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METHODS 
 
Zircon U-Pb Dating 
 

Sample 14T24 was zircon U-Pb dated using laser ablation multi-collector inductively 
coupled plasma mass spectrometry (LA-MC-ICPMS) at the State Key Laboratory of Geological 
Processes and Mineral Resources (GPMR), China University of Geosciences (Wuhan). We used 
a spot diameter of 32 m; data reduction procedures are described in Liu et al. (2008). Zircon 
91500 was used as the external standard for U-Pb dating, and was analyzed twice for every six 
analyses. Time-dependent drifts of U-Th-Pb isotopic ratios were corrected using linear 
interpolation according to the variations of the external standard. To monitor age reproducibility 
and instrument stability, four GJ-1 zircon standards were inserted at the beginning and end of 
each run, making sure the results are consistent with recommended values (608.5 ± 0.4 Ma; 
Jackson et al., (2004)). Each analysis incorporated a background acquisition of ~20–30 s (gas 
blank) followed by 50 s of data acquisition from the sample. The Agilent Chemstation was used 
for the acquisition of individual analyses. Off-line selection and integration of background and 
analyzed signals, time-drift correction and quantitative calibration for trace-element analyses and 
U-Pb dating were performed by ICPMSDataCal (Liu et al., 2008). Analysis data are presented in 
Table S1, and Pb/U concordia diagrams constructed using the Isoplot routines (Ludwig, 2012) 
are shown in Fig. S1.  
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Fission-Track Dating 
 
Laser ablation method 

AFT analysis of samples from the Woka Rift footwall used a laser ablation inductively 
coupled plasma mass spectrometry method following Tian et al. (2014). Apatites were mounted 
in epoxy resin on glass slides, ground, and polished to an optical finish to expose internal grain 
surfaces. Mounts were etched in 5-M HNO3 for 20 s at 21 °C to reveal fossil tracks. Track 
counting was carried out under a magnification of 1000 (100 × 10) with a Zeiss microscope, 
according to the procedure described in Garver (2004), at the GPMR, China University of 
Geosciences (Wuhan). Uranium measurements of selected grains were carried out on an Agilent 
7700 ICP-MS using a pulsed laser with a wavelength of 213 nm. Laser ablation under consistent 
laser conditions (32-m diameter beam size and 6-Hz repetition rate) was applied to selected 
grains and the NIST-612 uranium standard for 25 s. The 238U/43Ca ratio of the NIST-612 glass 
and apatite 43Ca were used as internal standards to correct for drift in instrument sensitivity and 
variations in ablation volume between dated grains, respectively. Quantitative calibration for 
trace-element analyses was performed with ICPMSDataCal (Liu et al., 2008). Single-grain and 
pooled AFT ages were calculated according to Hasebe et al. (2004). Central ages were estimated 
from the single-grain ages and errors according to the formulas given by Galbraith (2005), using 
the Newton-Raphson method. 
 
External detector method 

The samples from the Jiacha Gorge were ZFT and AFT dated using the external detector 
method described by Garver (2004). Samples were prepared and analyzed at the Institut des 
Sciences de la Terre (ISTerre, Grenoble, France). Apatite grains were mounted in epoxy, 
polished to expose internal crystal surfaces, and etched with 5.5 M HNO3 for 20 s at 21 °C. 
Zircons were mounted in Teflon® sheets, polished, and etched at 228 °C in a laboratory oven in 
a eutectic NaOH - KOH melt. Apatite samples were irradiated together with IRMM 540R glass 
standards and Durango and Fish Canyon Tuff age standards. Zircon samples were irradiated 
together with IRMM541 glass standards and Fish Canyon Tuff and Buluk Tuff age standards. 
After irradiation, the mica sheets covering all samples and standards were etched for 18 min at 
21 °C in 48% HF. Fission tracks were counted in at least 20 grains where possible; ages were 
calculated using the Zeta-calibration method and the standard fission-track age equation 
(Hurford and Green, 1982). The size of the etch-pit diameter parallel to the c axis (Dpar) was 
also determined, as it is a kinetic parameter used in thermal history modeling (Ketcham et al., 
1999). 
 
