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Table S1. Potential values Emes read on pH-meter for NaCl solutions of Im = 0.01 m to 3.19 m at pcH = 2 using the
combined-glass electrode with the filling solution of saturated KCI: liquid junction potentials AEmes calculated to
estimate the potential differences between the solution of Im = 3.19 m and those of different Im; AEmes then used
in the four-point calibration with commercial buffer solution of pH 1.64, 4.01, 6.87, 9.18, assumed as diluted
solutions of Im =~ 0.01 m.

Solution Conversion factor | Iy (mol kgw?) Emes (MV) AEmes = Emes (Im = 3.19
(from molarity M to M) — Emes
molality m)

HClI0.01 M 1.0668? 3.19 299.5 0.0

+ NaCl 2.99 M

HCI 0.01 M 1.03192 1.56 286 13.5

+NaCl 1.49 M

HClI0.01 M 1.02152 1.04 280.8 18.7

+NaCl0.99 M

HCl 0.01M 1.01652 0.76 279.7 19.8

+NaCl 0.74 M

HCI 0.01 M 1.0135b 0.61 277.9 21.6

+NaCl0.59 M

HClI0.01 M 1.01182 0.51 277.8 21.7

+NaCl0.49 M

HClI0.01 M 1.0092b 0.42 276.7 22.8

+NaCl0.41 M

HCI 0.01M 1.0064b 0.30 276.5 23.0

+ NaCl 0.29M

HCl 0.01M 1.0040P 0.20 276.4 23.1

+ NaCl 0.19M

HCI 0.01M 1.0020b 0.12 275.4 24.1

+ NaCl 0.11M

HCI 0.01M 1.0000 0.01 275.0 24.5

The conversion factor was taken as 1 for the solution of I, = 0.01 M,. The factor values for the solutions of I, 2 0.1 M were

either 2taken from Guillaumont et al.! or Pextrapolated from these known values.




Table S2. Experimental sample information — pH values, calculated Ringbdm coefficients a, [Mg?*] (mol kgw™) and
deduced Fo and t; the sample solutions giving the slope of 1 are set in italics.

