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This supplementary information includes additional examples of correlative microscopy 

from zircon grains in samples PB515, GP1104 and HD-18-1 (Figures S1-S5). Trace element data 

from spot locations annotated in these figures is also given in Table S1. We also provide the data 

used to plot Figure 8 in the in Table S2. 

Our measured FWHM values for Dy3+ sublevel I, Dy3+ sublevel II, and the ν3(SiO4) 

stretching mode are plotted along with the data of Lenz and Nasdala [1]in Figure S6. Our data 

show the same positive correlations between FWHM and α-dose for all three parameters—

although the scatter is greater. Additionally, the slope of the sublevel I correlation is steeper than 

the slope of the sublevel II correlation as noted by Lenz and Nasdala [1]. 
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Element
a

Fig. S3a Fig. S3a Fig. S3a Fig. S3c Fig. S3c Fig. S4d Fig. S4d Fig. S4f Fig S4f

Al 4 3 5 9 7 5 7 51 20

P 25 440 25 1000 27 63 72 240 44

Ca 0.7 2 0.6 11 0.8 3 2 1 1

Sc 44 51 110 82 59 7 6 16 5

48Ti 0.8 4 1 26 0.8 3 2 2 2

49Ti 0.6 4 1 27 0.6 3 2 2 2

Fe 1 5 2 20 2 26 21 2 13

Y 62 1000 140 2200 88 200 210 550 97

Nb 3 15 4 30 3 2 2 6 3

La 0 0 0 0 0 0 0 0 0

Ce 0 16 0 37 0 5 4 6 1

Nd 0 0.6 0 6 0 0 0 0 0

Sm 0 2 0 9 0 0.6 0.6 1 0

Eu 0 0 0 2 0 0 0 0 0

Gd 0 20 0.5 49 0.5 7 6 12 2

Ho 2 39 4 86 3 8 7 22 3

Tb 0 8 0 18 0 2 2 4 1

Dy 6 100 8 220 6 26 21 51 10

Er 8 180 21 400 14 29 30 95 13

Tm 1 39 4 90 3 6 6 21 3

Yb 9 330 36 770 25 44 49 170 20

Lu 1 62 5 140 4 8 10 34 3

Hf 12600 10500 12800 11100 12500 12200 12300 9900 12600

Pb 3 42 5 130 6 150 99 16 40

Th 0 240 0 490 0.7 55 8 29 5

U 65 690 110 2100 99 1000 710 99 290

Age
b 363±7 431±12 377±9 436±12 371±9 1005±10 1039±8 1173±70 1052±28

a
 all element concentrations in ppm.

b
 U/Pb ages are the 

206
Pb/

238
U age for PB515 and the 206Pb/207Pb age for GP1104. Ages are in Ma and uncertainties are 1σ.

Table S1. Rare earth element (REE) concentrations and U/Pb isotopic 

age for zircons in Supplemental Figures S3 and S4.

PB515 GP1104

 
  



Sample Figure PL Color U Th U/Pb Age
a

ZFT Age
b

U/Pb α-dose
c

ZFT α-dose
d

(ppm) (ppm) (Ma) (Ma) (α/g) (α/g)

PB515 2d Y 180 120 430 186 3.02E+17 1.28E+17

PB515 2e R 1300 470 435 186 2.07E+18 8.66E+17

PB515 2e Y 27 0 381 186 3.46E+16 1.66E+16

PB515 2f Y 17 0.4 390 186 2.24E+16 1.05E+16

PB515 2g R 690 130 442 186 1.08E+18 4.42E+17

PB515 S3a Y 65 0 363 186 7.92E+16 3.99E+16

PB515 S3a R 690 240 431 186 1.09E+18 4.58E+17

PB515 S3a Y 107 0 377 186 1.36E+17 6.57E+16

PB515 S3b Y 35 0 371 186 4.36E+16 2.15E+16

PB515 S3b R 575 239 415 186 8.83E+17 3.87E+17

PB515 S3b R 823 431 441 186 1.38E+18 5.67E+17

PB515 S3c Y 100 1 371 186 1.25E+17 6.15E+16

PB515 S3c R 2127 494 436 186 3.30E+18 1.38E+18

GP1104 5d R 720 180 1167 513 3.24E+18 1.33E+18

GP1104 5e R 390 120 1116 513 1.69E+18 7.30E+17

GP1104 5e Y 130 48 1132 513 5.79E+17 2.47E+17

GP1104 5f R 920 7.9 1083 513 3.61E+18 1.61E+18

GP1104 5f Y 52 27 1129 513 2.38E+17 1.02E+17

GP1104 5f R 390 8 1034 513 1.46E+18 6.85E+17

GP1104 5g Y 69 25 1222 513 3.34E+17 1.31E+17

GP1104 5g R 590 4.6 1116 513 2.40E+18 1.03E+18

GP1104 S4d R 700 8 1039 513 2.63E+18 1.23E+18

GP1104 S4d R 1000 50 1005 513 3.65E+18 1.77E+18

GP1104 S4e Y 100 30 1173 513 4.57E+17 1.87E+17

GP1104 S4e R 300 5 1052 513 1.14E+18 5.27E+17

HD-18-1 S5a Y/C 163 96 741 286 4.77E+17 1.77E+17

HD-18-1 S5c Y/C 135 61 747 286 3.88E+17 1.42E+17

HD-18-1 S5d Y/C 186 106 734 286 5.37E+17 2.01E+17

a
 U/Pb ages are the 206Pb/238U age for PB515 and HD-18-1 and the 206Pb/207Pb age for GP1104. Ages are in Ma.