Apatite (U-Th)/He Dating 
 

Apatite (U-Th)/He analysis of the samples from Woka Rift were conducted in the 
Arizona Radiogenic Helium Dating Laboratory, the University of Arizona, using the methods 
described in Reiners and Nicolescu (2006). Apatites which are clarity, lack of visible inclusions 
and half-width >60 m were selected for analysis (Farley et al., 1996). Each sample, four gains 
were placed in 1 mm Nb foil envelopes and loaded into a vacuum laser cell and heated to ~900ºC 
for several minutes to release their 4He gas. The released 4He gas was spiked with a known 
volume of 3He and the 4He/3He isotopic ratio was measured with a quadrupole mass 
spectrometer. Degassed grains were dissolved to determine the molar contents of parent nuclides 
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(U, Th, and Sm) and analyzed via isotope-dilution using an inductively coupled plasma mass 
spectrometer (Reiners and Nicolescu, 2006). A corrected date was calculated using an alpha-
ejection correction factor from volume dimensions of individual grains (Farley, 2002). Durango 
Apatite were used as apatite standards with each batch of samples analyzed and served as an 
additional check on analytical accuracy. 

The other samples from the Jiacha Gorge were conducted at the School of Earth 
Sciences, University of Melbourne, using the method described in Tian et al. (2018). Grains with 
good-quality euhedral morphologies were loaded into platinum capsules and outgassed under 
vacuum at ca. 900 °C for 5 min, using a fiber optically coupled diode laser with 820 nm 
wavelength. 4He abundances were determined as an isotope ratio using a pure 3He spike that has 
been calibrated against an independent 4He standard. Apatite U-Th-Sm data were obtained using 
an Agilent 7700 quadrupole ICP-MS after total dissolution of the outgassed apatite aliquots in 
HNO3. Ages were corrected for alpha ejection (FT correction; Farley et al., 1996). Durango 
apatite was run as standards with each batch of samples analyzed and served as an additional 
check on analytical accuracy. 
 
Zircon (U-Th)/He Dating 
 

Two zircon (U-Th)/He samples were analyzed at the (U-Th)/He laboratory in the Institute 
of Geology, China Earthquake Administration. Detailed analysis procedures are presented in the 
Li et al. (2017). The grains were handpicked according to morphology, clarity, size (~60–120 m 
width and ~150–300 m length) and were inclusion-free as confirmed using an electron 
microprobe. The length and width of each grain was measured to calculate the ratio between 
surface and volume, alpha ejection correction factor (FT, Farley et al., 1996), and equivalent 
spherical radius. He diffusion experiments followed the procedures described in detail by 
Reiners et al. (2002) involving cycled step-heating of the crystals in a high vacuum chamber by a 
light bulb projected through a sapphire window. Step heating diffusion experiments were 
performed on single grain zircons, while multigrain aliquots of zircons with approximately 
radius were analyzed. The samples were subsequently heated a second time to re-extract the He 
to verify complete outgassing, and 4He results were corrected using the measured blank. U and 
Th contents were determined using isotope dilution inductively coupled plasma mass 
spectrometry. The ages were calculated using the absolute amounts of parent U and Th and 
daughter He and were then corrected using standard alpha ejection correction procedures (Farley 
et al., 1996). Replicate analyses of Penglai zircon (Li et al., 2017) as standards during these 
analyses yielded weight mean ages of 3.80 ± 0.11 Ma (2, n = 2) which could guarantee the 
analytical accuracy. 
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Figure S1. Zircon U-Pb concordia diagrams (up) and weighted mean diagrams using the routines in 
Isoplot (Ludwig, 2012).   
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TABLE S1 GPS DATA FOR ALL THE SAMPLES 

Sample No. 
Lon. 

(°E) 

Lat. 

(°N) 

Elevation 

(m) 

17T03 92.36676 29.33777 5265 

17T04 92.37554 29.33516 5080 

17T05 92.37566 29.35022 4858 

17T06 92.37646 29.35143 4797 

17T07 92.36983 29.35850 4622 

17T08 92.36795 29.3578 4560 

14T20 92.41035 29.27395 4191 

14T21 92.41183 29.27353 4058 

14T22 92.41380 29.27148 3912 

14T24 92.41312 29.26393 3660 

14T18 92.41693 29.26123 3477 

14T26 92.39937 29.25495 3376 
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TABLE S2. ZIRCON U-PB ANALYSES OF SAMPLE 14T24. 

