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Presenter
Presentation Notes
Good morning, today I am going to share with you some of my work from my PhD dissertation at University of Illinois working with Willy Guenthner and John Garver on better understanding how radiation damage zonation effects annealing kinetics and what that might mean for (U-Th)/He thermochronology.
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Overview • Background and Motivation

• Methods

• Results

• Implications

• Summary

Presenter
Presentation Notes
Todays talk will be fairly straight forward, starting with some background and motivation to get you thinking about why this is an important topic for us to look into as a community, going over the methods we used, showing our results, and finally talking about some of the implications of the results of this study. SO lets begin. 



Alpha-Decay Radiation Damage Annealing
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Capitani et al., 2000.

Annealing t-T: 1 hr, 1125 °C
Initial Damage: 7x10^-18 α-event/gramCrystalline Annealed
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
A key element of (U-Th)/He zircon thermochronology is radiation damage. Since alpha-decay is the largest source of radiation damage in zircon we will focus primarily on damage caused by alpha-decay.  As a community we have a fairly good grasp on how radiation damage accumulates in zircon, but not as clear of an understanding of how radiation damage is annealed. This is due in part to the fact that once a certain level of radiation damage is accumulated in the crystal, full crystallinity cannot be regained via annealing. WE see that here when comparing our image on the left of a crystalline zircon to the image on the right of annealed zircon. There are regions in the annealed zircon that as well ordered as the crystalline zircon, but that is not reflected throughout the entire annealed crystal.
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS      IMPLICATIONS        SUMMARY

1. Anisotropic Defect Annealing 
(T: <725°C)

2. Epitaxial Regrowth of 
Crystalline Remnants (T: >725°C)

3. Recrystallization of residual 
amorphous domains (T: <1025°C)

Annealing Mechanisms (Geisler et al., 2002)

Ginster et al., 2019

Presenter
Presentation Notes
Another complexity of zircon annealing is that annealing occurs by three different mechanisms based on the time and temperature of annealing, and initial radiation damage level of the crystal. These mechanisms are activated in three stages as defined by Geisler, 2002. Stage one occurs at T of 725C via anisotropic point defect annealing in partially metamict zircon. Stage two occurs at T >725C by epitaxial regrowth of crystal remnants. Stage three occurs at temperatures in excess of 1025C by recrystallization of residual amorphous domains. Recent work by Ginster et al., in 2019 developed an annealing kinetics model for zircon using homogenous zircon shards and were able to further validated the occurrence of annealing stages by parsing out the three annealing stages within their kinetic models as shown here on this Arrhenuis plot. 

Anisotropic point defect annealing is short-range order restoration. Epitaxial regrowth consumes amorphous material and restores long-range order of crystal. Final point defects and expansion along C axis caused by steps 1 and 2 
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MOTIVATION:

Do we understand the kinetics of annealing 
for different levels of radiation damage in 

zoned zircon crystals?
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
The Ginster et al annealing model was a huge advancement in our understanding of zircon annealing kinetics but left me to wonder if the kinetics could be applied to my own zircon samples. When looking at the typical igneous or metamorphic samples that we date using zircon-He thermochronology we see that most crystals show some sort of zonation of U and Th distribution and radiation damage. Which begs the question do kinetics developed for homogenous zircon apply to zoned zircon? Or anther way to think of that is, Do we understand the kinetics of annealing for different levels of radiation damage in zoned zircon crystals?



Errors Associated With Zonation
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Hourigan et al., 2005.

Thurston, Thermo 2020
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Current Models:
• ∆He concentration
• ∆Alpha-ejection 

distances

Remaining Errors:
• ∆Kinetics across zones

Presenter
Presentation Notes
We know that when we don’t account for zonation there are certain errors introduced into our zircon-He ages and thermal histories. Hourigan et al. (2005) highlighted two of the main error sources in zircon-He dating as being changes in He concentration and changes in alpha-ejection distances associated with heterogenous distribution of U and Th (ie. Errors caused by zonation). These errors can be corrected for in our current thermal history models and age calculations using an alpha-ejection correction parameter and careful crystal picking.  One remaining error that we don’t have a correction for is the changes in kinetics across Uth and Rad damage zones. We are hoping to be able to shed light on some of the intricacies that define this error source. 
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Current Annealing Kinetics (Ginster et al., 2019): 
- Homogenous zircon crystals 
- Restricted range of initial radiation damage ( FWHM: 4.9-17.9 cm-1)

