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TABLE 1. Chemical analyses of U- and Th-doped fluor-, chlor-, and 
strontium-apatite

Apatite UFAP UClAP ThFAP ThClAP ThSrFAP ThSrClAP
P2O5(wt%) 41.53 37.68 41.41 34.84 26.12 26.31
SiO2 0.26 2.57 0.56 3.31 0 0
ThO2 0.01 0.12 1.79 4.61 1.67 0.01
UO2 2.00 1.03 0 0.02 0 0
CaO 53.73 52.20 53.65 51.66 0.21 0.22
SrO 0.01 0.07 0.02 0.09 67.81 67.10
Na2O 0.18 0.01 0.04 0.02 0.01 0
F 3.10 0.65 2.38 0.06 2.97 0.01
Cl 0.02 5.64 0 5.39 0.01 4.57
O = F, Cl 1.31 1.55 1.00 1.24 1.18 1.04

Total 99.53 98.42 98.85 98.76 97.44 97.18

Chemical formulae based upon 26 anions
P 6.02 5.64 6.04 5.38 5.75 5.87
Si 0.04 0.45 0.10 0.60 – –
Th – – 0.07 0.19 0.10 0.001
U 0.08 0.04 – – – –
Ca 9.85 9.88 9.91 10.10 0.06 0.06
Sr – 0.01 – 0.01 10.22 10.25
Na 0.06 – 0.01 0.01 0.01 –
O 24.32 23.95 24.70 24.30 23.70 23.95
F 1.68 0.36 1.30 0.03 2.29 0.01
Cl 0.01 1.69 – 1.67 – 2.04
OH* 0.32 – 0.70 0.30 – –
* OH calculated from F + Cl + OH = 2.
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TABLE 2. Experimental details and crystal data of structure refinements
UFAP UClAP ThFAP ThClAP ThSrFAP ThSrClAP

Space group P63/m P63/m P63/m P63/m P63/m P63/m
a (Å) 9.3709(2) 9.6233(2) 9.375(2) 9.6330(2) 9.7038(4) 9.8562(3)
c (Å) 6.8849(2) 6.7784(3) 6.883(3) 6.7834(2) 7.2723(7) 7.2095(4)
Scan time 10 s 10 s 15 s 10 s 15 s 15 s
Effective transmission 0.851804-1 0.913099-1 0.880322-1 0.875734-1 0.501713-1 0.718448-1
Rint (-) 
 before SADABS absorption correction 0.0513 0.0301 0.0323 0.0436 0.1235 0.0849
 after SADABS absorption correction 0.0246 0.0178 0.0209 0.0206 0.0513 0.0265
Measured reflections 8991 9364 7127 7441 9866 10335
Unique reflections 477 486 477 488 520 536
Refined parameters 42 43 42 43 42 42
R1, I > 4 I data 0.0195 0.0243 0.0167 0.0255 0.0172 0.0179
R1, all unique data 0.0198 0.0244 0.0168 0.0256 0.0198 0.0190
wR2 0.0500 0.0637 0.0450 0.0664 0.0397 0.0462
Largest difference peaks (e– Å–3) +0.50 –0.44 +0.71 –0.87 +0.42 –0.38 +0.87 –0.92 +0.68 –0.41 +0.74 –1.02
Goodness-of-Fit 1.204 1.128 1.142 1.134 1.115 1.078

TABLE 3. Positional parameters and equivalent isotropic U for U/Th-
bearing apatite 

Atom x y z Ueq Occ.
Ca1     
UFAP 2/3 1/3 0.00103(9) 0.0106(2) Ca0.999(4)

UClAP 2/3 1/3 –0.00328(11) 0.0142(3) Ca0.994(2) U0.006(2)

ThFAP 2/3 1/3 0.00107(7) 0.0107(2) Ca0.999(1)

ThClAP 2/3 1/3 –0.00277(11) 0.0140(3) Ca0.977(2) Th0.023(2)

ThSrFAP 2/3 1/3 –0.00033(6) 0.0094(2) Sr0.993(3) Th0.007(3)

ThSrClAP 2/3 1/3 0.00078(6) 0.0113(2) Sr0.985(4) Th0.015(4)

Ca2     
UFAP 0.24017(6) 0.00774(6)  1/4 0.0095(2) Ca0.986(1) U0.014(1)

UClAP 0.26005(8) 0.00142(8)  1/4 0.0148(3) Ca0.993(1) U0.007(1)

ThFAP 0.24016(5) 0.00764(5)  1/4 0.0097(2) Ca0.987(1) Th0.013(1)

ThClAP 0.25881(8) 0.00047(8)  1/4 0.0153(3) Ca0.979(1) Th0.021(1)

ThSrFAP 0.23996(4) 0.01438(4)  1/4 0.0084(2) Sr0.993(3) Th0.007(3)

ThSrClAP 0.24918(4) 0.01125(4)  1/4 0.0108(2) Sr0.990(3) Th0.010(3)