 

Pb Th U 207Pb/206Pb 207Pb/235U 206Pb/238U 

rho 

207Pb/206Pb 207Pb/235U 206Pb/238U 

Concordance Total 232 238 Ratio 1sigma Ratio 1sigma Ratio 1sigma Age (Ma) 1sigma Age (Ma) 1sigma Age (Ma) 1sigma 

ppm ppm ppm 

14T24-01 35.8 368 1221 0.0490 0.0038 0.0847 0.0063 0.0126 0.0002 0.2019 150.09 170.35 82.52 5.86 80.42 1.19 97% 

14T24-02 45.0 547 1627 0.0444 0.0028 0.0757 0.0048 0.0124 0.0002 0.2248 error 74.06 4.55 79.14 1.13 93% 

14T24-03 59.4 692 1837 0.0548 0.0033 0.0881 0.0051 0.0118 0.0002 0.2211 405.61 169.43 85.77 4.75 75.70 0.96 87% 

14T24-04 92 1135 2322 0.0549 0.0031 0.0920 0.0047 0.0123 0.0002 0.2379 409.31 124.06 89.40 4.40 78.77 0.96 87% 

14T24-05 80 998 2243 0.0473 0.0024 0.0785 0.0038 0.0122 0.0002 0.2735 64.91 124.06 76.70 3.57 78.02 1.02 98% 

14T24-06 74 854 2330 0.0450 0.0026 0.0734 0.0041 0.0118 0.0001 0.2120 error 71.88 3.89 75.88 0.90 94% 

14T24-07 73 897 2006 0.0461 0.0029 0.0773 0.0048 0.0122 0.0001 0.1945 400.05 -253.67 75.61 4.53 78.40 0.94 96% 

14T24-08 66.0 800 1911 0.0504 0.0029 0.0846 0.0050 0.0121 0.0002 0.2136 213.04 133.32 82.50 4.64 77.42 0.96 93% 

14T24-09 120 1466 2881 0.0517 0.0023 0.0903 0.0037 0.0127 0.0002 0.2963 272.29 99.99 87.80 3.49 81.52 1.00 92% 

14T24-10 100 1223 2307 0.0497 0.0028 0.0850 0.0047 0.0126 0.0001 0.2118 188.97 135.17 82.86 4.39 80.78 0.94 97% 

14T24-11 127 1761 2914 0.0492 0.0023 0.0815 0.0037 0.0120 0.0001 0.2506 166.75 104.62 79.53 3.47 77.02 0.87 96% 

14T24-12 69.4 802 1944 0.0499 0.0032 0.0841 0.0053 0.0123 0.0001 0.1873 190.82 156.46 82.01 4.98 78.75 0.93 95% 

14T24-13 71 850 1884 0.0530 0.0030 0.0898 0.0046 0.0124 0.0002 0.2730 327.84 127.76 87.28 4.32 79.66 1.12 90% 

14T24-14 75 938 1866 0.0468 0.0024 0.0814 0.0044 0.0126 0.0002 0.2526 42.69 118.51 79.46 4.09 80.43 1.08 98% 

14T24-15 78 1050 1504 0.0538 0.0034 0.0901 0.0056 0.0123 0.0002 0.2280 364.87 140.73 87.59 5.21 78.97 1.11 89% 

14T24-16 123 1497 2997 0.0452 0.0021 0.0796 0.0037 0.0128 0.0002 0.2563 error 77.76 3.48 82.04 0.97 94% 

14T24-17 49.7 577 1670 0.0499 0.0030 0.0839 0.0049 0.0122 0.0001 0.1939 190.82 134.24 81.81 4.59 78.17 0.88 95% 

14T24-18 92 1202 2270 0.0491 0.0028 0.0831 0.0046 0.0123 0.0002 0.2286 150.09 133.32 81.01 4.36 79.02 1.00 97% 

14T24-19 165 2295 3613 0.0473 0.0020 0.0792 0.0034 0.0121 0.0001 0.2498 64.91 96.29 77.38 3.21 77.42 0.83 99% 

14T24-20 97 1352 2346 0.0530 0.0026 0.0886 0.0043 0.0121 0.0001 0.2293 327.84 109.25 86.23 4.01 77.52 0.86 89% 

Note: Best age is determined from 206Pb/238U age for analyses with 206Pb/238U age <1000 Ma. 
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TABLE S3. APATITE FISSION-TRACK DATA FROM THE WOKA RIFT FLANK (U-CONTENT 

ANALYZED USING THE LASER-ABLATION METHOD). 