Im
NaClO, 0.10 0.51
(mol-kgw)
Sample pH o [Mg2*] Fo (counts) | t(ns) pH o [Mg?*] Fo (counts) | Tt (ns)
value (mol-kgw value (mol-kgw
Y) Y)
1 9.00 1.00 0 1.60E+07 8.59 | 9.00 1.00 0 2.23E+07 10.42
2 8.45 1.02 1.76E-04 1.83E+07 13.28 | 8.23 1.05 9.46E-03 3.68E+07 11.46
3 8.30 1.06 4.50E-04 2.29E+07 12.21 | 8.16 1.07 1.93E-02 3.17E+07 12.65
4 8.23 1.12 1.57E-03 1.58E+07 16.71 | 8.09 | 1.03 2.14E-02 2.04E+07 14.74
5 8.20 1.17 2.12E-03 1.59E+07 16.24 | 7.89 | 1.15 2.69E-02 3.16E+07 13.79
6 8.09 1.45 4.45E-03 1.61E+07 23.44 | 7.82 1.34 3.61E-02 3.12E+07 15.75
7 8.06 1.62 6.82E-03 2.07E+07 27.92 | 7.71 2.11 4.69E-02 2.08E+07 19.50
8 8.01 3.71 1.35E-02 2.36E+07 28.39 | 7.66 | 2.82 6.45E-02 2.58E+07 20.56
9 7.84 6.17 2.36E-02 2.43E+07 31.61 | 7.62 | 3.65 1.13E-01 2.61E+07 23.21
10 7.76 10.78 4.18E-02 2.79E+07 33.48 | 7.58 | 4.81 1.16E-01 2.99E+07 25.55
11 7.73 14.18 6.41E-02 3.45E+07 34.83 | 7.53 6.91 1.87E-01 3.35E+07 26.53
Im
NaClO, 1.05 1.62
(mol-kg?)
Sample pH o [Mg2*] Fo (counts) | t(ns) pH o [Mg2*] Fo (counts) | t(ns)
value (mol-kgw value (mol-kgw
) Y
1 9.00 1 0 3.33E+07 10.28 9.00 1.00 0 5.44E+07 8.19
2 8.45 1.01 1.00E-03 2.49E+07 12.43 8.70 1.01 9.38E-04 3.56E+07 11.35
3 8.30 1.02 5.12E-03 2.57E+07 13.38 8.22 1.02 2.37E-02 4.32E+07 15.04
4 8.23 1.05 1.60E-02 2.57E+07 13.38 8.18 1.05 5.52E-02 4.49E+07 17.32
5 8.16 1.06 2.02E-02 1.88E+07 16.22 8.09 1.06 1.43E-02 4.23E+07 14.30
6 7.70 1.27 2.68E-02 2.65E+07 15.07 7.98 1.02 2.32E-02 4.20E+07 15.54
7 7.67 1.38 3.44E-02 2.36E+07 17.83 7.89 1.02 2.60E-02 3.74E+07 17.42
8 7.64 1.54 4.50E-02 2.51E+07 | 18.62 | 7.78 | 1.06 | 3.36E-02 4.13E+07 18.62
9 7.61 1.74 6.30E-02 2.75E+07 | 19.86 | 7.69 | 1.11 | 4.55E-02 4.11E+07 20.13
10 7.58 2.02 7.43E-02 2.52E+07 22.79 7.64 1.21 6.19E-02 4.67E+07 23.50
11 7.54 2.53 9.44E-02 3.18E+07 22.99 7.56 | 1.54 8.60E-02 4.67E+07 22.17
12 7.51 3.05 1.20E-01 3.27E+07 26.04 7.50 | 2.06 1.08E-01 5.05E+07 23.72
13 7.48 3.73 1.46E-01 3.54E+07 27.08 747 | 2.53 1.39E-01 5.80E+07 24.88
Im
NaClO,4 2,21
(mol-kgy)
Sample pH o [Mg?] Fo (counts) | t(ns)
value (mol-kgw
Y
1 9.00 1.00 0 3.86E+07 9.27
2 8.30 1.02 3.11E-03 3.19E+07 10.77
3 8.23 1.05 1.53E-02 3.80E+07 10.40
4 8.16 1.06 4.31E-02 3.19E+07 12.31
5 7.85 1.02 5.86E-02 3.27E+07 13.60
6 7.70 1.07 6.50E-02 3.32E+07 15.74
7 7.59 1.23 7.89E-02 3.47E+07 | 16.70
8 7.54 1.40 9.80E-02 3.23E+07 19.15
9 7.51 1.57 1.31E-01 3.71E+07 20.27
10 7.49 1.71 1.59E-01 3.64E+07 27.86
11 7.46 1.98 1.80E-01 4.38E+07 25.32
12 7.43 2.34 2.11E-01 4.45E+07 28.66




Table S2 (continued)

