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FULL ANALYTICAL METHODS 

Apatite, monazite and zircon grains were separated from a sample of clast-rich impact melt 

rock from Paasselkä by crushing the rock in a jaw crusher and milling the resulting chips in a ring-

and-puck-style mill. The heavy minerals were concentrated by magnetic separation with a hand 

magnet and Frantz magnetic separator, and heavy liquid density separation using methylene iodide 

diluted to a density of approximately 3.1 g/cm3. The grains were picked and placed on conductive 

carbon tabs. These were coated in carbon and the exteriors of the grains were imaged in backscattered 

electron (BSE) mode on an FEI Quanta FEG 650 scanning electron microscope (SEM) at the Swedish 

Museum of Natural History, Stockholm. The instrument was operated with an electron beam 

accelerating voltage of 20 kV and a working distance of 10 mm. The grains were subsequently 

mounted in 2.5 cm-diameter epoxy mounts and polished with a diamond suspension to expose their 

interiors. A final polish with colloidal silica prepared the grains for microstructural analysis. The 

interiors of the grains were imaged in BSE and secondary electron (SE) mode on the SEM described 

above. Zircon grains were also imaged in cathodoluminescence (CL) mode with a Gatan ChromaCL2 

system attached to the SEM. 

The chemical compositions of the apatite grains and their inclusions were determined using 

the FEI Quanta FEG 650 SEM described above. The SEM is fitted with an 80mm2 X-MaxN Oxford 

Instruments energy-dispersive X-ray (EDS) detector. Beam current was calibrated against Co-metal, 

which in turn was calibrated against metal and mineral standards. The apatite was analysed with an 

operating voltage of 20 kV, beam size of ~2.6 nm, and a working distance of 10 mm. All apatite 

analyses were conducted in a single session in which analyses repeated a pattern of three to four spots 

on Durango standard apatite, followed by three to four spots targeting the relict core domain of grain 

Paass-103ap, in turn followed by three to four spots on neoblasts in the recrystallized region of the 

grain (Fig. DR1). Due to the minute size of the of (Mg,Fe)2(PO4)F inclusions, these were analysed 

with an operating voltage of 10 kV and a beam size of ~1 nm. This reduced the interaction volume of 

the electron beam. The instrument was recalibrated against Co-metal in order to accommodate the 

change in beam current. The full chemical data as shown in Tables DR1-4. 

It is important to note that measuring F abundance in apatite by EDS and electron probe 

microanalysis (EPMA) has well-documented issues (e.g., McCubbin et al., 2011; Goldoff et al., 2012; 

Ketcham, 2015; and summarised by Webster and Piccolli, 2015). The primary problem for EDS 

analysis is that it is difficult to confidently separate the line on which F is measured (F-Kα, 0.677 

keV) from a nearby Fe line (Fe-Lα, 0.705 keV). Although it is difficult to ascertain whether a 

measured F abundance has been affected by overlapping Fe, Fe itself can be confidently measured as 

this is done on a separate, interference-free peak (Fe-Kα, 6.405 keV). In addition to Fe, Mg can also 

be confidently measured in apatite by EDS as it is measured on the Mg-Kα peak (1.254 keV). 

Electron backscatter diffraction (EBSD) analysis was performed with an Oxford Instruments 

Nordlys detector attached to the FEI Quanta FEG 650 SEM. The settings and protocols largely 



followed established routines for this detector and processing software (Table DR3) (e.g., Timms et 

al., 2017, and references therein). Well-established match units were used for the analysis of monazite 

and zircon (Table DR5) (e.g., Erickson et al., 2015; Timms et al., 2017, and references therein). Given 

the lack of a single match unit for apatite, a range of match units were made in the Twist module of 

Oxford Instruments’ HKL Channel 5 software and used on the apatite grains from Paasselkä. Data for 

a range of fluorapatite compositions listed in the American Mineralogist crystal structure database 

(AMCSD) came from Hughes et al. (1989, 1990, 1991, 2004), Fleet and Pan (1995), Rakovan and 

Hughes (2000), Comodi et al. (2001), McCubbin et al. (2008) and Luo et al. (2009). Two match units 

were found to index best (see details in Table DR6). Apatite is generally considered to have the space 

group P63/m (number 176 of 230) but all hexagonal space groups (numbers 168-194) were tested 

here. For the Paasselkä apatite grains and the selected chemical compositions in the match units, the 

P63 space group (number 173 of 230) resulted in the best indexing. 