Sample 
No. 

Elevatio
n 

(m) 

No. 
of  

Grain
s 

Spontaneous 
tracks Pooled 

238U* 
(ppm) 

Pooled Age 
± 1 (Ma) † 

P(χ2) § 
(%) 

Age 
Dispersio

n (%) n 
Density 

(105 cm-2) 
17T03 5265 20 57 0.915 15.08 11.6 ± 0.8 42 0 
17T04 5080 15 75 2.785 46.27 12.1 ± 0.8 30 0 
17T05 4858 16 91 2.281 37.10 12.6 ± 0.6 12 0 
17T06 4797 22 117 1.089 18.05 11.9 ± 0.5 21 0 
17T08 4560 23 51 0.515 8.36 12.2 ± 0.8 22 0 

DUR # 46 800 2.151 13.14 32.5 ± 1.1 62 0 
* Pooled uranium content of all grains measured by LA-ICP-MS. 
† Pooled AFT ages of all grains. 
§ P-value of χ2 for (No. of Grains − 1) degrees of freedom. 
# Durango apatite fission-track dating standards, with reference ages constrained by previous studies 
(McDowell et al., 2005). 
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TABLE S4. APATITE (U-TH)/HE DATA FROM THE WOKA RIFT FLANK. 

Sample 
4He 

(nmol) 
Mass 
(mg) 

Mean 

FT * 
U 

ppm 
Th 

ppm 
Sm 
ppm 

Th/U 
[eU]† 

ppm 
Uncorrected 

Age (Ma) 
Age 
(Ma) 

Error 
(±1) 

Weighted 
Mean age 

(Ma) 

Error 
(±1) 

17T03_Ap1 0.48 0.003290 0.756 13.21 4.49 317.86 0.348 14.27 6.08 8.0 0.1 

7.5 0.8 
17T03_Ap2 0.18 0.005867 0.815 5.64 1.92 192.31 0.349 6.09 5.34 6.5 0.1 
17T03_Ap3 0.54 0.006712 0.789 15.48 5.72 386.55 0.379 16.83 5.77 7.3 0.1 
17T03_Ap4 0.56 0.004129 0.761 15.53 4.10 325.17 0.271 16.49 6.20 8.1 0.1 
17T05_Ap1 1.56 0.008246 0.792 47.44 6.82 197.83 0.147 49.04 5.88 7.4 0.1 

7.7 1.0 
17T05_Ap2 0.84 0.002971 0.745 24.31 22.82 186.12 0.963 29.67 5.18 7.0 0.1 
17T05_Ap3§ 2.27 0.004642 0.772 42.76 9.67 191.75 0.232 45.03 9.30 12.1 0.2 
17T05_Ap4 2.02 0.003136 0.724 55.95 19.24 218.33 0.353 60.47 6.17 8.6 0.1 
17T06_Ap1 1.91 0.002442 0.720 43.94 7.64 309.79 0.178 45.74 7.70 10.7 0.1 

9.9 1.5 
17T06_Ap2 1.66 0.003348 0.751 34.47 5.53 304.49 0.165 35.77 8.50 11.3 0.2 
17T06_Ap3 0.31 0.002514 0.728 9.06 0.91 303.85 0.103 9.27 5.90 8.1 0.1 
17T06_Ap4 1.03 0.005054 0.783 24.54 3.81 326.69 0.159 25.43 7.43 9.5 0.1 
17T07_Ap1 1.02 0.002231 0.755 29.17 19.88 76.51 0.699 33.84 5.55 7.4 0.1 

