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Phosphate Mineralogy 101 

• Apatite (Ca5[PO4]3[F,Cl,OH]) 
• Mineral identified in terrestrial, lunar, martian, and asteroidal rocks (also in 

bones) 
• Can contain trace concentrations of REE, Th, and U 

Presenter
Presentation Notes
Why do we care about apatite and monazite?Apatite is a calcium phosphate with a halogen site. It has been identified in terrestrial, lunar, martian, and asteroidal rocks. Hydroxyapatite is also an essential part of bones.It can contain trace concentrations of Rare earth elements, Th, and U. The trace Th and U concentrations have lead to apatite being used for geochronology using SIMS.
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Phosphate Mineralogy 101 

• Apatite (Ca5[PO4]3[F,Cl,OH]) 
• Mineral identified in terrestrial, lunar, martian, and asteroidal rocks (also 

bones) 
• Can contain trace concentrations of REE, Th, and U 

• Monazite ([La,Ce,Pr,Nd,Sm,Th]PO4) 
• Rare mineral in terrestrial and lunar rocks 
• Monoclinic counterpart of the tetragonal xenotime ([HREE,Th,U)(P,Si)O4 

• LREE ore 
• Magnets 
• Hybrid car batteries 

• Th, U, and radiogenic Pb concentrations can be high enough for 
geochronology by EPMA 

Presenter
Presentation Notes
Monazite is a REE phosphate. The light REEs, which have larger ionic radii, fit into the Monazite crystal structure better than the heavy REEs.It is a rare mineral identified in terrestrial and lunar rocks.It is the monoclinic counterpart of tetragonal xenotime. Monazite has become an increasingly important mineral as the demand for REE has increased with the rise of REE magnets and their usefulness in miniaturized electronics. REEs are also used in hybrid car batteries. Monazite may contain wt% level concentrations of Th, U, and radiogenic Pb, high enough to be measured by EPMA and from which geochronoligic calculations may be done.
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Introduction 

• Considerations associated with EDS and WDS X-ray mapping 
• Minimizing the interaction volume of the electron probe 
• Collecting a statistically meaningful number of counts above background 
• Selecting the appropriate elements for mapping 
• Avoiding sample damage 

 

Presenter
Presentation Notes
Careful planning is required to generate meaningful X-ray maps using EDS or WDS.�The user must be mindful of several things such as the size of the electron probe interaction volume,collecting enough counts to generate peaks,selecting appropriate elements for mapping, especially if you have a limited number of channels,and avoiding sample damage.
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Introduction 

• Considerations associated with EDS and WDS X-ray mapping 
• Minimizing the interaction volume of the electron probe 
• Collecting a statistically meaningful number of counts above background 
• Selecting the appropriate elements for mapping 
• Avoiding sample damage 

• Confusing results may be unavoidable 
• Multiple phases with similar compositions 
• Elements that produce interfering X-ray lines 

• In same phase 
• In different phases in the mapped area 

 

Presenter
Presentation Notes
Unfortunately, confusing results may be unavoidable.Samples that contain multiple phases with similar compositions may not yield maps that successfully distinguish phases.Also, interfering X-ray lines may cause elements that are not actually present in a phase to seem to be present.
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Introduction 

• Considerations associated with EDS and WDS X-ray mapping 
• Minimizing the interaction volume of the electron probe 
• Collecting a statistically meaningful number of counts above background 
• Selecting the appropriate elements for mapping 
• Avoiding sample damage 

• Confusing results may be unavoidable 
• Multiple phases with similar compositions 
• Elements that produce interfering X-ray lines 

• In same phase 
• In different phases in the mapped area 

• Contrast enhancements and image filtering can help but do not 
eliminate the confusion 
 

Presenter
Presentation Notes
Contrast enhancements and image filtering can help to some extent but cannot eliminate the confusion.
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Presenter
Presentation Notes
Here’s a confusing example…With EDS X-ray mapping, you can make any element that you want appear to be present in your sample. Even elements that virtually do not exist in nature!Which elements are actually present?
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Presenter
Presentation Notes
Here are the elements actually present in the mapped phases.However, even after deducing which elements are present, results are still confusing.The Cl, Ti, Cu, and Th maps are confounded by interferences.
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What about spectrum-based phase mapping? 
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Presenter
Presentation Notes
What about Spectrum-Based Phase Mapping?SBPM is a method used by many analytical techniques such as FTIR and Raman.In this example, an unknown liquid sample was analyzed by Raman and searched against the spectral libraries.  It was identified as GBL, or gamma-butyrolactone.  The high percentage library match leads to the conclusion that this was potentially very pure GBL.  
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What about spectrum-based phase mapping? 