Figure DR1. Backscatter electron image of heterogeneously shock-recrystallized apatite grain 

Paass-103ap showing locations of energy-dispersive X-ray (EDS) analysis. Data for spots in the 

relict core domain are shown in Table DR1 and data for spots in neoblasts in the recrystallized 

domain are shown in Table DR2. These neoblasts were chosen because their outlines are clearly 

visible so analyses could be confidently conducted within individual neoblasts. Note that the actual 

areas analyzed are much smaller than the white circle showing location. 
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Apatite – relict core in Paass-103ap

20 kV, aperture 3 (50 μm)

Spot #
Element 1 2 3 4 5 6 10 11 12 13 22 23 24 25 average
F 3.7 3.94 3.58 3.58 3.93 3.96 3.29 3.91 3.54 3.84 3.6 3.59 3.73 4.04 3.73 
MgO 1.03 1.05 1.04 1.04 1.03 1.08 1.06 1.11 1.05 1.05 1.06 1.17 1.12 1.07 1.07 
P2O5 42.31 42.18 42.36 42.36 42.34 42.23 42.7 42.87 42.77 42.86 42.35 42.47 42.35 42.18 42.45 
CaO 52.9 52.55 52.92 52.92 52.79 52.86 53.62 53.75 53.48 53.69 52.94 52.8 52.99 52.94 53.08 
MnO 0.18 0.16 0.17 0.17 0.17 0.17 0.17 0.16 0.18 0.16 0.19 0.17 0.2 0.16 0.17 
FeO 1.07 1.09 1.03 1.03 1.1 1.05 1.01 1.15 1.05 1.08 1.05 1.08 1.02 1.09 1.06 
Sum 101.19 100.97 101.1 101.1 101.36 101.35 101.85 102.95 102.07 102.68 101.19 101.28 101.41 101.48 101.57 

O = F -1.56 -1.66 -1.51 -1.51 -1.65 -1.67 -1.39 -1.65 -1.49 -1.62 -1.52 -1.51 -1.57 -1.70
Total 99.63 99.31 99.59 99.59 99.71 99.68 100.46 101.30 100.58 101.06 99.67 99.77 99.84 99.78

Normalised to 8 Cations
Spot #

APFU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 average
F 0.98 1.05 0.95 0.95 1.05 1.05 0.87 1.02 0.93 1.01 0.96 0.95 0.99 1.08 0.99 
Mg 0.13 0.13 0.13 0.13 0.13 0.14 0.13 0.14 0.13 0.13 0.13 0.15 0.14 0.13 0.13 
P 3.01 3.02 3.02 3.02 3.02 3.01 3.01 3.00 3.01 3.01 3.01 3.02 3.01 3.00 3.01 
Ca 4.77 4.76 4.77 4.77 4.76 4.77 4.78 4.77 4.77 4.77 4.77 4.75 4.77 4.77 4.77 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.08 0.08 0.07 0.07 0.08 0.07 0.07 0.08 0.07 0.07 0.07 0.08 0.07 0.08 0.07 
Sum 
cations 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

Table DR1. Chemical composition of relict core in heterogeneously shock-recrystallized apatite grain Paass-103ap determined by energy-dispersive X-ray 
analysis. APFU – atoms per formula unit. 



