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3b) NanoSIMS Results
The H isotopic composition 16 of apatite grains analysed for four samples 

displaying S1 and S2 shock-deformation stages, appears invariant. Stannern and 

Millbillillie (both S2) contain apatite with both high and low H2O content and 

would, therefore, suggest that H2O content is also not linked to shock-stage. 

Brecciation, mineral fracturing, and local misorientation does not seem to affect 

the abundance or isotopic composition of the samples. As each apatite grain 

appears to be a single crystal, with fragments predominately arising from 

mechanical fracturing, shock cannot be used to explain any intra-grain variation of 

H2O seen within apatite either. It is likely, therefore, this variation is primary in 

nature.

Figure 2: Volatile content and isotopic composition of H and Cl in apatite from eucrites of 

different shock grades. Literature values from [1,12, 13, 23]  

Chlorine isotopes of 13 apatite grains in four samples also do not seem to be 

altered by shock deformation with the majority of basaltic eucrites (shock stages 

S1 and S2) having δ37Cl values ranging between ~ - 1‰ and + 3 ‰. DaG 945 is 

an obvious exception and could possibly be caused by the degassing of metal 

chlorides [1].
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Aims

• Understand deformation at the µm-scale in apatite from eucrites

• Obtain volatile isotopic data on apatite grains with analysed microstructural data

• Investigate if shock has provided pathways for preferential volatile loss and fractionation

1) Introduction
Apatite is a common phosphate mineral in planetary materials known to contain 

appreciable amounts of volatiles (F, Cl, OH) [e.g. 1-4]. As such, apatite has recently 

been of significant interest in assessing the volatile evolution of various bodies within 

the Solar System via in-situ analysis (e.g. [5-7]). Whilst these works account for the 

textural context of the apatite grain and the surrounding mineralogy, less attention has 

been given to understanding as to how the structure of grains may be influenced by 

metamorphism and shock deformation. 

Electron Backscatter Diffraction (EBSD) analyses provide structural information at the 

μm and sub-μm length scales. In extraterrestrial samples, it is largely used to interpret 

larger-scale plastic deformation [8] and shock deformation in geochronometers such 

as zircon and baddeleyite [e.g. 9-11]. Importantly, these studies highlight the 

importance of understanding deformation at the μm-scale when interpreting complex 

U-Pb data and the mobility of Pb, a moderately volatile element. As yet, there have 

been no studies of how deformation-induced microstructures may influence the 

abundance and isotopic composition of volatiles in apatite in eucrites. 

In this study we investigate the microstructure of apatite grains in eucrites for which H 

and Cl isotopic composition have been previously reported [12, 13], in order to explore 

the relationship between crystallographic features of apatite and its volatile content 

and isotopic composition in eucrites of different shock grades. 

Summary

• Apatite records shock and thermal metamorphism which increases 

in complexity with shock grade

• The different textures observed have invariant H isotopes

• Where fractionated Cl isotopes are recorded (DaG 945) there are 

no obviously unusual textures.

3a) EBSD Results
EBSD maps were collected for 30 apatite grains from eight eucrites. Microstructures in apatite become progressively more complex with increasing shock deformation (Fig.1). Apatite in DaG 945, showing S1 shock-stage, occur as single 

crystals with no obvious signs of internal deformation in EBSD images. Grain Reference Orientation Deviation (GROD) maps calculate the average crystallographic orientation of each grain and then colour-codes each pixel according to its 

misorientation relative to the grain average (Fig. 1). This map highlights domains with similar orientation, hence is a tool to identify subgrains. For S1, GROD maps show no subgrain formation and low to no misorientation. S2 samples begin to 

show brecciation and incipient fracturing of minerals. These mechanically broken blocks typically show very low degrees of intragranular crystal-plastic deformation (typically up to 3°). S3 and S4 both show increasing complexity in GROD maps 

and signs of crystal plastic deformation. Pole figures for these samples can show up to ~ 30° spread in oreintations. At the highest levels of shock deformation (S5) apatite is in contact with a diaplectic plagioclase glass and reveals a fine, 

granular interior, subgrain formation (Fig.1). The spread of orientations observed in pole figures increases with shock; S5 apatite grains display up to ~ 60° spread in orientation. There is, however, significant intra-sample variation of 

crystallographic spread in pole figures, possibly suggesting that some apatite grains have been shielded from shock more effectively than others.

2) Methods
• EBSD
The lattice orientation and internal microstructure of apatite grains 

were investigated using EBSD on a Zeiss Supra 55VP FEG-SEM 

equipped with an Oxford Instruments EBSD detector located at The 

Open University (OU). The step size used ranged from 300 nm to 

750 nm with binning ranging from 2 × 2 pixels to 4 × 4 pixels. 

Generated Electron Backscatter Patterns (EBSPs) were matched to 

a hexagonal unit cell [21]. EBSD results were processed using 

Oxford Instruments HKL Channel 5 software. Orientation data was 

cleaned of erroneous data by performing a routine single wild spike 

removal followed by an eight and seven point iterative nearest 

neighbour zero solution.

• Nano Secondary Ion Mass Spectrometry (NanoSIMS)

The volatile (H, Cl) content and isotopic composition were 

measured using the Cameca NanoSIMS 50L at The Open 

University in multi-collection mode using a refined protocol based on 
[22] for Cl and the protocol outlined in [12] for H.

Figure. 1: EBSD band contrast images overlain with Grain Reference Orientation Deviation (GROD) maps of representative apatite grains from each shock grade (DaG 945: S1, Millbillillie: S2, Puerto Lápice: S3, Cachari: S4, Padvarninkai: S5). Upper 

Hemisphere pole figures for each apatite grain are given below. White squares indicate H isotope NanoSIMS pits [13] whereas red squares indicate Cl isotope pits [14].

δD = 75 ± 367 ‰
92 ppm H2O

δD = - 79 ± 487 ‰
60 ppm H2O

δD = - 55 ± 261 ‰
229 ppm H2O

δ37Cl = 35.0 ± 5.08 ‰
36 ppm Cl

δ37Cl = 32.2 ± 5.15 ‰
32 ppm Cl

δD = 326 ± 447 ‰
313 ppm H2O

δD = - 80 ± 220 ‰
258 ppm H2O

δD = - 127 ± 278 ‰
843 ppm H2O

DaG 945

Millbillillie

Puerto Lápice

Cachari

Padvarninkai

Samples Shock 
Grade 
[14-16]

Metamorphic
Grade [17, 18]

H Isotopes 
[12, 23]

Cl Isotopes 
[1, 13]

Cachari 4

Dar Al Gani (DaG) 844 2 6 Y Y

DaG 945 1 4 Y Y

Millbillillie 2 6 Y Y

Padvarninkai 5[20]

Puerto Lápice 3[19] Y

Sioux County 2 5 Y

Stannern 2 4 Y Y
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