Im

Nacl 0.10 0.25
(mol-kg)
Sample pH o [Mg2*] Fo (counts) | t(ns) pH o [Mg?*] Fo (counts) | t(ns)
value (mol-kgw value (mol-kgw
Y) Y)
1 9.17 1.00 0 2.61E+07 9.16 9.00 1.00 0 4.82E+07 9.93
2 8.26 1.09 3.48E-04 2.82E+07 13.15 8.30 1.05 8.23E-04 4.52E+07 9.72
3 8.22 1.12 7.32E-04 2.37E+07 14.38 8.23 1.04 1.72E-03 2.49E+07 13.59
4 8.07 1.49 1.25E-03 2.23E+07 18.58 | 8.00 | 1.20 2.79E-03 2.54E+07 15.33
5 8.05 1.64 1.49E-03 2.49E+07 19.11 7.95 1.31 3.66E-03 2.76E+07 15.61
6 8.00 2.08 2.38E-03 2.62E+07 | 20.35 | 7.88 | 1.70 | 4.08E-03 2.97E+07 15.79
7 7.90 3.80 4.16E-03 2.90E+07 23.99 7.81 2.42 6.10E-03 3.23E+07 15.60
8 7.87 4.80 6.36E-03 3.30E+07 25.72 7.79 | 2.73 8.46E-03 3.22E+07 18.31
9 7.78 8.90 1.56E-02 3.51E+07 28.22 7.77 | 3.16 1.02E-02 3.42E+07 20.05
10 7.74 12.13 2.50E-02 4.59E+07 28.30 7.75 | 3.50 1.27E-02 3.85E+07 20.36
11 7.73 | 4.03 1.65E-02 3.83E+07 22.22
12 7.70 | 5.01 2.10E-02 4.05E+07 23.07
Im
Nacl 0.50 0.75
(mol-kg)
Sample pH o [Mg2*] Fo (counts) | T(ns) | pH o [Mg2*] Fo (counts) | T (ns)
value (mol-kgw value (mol-kgw
Y) Y)
1 9.00 1.00 0 7.96E+07 7.91 9.00 1.00 0 5.03E+07 9.48
2 8.45 1.01 8.50E-04 8.48E+07 8.97 8.45 1.01 8.19E-04 6.70E+07 9.59
3 7.95 1.09 5.91E-03 3.88E+07 11.65 8.30 1.02 3.17E-03 6.21E+07 9.63
4 7.87 1.19 6.34E-03 2.97E+07 13.09 | 790 | 1.08 | 6.39E-03 5.82E+07 9.93
5 7.75 1.70 7.37E-03 3.60E+07 13.09 7.82 1.14 2.87E-02 4.83E+07 11.22
6 7.70 2.20 9.57E-03 3.22E+07 14.37 7.73 1.38 3.61E-02 5.51E+07 10.75
7 7.68 2.45 1.50E-02 3.25E+07 15.11 7.68 | 1.68 5.03E-02 5.64E+07 11.11
8 7.63 3.35 1.93E-02 2.86E+07 17.26 7.65 1.94 6.23E-02 5.74E+07 11.65
9 7.60 4.17 2.32E-02 3.58E+07 16.70 7.62 | 2.29 7.72E-02 5.83E+07 12.28
10 7.59 4.36 3.07E-02 3.44E+07 | 17.94 | 7.59 | 2.73 | 8.44E-02 5.23E+07 13.18
11 7.57 5.05 4.07E-02 4.85E+07 19.69 7.57 | 3.12 9.54E-02 5.12E+07 14.26
12 7.55 5.89 6.08E-02 5.98E+07 18.11 7.55 | 3.57 1.10E-01 6.07E+07 13.48
Im
Nacl 1.00
(mol-kgy1)
Sample pH o [Mg24] Fo (counts) | T (ns)
value (mol-kgw
Y
1 9.00 1.00 0 1.16E+08 7.44
2 8.45 1.01 7.92E-04 7.43E+07 8.58
3 8.30 1.03 3.00E-03 6.40E+07 8.84
4 8.23 1.03 1.18E-02 6.22E+07 9.36
5 8.16 1.03 1.71E-02 4.17E+07 10.73
6 7.71 1.14 2.85E-02 6.38E+07 | 10.16
7 7.68 1.24 3.21E-02 7.95E+07 9.40
8 7.65 1.38 4.22E-02 7.53E+07 10.44
9 7.61 1.64 5.67E-02 8.12E+07 10.20
10 7.53 2.59 6.65E-02 5.81E+07 12.89
11 7.52 2.78 7.83E-02 6.96E+07 12.48
12 7.50 3.20 1.05E-01 7.25E+07 12.65




Table S3 .Characteristic decomposition parameters of the luminescence spectrum in Fig 4 of the main text.

Peak Index Area Fit Center Max Max Height FWHM
1 8.94E+06 464.62 6.43E+04 13.06
2 2.19E+06 484.37 1.34E+05 15.50
3 2.02E+06 504.75 1.21E+05 15.74
4 1.16E+06 525.76 6.27E+04 17.29
5 4.68E+05 547.63 2.06E+04 21.32
6 3.25E+05 569.17 6.81E+03 44.75



Table S4. Formation constants log10k® used in Fig. S1.

log10K° Mg Ca

MCOs(aq) 2.98¢ 3.220
MOH* 2.32¢ 1.174
MF* 1.352 0.682
MSO4(aq) 2.268 2.02f
MPO4 4.858 6.468
MHPO,(aq) 2.88¢ 2.55¢
MH,PO4* 1.178 1.408
MSeQ4(aq) 2.2h 2h

a Sverjensky, et al.2; ® Plummer and Busenberg3; ¢ Palmer
and Wesolowski?; 4 Shock, et al.5, e Wagman, et al.5. f
Yeatts and Marshall’; 8 Turner, et al.8; M Olin, et al.®



Table S5. Evolutions of logioK® values from Mg?* to Ba?* with different ligands, used in Fig. S2.