This Study:
- Zircon with heterogenous U and Th distribution
- Wide range of initial radiation damage ( FWHM: 2-56 cm-1)

Thurston, Thermo 2020

MOTIVATION  AND BACKGROUND       METHODS RESULTS      IMPLICATIONS        SUMMARY

Experiment Design

Presenter
Presentation Notes
The basic plan to understand the impact of Uth and thereby radiation damage zonation on zircon annealing kinetics and as source of error in zirconHe thermochronology is to expand upon the work done by Ginster et al., in 2019 by conducting a series of annealing experiments using zircon crystals that have a range of U and Th zonation styles and to expand the range of radiation damage measured in each damage zone. 
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Raman Spectroscopy

Nasdala et al., 2005.

• Zircon has a specific Raman spectra
• Main peak is at 1008 cm-1

• As bonds are broken by alpha decay the 
signature peaks degrade:

 decrease in height
 widen
 shift to lower frequencies

• FWHM tracks changes in long range 
order of crystallinity

• Intensity tracks changes in short range 
order of crystallinity

Crystalline

Metamict

Raman Shift (cm-1)
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MOTIVATION  AND BACKGROUND       METHODS RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
We mapped radiation damage zonation and crystallinity changes due to annealing using Raman spectroscopy mapping. We can track changes in crystallinity using the FWHM of the v3sio4 peak and Raman intensity. But relied most heavily on FWHM because it tracks long range order of crystallinity.
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MOTIVATION  AND BACKGROUND       METHODS RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
The annealing experiments were run on whole zircon crystals over a range of temperatures from 700-1200C and times from 1-24 hours. A map was generated for each crystal pre and post annealing using Raman Spectroscopy. The Raman maps were analyzed for zonation distribution and radiation damage before and after annealing to determine the rate of annealing that each zone experienced under the given annealing conditions. Here is an example of how the data was generated for this study, On the left is the zircon crystal with the map grid overlain on top. Each grid point has a corresponding Raman spectra. Raman intensity data is shown on the red map. I developed a python code that converts the Raman intensity data to FWHM data for more quantitative analyses.  The Raman Intensity and FWHM maps were used to determine the overall zonation style of the mapped zircon. 
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- High-Damage Core

- High-Damage Rim

- Heterogenous Damage

- Low-Damage

OUTLINE MOTIVATION  AND BACKGROUND CHAPTER 1       CHAPTER 2      CHAPTER 3        SUMMARY
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MOTIVATION  AND BACKGROUND       METHODS RESULTS      IMPLICATIONS        SUMMARY

Zonation Types

Presenter
Presentation Notes
In total 4 zonation styles were present in the mapped zircons. First, high-damage core where we can assume UTH enriched core. High-damage rim where we have a Uth enriched rim. Heterogenous damage were there is no distinct zonation pattern. And a low-damage grain where damage is insufficient to reveal zonation patterns. 
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Annealing: 6 hours, 800 °C
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MOTIVATION  AND BACKGROUND       METHODS RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
Starting with the high-damage core zonation style, we selected this example from all the high-damage core data. WE can see that post annealing there is an increase in Raman intensity as shown by the increase in red pixels in the Raman intensity map. We also see an overall decrease in FWHM values in the FWHM map. Visually inspecting these maps allows for a good qualitative analysis, to better understand changes in damage distribution pre-and post annealing we needed to develop a more quantitative analyzes. 
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High-Damage Core
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
For quantitative analyses we generated probability density plots of the FWHM values measured both pre and post annealing. We interpret the modes of the PDP to represent the damage levels of the zones in the FWHM maps. Pre annealing there are 2 mode at 40 and 16 FWHM. Post annealing those modes have shifted to 25 and 12  respectively. We also see an additional mode post annealing at FWHM of 3. All modes show a shift to lower FWHM values, indicating an increase in crystallinity. However the higher damage mode had a much larger shift from 40 to 25 than the moderate damage mode with a shift from 16 to 12 or 3. This shows us that the rate of annealing is not constant across all zones and that the zones are annealing independently of one another. 
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High-Damage Rim
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MOTIVATION  AND BACKGROUND       METHODS      RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
In our high-damage rim samples we see a similar pattern of overall decrease in the FWHM values post-annealing, as well as the occurrence of three modes post annealing at FWHM of 4, 17, and 30. cm
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Heterogenous

Thurston, Thermo 2020

MOTIVATION  AND BACKGROUND       METHODS       RESULTS IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
In our heterogeneously zoned zircon pre-annealing the damage is heterogenous to the point where there is only one low-probability mode. There is a large shift post-annealing where we see the emergence of two dominant modes at FWHM of 2 and 14 cm. 