Apatite – neoblasts in recrystallized domain in Paass-103ap 

20 kV, aperture 3 (50 μm)

Spot #
Element 7 8 9 14 15 16 17 18 19 20 21 average
F 3.25 3.12 3.43 3.21 3.13 3.12 3.15 3.65 3.25 3.7 3.46 3.32 
MgO 0.34 0.35 0.31 0.31 0.38 0.34 0.34 0.37 0.27 0.32 0.26 0.33 
P2O5 41.2 41.49 41.23 40.53 41 40.95 40.87 41.58 41.68 41.56 41.64 41.25 
CaO 53.12 53.65 53.51 52.46 52.67 52.8 53.06 53 53.38 53.06 53.5 53.11 
MnO 0.21 0.17 0.2 0.18 0.21 0.24 0.2 0.24 b.d.l. 0.19 0.24 0.21 
FeO 0.76 0.7 0.74 0.72 0.71 0.61 0.76 0.79 0.65 0.75 0.73 0.72 
Sum 98.88 99.48 99.42 97.41 98.1 98.06 98.38 99.63 99.23 99.58 99.83 98.91 

O = F -1.37 -1.31 -1.44 -1.35 -1.32 -1.31 -1.33 -1.54 -1.37 -1.56 -1.46
Total 97.51 98.17 97.98 96.06 96.78 96.75 97.05 98.09 97.86 98.02 98.37

Normalised to 8 Cations
Spot #

APFU 15 16 17 18 19 20 21 22 23 24 25 average
F 0.88 0.84 0.93 0.89 0.86 0.85 0.86 0.99 0.88 1.00 0.93 0.90 
Mg 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.05 0.03 0.04 0.03 0.04 
P 3.00 2.99 2.99 2.99 3.00 3.00 2.98 3.01 3.02 3.02 3.01 3.00 
Ca 4.89 4.90 4.91 4.90 4.88 4.89 4.90 4.86 4.90 4.87 4.89 4.89 
Mn 0.02 0.01 0.01 0.01 0.02 0.02 0.01 0.02 b.d.l. 0.01 0.02 0.01 
Fe 0.05 0.05 0.05 0.05 0.05 0.04 0.05 0.06 0.05 0.05 0.05 0.05 
Sum 
cations 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 

Table DR2. Chemical composition of neoblasts in heterogeneously shock-recrystallized apatite grain Paass-103ap determined by energy-dispersive X-ray 
analysis. b.d.l. – below detection limit. APFU – atoms per formula unit. 



 
Apatite – Durango standard               
                  
20 kV, aperture 3 (50 μm)               
                  
 Spot #                 
Element 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 average Lit* 
F 3.32 3.19 3.26 3.34 3.36 3.31 3.41 3.3 3.41 3.24 3.51 3.35 3.51 3.3 3.37 3.35 3.35 
Na2O 0.31 0.33 0.28 0.23 0.24 0.24 0.24 0.27 0.26 0.26 0.34 0.18 0.27 0.28 0.25 0.27 0.25 
SiO2 0.49 0.52 0.57 0.59 0.63 0.58 0.55 0.65 0.65 0.54 0.55 0.54 0.56 0.55 0.59 0.57 0.26 
P2O5 41.1 41.24 41.12 40.91 40.67 40.78 40.34 40.79 40.64 41.08 40.57 40.72 40.17 40.61 40.29 40.74 41.28 
SO3 b.d.l. b.d.l. b.d.l. b.d.l. 0.55 b.d.l. 0.48 0.5 b.d.l. b.d.l. b.d.l. b.d.l. 0.48 0.51 0.47 0.50 0.38 
Cl 0.38 0.39 0.41 0.43 0.41 0.43 0.42 0.43 0.43 0.43 0.41 0.4 0.43 0.43 0.44 0.42 0.46 
CaO 54.51 54.4 54.25 54.55 54.39 54.21 54.02 54 53.83 54.21 54.54 54.18 54.04 54.14 54.04 54.22 54.19 
FeO 0.11 0.01 0.06 0.03 0.06 0.03 0.07 0.06 0.1 0.03 0.04 0.04 0.04 0.08 0.02 0.05 0.06 
Ce2O3 0.5 0.55 0.64 b.d.l. b.d.l. 0.74 b.d.l. 0.65 b.d.l. 0.68 b.d.l. 0.47 b.d.l. 0.46 0.65 0.59 0.52 
Sum 100.72 100.63 100.59 100.08 100.31 100.32 99.53 100.65 99.32 100.47 99.96 99.88 99.5 100.36 100.12 100.16 100.75 
                  