7.2 0.7 
17T07_Ap2 0.27 0.001611 0.722 10.16 3.00 36.60 0.303 10.86 4.66 6.5 0.2 
17T07_Ap3 0.41 0.001966 0.731 13.20 9.21 77.45 0.716 15.36 4.91 6.8 0.1 
17T07_Ap4 0.50 0.006372 0.792 12.18 10.68 58.30 0.900 14.69 6.32 8.0 0.1 
* α-ejection correction (Farley et al., 1996) calculated using mass-weighted mean radii.  
† Effective uranium content, [eU] = [U] + 0.235 × [Th].  
§ Rejected by the weighted-mean age calculation using Isoplot (Ludwig, 2012). 
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TABLE S5. APATITE AND ZIRCON FISSION-TRACK DATA FROM THE JIACHA GORGE (U-CONTENT DETERMINED USING 

EXTERNAL-DETECTOR METHOD). 

 
Sample No. 

Elev. 
(m) 

n 
(age) 

ρs 

(104 cm-2) 
Ns 

ρi 

(106 cm-2) 
Ni 

ρd 

(105 cm-2) 
Nd 

P(χ2) 
(%) 

Age 
Dispersion 

(%) 

Pooled 
Age ±1σ (Ma) 

U ± 2σ 
(ppm) 

MTL ±1SD 
(μm) 

n 
(length) 

AFT 

14T20 4191 20 9.73 62 1.05 668 10.7 3417 97.6 0.2 12.3 ± 1.6 15±1 13.13 ± 1.52 46 
14T21 4058 20 11.0 55 1.16 580 10.7 3428 87.2 0.5 12.6 ± 1.7 16±1   
14T22 3912 40 8.04 70 1.05 917 10.8 3439 98.3 0.4 10.2 ± 1.2 15±1 12.45 ± 1.74 6 
14T24 3660 20 9.74 72 1.40× 1035 10.8 3450 99.8 0.1 9.3 ± 1.1 19±1 13.47 ± 1.63 42 
14T18 3477 26 7.67 76 1.21× 1197 10.7 3405 91.3 0.2 8.4 ± 1.0 17±1 13.07 ± 1.54 46 
14T26 3376 20 13.3 108 2.92 2367 10.8 3461 93.5 0.4 6.1 ± 0.6 40±2 13.89 ± 2.42 19 

ZFT 

14T20 4191 20 269 686 2.01 511 2.54 3162 63.4 0.1 21.4 ± 1.3 119±11   
14T21 4058 20 294 698 2.16 513 2.54 3163 99.3 0.1 21.6 ± 1.3 128±12   
14T22 3912 19 204 794 1.83 713 2.54 3163 33.9 4.7 19.2 ± 1.0 108±9   
14T24 3660 20 443 1392 3.58 1125 2.54 3163 57.7 0.3 19.7 ± 0.9 211±14   
14T18 3477 20 531 1529 3.38 974 2.54 3162 14.8 2.3 25.0 ± 1.1 200±14   
14T26 3376 20 495 924 3.75 700 2.54 3163 100.0 0.1 21.0 ± 1.1 221±18   

Note: ρs is the spontaneous track density (cm-2); Ns is the number of spontaneous tracks; ρi is the induced track density (cm-2); Ni is the number of induced 
tracks; ρd is the track density on fluence monitor (cm-2); Nd is the tracks counted on fluence monitor; n is the number of counted grains for age and track 
length; P(χ2) is the Chi-squared probability; MTL, mean track length; Ages (Ma) are determined using the external-detector method with -calibration and 
calculated using the computer program and equations in Brandon (1992). AFT samples were counted with a zeta calibration factor ξ = 247.47 ± 6.05 for 
glass dosimeter IRMM540R, and ZFT samples were counted with a zeta calibration factor ξ = 125.66 ± 1.86 for glass dosimeter IRMM541. U ± 2σ is the 
average uranium concentration (ppm). 
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TABLE S6. APATITE (U-TH)/HE DATA FROM THE JIACHA GORGE. 