• Software compares a spectrum at each pixel with a spectral library 
• Uses a χ2 test to compare spectra 
• Requires a thorough and correct spectral library 

Presenter
Presentation Notes
SBPM methods acquire an EDS image cube and compare the spectrum at each pixel with a spectral library.A chi-squared test is used to compare spectra. If two spectra produce a chi-squared value below a critical threshold, then the two spectra statistically represent the same phase.This method requires that the user has a thorough spectral library or else spectra may be matched to an incorrect phase.Additionally, the spectral library should be acquired using the same accelerating voltage.
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What about spectrum-based phase mapping? 

Does 

= 

??? 

935,000 counts 217 counts 

Presenter
Presentation Notes
How many counts are necessary to determine that two spectra represent the same phase or different phases?Can you say that a spectrum with 200 counts represents the same phase as a spectrum with almost a million counts?What about a 500 count spectrum?What about a 10 count spectrum?We can collect data until the spectrum on the left can be successfully matched to or distinguished from the spectrum on the right.



12 Proprietary & Confidential 

What about spectrum-based phase mapping? 

Apatite (Ap) 

Monazite (Mon) High Th  
Monazite  

(HTM) 

Spectra are compared to a 
15 kV monazite spectrum 

Presenter
Presentation Notes
Here, are the results of matching spectra at 15 kV. I am matching monazite, High Th monazite, and apatite spectra of varying counts to a monazite spectrum of ~1 million counts.Note that monazite spectra when compared to monazite yield consistently low chi-squared values.Also note that, for other phases, the chi-squared value increases linearly with counts, until it reaches a maximum value.Based on spectral matching, High Th monazite is more similar to monazite than is apatite. This makes sense because High Th monazite is similar to monazite 
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What about spectrum-based phase mapping? 

Apatite (Ap) 

Monazite (Mon) High Th  
Monazite  

(HTM) 

Spectra are compared to a 
15 kV monazite spectrum 

Spectroscopy  
is done here 

Mapping 
is done here 

Presenter
Presentation Notes
Spectroscopy is done with many counts so spectra are easily distinguished; however, mapping is done with low counts.
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What about low kV spectrum-based phase mapping? 

• There is less spectrum for comparison… 

Presenter
Presentation Notes
When comparing two 5 kV spectra, there is 10 kV less spectra available for comparison!Here are a 5 kV and a 15 kV monazite spectra.The REE L-lines, present in the 15 kV spectrum, are not present in the 5 kV spectrum.
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What about low kV spectrum-based phase mapping? 

Ap 

Mon 

HTM 

Spectra are compared to 
a 5 kV monazite spectrum 

Presenter
Presentation Notes
Here, I am still matching monazite, High Th monazite, and apatite spectra of varying counts to a monazite spectrum of ~150,000 counts but at 5 kV.I included the 15 kV chi-squared plots in the same plot space for comparison.Again, monazite spectra when compared to monazite yield consistently low chi-squared values.And, for apatite and high Th monazite, the chi-squared value increases linearly with counts until it reaches a maximum value.Compared to 15 kV, the maximum chi-squared values are lower by a factor of ~10.This means that a 5 kV apatite spectrum is more similar to a 5 kV monazite spectrum than a 15 kV apatite spectrum is to a 15 kV monazite spectrum. This makes sense given that there is less spectrum available for differentiation.Using phase mapping based on spectral matching methods, would high Th monazite be distinguished from monazite? It depends on what the critical threshold is.
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What about low kV spectrum-based phase mapping? 

Ap 

Mon 

HTM 

Spectra are compared to 
a 5 kV monazite spectrum 

Spectroscopy  
is done here 

Mapping 
is done here 

Presenter
Presentation Notes
Again, spectroscopy is done with many counts so that spectra are easily distinguished; however, mapping is done with low counts.
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What about spectrum-based phase mapping? 

Thought Experiment: 
• How many counts to distinguish Apatite and HTM from Monazite? 