O = F -1.40 -1.34 -1.37 -1.41 -1.41 -1.39 -1.44 -1.39 -1.44 -1.36 -1.48 -1.41 -1.48 -1.39 -1.42   
O = Cl -0.09 -0.09 -0.09 -0.10 -0.09 -0.10 -0.09 -0.10 -0.10 -0.10 -0.09 -0.09 -0.10 -0.10 -0.10   
Total 99.24 99.20 99.12 98.58 98.80 98.83 98.00 99.16 97.79 99.01 98.39 98.38 97.92 98.87 98.60   
                  
Normalised to 8 Cations               
 Spot #                 
APFU 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 average  
F 0.89 0.85 0.87 0.90 0.90 0.89 0.92 0.89 0.92 0.87 0.94 0.91 0.95 0.89 0.91 0.90  
Na 0.05 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.06 0.03 0.04 0.05 0.04 0.04  
Si 0.04 0.04 0.05 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.05 0.05 0.05 0.05 0.05 0.05  
P 2.94 2.95 2.95 2.94 2.92 2.94 2.92 2.93 2.95 2.95 2.92 2.95 2.91 2.92 2.91 2.94  
S b.d.l. b.d.l. b.d.l. b.d.l. 0.04 b.d.l. 0.03 0.03 b.d.l. b.d.l. b.d.l. b.d.l. 0.03 0.03 0.03 0.03  
Cl 0.05 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06  
Ca 4.94 4.93 4.93 4.97 4.95 4.95 4.95 4.91 4.94 4.93 4.97 4.96 4.96 4.93 4.94 4.94  
Fe 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.00  
Ce 0.02 0.02 0.02 b.d.l. b.d.l. 0.02 b.d.l. 0.02 b.d.l. 0.02 b.d.l. 0.01 b.d.l. 0.01 0.02 0.02  
Sum 
cations 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00 8.00   

 
Table DR3. Chemical composition of Durango apatite standard determined by energy-dispersive X-ray analysis in the same session as data reported in Tables 
DR1-2. *Literature value from Marks et al. (2012). b.d.l. – below detection limit. APFU – atoms per formula unit.



 
(Mg,Fe)2(PO4)F inclusions 
  
10 kV, aperture 5 (30 μm) 
       
 Spot #      
Element 1 2 3 4 5 average 
F 11.22 11.07 11.09 11.03 10.92 11.07 
MgO 41.93 40.93 41.67 42.25 41.76 41.71 
SiO2 b.d.l. b.d.l. b.d.l. 0.37 b.d.l. 0.37 
P2O5 39.57 39.65 40.08 39.67 39.43 39.68 
CaO 0.88 1.52 0.64 0.81 1.17 1.00 
FeO 6.38 6.12 5.97 6.67 6.30 6.29 
SUM 99.98 99.29 99.44 100.80 99.58 99.82 
       
O = F -4.72 -4.66 -4.67 -4.65 -4.60  
Total 95.26 94.63 94.77 96.16 94.98  
       
Normalised to 8 Cations 
 Spot #      
APFU 1 2 3 4 5 average 
F 1.04 1.04 1.03 1.01 1.01 1.03 
Mg 1.83 1.81 1.83 1.83 1.83 1.83 
Si b.d.l. b.d.l. b.d.l. 0.01 b.d.l. 0.01 
P 0.98 0.99 1.00 0.97 0.98 0.99 
Ca 0.03 0.05 0.02 0.03 0.04 0.03 
Fe 0.16 0.15 0.15 0.16 0.15 0.15 
Sum cations 3.00 3.00 3.00 3.00 3.00  

 
Table DR4. Chemical composition of (Mg,Fe)2(PO4)F (wagnerite or a polymorph thereof) inclusions 
determined by energy-dispersive X-ray analysis. b.d.l. – below detection limit. APFU – atoms per 
formula unit.