15

Low-Damage 
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
The low-damage zonation style is difficult to convert to FWHM due to the small initial FWHM values. Therefor we are not very confident in any results yielded from the low-damage grains. Though we do appear to see a decrease in FWHM values post annealing from 18 to 12 cm, and 12 to 9 cm. 
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Persistent Damage Modes

2-5 cm-1 10-15 cm-1 25-30 cm-1

OUTLINE MOTIVATION  AND BACKGROUND CHAPTER 1       CHAPTER 2      CHAPTER 3        SUMMARY
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
Across all zonation styles and annealing times and temperatures we see the occurrence of 3 modes post annealing at 2-5cm, 10-15 cm, and 25-30 cm FWHM. The persistence of these three modes post-annealing indicates that there are certain damage levels that are more resistant to annealing. The persistent damage slows annealing for damage at these damage levels creating a lag in annealing rate. We attribute this annealing lag to changes in the physical mechanism by which annealing occurs. 
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Homogenous modeled vs. 
Heterogenous measured:

a. Modeled and measured generally agree

b. Multimodal damage distribution is 
predicted by Ginster et a., (2019) kinetics

Thurston, Thermo 2020

MOTIVATION  AND BACKGROUND       METHODS       RESULTS IMPLICATIONS SUMMARY

Presenter
Presentation Notes
We wanted to test to see if the Ginster annealing kinetics could accurately predict the FWHM modes that we see in our measured data. SO we input the pre-annealing FWHM data into a MATLAB code that simulated the Ginster annealing kinetics and compared the measured annealing data and synthetic annealing data generated by the MatLab code, which is what you see in these graphs. The orange lines show the measured data and the blue lines show the data generated using the Ginster annealing kinetics. The measured and synthetic data generally agree. We see multimodal damage distributions post annealing in both the measured and modeled annealing results indicating that not all damage levels anneal at the same rates or as we argue via the same mechanism. The synthetic data has the poorest agreement with the measured data for the lower damage modes. This is likely the result of the Ginster kinetics over estimating the amount of annealing that occurs because they do not account for the annealing lag associated with the persistent damage modes. 
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OUTLINE MOTIVATION  AND BACKGROUND CHAPTER 1       CHAPTER 2      CHAPTER 3        SUMMARYMOTIVATION  AND BACKGROUND       METHODS       RESULTS      IMPLICATIONS SUMMARY

Presenter
Presentation Notes
Another way we can look at this data is on an Arrhenius plot. On the X axis we have temperature and on the y axis we have time. The red line represents an initial damage of 5cm FWHM, the blue is a FWHM of 15, and black is FWHM of 30. The solid lines show annealing >85% and the dashed line is annealing <85%. 
If we choose a random annealing temperature, lets say 400C, we can see that the FWHM of 5 will annealing to 85% in 10ish years, the FWHM of 15 will annealing to 85% in about 10 years as well, and the FWHM of 30 will anneal to 85% in about a year. 
Therefore, at any given temperature the 5 and 15 will take longer to anneal than the 30. 
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Summary:

1. Zones anneal independently

2. Persistent damage creates a lag in annealing rate

3. Current annealing kinetics models (Ginster et al., 2019) can be used 
for individual zones

OUTLINE MOTIVATION  AND BACKGROUND CHAPTER 1       CHAPTER 2      CHAPTER 3        SUMMARY
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MOTIVATION  AND BACKGROUND       METHODS       RESULTS      IMPLICATIONS        SUMMARY

Presenter
Presentation Notes
If you only take away three things from this talk today, I want them to be that 1: Zircon radiation damage zones annealing independently of one another, 2. Persistent damage modes post annealing Persistent damage creates a lag in annealing rate, and 3. Current annealing kinetic models can be applied to zoned zircon, just on a zone by zone basis. 
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