P     
UFAP 0.39801(7) 0.36890(7)  1/4 0.0069(2) P1.00

UClAP 0.40542(9) 0.37323(9)  1/4 0.0096(3) P1.00

ThFAP 0.39821(6) 0.36905(6)  1/4 0.0070(2) P1.00

ThClAP 0.40536(9) 0.37319(10)  1/4 0.0089(3) P1.00

ThSrFAP 0.39959(11) 0.36885(11)  1/4 0.0071(3) P1.00

ThSrClAP 0.40395(11) 0.37108(11)  1/4 0.0077(3) P1.00

O1     
UFAP 0.32526(23) 0.48389(21)  1/4 0.0116(4) O1.00

UClAP 0.34065(32) 0.49037(29)  1/4 0.0176(5) O1.00

ThFAP 0.32574(20) 0.48427(19)  1/4 0.0115(3) O1.00

ThClAP 0.34060(33) 0.49059(31)  1/4 0.0172(6) O1.00

ThSrFAP 0.33016(34) 0.48116(32)  1/4 0.0120(6) O1.00

ThSrClAP 0.33493(36) 0.48113(34)  1/4 0.0135(6) O1.00

O2     
UFAP 0.41220(22) 0.53290(22)  1/4 0.0132(4) O1.00

UClAP 0.40992(28) 0.53574(28)  1/4 0.0188(6) O1.00

ThFAP 0.41194(19) 0.53296(19)  1/4 0.0132(3) O1.00

ThClAP 0.40870(29) 0.53581(29)  1/4 0.0179(6) O1.00

ThSrFAP 0.41769(32) 0.53599(32)  1/4 0.0129(6) O1.00

ThSrClAP 0.41534(34) 0.53385(34)  1/4 0.0174(7) O1.00

O3     
UFAP 0.34137(17) 0.25685(15) 0.07060(20) 0.0153(3) O1.00

UClAP 0.35246(26) 0.26527(22) 0.06718(30) 0.0261(5) O1.00

ThFAP 0.34132(15) 0.25680(13) 0.07044(17) 0.0154(3) O1.00

ThClAP 0.35229(27) 0.26510(23) 0.06708(30) 0.0256(5) O1.00

ThSrFAP 0.34385(25) 0.26107(22) 0.07879(28) 0.0145(5) O1.00

ThSrClAP 0.35395(29) 0.26649(25) 0.07678(32) 0.0208(5) O1.00

F     
UFAP 0 0  1/4 0.0220(7) F1.00

UClAP    
ThFAP 0 0  1/4 0.0220(6)
ThClAP    
ThSrFAP 0 0  1/4 0.0267(11) F1.00

ThSrClAP  
Cl     
UFAP  
UClAP 0 0 0.05948(95) 0.0688(28) Cl1.00

ThFAP    
ThClAP 0 0 0.05940(101) 0.0689(30) Cl1.00

ThSrFAP    
ThSrClAP 0 0  0 0.0247(5) Cl1.00
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TABLE 4. Selected bond lengths (Å) 
Natural F-apatite* UFAP ThFAP Natural Cl-apatite* UClAP ThClAP Pure Sr F-apatite† ThSrFAP Pure Sr Cl-apatite‡ ThSrClAP

Ca1-O1 (×3) 2.399(2) 2.396(1) 2.396(1) 2.407(2) 2.408(2) 2.411(2) 2.544(6) 2.550(2) 2.567(2) 2.569(2)
 O2 (×3) 2.457(2) 2.456(1) 2.455(1) 2.448(2) 2.447(2) 2.444(2) 2.572(2) 2.571(2) 2.580(2) 2.587(2)
 O3 (×3) 2.807(2) 2.806(1) 2.806(1) 2.793(2) 2.797(2) 2.799(2) 2.895(7) 2.904(2) 2.859(2) 2.866(3)
Mean 2.554 2.553 2.552 2.549 2.551 2.551 2.670 2.675 2.669 2.674
Ca2-O1 2.701(2) 2.680(2) 2.683(2) 2.901(2) 2.910(3) 2.907(3) 2.731(10) 2.737(3) 2.847(2) 2.823(3)
 O2 2.374(2) 2.382(2) 2.383(2) 2.306(2) 2.301(3) 2.314(3) 2.501(10) 2.492(3) 2.437(2) 2.433(3)
 O3 (×2) 2.349(2) 2.351(1) 2.350(2) 2.331(2) 2.323(2) 2.323(2) 2.519(8) 2.517(2) 2.510(2) 2.504(2)
 O3 (×2) 2.501(2) 2.494(1) 2.494(1) 2.544(2) 2.552(2) 2.560(2) 2.646(7) 2.649(2) 2.696(2) 2.701(2)
Ca2-F 2.3108(7) 2.2871(4) 2.2882(7) – – 2.394(1) 2.4014(3) – –
Ca2-Cl – – – 2.759(1) 2.810(3) 2.806(3) – – 3.086(1) 3.0927(3)
Mean 2.441 2.434 2.435 2.531 2.539 2.542 2.565 2.566 2.683 2.680
P-O1 1.537(3) 1.537(2) 1.537(2) 1.533(3) 1.537(2) 1.541(3) 1.542(9) 1.541(3) 1.540(2) 1.542(3)
 O2 1.539(3) 1.540(2) 1.542(2) 1.538(3) 1.545(3) 1.551(3) 1.521(10) 1.536(3) 1.544(2) 1.543(3)
 O3 (×2) 1.532(3) 1.533(1) 1.536(1) 1.524(2) 1.532(2) 1.534(2) 1.532(8) 1.540(2) 1.537(2) 1.535(2)
Mean 1.535 1.537 1.538 1.530 1.538 1.540 1.532 1.539 1.540 1.540
* Data from Hughes et al. (1989).
† Data from Swafford and Holt (2002).
‡ Data from Sudarsanan and Young (1974). 
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TABLE 5. Bond valences calculated for U and Th in Ca1 and Ca2 sites 
in apatite

FAP ClAP UFAP UClAP ThFAP ThClAP ThSrFAP ThSrClAP
Ca1 2.04 2.05 3.03 3.03* 3.53 3.52* 2.45* 2.43*
Ca2 1.94 2.00 2.96* 2.88* 3.40* 3.31* 2.33* 2.16*
Notes: The preferred site indicated by bond valence calculation are bold and italic. 
The sites that U and Th actually substitute into are indicated by the asterisk.

FIGURE 3. 3
9 polyhedron (a) 

6X polyhedron (b
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