SEM 

Make/model FEI Quanta FEG 650 SEM 

Location Swedish Museum of Natural History, Stockholm 

EBSD acquisition system Oxford Instruments Nordlys detector 

EBSD processing software Oxford Instruments HKL Channel 5.12 

Accelerating voltage 20 kV 

Working distance ~18 mm 

Tilt 70°

EBSD match units 

Apatite Hughes et al. (1991) (AMCSD: 1377), Fleet and Pan (1995) (AMCSD: 1727) 

Monazite Ni et al. (1995) 

Zircon Hazen and Finger (1979); 1 atm 

Reidite Farnan et al. (2003); 0.69 GPa 

Baddeleyite (monoclinic ZrO2) Howard et al. (1988) 

EBSP acquisition, indexing and processing 

Grain ID           (Paass-) 103ap 106ap 107ap 202z 213m 

Figure(s) 4 3, DR2 3, DR3 DR5 DR6

EBSP acquisition speed (Hz) 40 40 40 40 40 

EBSP background (frames) 128 128 128 128 128

EBSP binning 1x1 1x1 1x1 2x2 2x2

EBSP gain High High High High High 

Frame averaging 4 8 8 1 1

Hough resolution 60 60 60 60 60

Band detection (min/max) 6/8 6/8 6/8 6/8 6/8

Map step size (nm) 150 400 300 150 75 

X steps 682 205 203 794 1049

Y steps 544 301 211 606 797

EBSD noise reduction routine 

Wildspike correction Yes Yes Yes Yes Yes

Kuwahara Filter No No No No No

Nearest neighbour zero solution 

extrapolation 

6 6 6 6 6

Table DR5. Scanning electron microscopy settings and electron backscatter diffraction (EBSD) 

analysis acquisition and processing parameters. EBSP – electron backscatter patterns. 



Hughes et al., 1991 (AMCSD: 1377) Fleet and Pan, 1995 (AMCSD: 1727) 

Space group P63 (number 173)* Space group P63 (number 173)* 

a (Å) 9.4052 a (Å) 9.4123 

b (Å) 9.4052 b (Å) 9.4123 

c (Å) 6.9125 c (Å) 6.9080 

α (°) 90 α (°) 90 

β (°) 90 β (°) 90 

γ (°) 120 γ (°) 120 

Wyckoff 

positions 

x y z occ. Wyckoff 

positions 

x y z occ. 

Ca1 2/3 1/3 -0.0012 0.677 Ca1 2/3 1/3 0.0006 0.888 

Na1 2/3 1/3 -0.0012 0.237 Na1 2/3 1/3 0.0006 0.089 

Ce1 2/3 1/3 -0.0012 0.086 La1 2/3 1/3 0.0006 0.023 

Ca2 0.98860 0.23885 0.25 0.847 Ca2 0.98989 0.24018 0.25 0.907 

Ce2 0.98860 0.23885 0.25 0.153 La2 0.98989 0.24018 0.25 0.093 

P 0.36881 0.39692 0.25 0.947 P 0.36898 0.39808 0.25 0.952 

Si 0.36881 0.39692 0.25 0.053 Si 0.36898 0.39808 0.25 0.048 

O1 0.4821 0.3233 0.25 O1 0.4847 0.3268 0.25 

O2 0.4671 0.5853 0.25 O2 0.4663 0.5872 0.25 

O3 0.2557 0.3396 0.0721 O3 0.2568 0.3406 0.0716 

F 0 0 0.25 F 0 0 0.25

Table DR6. Match units for apatite used in this study. Data from Hughes et al. (1991) and Fleet and 

