died.
Summers were spent doing science internships: in 1950, Mellon Institute; 1951, Applied Physics Lab.
He drove a roadster convertible that he won in a competition out to Caltech, starting there in 1951 on a
Masters degree in Physics (MS 1953).
Duwez was successful in getting funds, and the Army Ordnance contract started July 1, 1953 –
‘with prior year’s project work without active financial support, progress very slow’ stated the 1st Technical Report in February 1954 (authorship: DuMond, Duwez and Wittry). Officially, it was Dept of Army Contract DA-04-495-Ord-463, Ord Proj. No. TB4-161A. “Work being performed under Technical
Supervision of Watertown Arsenal Laboratory. Object: Design and build an instrument in order to obtain an excessively finely focused electron beam which strikes the appropriately prepared surface of an
alloy or metal to be studied in a spot whose dimensions are of the order of 10-4 cm and to resolve and
measure the intensities of the emitted characteristic X-rays.” Wittry's budget proposal for the first year
of this project was $8223.
This is an abbreviated version of a longer account of the development of Wittry's prototype instrument (the basis of the famous ARL electron probe). If you would like a copy of the original, longer account, send a request to John Fournelle, johnf@geology.wisc.edu / Geoscience, UW, 1215 W. Dayton
St, Madison WI 53706, USA.
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