log10K°1.13 Mg? Ca%* Sr2+ Ba2+
F 1.352 0.682 0.142 -0.182
OH- 2.32b 1.17¢ 0.69¢ 0.494
CO52 2.982 3.22¢ 2.81f 2.718
Ox* 3.43h 3.19h 2.92h 2.93h
S04 2.264 2.02 2.300 2.70k
S,03% 1.84! 2.02! 2.04! 2.3

4.27m 5.34m 5.02" 4.84"
U0,(COs)3* 4.73 p.w. in NaCl 5.36 in NaCI"

4.43 p.w. in NaClO4 5.42 in NaClO4"

aSverjensky, et al.2; ® Palmer and Wesolowski4; ¢ Shock, et al.>; 4 Wagman, et al.® ; ¢ Plummer and Busenberg3; f Busenberg,
et al.1%; & Busenberg and Plummer!?; h Prapaipong, et al.1?; i Yeatts and Marshall’; i Reardon and Armstrong?3; k Reardon

and Armstrong?3; ! Davies!4; ™ Dong and Brooks!5; " Shang and Reiller?6




Table S6. Seawater composition from Millero, et al.'’

Temp 25°C

pH 8.1

pe 4

Density (g/cm3) 1.023
Units mol kgw?!
Na 0.4861
Mg 0.0547
Ca 0.0106

K 0.0106
Sr 0.0001
cl 0.5658
S(6) 0.0293
Br 0.0018

F 0.0001

U 1.386E-08




Table S7. Thermodynamic constants used in theoretical speciation of seawater case in Fig 8 of the main text and
in Fig. S4.

CaUOz(CO3)32’ C32U02(CO3)3(aq) MgUOZ(C03)32’ MgZUOZ(C03)3(aq)

Fie 8 log10f° 27.202 30.492 26.57 p.w. /

g e 029+0.11° 0.66 + 0.12° 031+0.02pw. |/

, logiof® | 27.27° 29.81° 25.8° 27.1¢
Fig S4a £ -0.02b b -0.02¢ 0°

. logif® | 27.18¢ 30.70¢ 25.02¢ /
Fig S4b

'8 e 3 0 3¢ /

a Shang and Reiller’®; b Lee and Yun!s; < Lee, et al.1%; 9 Dong and Brooks?5; € Dong and Brooks2?



Table S8 Thermodynamic constants used in theoretical speciation of Canadian aquitard case in Fig 9 of the main

text and in Fig. S6.

CaUOz(C03)32’ C32U02(C03)3(aq) MgUOZ(C03)32’
log10K® 5.362 8.65? 4.73 p.w.
€ 0.29 £0.112 0.66 £ 0.122 0.31+£0.02 p.w.
Fig 9a and Fig. S6 -8 + 6P -8+ 7 /
AHm (KJ mol?) -1.2£0.3¢ -3.1+3.0¢ 4.3+1.5¢
-4.6 (average) -5.55 (average) 4.3 (average)
logi10f° 27.18¢ 30.70¢ 25.02¢
Fig 9b € 0 0 -3.2
AHm (K) molt) -47b -47b /

a Shang and Reiller’é, b Endrizzi and Rao??; < Jo et al.2223; 4 Dong and Brooks?®; ¢ Dong and Brooks2°




Table S9. Compositions of selected Indian drinking water samples, collected from the work of Coyte, et al.?

Description Units Jai-112 Tonk-110 Bundi-104 Tonk-104 Jai-24
Temperature °C 29.6 29.7 27.1 29.1 30.5
pH 7.4 7.15 7.68 7.55 6.83
F mg/L 1.83 2.68 5.15 5.25 0
cl mg/L 293 314 388 1050 545
Br mg/L 0.58 1.6 1.18 2.11 1.15
| mg/L 0 0 1.512 0 0
N(5) as NO5" mg/L 23.1 207 31.6 28.6 252
S(6) as SO4% mg/L 166 119 337 400 90.3
C(4) as HCOs" mg/L 1530 737 970 1030 832
Ca mg/L 13.9 38.9 20.5 14.9 212
Mg mg/L 23 38 39.3 21.5 119
Sr mg/L 0.99 1.45 0.92 1.58 2.89
Na mg/L 800 484 700 1320 372
Fe mg/L 0 0 0 0 0.53
Ba mg/L 0.27 0.24 0.11 0.02 0.38
Mn mg/L 0 0 0 0 0.45
Si mg/L 10.5 26.8 12.4 6.31 23
Li pg/L 0 11.26 30.35 31.33 13.28
B ug/L 2310 754 2180 4140 893
v ug/L 0 0 0 0 0
Cr ug/L 0 0 0 0 0
Ni ug/L 0 0 0 0 3.79
Cu ug/L 0 0 0 0 20.69
Zn ug/L 392.15 10.8 13.1 22.13 0
As ug/L 0 0 0 0 0
Se ug/L 0 0 0 0 0
Mo ug/L 52.31 6.64 29.19 15.25 2.63
Pb ug/L 0.69 0.52 0.63 1.06 0.34