Sample 
4He 

(ncc) 
Mass 
(mg) 

Mean 

FT
* 

U 
ppm 

Th 
ppm 

Sm 
ppm 

Th/U 
[eU] † 
ppm 

Uncorrected 
Age (Ma) 

Age 
(Ma) 

Error 
(±1s) 

Weight 
Mean age 

(Ma) 

Error 
(±1s) 

14T20_Ap1§ 0.145 0.01014 0.80 7.80 3.8 117.6 0.49 8.7 13.3 16.7 1.0 

5.6 2.0 
14T20_Ap2 0.120 0.00685 0.77 27.50 25.1 246.2 0.91 33.4 4.3 5.5 0.3 
14T20_Ap3 0.020 0.00436 0.74 11.00 5.2 107.0 0.47 12.2 3.1 4.1 0.3 
14T20_Ap4 0.056 0.00410 0.77 18.60 5.1 213.1 0.28 19.8 5.6 7.3 0.5 

14T20_Ap5§ 0.081 0.00769 0.78 8.40 5.1 99.4 0.61 9.6 9.0 11.4 0.7 

14T24_Ap1 0.089 0.00949 0.80 19.30 11.9 98.1 0.62 22.1 3.5 4.4 0.3 

4.8 0.9 
14T24_Ap2 0.123 0.01443 0.82 11.20 7.0 153.7 0.62 12.8 5.4 6.5 0.4 
14T24_Ap3 0.065 0.00950 0.80 13.50 14.4 180.6 1.06 16.9 3.3 4.1 0.3 
14T24_Ap4 0.042 0.00857 0.76 9.30 15.2 94.5 1.64 12.9 3.1 4.1 0.3 
14T24_Ap5 0.096 0.01426 0.80 10.40 10.3 215.9 0.99 12.8 4.2 5.2 0.3 

14T26_Ap1 0.409 0.01995 0.85 31.60 4.4 174.0 0.14 32.6 5.1 6.0 0.4 

5.3 0.8 
14T26_Ap2 0.116 0.00360 0.75 70.60 11.7 288.7 0.17 73.3 3.6 4.8 0.3 
14T26_Ap3 0.129 0.01069 0.81 25.30 5.0 153.9 0.20 26.5 3.7 4.6 0.3 
14T26_Ap4 0.237 0.01238 0.82 30.80 5.5 199.7 0.18 32.1 4.9 5.9 0.4 
b14T26_Ap5 0.979 0.00876 0.80 28.40 7.4 192.2 0.26 30.1 30.2 37.9 2.4 
* α-ejection correction (Farley et al., 1996) calculated using mass-weighted mean radii.  
† Effective uranium content, [eU] = [U] + 0.235 × [Th]. 
§ Rejected by the weighted mean age calculation using Isoplot (Ludwig, 2012).  
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TABLE S7. ZIRCON (U-TH)/HE DATA FROM THE JIACHA GORGE. 

Sample 
4He 

(ncc) 
Mass 

Mean 

FT
* 

U 
(ppm) 

Th 
(ppm) 

Th/U 
[eU] † 
ppm 

Uncorrected 
Age 
(Ma) 

Age 
(Ma) 

Error 
(±1s) 

bWeight Mean age (Ma) Error (±1s) 

14T24_Zr1 1.689  0.0035 0.74  455.16  188.79  0.43  499.52  7.4  10.0  0.2  

10.3  0.7  
14T24_Zr3 1.431  0.0034 0.75  359.85  153.87  0.44  396.01  8.1  10.8  0.3  
14T24_Zr4 2.050  0.0030 0.75  693.11  214.26  0.32  743.46  7.0  9.4  0.2  
14T24_Zr5 2.202  0.0041 0.76  445.67  188.03  0.43  489.85  8.4  11.1  0.2  
14T26_Zr1 1.578  0.0025 0.73  558.46  230.15  0.42  612.54  7.7  10.5  0.2  

9.8  0.6  14T26_Zr2 3.929  0.0041 0.78  917.88  272.39  0.30  981.89  7.5  9.6  0.2  
14T26_Zr3 0.802  0.0016 0.68  548.76  284.78  0.53  615.69  6.2  9.1  0.2  
* α-ejection correction (Farley et al., 1996) calculated using mass-weighted mean radii.  
† Effective uranium content, [eU] = [U] + 0.235 × [Th]. 
 