• At 15 kV? 
• Compared to itself, χ2

Mon = ~2.5 for all counts 
• To be distinguishable from monazite, χ2

Phase > χ2
Mon  

• χ2
Ap  ≈ 0.00354 × CountsAp 

• χ2
HTM  ≈ 0.0015 × CountsHTM +1.138 

• For χ2 = 2.5, CountsAp ≈ 700; CountsHTM ≈ 900 

Presenter
Presentation Notes
Let’s run through a quick thought experiment.�How many counts are necessary to distinguish apatite from monazite at 15 kV and 5 kV?First, let’s consider a mapping scenario done at 15 kV.When compared to itself, the chi-squared value of monazite is ~2.5 for all counts.Instead of calculating what critical threshold the chi-squared must be greater than to be distinguishable from monazite, a best-case scenario would be that the chi-squared value of the phase being compared to monazite, must be greater than the chi-squared value of monazite. Based on the linear dependence of chi-squared on the number of counts, we can calculate how many counts are necessary for the apatite and high Th monazite spectra to be distinguishable from a monazite spectrum.At 15 kV, the apatite spectrum must contain 700 counts and the high Th monazite spectrum must have 900 counts in order to be distinguishable from monazite.
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What about SBPM? 

Thought Experiment: 
• How many counts to distinguish Apatite and HTM from Monazite? 

• At 5 kV? 
• Compared to itself, χ2

Mon = ~1 for all counts 
• To be distinguishable from monazite, χ2

Phase ≥ χ2
Mon  

• χ2
Ap  ≈ 0.000557 × CountsAp 

• χ2
HTM  ≈ 0.0001 × CountsHTM +0.75 

• For χ2 = 1, CountsAp ≈ 1800; CountsHTM ≈ 2500 

Presenter
Presentation Notes
Following the same procedure for 5 kV…When compared to itself, the chi-squared value of monazite is ~1 for all counts.At 5 kV, the apatite spectrum must contain 1800 counts and the high Th monazite spectrum must have 2500 counts in order to be distinguishable from monazite.
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What about spectrum-based phase mapping? 

Thought Experiment: 
• Generate a 1024 × 768 px map 
• 100,000 counts per second 
• How long to be able to distinguish  

• At 15 kV? 
• Apatite is distinguished from monazite after 1.5 hours 
• HTM is distinguished from monazite after 2.0 hours 

• At 5 kV? 
• Apatite is distinguished from monazite after 4.0 hours 
• HTM is distinguished from monazite after 5.5 hours 

 
 

Presenter
Presentation Notes
What are the implications of this in terms of generating phase maps?If I were to acquire a map of 1024 × 768 pixels and were acquiring at 100,000 counts per second, how long, AT BEST, would it take to distinguish apatite and high Th monazite from monazite? Given the count requirements that I previously calculated, at 15 kV, apatite would be distinguished from monazite after 1.5 hours, and high Th monazite would be determined to be a discrete phase after 2 hours.At 5 kV, these phases would be distinguished after 4 and 5.5 hours, respectively.�That’s a long time.
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A Better Way 

• Elemental mapping can yield messy results 
• Spectral matching is SLOW. 

 
• Is there a better way????? 

 
• What does it take to distinguish phases at 25 counts per pixel? 

 
• Principal component analysis to the rescue! 

 
 

• Let’s look at an example… 

Presenter
Presentation Notes
We’ve established that elemental X-ray mapping and yield messy results.SBPM only works after hours of data collection and is too slow to be a practical phase mapping method.What would it take to distinguish phases based on 25 counts per pixel?The answer is principal component analysis.Let’s take a look at an example.
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Ti-Al-V Alloy 

SE Image BSE Image 

10 µm 

15 kV BSE 

Transmission of BSEs 
through overlying phases. 
Warrants low-kV mapping 

Presenter
Presentation Notes
Here’s a backscattered electron image of a monazite grain. It partially includes an apatite grain.***CLICK***At this accelerating voltage, the transmission of backscattered electrons through overlying phases is evident.In an X-ray map, pixels representing these areas would contain X-rays from multiple phases.This effect can be mitigated by imaging or mapping at lower accelerating voltages.
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Presenter
Presentation Notes
This animated gif shows backscattered images of the same area acquired at 1 kV increments between 5 kV and 25 kV. It is evident that the high Z phase is plunging down into the sample to the right.For X-ray microanalysis, it is important to know that the phase that the spot that you are analyzing, or the pixels that you are mapping, only represent one phase.
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10 µm 

5 kV BSE 15 kV 

Presenter
Presentation Notes
Back to the monazite grain, At 5kV, the silica grains are no longer partially transparent.
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10 µm 