b
 Zircon Fission Track (ZFT) ages are from the literature [2-4]. 

c
 α-dose assuming complete retention of PL inducing defects following crystallization [5].

Table S2. Data plotted in Figure 8 of the main text.  Y = yellow PL, R = red PL, Y/C = 

zoned from yellow PL to colorless. 

c
 α-dose assuming complete retention of PL inducing defects  following cooling through the closure temperature for the annealing of fission 

tracks in zircon.

 
  



Figures 

 

 
 

Figure S1. Correlative microscopy of heavy mineral separates from sample PB515. (a)-(b) 

Correlative PPL and IL images at low magnification. (c)-(f) ~50x correlative images under PPL, 

IL, 365 nm, and 470 nm excitation, respectively. Grains were dispersed on a glass slide with a 

square ~5 x 5 mm grid drawn on the back side of the slide. Images A, B, and D were taken on a 

Leica Z16 stereoscope. The slide was then transferred to a Zeiss AxioImager petrographic scope 

and the images in (c), (e), and (f) were taken. Grains may have shifted slightly between the two 

image sets. 

  



 
 

Figure S2. Correlative microscopy of heavy mineral separates from sample GP1104. (a)-(b) 

correlative PPL and IL images at low magnification. (c)-(f) ~50x correlative images under PPL, IL, 

365 nm, and 470 nm excitation, respectively. Grains were dispersed on a glass slide with a square 

~5 x 5 mm grid drawn on the back side of the slide. Images (a), (b), and (d) were taken on a Leica 

Z16 stereoscope. The slide was then transferred to a Zeiss AxioImager petrographic scope and 

the images in (c), (e), and (f) were taken. Grains may have shifted slightly between the two image 

sets. 

  



 
 

Figure S3. Additional correlative whole grain PL and CL+BSE images from cross sections of the 

same zircon grains from sample PB515. Grains (a)-(c) were also analyzed by SHRIMP methods, 

grains (d)-(f) were mounted but not analyzed. Grain (a) is largely replaced by yellow PL low 

U+Th zircon, grains (b)-(e) also show evidence of replacement as indicated by less pervasive 

zones of yellow PL zircon in and around zones of red PL. The yellow PL geometry includes 

overgrowths, small and large embayments, and veins. Grain (f) exhibits oscillatory zoning 

between yellow and limited to no PL. Faint red PL is visible in the core of grains (a) and (f). 

 

  



 

 
 

Figure S4. Additional correlative whole grain PL and CL+BSE images from images from cross 

sections of the same zircon grains from sample GP1104. Grains (d) and (f) were also analyzed by 

SHRIMP methods. Grains (a) and (b) are of high optical clarity and faint zoning in the yellow PL 

is present. Both grains also have narrow red PL rims. Grain (c) has a blue PL inclusion that is 

probably apatite. Grain (d) is weakly luminescent and has dark red rims and that are 

correspondingly dark in CL. Grains (e) and (f) each have blue/red inner cores that are dark in CL, 

and yellow PL mantles that are bright in CL and exhibit oscillatory zoning. 

 

  



 
 

Figure S5. Additional correlative whole grain PL and CL+BSE images from images from cross 

sections of the same zircon grains from sample HD-1-18. All grains show some degree of 

oscillatory zoning between bright and faint yellow PL. Bright yellow zones are bright in CL and 

dark in BSE. External grain shapes do not match exactly because some grains were not polished 

to exactly 1/2 thickness. Most grains from this sample were optically clear and un-fractured. These 

conditions result in visibility of finer scale zoning in PL response. 

 

  



 
 

Figure S6. (a) Full width at half max (FWHM) of the Dy3+ sublevel I peak vs cumulative alpha 

dose for the data presented in Table 1 and Figures 2 and 5. (b) FWHM of the Dy3+ sublevel II peak 

vs cumulative alpha dose. (c) FWHM of the ν3(SiO4) Raman stretching band vs cumulative alpha 

dose. Data from this study are plotted using regional zircon fission track ages to calculate alpha 

doses (PB515: 186 +65.6/-48.6 Ma; GP1104: 513 ± 60 Ma) [2-4] ). Data marked with grey squares 

are from Lenz and Nasdala[1] and effective doses were calculated using the U/Pb dose and a 

correction factor of 0.55 [1,5]. 
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