Pan (1995). *note that the space group used in this study, P63 (number 173), is not that quoted in the 

American Mineralogist crystal structure database (AMCSD), P63/m (number 176). 
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Figure DR2. Shock-recrystallized apatite grain Paass-106ap from the Paasselkä impact 
structure, Finland. A: Backscattered electron (BSE) image of grain exterior. B: BSE image of grain 
interior. C: Electron backscatter diffraction (EBSD) band contrast (BC) image. D: Map showing grain 
reference orientation deviation (GROD) angle (the average orientation is determined for each grain; 
the deviation angle from this mean orientation is then plotted for each point). E: Map showing 
crystallographic misorientation relative to a reference point (white cross) F: Pole figures – equal-area, 
lower-hemisphere projections. G: Misorientation axes binned by misorientation angle and plotted in 
equal-area projections. Step size = 400 nm. 



 
Figure DR3. Shock-recrystallized apatite grain Paass-107ap from the Paasselkä impact 
structure, Finland. A: Backscattered electron (BSE) image of grain exterior. B: BSE image of grain 
interior. C: Electron backscatter diffraction (EBSD) band contrast (BC) image. D: Map showing grain 
reference orientation deviation (GROD) angle (see definition in caption of Fig. DR1). E: Map showing 
crystallographic misorientation relative to a reference point (white cross) F: Pole figures – equal-area, 
lower-hemisphere projections. G: Misorientation axes binned by misorientation angle and plotted in 
equal-area projections. Step size = 300 nm. 



 
Figure DR4. Images of shocked apatite from Paasselkä. From left to right, columns show 
backscattered electron (BSE) images of grain exteriors (ext.), reflected light (RL) images of grain 
interiors (int.), transmitted light (TL) images of grain interiors and BSE images of grain interiors. The 
black and brown areas around the grains (in TL images) are a result of the electron beam burning the 
epoxy during the electron backscatter diffraction (EBSD) analyses. 



 
 
Figure DR5. An example of shock-recrystallized zircon from the Paasselkä impact structure, 
Finland. A: Backscattered electron (BSE) image. The brighter spots visible in the inset image are 
ZrO2 cores in the ZrSiO4 granules. Granular zircon grains in this sample of impact melt rock invariably 
display ZrO2-rich cores in effectively all granules. B: Electron backscatter diffraction (EBSD) band 
contrast (BC) image. C: Image colored according to the inset inverse pole figure (IPF). Note that the 
grain is composed of multiple discrete domains of similarly orientated neoblasts. D: Crystallographic 
orientation in Euler coordinate space. E: Pole figures colored according to IPF map in C. F: Plot 
showing high-angle (85° to 95°) misorientation axes. The observations of (i) domains of neoblasts 
systematically misoriented by 90°, (ii) coincidence among (001) and {110} poles, and (iii) high-angle 
misorientation axes coincident with poles to {110} are consistent with the former presence of reidite in 
this grain. Stereonets are equal-area, lower-hemisphere projections. Step size = 150 nm. 
 



 
 
Figure DR6. An example of shock-recrystallized monazite from the Paasselkä impact structure, 
Finland. A: Backscattered electron (BSE) image of grain exterior with granular texture readily visible 
in inset. B: BSE image of grain interior. C: Electron backscatter diffraction (EBSD) band contrast 
(BC) image. D: Map showing crystallographic orientation in Euler coordinate space and 180°/<101> 
twins in yellow. E: Pole figure colored according to the Euler map shown in D. The neoblasts (pink-
beige color) are misoriented from the host grain (green color) by approximately 100°. Stereonet is 
equal-area, lower-hemisphere projection. Step size = 75 nm. 