5 kV 15 kV 
Both mapping runs were acquired for  2.5 hr 

1575 counts per px 232 counts per px 

Presenter
Presentation Notes
I acquired X-ray maps of the monazite grain at 15 and 5 kV.Both maps were acquired for 2.5 hours.Note that because fewer X-ray lines are available for mapping, different results are yielded.For example, mapping Ca K alpha readily distinguishes the apatite grain.However, Ca L alpha is strongly interfered by C K alpha.The result is basically a C map.Both the Cu K and L alpha maps contain REE interferences.And also note that there is a Th rich rim on portions of the monazite grain.Most importantly, notice that at low kV, apatite and monazite are not distinguished in the P map.If a REE or Th were not included in the mapping run, at low kV, monazite would likely be misidentified as apatite.
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Principal Component Analysis 

15 kV 

10 µm 

1575 counts per px 

Presenter
Presentation Notes
Using principal component analysis, a phase map that successfully distinguishes the three phosphates can be generated in a couple minutes.In this 15 kV phase map, monazite is yellow, apatite is gray, and high Th monazite is purple. I’ve included the 15 kV spectra of apatite in blue and monazite in red.The mauve spectrum is a calculated spectrum that represents the counts shared by both spectra.The spectra contain several peaks above 3.5 kV making them readily distinguishable. 
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Principal Component Analysis 
10 µm 

5 kV 
232 counts per px 

Presenter
Presentation Notes
The 5 kV phase map generated using PCA also distinguishes apatite from monazite in a matter of minutes even though the phases are distinguished based on significantly less spectrum.Apatite was distinguished from monazite after only 12 counts per pixel were collected!
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Principal Component Analysis 
10 µm 

5 kV 
232 counts per px 

12  
COUNTS PER 

PIXEL!!! 

12  
COUNTS PER 

PIXEL!!! 

Presenter
Presentation Notes
The 5 kV phase map generated using PCA also distinguishes apatite from monazite in a matter of minutes even though the phases are distinguished based on significantly less spectrum.Apatite was distinguished from monazite after only 12 counts per pixel were collected!
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Principal Component Analysis 

5 kV 15 kV 

10 µm 

Presenter
Presentation Notes
When compared to one another, it is evident that the silica grains overlying monazite are fully distinguished at low voltage. But overall, similar results are produced at both low and high accelerating voltages.
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5 kV 15 kV 
Principal Component Analysis 

10 µm 

5 kV 15 kV 

Presenter
Presentation Notes
We can zoom in and look at the areas of interest. Note how similar the monazite and high Th monazite spectra are even at 15 kV. At 15 kV, PCA can distinguish these monazites after a few minutes.At 5 kV, PCA can distinguish between these monazites after 125 counts per pixel!
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Conclusions 

• Principal component analysis is required for understanding and 
interpreting otherwise confusing X-ray maps 

• It provides identification of phases in a fraction of the time 
• Principal component analysis is an accepted technique in ever other 

industry 
• Delivering packages 
• Scheduling airlines 
• Credit card campaigns 
• Telemarketing  
• Remote sensing 

15 kV 

10 µm 

Presenter
Presentation Notes
Phase mapping with element maps is inherently limited.SBPM is WAY TOO SLOW!You see beautiful phase maps in advertisements or at conferences, but no one ever tells you how long it took to generate the images.PCA can clarify otherwise confusing X-ray maps and can successfully discriminate between phases in a fraction of the time of other phase mapping techniques!�People use PCA to optimize nearly every other process in the country. It is the technique of NOW… not the future.


	Spectrum-based Phase Mapping of Apatite and Zoned Monazite Grains Using PCA
	Phosphate Mineralogy 101
	Phosphate Mineralogy 101
	Introduction
	Introduction
	Introduction
	Slide Number 7
	Slide Number 8
	What about spectrum-based phase mapping?
	What about spectrum-based phase mapping?
	What about spectrum-based phase mapping?
	What about spectrum-based phase mapping?
	What about spectrum-based phase mapping?
	What about low kV spectrum-based phase mapping?
	What about low kV spectrum-based phase mapping?
	What about low kV spectrum-based phase mapping?
	What about spectrum-based phase mapping?
	What about SBPM?
	What about spectrum-based phase mapping?
	A Better Way
	Ti-Al-V Alloy
	Slide Number 22
	Slide Number 23
	Slide Number 24
	Principal Component Analysis
	Principal Component Analysis
	Principal Component Analysis
	Principal Component Analysis
	Principal Component Analysis
	Conclusions