u ug/L 181.28 32.71 50.45 319.67 31.23



Table S10. Modeling of uranium speciation for selected Indian underground water samples.

(a) Using lInl.dat2>25with log10K°n.1.3 from Dong and Brooks 1520 as follows:

|0g10K°1,1A3 (CaUOz(C03)32’) =5.34 |0g10K°1,1,3(MgUOZ(C03)32’) =4.27
log10K®2.1.3(Ca2U0,(COs)3(aq)) = 8.86 log10K°1.13(SrUO,(CO3)3*) = 5.02

Sample CaUOz(C03)32' C32U02(C03)3(3q) MgUOz(C03)32' UOz(COa)aA' Other
Jai-112 54.9% 12.8% 13.0% 16.0% 3.4%
Tonk-110 47.9% 39.2% 6.6% 3.3% 2.9%
Bundi-104 54.6% 18.8% 14.4% 10.6% 1.7%
Tonk-104 51.6% 10.2% 10.3% 24.2% 3.7%
Jai-24 20.6% 76.7% 1.7% 0.4% 0.5%
(b) Using Thermochimie.dat (http://www.thermochimie-tdb.com) with logiof°n.1.3 from Dong and Brooks 1520 as follows:
log106°1.1.3 (CaU0,(CO3)s?) = 27.18 log106°1.1.3 (MgUO,(C0O3)3%) = 26.11

log10f°2.1.3 (Ca2U0,(C0Os)s(aq)) = 30.7 log106°1.1.3 (SrUO,(CO3)3?*) = 26.86

Sample CaUOz(CO3)32’ C32U02(CO3)3(aq) MgUOZ(C03)32’ UOz(C03)34’ Other
Jai-112 58.5% 12.9% 13.9% 13.3% 1.4%
Tonk-110 50.0% 39.5% 6.9% 2.7% 0.9%
Bundi-104 56.0% 17.8% 15.4% 10.0% 0.8%
Tonk-104 55.7% 10.0% 11.4% 21.2% 1.8%
Jai-24 21.3% 76.5% 1.7% 0.3% 0.2%
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Fig. S1 Linear relationship between the formation constants logi0k® for Mg and Ca with different ligands. The
values of log10k? are listed in Table S4.
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Fig. S2 Stability constants of alkali earth metal ions and different ligands — F,, OH", SO4%, CO3% — as a function of
1/R with R being the size of the ionic radius. The values of logi0k? are listed in Table S5.
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Fig. S3. Stability constants of alkaline earth metal ions and UO»(COs)3* as a function of 1/R with R being the size
of the ionic radius. The values of log10K? are listed in Table S5.
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Fig. S4 Theoretical speciation of uranium in standard seawater (composition listed in Table S6) at P(CO2) = 103>
atm. Thermochimie 10a database was used in calculations by implementing the thermodynamic constants of
MgUO(CO3)3%, CanU02(CO3)3*2"" listed in Table S7.
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Fig. S5 Evolutions of principal parameters in the selected Canadian aquitard waters.
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Fig. S6 Predominance plots of uranium species at the fixed values of Ioglo{aH+ cho-s} corresponding to the
aqueous conditions of the collected samples in Canadian aquitard site. Thermochimie 10a database file 2° and
SIT ionic strength correction were used in calculations with implemented thermodynamic constants of
MgUO>(C03)3%, CanU02(CO3)3“?" listed in Table S8. The boundaries plotted in dashed lines represent the
simulation results at 5°C and the solid lines at 25°C. The ionic strength varies from 1.38 mol kgw* at 29 m to 0.06

mol kgw ! to at 2.3 m.
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